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1SPCJOH /BUVSBM 4VQFSTZNNFUSZ 8JUI *OJUJBM 4UBUF 3BEJBUJPO�
5IF 4FBSDI 'PS 4UPQT "OE )JHHTJOPT "U "5-"4

"ঋজঝছঊঌঝ

/BUVSBM TVQFSTZNNFUSZ IBT FBSOFE B VOJRVF GPDVT JO UIF TFBSDI GPS OFX QIZTJDT
 JO QBSU CFDBVTF

PG JUT TPMVUJPO UP UIF IJFSBSDIZ QSPCMFN� .JOJNJ[JOH ୮ୢOF UVOJOH JO UIJT TPMVUJPO PG୴FO QVUT UIF TV�

QFSQBSUOFST PG UIF )JHHT CPTPO 	IJHHTJOP
 BOE UPQ RVBSL 	TUPQ
 XFMM XJUIJO -)$ SFBDI� *O UIF NPTU

OBUVSBM TDFOBSJP
 UIF IJHHTJOP BOE TUPQ NBTTFT BSF FYQFDUFE UP CF DMPTF UP UIF NBTTFT PG UIFJS 4UBO�

EBSE .PEFM QBSUOFST� "EEJUJPOBMMZ
 JO UIF DBTF PG IJHHTJOPT XJUI NVMUJQMF NBTT FJHFOTUBUFT
 UIFTF

NBTTFT TIPVME CF DMPTF UP FBDI PUIFS� 4VDI TNBMM NBTT TQMJUUJOHT BSF LOPXO BT B DPNQSFTTFE TQFD�

USVN� *O B EFDBZ DIBJO UIJT QSFTFOUT TFWFSBM FYQFSJNFOUBM DIBMMFOHFT
 TJODF UIF ୮ୢOBM TUBUF PCKFDUT BSF

WFSZ TPG୴ BOE UIFSF JT MJUUMF NJTTJOH FOFSHZ� *O PSEFS UP CVJME B TFOTJUJWF BOBMZTJT BSPVOE UIFTF EJ୭୮ୢDVM�

UJFT
 B WBSJFUZ PG OFX UFDIOJRVFT BSF VUJMJ[FE
 JODMVEJOH JNQSPWFNFOUT XJUI *43�BTTJTUFE UPQPMPHJFT

VTJOH UIF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO 	3+3
 NFUIPE� *O UIJT UIFTJT
 UIFTF OPWFM TUSBUFHJFT BOE

UIF JEFB PG OBUVSBMOFTT BSF VTFE BT B MFOT UP JOUFSQSFU UIF TUBUVT PG TUPQ BOE IJHHTJOP TFBSDIFT XJUI

"5-"4 BU UIF DPODMVTJPO PG UIF -BSHF )BESPO $PMMJEFS 3VO **�
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T XJUI *OJUJBM 4UBUF 3BEJBUJPO � � � � � � � � � � � � � � � � � � � � � ��

** &YQFSJNFOU ��

� 5঑঎ -ঊছঐ঎ )ঊ঍ছঘগ $ঘকক঒঍঎ছ ��

� 5঑঎ "5-"4 %঎ঝ঎ঌঝঘছ ��
��� *OOFS %FUFDUPS � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $BMPSJNFUFST � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� .BHOFU 4ZTUFN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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*** 4USBUFHJFT ��
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� &ট঎গঝ $ক঎ঊগ঒গঐ ���
��� +FU $MFBOJOH 7BSJBCMFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� %BUB�.$ 4BNQMFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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�� 'ঞঝঞছ঎ &এএঘছঝজ ���
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#�� -PX�Emiss

T )JHHTJOP 3FHJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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"DLOPXMFEHNFOUT

*গ ঊ ঑঒ঐ঑ ঎গ঎ছঐঢ ঙ঑ঢজ঒ঌজ ঍঒জজ঎ছঝঊঝ঒ঘগ
 UIFSF BSF BMXBZT B MPU PG QFPQMF UP UIBOL� * IBWF IBE

UIF USVF QSJWJMFHF PG XPSLJOH XJUI NBOZ UBMFOUFE QIZTJDJTUT UISPVHIPVU NZ UJNF JO -)$ FYQFSJNFO�

UBM SFTFBSDI UIVT GBS
 GPS XIPN * IBWF JNNFOTF SFTQFDU
 B୭GFDUJPO
 BOE HSBUJUVEF�

* ୮ୢSTU CFHBO EPJOH SFTFBSDI JO DPMMJEFS QIZTJDT BT BO VOEFSHSBEVBUF BU 3VUHFST 6OJWFSTJUZ
 BOE

PXF UIJT PQQPSUVOJUZ UP NZ NFOUPS .PIBO ,BMFMLBS
 BT XFMM BT NZ BEWJTFS &WB )BMLJBEBLJT
 XIPTF

DPOUJOVJOH TVQQPSU IBT CFFO FTTFOUJBM UP NZ EFWFMPQNFOU BT B TDJFOUJTU�

.Z ୮ୢSTU ZFBST JO HSBEVBUF TDIPPM XFSF TQFOU XPSLJOH PO UIF NJDSPNFHBT DPTNJD SBZ UFTU TUBOE BU

)BSWBSE
 BOE * UIBOL 1BPMP (JSPNJOJ
 )VHI 4LPUUPXF
 BOE /BUIBO 'FMU
 XIP QSPWJEFE NF XJUI

IBSEXBSF FEVDBUJPO BOE USBJOJOH GPS UIJT QSPKFDU�

" IVHF UIBOLT UP $ISJT 3PHBO
 1BVM +BDLTPO
 BOE 4JZVBO 4VO GPS HFOFSBUJWF DPOWFSTBUJPOT BCPVU

UIF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO NFUIPE
 QSPWJEJOH UIF GPVOEBUJPO GPS UIJT EJTTFSUBUJPO XPSL�

.Z BVUIPSTIJQ RVBMJ୮ୢDBUJPO UBTL BU "5-"4 XBT DPNQMFUFE JO UIF KFU�Emiss
T XPSLJOH HSPVQ


XIFSF * IBE TFWFSBM GBOUBTUJD DPMMFBHVFT BOE NFOUPST XIP EFTFSWF NFOUJPO
 JODMVEJOH .BY 4XJBU�

MPXTLJ
 ,BUF 1BDIBM
 5FOH +JBO ,IPP
 $ISJT :PVOH
 +F୭G %BOEPZ
 BOE NBOZ PUIFST� * QBSUJDVMBSMZ

UIBOL %BWJE .JMMFS
 GPS NBOBHJOH NZ RVBMJ୮ୢDBUJPO BOE NZ WBSJPVT PUIFS QFSGPSNBODF QSPKFDUT JO

UIF HSPVQ
 BMPOH XJUI &NNB 5PMMFZ BOE 7BMFSJP *QQPMJUP
 XIP HBWF NF B UIPSPVHI LOPXMFEHF CBTF�

WJJ



* IBE UIF QMFBTVSF PG JOUFSBDUJOH XJUI MPUT PG XPOEFSGVM QIZTJDJTUT JO UIF 464: HSPVQ UISPVHI�

PVU NZ EFHSFF� 5IBOLT UP +BWJFS .POUFKP #FSMJOHFO
 ,FJTVLF :PTIJIBSB
 BOE 4PQIJP 1BUBSBJB
 GPS

DPPSEJOBUJOH UIF TUPQ �- TFBSDI� +PBOB .BDIBEP .JHVFOT BOE .JLF )BODF
 XIP IBWF EPOF FYDFMMFOU

XPSL XJUI FMFDUSPXFBL 464:� BOE NZ UFBNNBUFT PO UIF DPNQSFTTFE FMFDUSPXFBL BOBMZTJT
 JODMVEJOH

+FTTF -JV
 +F୭G 4IBIJOJBO
 +PFZ 3FJDIFSU
 .JDIBFM )PM[CPDL
 &MPEJF 3FTTFHVJF
 -PSFO[P 3PTTJOJ
 4IV�

OJDIJ "LBUTVLB
 BOE "OEZ "VLFSNBO� BT XFMM BT 5JMM &JGFSU BOE 'FEFSJDP .FMPOJ
 GPS UIFJS F୭GPSUT BT

DPOWFOPS� 4QFDJBM NFOUJPO HPFT UP ;BDI .BSTIBMM
 XIPTF LOPXMFEHF
 IFMQ
 BOE BEWJDF PO TP NBOZ

BTQFDUT PG -)$ QIZTJDT XBT JSSFQMBDBCMF�

.Z QSPGFTTJPOBM EFWFMPQNFOU XPVME OPU IBWF CFFO DPNQMFUF XJUIPVU B OFUXPSL PG PUIFS DPM�

MFBHVFT
 CPUI JO BOE PVUTJEF UIF ୮ୢFME
 UIBU HBWF NF B DPNNVOJUZ CFZPOE SFTFBSDI BOE TVQQPSUFE

NF JO WBSJPVT TJEF QSPKFDUT� * UIBOL NZ PVUSFBDI DPMMBCPSBUPST
 FTQFDJBMMZ 4UFWF (PMEGBSC BOE 4BSBI

$IBSMFZ
 XIP FOBCMFE NF BOE HBWF NF JOTQJSBUJPO JO TVDI BO JO୯୳VFOUJBM BTQFDU PG NZ UJNF BT B HSBE�

VBUF TUVEFOU� .Z DPMMFBHVFT BU UIF 64 -)$ 6TFSؠT "TTPDJBUJPO
 OPUBCMZ )BSWFZ /FXNBO BOE $PS�

SJOOF .JMMT
 HBWF NF JOOVNFSBCMF PQQPSUVOJUJFT BOE DPOOFDUJPOT JO UIF QIZTJDT DPNNVOJUZ GPS

XIJDI * BN WFSZ HSBUFGVM� * BMTP PXF SFDPHOJUJPO UP UIF "NFSJDBO 1IZTJDBM 4PDJFUZ
 JO QBSUJDVMBS UP

5JN (BZ
 +PIO 3VNCMF
 3PHFS 'BMDPOF
 %BWJE (SPTT
 BOE ,BUF ,JSCZ
 GPS TUFBEGBTUMZ CBDLJOH NF

BOE HJWJOH NF JOWBMVBCMF FYQFSJFODF PO OBWJHBUJPO PG UIF "NFSJDBO QIZTJDT FOUFSQSJTF�

* BN HSBUFGVM GPS FWFSZPOF JO UIF )BSWBSE "5-"4 HSPVQ UIBU * IBWF IBE UIF QMFBTVSF PG XPSL�

JOH BMPOHTJEF UISPVHI UIFTF ୮ୢWF ZFBST
 JO QBSUJDVMBS +PIO )VUI BOE 3PYBOOF (VFOFUUF� 4QFDJBM

UIBOLT HP UP NZ DPNNJUUFF NFNCFST .BUUIFX 3FFDF BOE QBSUJDVMBSMZ .FMJTTB 'SBOLMJO
 GPS UIPVHIU�

QSPWPLJOH DPOWFSTBUJPOT UISPVHIPVU NZ UJNF BT B HSBEVBUF TUVEFOU�

WJJJ



* PXF FWFSZUIJOH * LOPX UP NZ BEWJTFS .BTBIJSP .PSJJ
 XIP * DBO USVMZ OFWFS UIBOL FOPVHI GPS

UIF ZFBST PG XJTEPN
 TVQQPSU
 BOE FODPVSBHFNFOU� BOE UP 4UFGBOP ;BNCJUP
 XIPTF QIZTJDT BDVNFO

BOE FYUFOTJWF FYQFSJFODF LFQU NZ FOUIVTJBTN IJHI UISPVHI CPUI TVDDFTTFT BOE JOFWJUBCMF DIBMMFOHFT�

'JOBMMZ
 UIBOLT UP NZ GBNJMZ
 XJUIPVU XIPN OPOF PG UIJT XPVME IBWF CFFO QPTTJCMF� NZ HFOVJOFMZ

BXF�JOTQJSJOH DSFX PG GSJFOET
 XIP BMXBZT IBWF NZ CBDL� BOE PG DPVSTF 4BN
 GPS KVTU FWFSZUIJOH�

*UؠT UPVHI UP HFU UISPVHI B 1I�%� XJUIPVU B HPPE BNPVOU PG MVDL� 5P IBWF LOPXO BMM PG UIFTF

QFPQMF
 * SFBMMZ BN GPSUVOBUF CFZPOE XPSET� 5IBOL ZPV�

JY



4PNFUJNॶ ZPV IBWF UP QMBZ B MPOH UJNF UP CF BCMF UP QMBZ MJLF ZPVSTFM؟�

.JMFT %BWJT

0
*OUSPEVDUJPO

5঑঎ ঐঘঊক ঘএ খঘ঍঎ছগ ঙঊছঝ঒ঌক঎ ঙ঑ঢজ঒ঌজ JT UP VOEFSTUBOE UIF GVOEBNFOUBM MBXT PG OBUVSF� 4VDI

B TJNQMF TUBUFNFOU PG UIF UBTL CFMJFT JUT TJ[F BOE DPNQMFYJUZ� "DIJFWFNFOU SFRVJSFT LOPXMFEHF PG

UIF FMFNFOUBSZ DPOTUJUVFOUT PG UIF VOJWFSTF
 UIFJS JOUFSBDUJPOT XJUI POF BOPUIFS
 BOE IPX UIPTF

JOUFSBDUJPOT NBOJGFTU BU BMM QPTTJCMF FOFSHZ MFWFMT� 5IJT EPFT OPU DPNF XJUIPVU EJ୭୮ୢDVMUJFT� 4JODF

�



UIF CJSUI PG UIF VOJWFSTF ���� CJMMJPO ZFBST BHP
 UIFTF GVOEBNFOUBM MBXT PG OBUVSF IBWF UBLFO WBSZJOH

GPSNT
 SFRVJSJOH JODSFBTJOHMZ JOOPWBUJWF GPSFOTJDT F୭GPSUT UP USBDF UIFN CBDL UP UIFJS PSJHJOT� "OPUIFS

LFZ PCTUSVDUJPO JT UIF VOBWPJEBCMF DPOTFRVFODF PG RVBOUVN NFDIBOJDT
 XIJDI EJDUBUFT B CBTF MFWFM

PG VODFSUBJOUZ UIBU TISPVET BOZ TUBUFNFOU JO QSPCBCJMJTUJD UFSNT�

5SBQQFE XJUIJO TVDI DPO୮ୢOFT
 UIF KPVSOFZ UPXBSET UIJT DPNQMFUF LOPXMFEHF PG OBUVSF JT NBSLFE

CZ UIF CVJMEJOH BOE UFTUJOH PG NPEFMT
 XPSLJOH FWFS DMPTFS UP B DPNQMFUF QJDUVSF� 5ISPVHIPVU UIJT

QBUUFSO PG RVFTUJPO BOE BOTXFS
 OVNFSPVT DBNQBJHOT IBWF CFFO NBEF BHBJOTU UIFTF MJNJUJOH GBDUPST


UP HSFBU TVDDFTT PO UIF QBSU PG QIZTJDT SFTFBSDI� 5IF QSPCBCJMJTUJD RVBMJUZ PG QIZTJDT MFE UP B SFJOUFS�

QSFUBUJPO PG UIF FMFNFOUBSZ EFHSFFT PG GSFFEPN BT ୮ୢFMET SBUIFS UIBO QBSUJDMFT
 USBOTMBUJOH UIF DMBTTJDBM

MFYJDPO PG FMFNFOUT
 BUPNT
 BOE QSPUPOT JOUP B OFX MBOHVBHF
 UIBU PG RVBOUVN ୮ୢFME UIFPSZ� 'VSUIFS�

NPSF
 UFDIOJDBM BEWBODFT JO QBSUJDMF BDDFMFSBUJPO � EFUFDUJPO IBWF BMMPXFE SFTFBSDI UP UBLF QMBDF BU

FOFSHJFT SJWBMJOH UIF FOWJSPONFOU PG UIF #JH #BOH
 CSJOHJOH UIF GSPOUJFST PG LOPXMFEHF UBOUBMJ[JOHMZ

DMPTF UP UIF BCTPMVUF CFHJOOJOH�

$FOUVSJFT PG UIJT TUFBEZ BOE QFSTJTUFOU QSPHSFTT IBWF CSPVHIU UIF ୮ୢFME UP BO BQQFBMJOH
 ZFU QBMQB�

CMZ JNQFSGFDU
 SFTUJOH QPJOU� UIF 4UBOEBSE .PEFM� 5IJT NPEFM DPOUBJOT B TFU PG QBSUJDMFT LOPXO BU

QSFTFOU UP CF GVOEBNFOUBM
 QSPWJEFT B GSBNFXPSL UISPVHI XIJDI UIFZ BMM DPNNVOJDBUF
 BOE NPTU

JNQPSUBOUMZ
 JU EPFT BMM UIJT JO B XBZ UIBU JT QSFEJDUJWF PG SFBMJUZ BOE WFSJ୮ୢBCMF CZ FYQFSJNFOU� 5IF

4UBOEBSE .PEFM JT B SFNBSLBCMF BDIJFWFNFOU� IPXFWFS
 TPNF RVFTUJPOT BOE ୯୳BXT QFSTJTU� *U JT DMFBS

UIBU UIF 4UBOEBSE .PEFM JT JODPNQMFUF
 BOE UIBU TPNF CFZPOE UIF 4UBOEBSE .PEFM QIZTJDT NVTU

FYJTU UP ୮ୢMM JO UIF HBQT BOE NBLF TFOTF PG UIF SFNBJOJOH NZTUFSJFT�

4VQFSTZNNFUSZ JT B OPWFM BOE SF୮ୢOFE PQUJPO GPS UIJT UBTL� *UT HFOFTJT DBO CF USBDFE CBDL TFWFSBM

�



EFDBEFT
 BMUIPVHI UIF EJTDPWFSZ PG B ��� (F7 )JHHT�MJLF CPTPO JO ���� QPTJUJPOFE JU VOEFS B VOJRVF

TQPUMJHIU� 4VQFSTZNNFUSZ FYUFOET UIF 4UBOEBSE .PEFM UP B WBTU OVNCFS PG OFX GVOEBNFOUBM QBS�

UJDMFT
 BMPOH UIF XBZ QSPWJEJOH B WJBCMF EBSL NBUUFS DBOEJEBUF
 B TFOTJCMF NPUJWBUJPO GPS UIF WBMVF

PG UIF QIZTJDBM )JHHT NBTT
 BOE B VOJ୮ୢDBUJPO PG GVOEBNFOUBM GPSDFT
 BNPOH PUIFS UIJOHT� 1FSIBQT

BT JNQPSUBOUMZ GPS QIZTJDJTUT
 JU DBO UBLF B IVHF WBSJFUZ PG GPSNT
 MFBEJOH UP B QSPMJGFSBUJPO PG JEFBT

GPS FYQFSJNFOUBM JOWFTUJHBUJPO� *O UIF DPOUFYU PG TPMWJOH QSPCMFNT JO UIF 4UBOEBSE .PEFM
 TPNF PG

UIFTF GPSNT BSF NPSF DPNQFMMJOH UIBO PUIFST� (JWFO UIBU B TFBSDI IBT UP TUBSU TPNFXIFSF
 UIF NPTU

XFMM�NPUJWBUFE NPEFMT BSF PG୴FO VTFE BT UIF DPNQBTT GPS FYQFSJNFOUBM GPSBZT� " QBSUJDVMBS DBUFHPSZ

PG TVQFSTZNNFUSZ NPEFMT LOPXO BT OBUVSBM IBT BTTVNFE UIJT SPMF GPS NBOZ QIZTJDJTUT
 FODJSDMJOH B

TFU PG UIFPSJFT UIBU BSF CPUI UIFPSFUJDBMMZ XFMM�NPUJWBUFE BOE UFTUBCMF BU BDDFTTJCMF FOFSHZ MFWFMT�

5XP PG UIF OFX QBSUJDMFT QSPQPTFE JO TVQFSTZNNFUSZ
 DBMMFE UIF TUPQ BOE IJHHTJOP
 IBWF B QBSUJD�

VMBSMZ OPUBCMF SPMF JO UIFTF OBUVSBM NPEFMT� "T B SFTVMU
 TFBSDIFT GPS TUPQT BOE IJHHTJOPT IBWF CFFO BO

JOUFHSBM QBSU PG UIF TVQFSTZNNFUSZ QSPHSBN
 XJUI UIF UIFPSZ QSPWJEJOH B DMFBS BOE FODPVSBHJOH OP�

UJPO PG IPX TVDI QBSUJDMFT BQQFBS JO NPEFSO EFUFDUPST
 BOE XIFSF UIFZ BSF MJLFMZ UP FYJTU JO UIF WBTU

QIBTF TQBDF PG TVQFSTZNNFUSZ� " ୮ୢSTU QBTT UISPVHI UIFTF DMFBS BOE FODPVSBHJOH PQUJPOT
 QFSGPSNFE

XJUI QBTU FYQFSJNFOUT MJLF UIF 5FWBUSPO BU 'FSNJMBC BOE UIF ୮ୢSTU SVO PG UIF -BSHF )BESPO $PMMJEFS

BU UIF &VSPQFBO 0SHBOJ[BUJPO GPS /VDMFBS 3FTFBSDI 	$&3/

 XBT OPU TVDDFTTGVM� /P FWJEFODF GPS

UIF FYJTUFODF PG TUPQT PS IJHHTJOPT BQQFBSFE JO DPMMJEFS EBUBTFUT� 5IJT JT OPU UP TBZ UIBU UIFZ EP OPU

FYJTU
 CVU SBUIFS
 UIBU UIF UBTL PG ୮ୢOEJOH UIFN JT NPSF DPNQMJDBUFE UIBO XBT JOJUJBMMZ BTTVNFE� 5IJT

UIFTJT JT BCPVU TPNF PG UIF IBSE TFBSDIFT
 UIF POFT UIBU NVTU CF EPOF XIFO UIF ୮ୢSTU JEFBT EPOؠU XPSL

PVU
 BOE UIF XBZT JO XIJDI QIZTJDJTUT HFU DSFBUJWF UP NBLF UIF JNQPTTJCMF QPTTJCMF�

�



5IF UFMMJOH PG UIJT TUPSZ OFDFTTBSJMZ CFHJOT XJUI BO PWFSWJFX PG UIF UIFPSFUJDBM MBOETDBQF
 CPUI

LOPXO BOE VOLOPXO
 XIJDI JT QSPWJEFE JO 1BSU *� $IBQUFS � JOUSPEVDFT UIF 4UBOEBSE .PEFM PG

QBSUJDMF QIZTJDT
 GPMMPXFE CZ B TZOPQTJT PG UIF UIFPSZ PG TVQFSTZNNFUSZ JO $IBQUFS �� $IBQUFS � QSP�

WJEFT B QIFOPNFOPMPHJDBM QFSTQFDUJWF PO UIF EFUFDUPS TJHOBUVSFT PG OBUVSBM TVQFSTZNNFUSZ NPEFMT


DPOOFDUJOH UIF UIFPSFUJDBM JEFB UP UIF PCTFSWBUJPO QPTTJCJMJUJFT�

1BSU ** EFUBJMT UIF FYQFSJNFOUBM NFBOT UP UFTU UIF UIFPSZ� $IBQUFST � EFTDSJCFT UIF -BSHF )BESPO

$PMMJEFS
 UIF MBSHFTU FYQFSJNFOU JO UIF XPSME
 DPMMJEJOH QSPUPOT BU OFBSMZ UIF TQFFE PG MJHIU PVUTJEF

UIF DJUZ PG (FOFWB JO 4XJU[FSMBOE� $IBQUFS � JOUSPEVDFT B EFUFDUPS PG UIFTF DPMMJTJPOT
 "5-"4
 BOE

FYQMBJOT UIF TVCTZTUFNT BOE EBUB�UBLJOH DBQBDJUZ UIBU FOBCMF UIF NPEFSO IJHI FOFSHZ QIZTJDT BOBMZ�

TFT EFUBJMFE IFSF�

*O EPJOH TVDI BOBMZTFT
 WBSJPVT UFDIOJRVFT BSF BQQMJFE UP UIF QSPDFTT PG TJG୴JOH UISPVHI EBUB BOE

RVBOUJGZJOH JUT DIBSBDUFSJTUJDT� 1BSU *** EFUBJMT B TVCTFU PG UIJT NFUIPEPMPHZ
 EJTDVTTJOH UISFF UFDI�

OJRVFT UIBU BSF FTQFDJBMMZ SFMFWBOU UP UIF XPSL EJTDVTTFE JO UIJT USFBUNFOU� $IBQUFST � JOUSPEVDFT

UIF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO NFUIPE VTFE UP QSPWJEF BEEJUJPOBM TFOTJUJWJUZ UP DFSUBJO OBUV�

SBM TVQFSTZNNFUSZ TFBSDIFT� $IBQUFS � HJWFT UIF NPUJWBUJPO BOE NFDIBOJTN PG UIF FWFOU DMFBOJOH

QSPDFEVSF
 XIJDI FMJNJOBUFT QBSUJDVMBS TPVSDFT PG OPO�DPMMJTJPO BOE OPJTF�SFMBUFE CBDLHSPVOET GSPN

TFOTJUJWF BOBMZTJT SFHJPOT� 5IF MBTU TUSBUFHZ JT UIF VTF PG DPNNPO QBSUJDMF QIZTJDT TUBUJTUJDBM NFUIPET

UP RVBOUJGZ BOE DIBSBDUFSJ[F UIF SFTVMUT PG TFBSDIFT
 BT EJTDVTTFE JO $IBQUFS ��

1BSU *7 UIFO EJWFT JOUP UIF TFBSDIFT UIFNTFMWFT
 EJTDVTTJOH UXP JO EFUBJM� POF GPS UIF TUPQ JO $IBQ�

UFS �
 BOE POF GPS UIF IJHHTJOP JO $IBQUFS ��� 5IFTF UXP DIBQUFST EFTDSJCF UIF NPUJWBUJPO
 DPOTUSVD�

UJPO
 BOE SFTVMUT PG FBDI BOBMZTJT
 IJHIMJHIUJOH XIFSF UIF TUSBUFHJFT PG 1BSU *** BSF VUJMJ[FE� 5IJT UIFTJT

�



DPODMVEFT XJUI BO PVUMPPL JO 1BSU 7
 JODMVEJOH B EJTDVTTJPO PG GVUVSF TFBSDI QSPTQFDUT JO $IBQUFS ��


BOE DPODMVTJPOT JO $IBQUFS ���

�



1BSU *

5IFPSZ

�



1
5IF 4UBOEBSE .PEFM

5ঘ ঍঒জঌঞজজ ঠ঑ঊঝ ঙঊছঝ঒ঌক঎ ঙ঑ঢজ঒ঌজ ঒জ ঠঘছঔ঒গঐ ঝঘঠঊছ঍জ
 JU JT OFDFTTBSZ UP EFTDSJCF XIFSF

JU TUBOET BU QSFTFOU� 5IF 4UBOEBSE .PEFM JT UIF DVSSFOU CFTU UIFPSZ GPS EFTDSJCJOH UIF GVOEBNFO�

UBM JOUFSBDUJPOT PG BMM LOPXO FMFNFOUBSZ QBSUJDMFT� *U JT B DPNQPTJUF UIFPSZ QBUDIFE UPHFUIFS GSPN

EFDBEFT PG TQFDVMBUJPO BOE TVCTFRVFOU EJTDPWFSZ
 DVMNJOBUJOH JO B NPEFM UIBU IBT CFFO TUSJLJOHMZ

�



QSFEJDUJWF UISPVHIPVU EFDBEFT PG FYQFSJNFOUT� *O UIJT DIBQUFS
 UIF 4UBOEBSE .PEFM JT EJTDVTTFE� 4FD�

UJPO ��� EFTDSJCFT JUT DPOUFOUT
 BOE 4FDUJPO ��� HJWFT B IJTUPSZ PG JUT FYQFSJNFOUBM WJDUPSJFT BT XFMM BT JUT

JNQFSGFDUJPOT�

��� 1ঊছঝ঒ঌক঎জ
 'ঘছঌ঎জ
 � 4ঢখখ঎ঝছ঒঎জ

5IF 4UBOEBSE .PEFM 	4.
 PG QBSUJDMF QIZTJDT JT B SFOPSNBMJ[BCMF RVBOUVN ୮ୢFME UIFPSZ UIBU JT JOWBSJ�

BOU VOEFS USBOTGPSNBUJPOT PG UIF MPDBM TZNNFUSZGSM HJWFO JO &RVBUJPO ���� *U JT TQPOUBOFPVTMZ

CSPLFO BT GPMMPXT�

GSM = SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⇒ SU(3)C ⊗ U(1)EM 	���


&BDI TZNNFUSZ JT
 CZ EF୮ୢOJUJPO
 B HSPVQ PG ୮ୢFME USBOTGPSNBUJPOT UIBU MFBWF UIF -BHSBOHJBO JO�

WBSJBOU� 5IF SFQSFTFOUBUJPOT PG UIJT HSPVQ DPOTUJUVUF UIF TQJO���� GFSNJPOT
 PSHBOJ[FE JOUP UISFF

NBTT HFOFSBUJPOT
 XIJDI NBLF VQ BMM LOPXO NBUUFS JO UIF VOJWFSTF� 5IFSF BSF UISFF HFOFSBUPST PG UIF

HSPVQ
 DPSSFTQPOEJOH UP UISFF HBVHF CPTPO EFHSFFT PG GSFFEPN UIBU SFQSFTFOU GVOEBNFOUBM GPSDFT


BMPOH XJUI B TJOHMF TDBMBS ୮ୢFME� 5P EFUFSNJOF IPX UIF JOUFSQMBZ CFUXFFO UIFTF DPOTUJUVFOUT GPSNT

B WJBCMF EFTDSJQUJPO PG OBUVSF
 JU JT BTTJTUJWF UP FYBNJOF UIF NPTU HFOFSJD SFOPSNBMJ[BCMF -BHSBOHJBO

UIBU DPOUBJOT UIF GFSNJPOJD BOE CPTPOJD ୮ୢFMET UIBU FNFSHF GSPN UIJT TZNNFUSZ 	&RVBUJPO ���
�

L = Lkin + Lψ + LY uk + Lφ 	���


�



&BDI PG UIFTF BMMPXBCMF HSPVQT PG UFSNT DBO CF USBDFE UP QIZTJDBM SFBMJUJFT JO QBSUJDMF QIZTJDT�

ا Lkin EFTDSJCFT UIF QSPQBHBUJPO PG UIF ୮ୢFMET JO TQBDFUJNF BOE UIF HBVHF JOUFSBDUJPOT�

Lkin = −1

4
(F a

µν)
2 + ψ̄(i✚✚D)ψ − |Dµφ|2 	���


)FSF
 F a
µν = ∂µAa

ν − ∂νAa
µ + gfabcAb

µA
c
ν 
Dµ = ∂µ − igAa

µt
a
r 
 BOE✚✚D = γµDµ GPS

GFSNJPO ୮ୢFMET ψ
 TDBMBS ୮ୢFME φ
 HBVHF ୮ୢFMETA
 SFQSFTFOUBUJPO NBUSJDFT tar 
 TUSVDUVSF DPOTUBOUT
fabc 	= 0 GPS UIF FMFDUSPXFBL GPSDF

 BOE NBUSJDFT γµ UIBU BSF SFQSFTFOUBUJPOT PG UIF $MJ୭GPSE
BMHFCSB� 5IJT QBSU PG UIF -BHSBOHJBO EFUFSNJOFT UIF GVOEBNFOUBM GPSDFT 	FMFDUSPNBHOFUJTN

UIF TUSPOH GPSDF
 BOE UIF XFBL GPSDF

 XJUI POF TVDI UFSN GPS FBDI PG UIF HBVHF CPTPO EF�
HSFFT PG GSFFEPN� &BDI GPSDF DPSSFTQPOET UP B HSPVQ JO &RVBUJPO ���� 46	�
C JT UIF TZNNFUSZ
HSPVQ PG UIF TUSPOH JOUFSBDUJPO
 BOE 46	�
L ×6	�
Y DPSSFTQPOET UP UIF FMFDUSPXFBL JOUFSBD�
UJPO
 XIJDI JT TQPOUBOFPVTMZ CSPLFO JO FMFDUSPNBHOFUJD BOE XFBL GPSDF DPNQPOFOUT� 'PSDFT
BSF NFEJBUFE CZ B EFTJHOBUFE TQJO�� HBVHF CPTPO
 TQFDJ୮ୢDBMMZ UIF HMVPO BOE QIPUPO�8±�;0

CPTPOT GPS UIF TUSPOH BOE FMFDUSPXFBL JOUFSBDUJPOT SFTQFDUJWFMZ� (SBWJUZ JT OPU JODMVEFE JO
UIF UIFPSZ�

ا Lψ HJWFT UIF %JSBD PS .BKPSBOB GFSNJPO NBTT UFSNT� 5IJT QBSU JT FRVBM UP � JO UIF 4.�

Lψ = 0 	���


ا LY uk EFTDSJCFT UIF :VLBXB JOUFSBDUJPOT�

LY uk = yijψ̄iψjφ 	���


5IFTF UFSNT DPOOFDU BMM GFSNJPOT UP POF BOPUIFS WJB UIF TDBMBS ୮ୢFME BOE UIF :VLBXB DPVQMJOH
yij 
 XIFSF i BOE j SFQSFTFOU EJ୭GFSFOU GFSNJPO SFQSFTFOUBUJPOT�

ا Lφ HJWFT UIF TDBMBS QPUFOUJBM�

Lφ = −µ2φ†φ− λ(φ†φ)2 	���


XIJDI MFBET UP TQPOUBOFPVT FMFDUSPXFBL TZNNFUSZ CSFBLJOH WJB UIF )JHHT NFDIBOJTN� )FSF

µ BOE λ BSF QBSBNFUFST UIBU EFUFSNJOF UIF TIBQF PG UIF )JHHT QPUFOUJBM�

�



5IJT -BHSBOHJBO QSPWJEFT B DPNQMFUF EFTDSJQUJPO PG OBUVSF BU JUT GVOEBNFOUBM MFWFM
 DPOTJTUJOH PG

UISFF GPSDFT
 ୮ୢWF CPTPOT 	HMVPO g
 QIPUPO γ
 8±
 ;0
 BOE )JHHT

 BOE UXFMWF GFSNJPOT 	TJY RVBSLT

BOE TJY MFQUPOT
� 4JODF BMM PG UIF GPSDFT FNFSHF GSPN TZNNFUSJFT JO UIF 4.
 /PFUIFSؠT UIFPSFN EJD�

UBUFT UIBU UIFZ FBDI JOUSPEVDF B DPOTFSWBUJPO MBX BOE UIVT B DIBSHF� 1BSUJDMFT UIBU JOUFSBDU WJB UIF

FMFDUSPNBHOFUJD GPSDF DBSSZ FMFDUSJDBM DIBSHF� UIF TBNF SFMBUJPOTIJQ FYJTUT GPS UIF TUSPOH GPSDF BOE

DPMPS
 BOE UIF XFBL GPSDF BOE XFBL DIBSHF�

5IF TUSPOH GPSDF JT VOJRVF JO UIBU JT B OPO�"CFMJBO HSPVQ BT EFTDSJCFE CZ RVBOUVN DISPNPEZ�

OBNJDT 
%$ތ	� UIBU JT
 UIF TUSVDUVSF DPOTUBOU fabc ̸= 0 BOE UIF HMVPO DBSSJFT DPMPS DIBSHF� 5IJT

MFBET UP B HMVPO TFMG�JOUFSBDUJPO BOE B TUSPOH DPVQMJOH DPOTUBOU αs UIBU أSVOTآ BT B GVODUJPO PG JOUFS�

BDUJPO TDBMF
 HFOFSBUJOH TFWFSBM JOUFSFTUJOH QSPQFSUJFT� 0OF PG UIFTF JT BTZNQUPUJD GSFFEPN
 NFBOJOH

UIBU BT UIF JOUFSBDUJPO FOFSHZ HPFT UP∞
 UIF DPVQMJOH DPOTUBOU BQQSPBDIFT [FSP
 UIF JOUFSBDUJPO JT

EJNJOJTIJOHMZ XFBL
 BOE RVBSLT DBO QSPQBHBUF BT GSFF QBSUJDMFT� 5IF PUIFS TJEF PG UIJT F୭GFDU JT DPO�

�OFNFOU׹ BU WFSZ MPX FOFSHJFT
 αs HPFT UP∞
 BOE UIF TUSPOH GPSDF EJWFSHFT� "T B SFTVMU
 RVBSLT BOE

HMVPOT DBO OFWFS CF PCTFSWFE BT GSFF QBSUJDMFT� *OTUFBE
 TUSPOH GPSDF CPVOE TUBUFT DBMMFE IBESPOT GPSN

PVU PG UXP PS UISFF RVBSLT
 DSFBUJOH QBSUJDMFT LOPXO BT NFTPOT BOE CBSZPOT
 SFTQFDUJWFMZ�

5IF DPNQMFUF 4UBOEBSE .PEFM DBO CF TFFO EJBHSBNNBUJDBMMZ JO 'JHVSF ���
 XIFSF JUT DPOTUJUVFOUT

BSF PSHBOJ[FE CZ UZQF BOE NBTT HFOFSBUJPO� &BDI QBSUJDMF SFQSFTFOUT BO FOUJUZ UIBU IBT OP GVSUIFS

JOUFSOBM TUSVDUVSF BOE DBO CF VOJRVFMZ DIBSBDUFSJ[FE CZ B TFU PG RVBOUVN OVNCFST� 5ISFF PG UIFTF

OVNCFST BSF MJTUFE BMPOH XJUI FBDI FOUSZ� NBTT
 FMFDUSJDBM DIBSHF
 BOE TQJO� " QBSUJDMFؠT NBTT BOE TQJO

BSF EFSJWFE GSPN UIFJS SFQSFTFOUBUJPO PG UIF 1PJODBS© HSPVQ
 XIJDI JT BO FYUFSOBM TZNNFUSZ HSPVQ

JO UIBU JU EFTDSJCFT BDUJPOT UBLFO JO TQBDFUJNF TVDI BT SPUBUJPOT
 USBOTMBUJPOT
 BOE CPPTUT� *O DPOUSBTU


��



PUIFS RVBOUVN OVNCFST EFTDSJCJOH B QBSUJDMFؠT BCJMJUZ UP QBSUJDJQBUF JO UIF WBSJPVT GVOEBNFOUBM JO�

UFSBDUJPOT BSF EFSJWFE GSPN JOUFSOBM TZNNFUSJFT PG UIF -BHSBOHJBO� "MM LOPXO TUBCMF NBUUFS DBO CF

GPVOE JO UIF ୮ୢSTU NBTT HFOFSBUJPO
 XIJMF UIF IFBWJFS HFOFSBUJPOT EFDBZ JOUP MJHIUFS QBSUJDMFT BDDPSE�

JOH UP UIFJS BMMPXFE JOUFSBDUJPOT�

Figure 1.1: The StandardModel of particle physics.

"T B SFMBUJWJTUJD RVBOUVN ୮ୢFME UIFPSZ
 UIF 4UBOEBSE .PEFM JT JOWBSJBOU VOEFS UIF DPNCJOFE SFWFS�

TBM PG UISFF GVOEBNFOUBM TZNNFUSJFT 	$15
�

�� $IBSHF DPOKVHBUJPO 	$

 XIJDI USBOTGPSNT QBSUJDMFT JOUP UIFJS BOUJ�QBSUJDMॶ CZ SFWFSTJOH UIFJS
DIBSHF BOE BMM JOUFSOBM RVBOUVN OVNCFST� /FVUSBM CPTPOT 	QIPUPO
 ;0
 )JHHT
 BSF UIFJS PXO

��



BOUJQBSUJDMFT�

�� 1BSJUZ DPOKVHBUJPO 	1

 XIJDI USBOTGPSNT B MFG୴�IBOEFE QBSUJDMF JOUP B SJHIU�IBOEFE QBSUJDMF
CZ UIF SFWFSTBM PG TQBUJBM DPPSEJOBUFT� 5IF XFBL JOUFSBDUJPO WJPMBUFT QBSJUZ NBYJNBMMZ� OP
SJHIU�IBOEFE QBSUJDMFT GFFM UIF XFBL GPSDF�

�� 5JNF SFWFSTBM 	5
�

5IF DPNCJOFE PQFSBUJPO $1 USBOTGPSNT NBUUFS JOUP BOUJ�NBUUFS� 5IFSF JT B TNBMM BNPVOU PG $1

WJPMBUJPO JO UIF 4UBOEBSE .PEFM
 EJTDPWFSFE WJB UIF EFDBZ PG TUSBOHF�୯୳BWPSFE NFTPOT <�>� 5IJT JT

BUUSJCVUBCMF UP UIF QSFTFODF PG B QIBTF JO UIF $BCJCCP�,PCBZBTIJ�.BTLBXB 	$,.
 NBUSJY
 XIJDI

EFTDSJCFT NJYJOH CFUXFFO RVBSL ୯୳BWPST JO XFBL JOUFSBDUJPOT� 4JODF UIF VOJWFSTF BQQFBST UP CF EPNJ�

OBUFE CZ NBUUFS
 UIF BNPVOU PG $1 WJPMBUJPO JO UIF 4. JT FTQFDJBMMZ SFMFWBOU UP UIF FWPMVUJPO PG UIF

VOJWFSTF BOE UIF SFBTPO CFIJOE UIJT BTZNNFUSZ�

��� &ডঙ঎ছ঒খ঎গঝঊক 7঎ছ঒এ঒ঌঊঝ঒ঘগ

5IF QBSBNFUFST PG UIF 4UBOEBSE .PEFM BSF FYQFSJNFOUBMMZ EFUFSNJOFE
 EFNPOTUSBUJOH BO FYUFOTJWF

MBOETDBQF PG BDDFMFSBUPS BOE EFUFDUPS UFDIOPMPHZ FMBQTJOH PWFS EFDBEFT� :FU KVTU BT UIFSF JT BNQMF FWJ�

EFODF UIBU CPMTUFST UIF UIFPSZ
 UIFSF BSF SFTVMUT UIBU SFWFBM JUT EF୮ୢDJFODJFT� 3FWJFXJOH CPUI TVDDFTTFT

BOE GBJMVSFT JT OFDFTTBSZ UP VOEFSTUBOE UIF DVSSFOU TUBUF PG UIF ୮ୢFME�5IF GPMMPXJOH JT B CSJFG IJTUPSJDBM

PWFSWJFX PG UIFTF JO୯୳VFOUJBM FYQFSJNFOUBM SFTVMUT
 DPWFSFE JO NVDI HSFBUFS EFUBJM JO PUIFS XPSLT <�>�

����� )঒জঝঘছ঒ঌঊক 5঒খ঎ক঒গ঎

5IF 4UBOEBSE .PEFM DPBMFTDFE JOUP B VOJ୮ୢFE UIFPSFUJDBM GSBNFXPSL JO UIF ����T UISPVHI UIF XPSL

PG (MBTIPX
 8FJOCFSH
 4BMBN
 BOE PUIFST PO UIF VOJ୮ୢDBUJPO PG FMFDUSPNBHOFUJTN BOE UIF XFBL JO�
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are based on (at least) full NNLO QCD predictions, and are published
in peer-reviewed journals at the time of completing this Review.
These pre-averages are then combined to the final world average value
of αs(M2

Z), using the χ2 averaging method and error treatment as
described above. From these, we determine the new world average
value of

αs(M
2
Z) = 0.1181 ± 0.0011 , (9.23)

with an uncertainty of 0.9 %.∗∗∗ This world average value is in
reasonable agreement with that from the 2013 version of this Review,
which was αs(M2

Z) = 0.1185 ± 0.0006, however at a somewhat
decreased central value and with an overall uncertainty that has
almost doubled. These changes are mainly due to the following
developments:

- the uncertainty of the combined lattice result, now using the
same averaging procedure as applied to the other sub-fields, is
more conservative than that used in our previous Review, leading
to a larger final uncertainty of the new world average, and to a
reduced fixing power towards the central average value;

- the relatively low value of αs from hadron collider results, which
currently consists of only one measurement of the tt cross section
at

√
s = 7 TeV [370] that is likely to be a fluctuation to the low

side.

For convenience, we also provide the values for ΛMS which
correspond to the new world average:

Λ
(6)

MS
= (89 ± 6) MeV, (9.24a)

Λ
(5)

MS
= (210 ± 14) MeV, (9.24b)

Λ
(4)

MS
= (292 ± 16) MeV, (9.24c)

Λ
(3)

MS
= (332 ± 17) MeV, (9.24d)

for nf = 6, 5, 4 and 3 quark flavors, which are determined using the
4-loop expression for the running of αs according to Eq. (9.5) and
3-loop matching at the charm-, bottom- and top-quark pole masses
of 1.3, 4.2 and 173 GeV/c2, respectively. Note that for scales below a
few GeV, Eq. (9.5) starts to differ significantly from the exact solution
of the renormalization group equation Eq. (9.3) and the latter is then
to be preferred.

In order to further test and verify the sensitivity of the new
average value of αs(M2

Z) to the different pre-averages and fields of αs

determinations, we give each of the averages obtained when leaving
out one of the six input values, as well as the respective, initial value
of χ2 :

αs(M
2
Z) = 0.1179± 0.0011 (w/o τ results;

χ2
0/d.o.f. = 3.3/4), (9.25a)

αs(M
2
Z) = 0.1174± 0.0016 (w/o lattice results;

χ2
0/d.o.f. = 2.9/4), (9.25b)

αs(M
2
Z) = 0.1185± 0.0013 (w/o DIS results;

χ2
0/d.o.f. = 2.0/4), (9.25c)

αs(M
2
Z) = 0.1182± 0.0010 (w/o e+e− results;

χ2
0/d.o.f. = 3.5/4), (9.25d)

αs(M
2
Z) = 0.1184± 0.0012 (w/o hadron collider;

χ2
0/d.o.f. = 2.4/4) and (9.25e)

αs(M
2
Z) = 0.1180± 0.0010 (w/o e.w. precision fit;

χ2
0/d.o.f. = 3.4/4). (9.25f)

They are well within the uncertainty of the overall world average
quoted above. Note, however, that the average excluding the lattice
result is no longer as close to the value obtained from lattice alone as

∗∗∗ The weighted average, treating all inputs as uncorrelated mea-
surements with Gaussian uncertainties, results in αs(M2

Z) = 0.11810±
0.00078 with χ2/d.o.f. = 3.7/5. Requiring χ2/d.o.f. to reach unity
calls for an overall correlation factor of 0.28, which increases the over-
all uncertainty to ±0.00114.

was the case in the 2013 Review, but is now smaller by almost one
standard deviation of its assigned uncertainty.

Notwithstanding the many open issues still present within each
of the sub-fields summarised in this Review, the wealth of available
results provides a rather precise and reasonably stable world average
value of αs(M2

Z), as well as a clear signature and proof of the energy
dependence of αs, in full agreement with the QCD prediction of
Asymptotic Freedom. This is demonstrated in Fig. 9.3, where results
of αs(Q2) obtained at discrete energy scales Q, now also including
those based just on NLO QCD, are summarized. Thanks to the results
from the Tevatron and from the LHC, the energy scales at which αs is
determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)  

0.1

0.2

0.3

αs (Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

 (NLO
pp –> tt (NNLO)

)(–)

Figure 9.3: Summary of measurements of αs as a function of
the energy scale Q. The respective degree of QCD perturbation
theory used in the extraction of αs is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to leading order; res.
NNLO: NNLO matched with resummed next-to-leading logs;
N3LO: next-to-NNLO).
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Figure 9.1: Overview of cross section measurements for a
wide class of processes and observables, as obtained by the
ATLAS [309] and CMS [310] experiments at the LHC, for
centre-of-mass energies of 7, 8 and 13 TeV. Also shown are the
theoretical predictions and their uncertainties.

9.3.2.3. Hadron colliders: The spectrum of observables and the
number of measurements performed at hadron colliders is enormous,
probing many regions of phase space and covering a huge range of
cross sections, as illustrated in Fig. 9.1 for the case of the ATLAS
and CMS experiments at the LHC. For the sake of brevity, in the
following only certain classes of those measurements will be discussed,
that allow addressing particular aspects of the various QCD studies
performed. Most of our discussion will focus on recent LHC results,
which are available for center-of-mass energies of 2.76, 5, 7, 8 and 13
TeV with integrated luminosities of up to 36 fb−1. Generally speaking,
besides representing a general test of the standard model and QCD
in particular, these measurements serve several purposes, such as: (i)
probing pQCD and its various approximations and implementations
in MC models, in order to quantify the order of magnitude of not
yet calculated contributions and to gauge their precision when used
as background predictions, or (ii) extracting/constraining model
parameters such as the strong coupling constant or PDFs.

Among the most important cross sections measured is the inclusive
jet spectrum as a function of the jet transverse energy (Et) or the jet
transverse momentum (pt), for several rapidity regions and for pt up
to 700 GeV at the Tevatron and ∼ 2 TeV at the LHC. It is worth
noting that this upper limit in pt corresponds to a distance scale
of ∼ 10−19 m: no other experiment so far is able to directly probe
smaller distance scales of nature than this measurement. Whereas the
Tevatron measurements (Refs. 311–313) were based on the infrared-
and collinear-safe kt algorithm in addition to the more widely used
Midpoint and JetCLU algorithms of the past, the LHC experiments
focus on the anti-kt algorithm using various radius parameters.
Measurements by ALICE, ATLAS and CMS have been published in
Refs. 314–321. Reviews can be found in, e.g., Refs. 283,322,323.

In general we observe a good description of the data by the NLO
QCD predictions, over about 11 orders of magnitude in cross section.
The experimental systematic uncertainties are dominated by the jet
energy scale uncertainty, quoted to be in the range of a few percent
(see for instance the review in Ref. 324), leading to uncertainties
of ∼ 5 − 30% on the cross section, increasing with pt and rapidity.
The PDF uncertainties dominate the theoretical uncertainty at large
pt and rapidity. In fact, inclusive jet data are important inputs to
global PDF fits (see [325] for a recent review). Constraints on the
PDFs can also be obtained from ratios of inclusive cross sections at
different center-of-mass energies [315,320]. In general, ratios of jet
cross sections are a means to (at least partially) cancel the jet energy
scale uncertainties and thus provide jet observables with significantly
improved precision.

Dijet events are analyzed in terms of their invariant mass and
angular distributions, which allows for tests of NLO QCD predictions
(see e.g. Refs. [319,326,327] for recent LHC results), and setting
stringent limits on deviations from the Standard Model, such as quark
compositeness or contact interactions (some examples can be found
in Refs. 328–334). Furthermore, dijet azimuthal correlations between
the two leading jets, normalized to the total dijet cross section, are an
extremely valuable tool for studying the spectrum of gluon radiation in
the event. The azimuthal separation of the two leading jets is sensitive
to multi-jet production, avoiding at the same time large systematic
uncertainties from the jet energy calibration. For example, results
from the Tevatron [335,336] and the LHC [337–339] show that the LO
(non-trivial) prediction for this observable, with at most three partons
in the final state, is not able to describe the data for an azimuthal
separation below 2π/3, where NLO contributions (with 4 partons)
restore the agreement with data. In addition, this observable can be
employed to tune Monte Carlo predictions of soft gluon radiation.

Further examples of dijet observables that probe special corners
of phase space are those which involve forward (large rapidity) jets
and where a large rapidity separation, possibly also a rapidity gap, is
required between the two jets. Reviews of such measurements can be
found in Refs. [283,340], showing that no single prediction is capable
of describing the data in all phase-space regions. In particular, no
conclusive evidence for BFKL effects in these observables has been
established so far.

Beyond dijet final states, measurements of the production of three
or more jets, including cross section ratios, have been performed (see
Refs. [283,341] for recent reviews), as a means of testing perturbative
QCD predictions, determining the strong coupling constant (at NLO
precision so far), and probing/tuning MC models, in particular those
combining multi-parton matrix elements with parton showers.

In terms of precision achieved, measurements of inclusive vector
boson (W, Z) production outperform the jet studies described above
and provide the most precisely determined observables at hadron
colliders so far. This is because the experimental signatures are based
on leptons that are measured much more accurately than jets. At the
LHC [342–348], the dominant uncertainty stems from the luminosity
determination (∼2–4%), while other uncertainties (e.g. statistics,
lepton efficiencies) are controlled at the 1–3% level. The uncertainty
from the acceptance correction of about 1–2% can be reduced by
measuring so-called fiducial cross sections, ie. by applying kinematic
cuts also to the particle level of the theoretical predictions. A further
reduction or even complete elimination of particular uncertainties
(e.g. luminosity) is achieved by measuring cross section ratios (W/Z

or W+/W−) or differential distributions that are normalised to the
inclusive cross section. On the theory side, as discussed earlier in this
review, the production of these color-singlet states has been calculated
up to NNLO accuracy. Since the dominant theoretical uncertainty is
related to the choice of PDFs, these high-precision data provide useful
handles for PDF determinations.

Further insights are obtained from measurements of differential
vector boson production, as a function of the invariant dilepton mass,
the boson’s rapidity or its transverse momentum. For example, the
dilepton invariant mass distribution has been measured [349–353] for
masses between 15 and 2000 GeV, covering more than 8 orders of
magnitude in cross section. NNLO QCD predictions, together with
modern PDF sets and including higher-order electroweak and QED

Figure 1.3: Overview of cross sectionmeasurements for several processes of interest, as obtained by the ATLAS Exper-

iment [17].
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"SNFE XJUI B TUSPOH UIFPSFUJDBM GPVOEBUJPO BOE FYUFOTJWF FYQFSJNFOUBM DPO୮ୢSNBUJPO
 UIF 4UBOEBSE

.PEFM JT B TPMJE UIFPSZ� )PXFWFS
 UIFSF BSF TPNF QSPCMFNT UIBU SFNBJO VOTPMWFE�

ا %FTQJUF IBWJOH B DMFBS FYQMBOBUJPO GPS UIF TUSPOH
 XFBL
 BOE FMFDUSPNBHOFUJD GPSDFT
 UIF 4UBO�
EBSE .PEFM EPFT OPU EFTDSJCF HSBWJUZ�

ا *U BMTP EPFT OPU IBWF B WJBCMF DBOEJEBUF GPS EBSL NBUUFS 	%.

 B OPOMVNJOPVT
 OPOJOUFS�
BDUJOH
 BOE MPOH�MJWFE GPSN PG NBUUFS UIBU NVTU FYJTU UP BDDPVOU GPS UIF UPUBM HSBWJUBUJPOBM
TUSFOHUI JO SPUBUJOH HBMBYJFT <��>�

ا 5IPVHI TQPOUBOFPVT FMFDUSPXFBL TZNNFUSZ CSFBLJOH JT SFRVJSFE UP FYQMBJO UIF PCTFSWFE
QBSUJDMF TQFDUSVN
 JU JT OPU DMFBS UISPVHI XIBU NFDIBOJTN UIJT QSPDFTT PDDVST�

ا 5IF 4. IBT �� GSFF QBSBNFUFST
 XIJDI TQBO TFWFSBM PSEFST PG NBHOJUVEF� 5IJT MBSHF EJ୭GFSFODF
BDSPTT QBSBNFUFS WBMVFT
 BOE DIBSBDUFSJTUJD JOUFSBDUJPO FOFSHZ�MFOHUI TDBMFT BT B DPSPMMBSZ
 JT
LOPXO BT UIF IJFSBSDIZ QSPCMFN�

ا *U JT OPU VOEFSTUPPE XIZ UIF )JHHT DPVQMJOHT UP GFSNJPOT BOE UIVT UIFJS NBTTFT BSF TP VO�
FRVBM
 LOPXO BT UIF BWPS׺ QV[[MF�

ا 3FDFOU FYQFSJNFOUBM FWJEFODF WJB OFVUSJOP PTDJMMBUJPOT QPJOUT UP TNBMM CVU OPO�OFHMJHJCMF
NBTTFT GPS UIFTF QBSUJDMFT <��>
 UIPVHI UIF NFDIBOJTN UIBU HJWFT UIJT NBTT JT TUJMM VODMFBS�

ا 5IF MBSHF EJTDSFQBODZ CFUXFFO NBUUFS BOE BOUJ�NBUUFS EFOTJUZ JO UIF VOJWFSTF UPEBZ JT OPU
TV୭୮ୢDJFOUMZ FYQMBJOFE CZ UIF LOPXO BNPVOU PG $1 WJPMBUJPO JO UIF 4.
 QSPNQUJOH RVFTUJPOT
BCPVU UIF PSJHJO PG UIJT BTZNNFUSZ�

5IFTF JTTVFT BSF BMM LFZ DPNQPOFOUT PG UIF HMPCBM IJHI FOFSHZ QIZTJDT SFTFBSDI QSPHSBN
 CFDBVTF

UIFZ JOEJTQVUBCMZ QPJOU UP UIF OFDFTTJUZ PG OFX CFZPOE UIF 4UBOEBSE .PEFM 	#4.
 QIZTJDT� 'VSUIFS�

NPSF
 UIF MBDL PG FWJEFODF GPS OFX QIZTJDT UIVT GBS JOEJDBUFT UIBU UIJT IZQPUIFUJDBM CVU OFDFTTBSZ OFX

QIZTJDT NVTU FYJTU BU FOFSHJFT MBSHFS UIBO UIF DVSSFOU FYQFSJNFOUBM SFBDI�
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QBSUJDMFT� 5IF SVOOJOH PG UIF TUSPOH DPVQMJOH EFUFSNJOFT JUT DIBSBDUFSJTUJD TDBMF BU ��� .F7
 XIJDI

JT BMTP UIF NBTT PG IBESPOT NBEF PG MJHIU RVBSLT� 5IF FMFDUSPXFBL TDBMF JT BO PSEFS PG NBHOJUVEF
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 BU UIF )JHHT WBDVVN FYQFDUBUJPO WBMVF 	vev
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 8
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 BOE UIVT
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Figure 13: Hierarchy of scales of gauge interactions.

becomes large, may be determined in this approximation as

⇤QCD = MGUT exp

✓
� 1

�3↵GUT

◆

and the exponent provides for the required hierarchy. However, a similar analysis is
not succesful for the electroweak interaction, whose coupling constants are small at the
scale v. The latter is unrelated to any dynamical scale and is introduced in the theory
as a free parameter.

2. The stability of the hierarchy. In the standard mechanism of the electroweak
breaking, the characteristic scale v = MH/

p
2�, where � is the self-interaction constant

of the Higgs boson. Together with MH , the scale v gets, in SM, quadratically divergent
radiative corrections,

�v
2 ⇠ �M

2
H = f(g)⇤2

UV,

where f(g) is a symbolic notation for some known combination of the coupling constants
(in SM, f(g) ⇡ 0.1), and ⇤UV is the ultraviolet cuto↵ which may be interpreted as an
energy scale above which SM cannot give a good approximation to reality. This scale
may be related to one of the scales MPl,MGUT etc. discussed above; in the assumption
of the absence of the “new physics”, that is of particle interactions other than those
already discovered (SM and gravity), one should take ⇤UV ⇠ MPl. Therefore, since
v
2 = v

2
0 � �v

2, where v0 is the parameter of the tree-level lagrangian, the hierarchy
v
2 ⌧ M

2
Pl appears as a result of cancellation between two huge contributions, v20 and

�v
2. Each of them is of order f(g)M2

Pl ⇠ 1033v2, that is the cancellation has to be
precise up to 10�33 in every order of the perturbation theory. This fine tuning of
parameters of the model, though technically possible, does not look natural. One may
revert this logic and say that to avoid fine tuning in SM one should have

f(g)⇤2
UV ⇠ v

2 ) ⇤UV ⇠ TeV. (3)

The relation (3) gives a base for the optimism of researchers who expect the discovery
of not only the Higgs boson but also some new physics beyond SM from the LHC.

3. The gauge desert. The third aspect of the same problem is related to the
presumed absence of particles with masses (and of interactions with scales) between
“small” (⇤QCD, v) and “large” (M⌫ ,MGUT,MPl) energetic scales, see Fig. 13. All known
particles are settled in a relatively narrow region of masses . v, beyond which, for many
orders of magnitude, lays the so-called gauge desert. Clearly, one may suppose that the

27

Figure 1.4: Scan of energy ranges in particle physics, annotated by relevance of fundamental forces, known particle

masses, and experimental reach.
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2
4VQFSTZNNFUSZ

0OF PG UIF QSJNBSZ NPUJWBUJPOT GPS UIF UIFPSZ PG TVQFSTZNNFUSZ JT TPMWJOH UIF IJFSBSDIZ QSPCMFN�

5IJT VOBOTXFSFE RVFTUJPO JO UIF 4UBOEBSE .PEFM QFSUBJOT UP UIF WJTJCMF NBTT PG UIF )JHHT CPTPO� *O

UIF 4.
 UIF QIZTJDBM NBTT PG UIF )JHHT JT HJWFO BT UIF TVN PG UXP UFSNT
 TIPXO JO &RVBUJPO ����

m2
H = m2

H,tree +∆m2 	���
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}m2
H = m2

H,tree + Δm2 − Δm̃2

Figure 2.1: Feynman diagram showing top quark loop in the Higgs boson propagator.

)FSF
mH,tree JT UIF USFF NBTT PG UIF )JHHT
 XIJDI JT B GSFF QBSBNFUFS
 BOE∆m JT B SBEJBUJWF DPS�

SFDUJPOT UFSN� 5IFTF DPSSFDUJPOT TUFN GSPN MPPQ 'FZONBO EJBHSBNT JO UIF )JHHT QSPQBHBUPS
 BO

FYBNQMF PG XIJDI DBO CF GPVOE XJUI B UPQ MPPQ BT TIPXO JO 'JHVSF ���� 5IJT EJBHSBN DPOUSJCVUFT

FTQFDJBMMZ TUSPOHMZ CFDBVTF UIF UPQ JT UIF NPTU NBTTJWF RVBSL
 BOE UIFSFGPSF IBT UIF MBSHFTU DPVQMJOH

UP UIF )JHHT� 5BLJOH UIF UPQ MPPQ BT BO FYBNQMF
 UIJT DPSSFDUJPOT UFSN∆m UBLFT UIF GPSN TIPXO JO

&RVBUJPO ����

∆m2 = − |yt|2

16π2

[
2Λ2 +O

(
m2

t MO
(

Λ

mt

))]
	���


)FSF
 yt JT UIF :VLBXB DPVQMJOH PG UIF UPQ RVBSL t BOEΛ JT UIF DVUP୭G FOFSHZ PG UIF UIFPSZ
 BCPWF

XIJDI UIF 4. DFBTFT UP CF WBMJE BOE OFX QIZTJDT NVTU FOUFS� *U JT FWJEFOU UIBU∆m HPFT BT UIF DVUP୭G

TDBMFΛ� *G UIFSF JT OP OFX QIZTJDT PVUTJEF PG UIF 4UBOEBSE .PEFM
 UIFTF DPSSFDUJPOT XJMM CF PO UIF

PSEFS PG UIF 1MBODL TDBMF
 BT TIPXO JO 'JHVSF ����

5IF ���� EJTDPWFSZ PG B )JHHT�MJLF QBSUJDMF BU ��� (F7 QVU UIJT SFMBUJPOTIJQ JOUP UIF TQPUMJHIU <��


��>� 8JUI B QIZTJDBM NBTT PO UIF PSEFS PG UIF XFBL TDBMF 	104 (F72

 BOE B RVBESBUJD DPSSFDUJPOT

UFSN PG PSEFS 1038 (F72
 POMZ B ESBNBUJD DPJODJEFODF PG � JO ��34 DPVME QVU UIF WBMVF PG UIF USFF
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NBTT QBSBNFUFSmH,tree BU QSFDJTFMZ UIF SJHIU QMBDF UP NBJOUBJO &RVBUJPO ���� 4VDI B DPJODJEFODF

SFQSFTFOUT B WFSZ MBSHF BNPVOU PG OF׹ UVOJOH
 NFBOJOH UIBU GSFF QBSBNFUFST BSF DPOTUSBJOFE BOE

SFRVJSFE UP DBODFM UP BO FYUSFNFMZ IJHI QSFDJTJPO� " HFOFSBM RVBOUJ୮ୢBCMF NFBTVSF PG ୮ୢOF UVOJOH∆ JT

HJWFO JO &RVBUJPO ��� <��>� 
VBMJUBUJWFMZތ BWPJEJOH ୮ୢOF UVOJOH NFBOT UIBU∆ JT LFQU TNBMM
 JOEJDBUJOH

UIBU UIF TJ[F PG UIF DPSSFDUJPOT UFSN JT TNBMMFS UIBOmH,tree�

∆ ≡ 2∆m2
H

m2
H,tree

	���


5IF TPMVUJPO P୭GFSFE CZ TVQFSTZNNFUSZ JT UIF FYJTUFODF PG B TFDPOE DPSSFDUJPOT UFSN∆m̃
 BSJT�

JOH GSPN B OFX QBSUJDMF CFJOH JOUSPEVDFE XJUI TQJO EJ୭GFSJOH CZ ��� XJUI SFTQFDU UP UIF PSJHJOBM 4.

QBSUOFS� *O UIF QSFWJPVTMZ VTFE FYBNQMF PG B 4. UPQ RVBSL t
 UIJT NFBOT BO 4. CPTPO S JT JOUSP�

EVDFE
 XJUI UIF GPMMPXJOH BOBMPHPVT DPVQMJOH BT HJWFO JO &RVBUJPO ���� /PUF UIBU UIF TJHO PG UIF

DPSSFDUJPOT UFSN JT PQQPTJUF UP UIBU JO &RVBUJPO ����

∆m̃2 = +
|yS |2

16π2

[
2Λ2 +O

(
m2

S MO
(

Λ

mS

))]
	���


4JODF UIJT OFX QBSUJDMF POMZ EJ୭GFST GSPN JUT 4. QBSUOFS CZ B TQJO PG ���
 JU DBO SFBTPOBCMZ CF FY�

QFDUFE UP IBWF B TJNJMBS DPVQMJOH UP UIF )JHHT
 BOE UIF NBHOJUVEFT PG yt BOE yS DBO CF BQQSPYJ�

NBUFMZ FRVBM� 5IFSFGPSF
 TJODF CPUI SBEJBUJWF DPSSFDUJPOT UFSNT BSF FRVBM BOE PQQPTJUF
 UIFZ DBO FT�

TFOUJBMMZ DBODFM PVU� 5IF SFTJEVBM DPSSFDUJPO UFSN JO UIF DBTF PG UIF UPQ DBO UIFO CF XSJUUFO BT TIPXO
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&RVBUJPO ����

∆m2
H = ∆m2 +∆m̃2 =

y2t
16π2

|m2
S −m2

t | 	���


&RVBUJPO ��� DBO OPX CF VTFE UP JNBHJOF UIF VQQFS MJNJU PO UIF BNPVOU PG ୮ୢOF UVOJOH JO UIF

UIFPSZ� 5P SFMJFWF UIF QSFTTVSF PG ୮ୢOF UVOJOH DPOTUSBJOUT JO UIJT FYQSFTTJPO BOE FOTVSF UIBU UIF DPS�

SFDUJPOT UFSN JT SFBTPOBCMZ PO UIF TDBMF PG UIF USFF NBTT QBSBNFUFS
 UIF NBTTFT PG UIF QBSUOFS QBSUJDMFT

BSF GVSUIFS DPOTUSJDUFE�

|m2
S −m2

f | ! 1 TeV 2 	���


5IJT SFMBUJPOTIJQ JOEJDBUFT UIBU JO TVDI B EFTJSBCMF NBOJGFTUBUJPO PG TVQFSTZNNFUSZ
 XJUI DBO�

DFMMBUJPO PG )JHHT NBTT SBEJBUJWF DPSSFDUJPOT UP ୮ୢSTU PSEFS BOE MJUUMF ୮ୢOF UVOJOH
 OFX QBSUJDMFT DPVME

FNFSHF BU UIF 5F7 TDBMF�

8JUI UIF JODMVTJPO PG UIJT OFX CPTPO S BOE∆m̃ OFDFTTBSJMZ DPNFT QBSUOFS MPPQ EJBHSBNT JO UIF

)JHHT QSPQBHBUPS
 BT SF୯୳FDUFE JO 'JHVSF ���
 BOE JO UVSO UIFTF OFX MPPQT SFQSFTFOU OFX QBSUJDMFT�

)PXFWFS
 UIJT FYBNQMF TP GBS IBT POMZ VUJMJ[FE UIF UPQ MPPQ DPOUSJCVUJPO� *O SFBMJUZ
 BMM QBSUJDMFT UIBU

DPVQMFT UP UIF )JHHT QBSUJDJQBUF JO TJNJMBS MPPQ EJBHSBNT
 BOE UIVT OFX QBSUOFS QBSUJDMFT XJMM CF

HFOFSBUFE UP QSPWJEF B DBODFMMBUJPO PG DPSSFDUJPOT UFSNT� *O UIJT XBZ
 UIF SFTPMVUJPO PG UIF IJFSBSDIZ

QSPCMFN WJB UIF BEEJUJPO PG B TFDPOE )JHHT NBTT DPSSFDUJPOT UFSN DSFBUFT OPU KVTU POF CVU NBOZ OFX

QBSUJDMFT
 FBDI PG XIJDI JT B QBSUOFS UP B 4UBOEBSE .PEFM QBSUJDMF
 BOE B OFX TZNNFUSZ UIBU SFMBUFT

UIFN
 TVQFSTZNNFUSZ 	464:
 <��>� 5IF QSFEJDUJPO PG TVQFSQBSUOFST GPS FBDI 4. QBSUJDMF HFOFSBUFT B
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Figure 2.2: Feynman diagram showing the supersymmetric top partner loop in the Higgs boson propagator.

WBTU OFX QIBTF TQBDF JO XIJDI UP TFBSDI GPS ZFU�UP�CF�EJTDPWFSFE QBSUJDMFT 	TFF 'JHVSF ���
�
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Figure 2.3: Illustration of new sparticles predicted in supersymmetry [22].

��



5IF OFX TUBUFT QSFEJDUFE CZ 464: BMM EJ୭GFS GSPN UIFJS 4. QBSUOFST CZ IBMG B VOJU PG TQJO� "MM

GFSNJPOT JO UIF 4UBOEBSE .PEFM IBWF CPTPOJD TVQFSQBSUOFST BOE WJDF WFSTB� 0G UIFTF OFX QBSUJDMFT


BMM QBSUOFST PG 4. CPTPOT BSF OBNFE XJUI UIF TV୭୮ୢY 
أ�JOPآ BOE BMM QBSUOFST PG GFSNJPOT BSF OBNFE

XJUI UIF QSF୮ୢY �أ�Tآ 'PS FYBNQMF
 UIF 464: QBSUOFS PG UIF HMVPO JT DBMMFE B HMVJOP
 BOE UIF QBSUOFS PG

B 4UBOEBSE .PEFM RVBSL JT DBMMFE B TRVBSL� 4VQFSTZNNFUSJD QBSUOFST BSF JOEJDBUFE CZ UIF BEEJUJPO PG

B̃ UP UIF 4. QBSUJDMF TZNCPM� 5IF NBTTFT PG UIFTF TVQFSQBSUOFST 	PS TQBSUJDMॶ
 DBO JO QSJODJQMF CF UIF

TBNF BT UIFJS 4. DPVOUFSQBSUT
 CVU UIF MBDL PG PCTFSWBUJPO PG TVQFSTZNNFUSJD QBSUJDMFT BU DPNNPO

DPMMJEFS FOFSHZ TDBMFT SVMFT UIJT NBTT SFMBUJPOTIJQ PVU� 464: NVTU UIFSFGPSF CF B CSPLFO TZNNFUSZ


XJUI TVQFSQBSUOFS NBTTFT IFBWJFS UIBO DVSSFOU 4. QBSUJDMFT BOE BCPWF UIF DVSSFOU FYQFSJNFOUBM

SFBDI�

5IF FYUFOTJPO PG UIF 4. -PSFOU[ HSPVQ UISPVHI BO BEEJUJPOBM TVQFSTZNNFUSZ IBT NBOZ QPTTJCMF

NBOJGFTUBUJPOT
 HJWFO UIF OVNCFS PG HFOFSBUPST JO UIF TZNNFUSZ HSPVQ BOE UIF BSSBOHFNFOU PG

QBSUJDMFT JOUP TVQFSNVMUJQMFUT� "T B SFTVMU
 B IVHF WBSJFUZ PG 464: NPEFMT BOE GSBNFXPSLT FYJTU

UIBU FYUFOE UIF 4. JO UIJT XBZ� 5IF POF UIBU JOUSPEVDFT UIF TNBMMFTU OVNCFS PG OFX QBSUJDMFT JT

UIF NJOJNBM TVQFSTZNNFUSJD FYUFOTJPO UP UIF 4UBOEBSE .PEFM 	.44.
 <��
 ��
 ��
 ��>� #FDBVTF PG

JUT SFMBUJWF TJNQMJDJUZ JO B WBTU ୮ୢFME PG QPUFOUJBM 464: XPSLJOHT
 UIF .44. DBO CF VTFE BT B VTFGVM

CFODINBSL GPS GVSUIFS EJTDVTTJPOT�

" OFX RVBOUVN OVNCFS
R
 JT EF୮ୢOFE UP IBWF WBMVFT UIBU EJTUJOHVJTI CFUXFFO TUBOEBSE BOE

TVQFSTZNNFUSJD QBSUJDMFT� *U JT B GVODUJPO PG CBSZPO OVNCFSB
 MFQUPO OVNCFSL
 BOE QBSUJDMF TQJO

��



BT TFFO JO &RVBUJPO ����

PR = (−1)3B+L+2s 	���


8JUI UIJT EF୮ୢOJUJPO
 BMM 4. QBSUJDMFT IBWF PR � ��
 BOE BMM 464: QBSUJDMFT IBWF PR � ��� *O UIF

.44.
 UIF EJTDSFUF TZNNFUSZ PG 3�QBSJUZ JT DPOTFSWFE JO BMM JOUFSBDUJPOT� 5IJT IBT TFWFSBM F୭GFDUT�

'JSTU
 JU FOTVSFT UIBU UIF .44. BDDVSBUFMZ SF୯୳FDUT UIF PCTFSWFE VOJWFSTF
 TQFDJ୮ୢDBMMZ UIBU CBSZPO PS

MFQUPO OVNCFS WJPMBUJOH PQFSBUPST EP OPU FYJTU� "EEJUJPOBMMZ
 JU NFBOT UIBU 464: QBSUJDMFT DBO POMZ

CF QSPEVDFE JO QBJST JO DPMMJTJPOT PG 4. QBSUJDMFT
 BOE UIBU UIF MJHIUFTU TVQFSTZNNFUSZ QBSUJDMF 	-41


DBOOPU EFDBZ BOE UIVT NVTU CF TUBCMF�

*O UIF .44.
 UIF )JHHT TFDUPS JT FYUFOEFE UP JODMVEF UXP )JHHT EPVCMFUT� "G୴FS FMFDUSPXFBL

TZNNFUSZ CSFBLJOH
 UIFZ NJY XJUI UIF PUIFS TVQFSTZNNFUSJD FMFDUSPXFBL CPTPO QBSUOFST UP GPSN TJY

GFSNJPOJD NBTT FJHFOTUBUFT
 UXP PG XIJDI BSF DIBSHFE 	χ̃±
1,2
 BOE GPVS PG XIJDI BSF OFVUSBM 	χ̃0

1,2,3,4
�

5IFTF NBTT FJHFOTUBUFT BSF SFGFSSFE UP BT DIBSHJOPT BOE OFVUSBMJOPT
 SFTQFDUJWFMZ� *O UIJT TDFOBSJP
 UIF

MJHIUFTU OFVUSBMJOP χ̃0
1 DBO CF BTTVNFE UP CF UIF -41� 4JODF JU JT OBUVSBMMZ NBTTJWF
 OFVUSBM
 TUBCMF

	EVF UP 3�QBSJUZ DPOTFSWBUJPO

 BOE XFBLMZ JOUFSBDUJOH
 UIF -41 DBO CF UBLFO BT B WJBCMF EBSL NBUUFS

DBOEJEBUF� *O UIJT XBZ
 UIPVHI 464: XBT NPUJWBUFE JO UIJT USFBUNFOU CZ UIF IJFSBSDIZ QSPCMFN
 JU

IBT UIF QPUFOUJBM UP TPMWF UIF EBSL NBUUFS NZTUFSZ BT XFMM <��
 ��>�

*O UIF TGFSNJPOJD TFDUPS
 B TJNJMBS NJYJOH PDDVST CFUXFFO MFG୴� BOE SJHIU�IBOEFE TRVBSLT� 5IF

EJ୭GFSFODF CFUXFFO NBTT FJHFOTUBUFT JT POMZ OPO�OFHMJHJCMF GPS UIF UIJSE HFOFSBUJPO TRVBSLT
 TJODF UIF

NJYJOH EFQFOET PO UIF NBTT PG UIF 4. GFSNJPO� 5IFSFGPSF
 NJYJOH CFUXFFO MFG୴� BOE SJHIU�IBOEFE

��



UPQ TRVBSLT ZJFMET UXP EJTUJODU NBTT FJHFOTUBUFT EFOPUFE t̃1 BOE t̃2 XIFSF t̃1 JT UIF MJHIUFS PG UIF UXP

	IFSFBG୴FS SFGFSSFE UP BT UIF TUPQ
� 5IF TUPQ JT BHBJO B QBSUJDVMBSMZ JNQPSUBOU EJTDVTTJPO QPJOU CFDBVTF

JU JT B EPNJOBOU DPOUSJCVUPS UP UIF TUBCJMJ[BUJPO PG UIF )JHHT NBTT
 BT EFTDSJCFE FBSMJFS JO UIJT TFDUJPO

	TFF 'JHVSF ���
�

5IJT SPMF PG UIF TUPQ RVBSL JO TPMWJOH UIF IJFSBSDIZ QSPCMFN HJWFT SJTF UP BO BEEJUJPOBM TFU PG SF�

RVJSFNFOUT PO JUT NBTT
 XIJDI BSF DSVDJBM JO EFUFSNJOJOH UIF GFBTJCJMJUZ PG B 464: EJTDPWFSZ JO UIF

DVSSFOU DPMMJEFS TFBSDI QSPHSBN� )PXFWFS
 UP PCTFSWF B QBSUJDMF
 JU NVTU CF QPTTJCMF UP QSPEVDF JU�

6OGPSUVOBUFMZ UIF QSPEVDUJPO DSPTT TFDUJPOT GPS TVQFSTZNNFUSJD QBSUJDMFT BSF TUSJLJOHMZ MPX BU UIF

-)$
 JO NBOZ DBTFT TFWFSBM PSEFST PG NBHOJUVEF CFMPX UZQJDBM 4. QSPDFTTFT 	'JHVSF ���
� 5IJT BE�

WFSTJUZ JO UIF DPVSTF PG QSPEVDJOH TVDI QBSUJDMFT JO BO FYQFSJNFOUBM FOWJSPONFOU NPUJWBUFT DSFBUJWF

BOE F୭GFDUJWF OPWFM BOBMZTJT TUSBUFHJFT
 UP FOTVSF UIBU JO UIF SBSF DPMMJTJPO XIFSF TVDI B QBSUJDMF NJHIU

IBWF CFFO NBEF
 JU JT MJLFMZ UP CF EFUFDUFE� 5IFTF BTQFDUT PG 464: QSPEVDUJPO BOE IVOUJOH XJMM CF

EJTDVTTFE JO MBUFS DIBQUFST PG UIJT UIFTJT�

/ঊঝঞছঊকগ঎জজ

5IF OPUJPO UIBU DFSUBJO NBTT DIPJDFT GPS TQBSUJDMFT DBO NJOJNJ[F UIF BNPVOU PG ୮ୢOF UVOJOH JO UIF

UIFPSZ JT LOPXO BT OBUVSBMOFTT� 4QFDJ୮ୢDBMMZ
 B GVMMZ OBUVSBM NBOJGFTUBUJPO PG TVQFSTZNNFUSZ XPVME

BMMPX UIF RVBESBUJD DPSSFDUJPOT UFSNT JO &RVBUJPOT ��� BOE ��� UP DBODFM FBDI PUIFS PVU UP IJHI QSFDJ�

TJPO� " DPSPMMBSZ PG UIJT DBODFMMBUJPO JT UIBU UIF TUPQ NBTT JT FRVBM UP UIBU PG UIF UPQ NBTT
 TP UIBU UIF

MPPQ EJBHSBNT PG 'JHVSFT ��� BOE ��� DBODFM FWFOMZ BT XFMM� )PXFWFS
 BT EJTDVTTFE
 UIF DVSSFOU TUBUF PG

QBSUJDMF QIZTJDT QSPIJCJUT UIJT
 BOE 464: QBSUJDMFT NVTU CF IFBWJFS UIBO UIFJS 4. QBSUOFST�
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Figure 2.4: Theory cross sections for selected SM and SUSY processes [29].

��



5IPVHI BO FYBDU SFQMJDBUJPO PG 4. NBTTFT UP UIFJS TVQFSQBSUOFST JT SVMFE PVU
 UIF JEFB PG NJOJNJ[�

JOH ୮ୢOF UVOJOH JO UIF )JHHT NBTT JT TUJMM B ESJWJOH GFBUVSF PG 464: NPEFM CVJMEJOH� "U USFF MFWFM
 UIF

WBMVF PG UIF QIZTJDBM )JHHT NBTT JT ESJWFO CZ UIF NBTT QBSBNFUFS µ
 XJUI PUIFS DPOUSJCVUJPOT BU MPPQ

MFWFM
 TQFDJ୮ୢDBMMZ UIF UPQ RVBSL EJBHSBN BU POF�MPPQ BOE UIF HMVPO BU UXP�MPPQ� *U JT UIFSFGPSF FTQF�

DJBMMZ DSVDJBM GSPN B ୮ୢOF UVOJOH QFSTQFDUJWF UIBU UIF QBSUOFST PG UIF )JHHT
 UPQ
 BOE HMVPO IBWF TNBMM

NBTTFT
 TP BT UP NBJOUBJO B OBUVSBM DBODFMMBUJPO PG 4. BOE 464: DPOUSJCVUJPOT UP UIF )JHHT NBTT�

"EEJUJPOBM NBTT QBSBNFUFST
 TVDI BT UIPTF BTTPDJBUFE UP UIF PUIFS FMFDUSPXFBLJOP DPNQPOFOUT 	.�

BOE .�

 BSF OPU BT JO୯୳VFOUJBM JO QMBDJOH UIF )JHHT BU UIF PCTFSWFE NBTT PG ��� (F7
 BOE UIFSFGPSF

DBO FYJTU BU BO BSCJUSBSJMZ IJHI TDBMF� 5IJT EFDPVQMJOH PG NBTT TDBMFT BMTP QSPWJEFT B WBMVBCMF TJNQMJ୮ୢ�

DBUJPO
 SFEVDJOH UIF OVNCFS PG OFX QBSBNFUFST UP CF DPOTJEFSFE JO B TFBSDI�

5IF NBTT TQFDUSVN PG B OBUVSBM 464: UIFPSZ XJMM UIFSFGPSF SFMFHBUF DFSUBJO QBSUJDMFT UP MPXFS

NBTTFT
 PO UIF PSEFS PG UIF XFBL TDBMF
 CBTFE PO UIFJS JNQPSUBODF JO EFUFSNJOJOH UIF QIZTJDBM )JHHT

NBTT <��
 ��>� 'JHVSF ��� HJWFT BO FYBNQMF NBTT TQFDUSVN ESJWFO CZ UIF BGPSFNFOUJPOFE OBUVSBMOFTT

BSHVNFOUT� .PSF TQFDJ୮ୢDBMMZ
 OBUVSBM 464: UIFPSJFT XJUI B DIPTFO VQQFS CPVOE PG ��ॎ ୮ୢOF UVOJOH

BT EF୮ୢOFE JO &RVBUJPO ��� QSFEJDU B TUPQ XJUI B NBTT CFMPX ��� 5F7 BOE B IJHHTJOP XJUI B NBTT PG

B GFX IVOESFET PG (F7 <��>� .PSFPWFS
 UIJT NBTT TQFDUSVN EFNPOTUSBUFT UIBU TQBSUJDMFT MJLF UIF

୮ୢSTU HFOFSBUJPO TRVBSLT BOE TMFQUPOT BSF EFDPVQMFE GSPN OBUVSBMOFTT QVSTVJUT� *O UIJT MJOF PG UIF

SFBTPOJOH
 UIF TUPQ BOE IJHHTJOP BSF UIF ୮ୢSTU GSPOUJFS GPS OBUVSBM 464:�

5IF JNQMJDBUJPOT PG OBUVSBMOFTT EP OPU POMZ B୭GFDU UIF TDBMFT PG TVQFSTZNNFUSJD QBSUJDMF NBTTFT�

5IFZ BEEJUJPOBMMZ JO୯୳VFODF UIF NBTT TQMJUUJOH CFUXFFO UIFTF QBSUJDMFT PG JOUFSFTU� #FGPSF UIF QSPDFTT

PG FMFDUSPXFBL TZNNFUSZ CSFBLJOH
 UIF TVQFSQBSUOFST PG UIF FMFDUSPXFBL CPTPOT FYJTU JO GFSNJPOJD
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

Figure 2.5: Natural electroweak symmetry breaking constrains the superpartners on the left to be light. Meanwhile,

the superpartners on the right can be heavy (≫ 1 TeV), without spoiling naturalness [20] .
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FIG. 3. Branching ratios of heavy Higgs boson decays to light elec-
troweakinos (top row) and electroweakino mass spectrum (bottom
row) as function of the Higgsino mass parameter µ in the bino-
Higgsino neutralino DM scenario, for M1 = 200 GeV. We again
choose tan� = 10 and a pseudoscalar Higgs mass of MA =
500 GeV.

cay H/A ! �̃
0
2�̃

0
1 leads to the same signature and will con-

tribute to the signal yield, however, the branching fraction is
smaller and the �̃

0
2–�̃

0
1 mass splitting is smaller. Searching

for the invisible Higgs decay H/A ! �̃
0
1�̃

0
1 is a rather dif-

ficult as this signature requires at least one additional object,
such as a Z boson from the Higgs-Strahlungsprocess, a jet
from initial state radiation, or b-jets from Higgs-bottom quark
associated production. Lastly, experimental searches for the
charged Higgs boson decay H

± ! �̃
±
1 �̃

0
1, with the chargino

decaying to 100% to a W boson and the neutralino LSP, can
be performed assuming top-quark associated charged Higgs
production, pp ! H

±
tb, although SM backgrounds from top

pair production are challenging [88].

dictions from the LHC Higgs Cross Section Working Group, see Ref. [98]
(and references therein).

B. Bino-Wino case

We now move on to the bino-wino case, i.e. M1 ' M2 ⌧
µ. Fig. 4 shows current and future collider and dark mat-
ter constraints in the parameter plane defined by M2 on the
horizontal axis and the difference (M2 � M1) on the vertical
axis. In the left and right panel we set µ = 750 GeV and
2.5 TeV, respectively. We use the same values for tan � = 10
and MA = 500 GeV as in the bino-Higgsino case, and again
choose the sfermion and gluino mass parameters to be 5 TeV.
As before, the trilinear soft-breaking parameters are adjusted
to yield a light Higgs boson mass of Mh ' 125 GeV.

The hatched region features over-abundant relic dark mat-
ter, while the red stripes indicate the parameter region where
the thermal relic density is within the range of the observed
cosmological dark matter. Again, the orange regions are ruled
out by current LHC searches, and projections for 100 fb�1

and 300 fb�1 are given by the dashed lines. The exclusion
from the CMS search for compressed electroweakino mass
spectra [51] appears at small values of (M2 � M1) ⇠ �5 to
20 GeV, while the other region at larger (M2 � M1) values
(within the over-abundant relic DM region) is excluded by the
multi-lepton plus /ET search [27]. The green region is ruled
out by LEP chargino searches. In the left panel, the dark blue
region is excluded by the current XENON1T direct detection
results, while in the right panel, it shows the sensitivity if the
current XENON1T limit is improved by a factor of 25. Fur-
thermore, the light blue region shows future sensitivities for
a rescaling of the XENON1T limit by a factor of 2 and 50 in
the left and right panel, respectively. The magenta regions
again indicate the sensitivity of indirect dark matter detection
assuming an improvement by one, two and three orders of
magnitude of the current FERMI-LAT limit, going from high
to low opacity.

The heavy Higgs funnel appears around the region where
the lightest neutralino mass is close to MA/2 = 250 GeV,
which naturally shows up as a diagonal strip on the [M2,
(M2 � M1)] parameter plane. Apart from the funnel region,
the difference (M2�M1) is required to be . 5 GeV and quite
finely tuned in order to predict the observed DM relic abun-
dance. Note also that for M2 < M1 the lightest neutralino
is wino-like and vastly under-abundant for most of the mass
values we focus on here.

The key observation from these results is that for suffi-
ciently low values of µ direct detection experiments rule out
large swaths, although not all, of the parameter space compat-
ible with the correct thermal relic abundance. Again, the fun-
nel region is problematic for direct detection searches due to
the suppression of the detection rate with the neutralino ther-
mal relic density. For larger µ values the situation is entirely
different, and direct detection quickly becomes ineffective. As
we noted earlier, the Higgsino-gaugino mixing drives the cou-
pling of the neutralinos to the Higgs bosons. As large values
of |µ| � M1, M2 effectively decouple the gaugino-like neu-
tralinos from the Higgs sector, the couplings between these
neutralinos and the Higgs bosons become very small. Con-
sequently, the rates for dark matter scattering off of ordinary
matter are highly suppressed at large µ values.

Figure 2.6: Electroweakinomass spectrum as function of the Higgsinomass parameterµ in the Not-So-Well Tempered

Neutralino DM scenario [37].
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1

 SFQSFTFOUT UIF CPVOEBSZ PG UIF LJOFNBUJDBMMZ GPSCJEEFO SFHJPO


JO XIJDI UIF EFDBZ DBOOPU QSPDFFE CZ BOZ NFBOT� "O BEEJUJPOBM EFDBZ QPTTJCJMJUZ JT BMTP TIPXO GPS

UIF GPVS CPEZ TDFOBSJP
 XIFSF UIF TUPQ IBT JOTV୭୮ୢDJFOU NBTT UP QSPEVDF B UPQ PS 8 CPTPO� 5IJT GPVS�

CPEZ SFHJPO DBO BMTP QSPDFFE WJB B ୯୳BWPS�DIBOHJOH OFVUSBM DVSSFOU 	'$/$

 XIFSF UIF TUPQ EFDBZT

WJB B MPPQ�TVQQSFTTFE EJBHSBN UP B c RVBSL BOE B χ̃0
1�

҆4UPQ EFDBZT JOUP TVQFSTZNNFUSJD QBSUJDMFT PUIFS UIBO UIF -41
 TVDI BT UIF χ̃0
2
 BSF QPTTJCMF
 CVU OPU

EJTDVTTFE IFSF�
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Figure 3: Illustration of the preferred stop decay modes in the plane spanned by the masses of the stop (t̃1) and the
lightest neutralino ( �̃0

1 ), where the latter is assumed to be the lightest supersymmetric particle. Stop decays into
supersymmetric particles other than the lightest supersymmetric particle are not displayed.

kinematically disallowed, the stop can undergo a three-body decay, t̃1 ! bW �̃0
1 , when the stop

mass is above the sum of masses of the bottom quark, W boson, and �̃0
1 . Otherwise the decay

proceeds via a four-body process, t̃1 ! b f f 0 �̃0
1 , where f and f 0 are two distinct fermions, or via

a flavour-changing neutral current (FCNC) process, such as the loop-suppressed t̃1 ! c �̃0
1 . Given

the very di�erent final state, the FCNC decay is not considered further in this search, and therefore
a 100% branching ratio (BR) to t̃1 ! b f f 0 �̃0

1 is assumed. For very small splittings between the
stop and neutralino masses the stop lifetime can become significant [72]. In the simplified model
considered in this paper the stop is always assumed to decay promptly, regardless of the mass
splitting. The various t̃1 decay modes in this scenario are illustrated in Figure 3. The region of
phase space along the line of mt̃1

= m�̃0
1
+ mtop is especially challenging to target because of the

similarity of the stop signature to the tt̄ process, and is referred to in the following as the ‘diagonal
region’.

(b) Wino NLSP model:

A pMSSM model is designed such that a wino-like chargino ( �̃±1 ) and neutralino ( �̃0
2 ) are mass-

degenerate, with the bino as the LSP. This scenario is motivated by models with gauge unification
at the GUT scale such as the cMSSM or mSugra [73–75], where M2 is assumed to be twice as large
as M1, leading to the �̃±1 and �̃0

2 having masses nearly twice as large as that of the bino-like LSP.

In this scenario, additional decay modes for the stop (composed mainly of t̃L) become relevant, such
as the decay into a bottom quark and the lightest chargino (t̃1 ! b �̃±1 ) or the decay into a top quark
and the second neutralino (t̃1 ! t �̃0

2 ). The �̃±1 and �̃0
2 subsequently decay into �̃0

1 via emission
of a (potentially o�-shell) W boson or Z/Higgs (h) boson, respectively. The t̃1 ! b �̃±1 decay is

5

Figure 3.1: Illustration of preferred stop decaymodes for several t̃/χ̃0
1 mass scenarios, assuming the χ̃

0
1 is the lightest

supersymmetric particle [38].

5IF NPTU DIBMMFOHJOH PG UIFTF GPVS EJBHPOBMT GSPN B TFBSDI QFSTQFDUJWF JT UIF UXP�CPEZ EJBHPOBM


XIFSF UIF MBDL PG NJTTJOH FOFSHZ GSPN UIF χ̃0
1 NFBOT UIBU UIF TJHOBM MPPLT WFSZ NVDI MJLF 4UBOEBSE

.PEFM tt̄� 5IFSFGPSF
 PO UIJT EJBHPOBM
 UIFSF JT OP PCWJPVT IBOEMF JO UIF FWFOU UIBU DBO EJTUJOHVJTI

UIF TJHOBM BOE UIVT QSPWJEF TFOTJUJWJUZ� 5IF F୭GFDU PG DPNQSFTTJPO PO UIF BOBMZTJT QPUFOUJBM GPS UIJT

EJBHPOBM JT JNNFEJBUFMZ FWJEFOU� 'JHVSF ��� TIPXT UIF TVNNBSZ FYDMVTJPOT GSPN 3VO � PG UIF "5�

-"4 FYQFSJNFOU
 JODPSQPSBUJOH BMM PG UIF EFDBZ QPTTJCJMJUJFT EJTDVTTFE BCPWF� &BDI PG UIF UISFF LJOF�

NBUJD CPVOEBSZ EJBHPOBMT BSF PWFSMBJE PO UIF QMPU
 XJUI B OPUJDFBCMF MBDL PG DPWFSBHF OFBS UIF UXP�

CPEZ EJBHPOBM BDSPTT UIF GVMM SBOHF PG WBMVFT GPSmt̃� 5IFTF TQFDJ୮ୢD SFHJPO PG QIBTF TQBDF JT IFSFBG୴FS

SFGFSSFE UP BT UIF ԛEJBHPOBMԜ SFHJPO� 8JUI B MBDL PG FWJEFODF GPS UIF TUPQ BDSPTT BMM 3VO * TFBSDIFT


TVDI VODPWFSFE BSFBT BSF FTQFDJBMMZ DSVDJBM GPS GVUVSF FYBNJOBUJPO�
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DRAFT

0. Notes for the EB45

1. Introduction46

Supersymmetry (SUSY) as a potential solution to the hierarchy problem of the Higgs forms a large part47

of the motivation for SUSY at the TeV-scale. In order for SUSY to be a solution to the hierarchy problem48

and preserving naturalness, the higgsino mass must be not much larger than the higgs mass and stop and49

sbottom masses must bet within the several hundred GeV range. A great part of this phase space has50

already been ruled out by previous searches at the LHC. The 8 TeV limits on stop and neutralino masses51

are shown in figure 1.52
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Figure 1: 95% CL exclusion limits in the stop1-neutralino1 mass plane based on 20 fb-1 of
p

s = 8 TeV ATLAS
data

For light stop masses, there exist a large gap in the current limits in the region along the mt̃ � m�̃0
1
= mt54

diagonal line. This region of phase space have always been experimentally di�cult because as the stop55

mass approaches the sum of the �̃0
1 and top mass, the stop decay has little additional energy to give56

momenta to the �̃0
1 and top systems, resulting in softer final state objects and missing transverse energy57

(Emiss
T ).58

While the two stops can be strongly boosted back to back against one another in the di-stop rest frame59

the �̃0
1 and top are produced roughly at rest in their respective stop production frames, causing the �̃0

160

and to top be appriximately collinear to the original stop boost axis. This means the two �̃0
1’s will also61

have close to equal and opposite momenta in the di-stop frame, resulting in the combined di-�̃0
1 system62

having a small vectorial pT (and ultimately Emiss
T ) unless the entire di-stop system is itself boosted in the63

transverse plane.64

65

As a result, traditional methods for indentifying signals with weakly interacting particles in the final state66

do poorly in this compressed regime as cutting hard on Emiss
T alone will decrease the signal e�ciency67

20th May 2016 – 19:00 3

Figure 3.2: Summary of the 95%CL exclusion limits in the stop-neutralinomass plane based on 20 fb−1 of
√
s = 8 TeV

data fromRun I of the ATLAS Experiment [39].
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5IF EJTDVTTJPO PG DPNQSFTTJPO JO UIF IJHHTJOP NBTT TQFDUSVN TJNJMBSMZ CFHJOT XJUI UIFJS EFDBZT�

5IF IFBWJFS PG UIF UISFF MJHIUFTU FMFDUSPXFBLJOPT
 POF OFVUSBMJOP χ̃0
2 BOE POF DIBSHJOP χ̃±

1 
 DBO FBDI

EFDBZ UP UIF MJHIUFTU OFVUSBMJOP χ̃0
1 XIJDI JT BTTVNFE UP CF UIF -41� 5IF CZQSPEVDU PG CPUI EFDBZT JT

B 4UBOEBSE .PEFM FMFDUSPXFBL CPTPO� UIF 8± JO UIF DBTF PG χ̃±
1 EFDBZ
 BOE UIF ;0 PS )JHHT GPS UIF

χ̃0
2 EFDBZ EFQFOEJOH PO UIF DPNQPTJUJPO PG UIF -41�

5IFSF JT B LFZ EJ୭GFSFODF JO UIJT DPNQSFTTFE EFDBZ BT DPNQBSFE UP UIF TUPQ TDFOBSJP
 XIJDI JT UIBU

UIF 4. FMFDUSPXFBL CPTPO JO UIF EFDBZ DBO HP P୭G JUT NBTT TIFMM� 5IJT BMMPXT UIFTF UISFF FMFDUSPXFBLJ�

OPT UP CF BMNPTU EFHFOFSBUF� 5IF LJOFNBUJD DIBMMFOHF JO TVDI B EFDBZ JT UIFO GPS UIF QBSFOU QBSUJDMF

UP QSPEVDF B EBVHIUFS QBSUJDMF UIBU JT BMNPTU PG UIF TBNF NBTT� 5IF SFTVMUJOH FWFOU IBT UIF USBEF�

NBSL PG UIF DPNQSFTTFE NBTT TQFDUSVN� BMM PG UIF QBSFOU NBTT FOFSHZ HPFT JOUP NBTT PG EBVHIUFST


XIJDI NFBOT JU JT QSPEVDFE BMNPTU BU SFTU�

8IJMF DPNQSFTTFE TQFDUSB JO UIF TUPQ TFBSDI QSFTFOU TPNF QFSTJTUFOU DIBMMFOHFT
 UIF EJ୭୮ୢDVMUJFT BSF

JO NBOZ XBZT FWFO NPSF TJHOJ୮ୢDBOU XJUI B IJHHTJOP TFBSDI� "T IJHHTJOP QSPEVDUJPO UBLFT QMBDF WJB B

XFBL JOUFSBDUJPO
 UIF DSPTT TFDUJPO GPS UIFTF QSPDFTTFT JT PSEFST PG NBHOJUVEF MPXFS UIBO UIBU PG TUPQ

QBJS QSPEVDUJPO
 NBLJOH UIF TPG୴ ୮ୢOBM TUBUF PCKFDUT BOE SFTVMUJOH MPTT PG TJHOBM BDDFQUBODF FWFO NPSF

QSPCMFNBUJD� 'VSUIFSNPSF
 UIF WJSUVBM 8±∗ PS ;0∗ JO UIF EFDBZ FBDI IBWF B NBTT DPSSFTQPOEJOH UP

UIF TNBMM FMFDUSPXFBLJOP TQMJUUJOH
 SFTVMUJOH JO B ୮ୢOBM TUBUF PG MFQUPOT PS RVBSLT UIBU IBWF B GFX (F7

PG NPNFOUVN BOE UIVT BSF BMM CVU JOEFUFDUBCMF�

#FDBVTF PG UIFTF EJ୭୮ୢDVMUJFT
 UIF NPTU TUSJOHFOU DPOTUSBJOU PO OBUVSBM FMFDUSPXFBLJOPT BU UIF CF�
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HJOOJOH PG 3VO ** DBNF GSPN UIF -&1 FYQFSJNFOUT
 BT TIPXO JO 'JHVSF ���� 5IF MPXFS CPVOET PO

DIBSHJOP QSPEVDUJPO GSPN UIJT SFTVMU DPSSFTQPOET UP N	χ̃±
1 
 � ����� (F7 GPS∆N	χ̃±

1 
χ̃0
1
 � � (F7�

5IJT DPOTUSBJOU XFBLFOT UP N	χ̃±
1 
 � ���� (F7 GPS FWFO TNBMMFS NBTT TQMJUUJOHT�

*O 3VO *
 CPUI "5-"4 <��> BOE $.4 <��> QFSGPSNFE TFBSDIFT GPS FYDFTTFT JO FWFOUT XJUI PO�

TIFMM 8 BOE ; CPTPOT EFDBZJOH UP B UISFF MFQUPO ୮ୢOBM TUBUF� 4VDI B TJHOBM DPVME CF JOUFSQSFUFE BT

IJHHTJOP QSPEVDUJPO� IPXFWFS
 NBTT TQMJUUJOHT MBSHFS UIBOmW± EP OPU DPSSFTQPOE UP UIF OBUVSBM

TDFOBSJP EFTDSJCFE IFSF� 4JODF CPUI PG UIFTF BOBMZTFT VTF MFQUPO USJHHFST
 UIF TFOTJUJWJUZ UP IJHHTJ�

OPT ESPQT P୭G SBQJEMZ GPS NBTT TQMJUUJOHT CFMPXmW± 
 EVF UP UIF TPG୴FS FYQFDUFE MFQUPOT BOE JOIFS�

FOU EJ୭୮ୢDVMUJFT JO EFUFDUJOH MFQUPOT CFMPX MFQUPO USJHHFS UISFTIPMET� 5IFTF TFBSDIFE XFSF SFQFBUFE

JO 3VO **
 BOE IBWF GVSUIFSFE TFOTJUJWJUZ UP TVDI IJHIFS NBTT TQMJUUJOH TDFOBSJPT
 DPOTJTUFOU XJUI

EPNJOBOUMZ XJOP χ̃±
1 �χ̃0

2 BOE SFGFSSFE UP BT أPO�TIFMMآ TFBSDIFT
 BU CPUI "5-"4 <��
 ��
 ��
 ��> BOE

$.4 <��>�

0OMZ B GFX ZFBST JOUP 3VO ** XBT UIF JOUFHSBUFE MVNJOPTJUZ TV୭୮ୢDJFOUMZ IJHI UP HBJO TFOTJUJWJUZ UP

FMFDUSPXFBLJOP QSPEVDUJPO JO DPNQSFTTFE TDFOBSJPT
 MFBEJOH UP UIF ୮ୢSTU IBESPO DPMMJEFS TFOTJUJWJUZ

UP IJHHTJOPT GSPN CPUI "5-"4 <��> BOE $.4 <��
 ��>� 'JHVSF ��� HJWFT UIF SFTVMUJOH QIBTF TQBDF

FYDMVTJPO GSPN "5-"4
 BT B GVODUJPO PG UIF NBTT PG UIF χ̃±
1 BOE UIF NBTT TQMJUUJOH CFUXFFO UIF χ̃±

1

BOE UIF χ̃0
1� 5IJT SFTVMU FYUFOET UIF -&1 MJNJUT PVU UP NBTT TQMJUUJOHT CFUXFFO � BOE �� (F7�
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J. Gonski30 October 2017

Electroweak Limits (pre-LHC)
• Searches for pair produced 
charginos done at LEP with 
ALEPH, DELPHI, L3, and OPAL 

• e+ e- collider @ 200 GeV 
- each chargino decays into an 

off shell W 
- Requires ISR photon to 

provide enough MET to trigger 

• Exclusion: mX1 > 92 GeV

18

•  But no generic constraints 
on direct production of 
higgsino LSPs

•  Current best constraint    
mχ > 92 GeV from LEP [1] 
à 12 years ago!

LEP SUSY Constraints

July 11, 2016 Higgsino Kickoff 5 

[1] LEP SUSY Working Group,
http://lepsusy.web.cern.ch/lepsusy/Welcome.html
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Combined LEP Exclusion  Figure 3.3: Summary of the 95%CL exclusion limits [47].
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Figure 3.4: First limits for the compressed higgsino LSP scenario fromATLAS in Run II [51], using 36.1 fb−1 of ATLAS

data [48] (light blue). Also shown are the higgsino limits from the reinterpretation of the disappearing track analysis

(yellow), focusing on the nearly degenerate electroweakinomass scenario corresponding to orderMeVmass split-

tings [52].
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5IJT EJTDVTTJPO SFWFBMT TPNF LFZ PWFSTJHIUT JO UIF OBUVSBM 464: TFBSDI QSPHSBN UIVT GBS
 JO UIF

GPSN PG XFMM�NPUJWBUFE CVU VODPWFSFE BSFBT PG QIBTF TQBDF� (JWFO UIF FYQFSJNFOUBMMZ USPVCMFTPNF

OBUVSF PG TVDI SFHJPOT
 XIBU UFDIOJRVFT DBO CF VTFE UP BDRVJSF TFOTJUJWJUZ BOE EFUFSNJOF JG UIFTF

BSFBT BSF IJEJOH OFX QIZTJDT 5IF BOTXFS UP UIJT RVFTUJPO JOWPMWFT UIF TPG୴ -41
 BOE UIVT UIF OFHMJ�

HJCMF NJTTJOH FOFSHZ 	Emiss
T 
 JO UIF FWFOU� " MBSHFS BNPVOU PGEmiss

T XPVME BMMPX TJHOBM EJTDSJNJOB�

UJPO JO UIF TUPQ DBTF
 BOE XPVME FMJNJOBUF SFMJBODF PO MFQUPO USJHHFST JO UIF IJHHTJOP DBTF�

&WFOUT XJUI TNBMM NBTT TQMJUUJOHT EP OPU JOIFSFOUMZ DPOUBJO B MBSHF BNPVOU PG NJTTJOH FOFSHZ�

)PXFWFS
 UBLJOH DPNQSFTTFE EFDBZ LJOFNBUJDT BOE FYQFSJNFOUBM FOWJSPONFOU JOUP BDDPVOU
 JU JT

QPTTJCMF UP HFOFSBUF NPSF� 5IF NFUIPE P୭GFSFE IFSF GPS HFOFSBUJOH BEEJUJPOBMEmiss
T JO BO FWFOU DBO

CF QFSGPSNFE XJUI OFHMJHJCMF JNQBDU PO UIF PUIFS FWFOU GFBUVSFT
 XIJMF QSPWJEJOH B DSVDJBM IBOEMF GPS

TFOTJUJWJUZ UP DPNQSFTTFE TJHOBMT�
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��� .ঊঔ঒গঐEmiss
T ঠ঒ঝ঑ *গ঒ঝ঒ঊক 4ঝঊঝ঎ 3ঊ঍঒ঊঝ঒ঘগ

4FBSDIJOH GPS FWJEFODF PG B χ̃0
1 JO BO FWFOU BNPVOUT UP UIF TFBSDI GPSEmiss

T 
 TJODF JU JT WFSZ XFBLMZ JO�

UFSBDUJOH BOE OPU MJLFMZ UP EJSFDUMZ JOUFSBDU XJUI UIF EFUFDUPS� 5IF NFUIPEPMPHZ GPS NFBTVSJOH NJTT�

JOH FOFSHZ JT XFMM�FTUBCMJTIFE
 HJWFO UIF OFFE UP NFBTVSF OFVUSJOPT UIBU BSF TJNJMBSMZ OPO�JOUFSBDUJOH

BOE PG୴FO QSPEVDFE JO QSPUPO�QSPUPO DPMMJTJPOT� 5IJT JT EPOF VTJOH UIF LOPXMFEHF UIBU UIF JOJUJBM

TUBUF PG B DPMMJTJPO IBT OP NPNFOUVN JO UIF QMBOF QFSQFOEJDVMBS UP UIF CFBNMJOF
 DBMMFE UIF USBOT�

WFSTF QMBOF� " OFVUSJOP PS χ̃0
1 QSPEVDFE JO UIJT DPMMJTJPO DBSSJFT NPNFOUVN JOUP UIF USBOTWFSTF QMBOF


CVU GSPN DPOTFSWBUJPO MBXT
 UIF UPUBM NPNFOUVN JO UIJT QMBOF BG୴FS UIF DPMMJTJPO NVTU TUJMM CF [FSP�

5IVT UIF NPNFOUVN PG UIF JOWJTJCMF QBSUJDMF JT HFOFSBMMZ EF୮ୢOFE BT UIBU XIJDI JT OFDFTTBSZ UP CBM�

BODF UIF NPNFOUVN JO UIF USBOTWFSTF QMBOF�

*EFOUJGZJOH B χ̃0
1 JT EJ୭GFSFOU GSPN TFBSDIJOH GPS BOPUIFS OPO�JOUFSBDUJOH QBSUJDMF MJLF B OFVUSJOP

GPS POF GVOEBNFOUBM SFBTPO� UIF χ̃0
1 JT FYQFDUFE UP CF NBTTJWF
 PO UIF PSEFS PG UIF XFBL TDBMF� 5IJT

QSPWJEFT B WBMVBCMF NFBOT CZ XIJDI UIF χ̃0
1 DBO SFDFJWF NPNFOUB GSPN B TPVSDF PUIFS UIBO JUT QBS�

FOU QBSUJDMF� 0OF TVDI TPVSDF JT JOJUJBM TUBUF SBEJBUJPO 	*43

 XIJDI JT B TUSPOH FNJTTJPO DPNJOH GSPN

UIF JOUFSBDUJOH QBSUPOT CFGPSF UIF QSJNBSZ DPMMJTJPO� 4VDI BO FNJTTJPO XJMM BMUFS UIF JOJUJBM TUBUF NP�

NFOUVN JO UIF USBOTWFSTF QMBOF PG UIF FWFOU
 UIFSFCZ QSPWJEJOH B أLJDLآ UP XIBUFWFS QBSUJDMFT BSF

QSPEVDFE JO UIF QSJNBSZ JOUFSBDUJPO�

*O UIF DBTFT EJTDVTTFE IFSF
 UIPTF QBSUJDMFT BSF TUPQT PS IJHHTJOPT XIJDI UIFO EFDBZ UP TPNF WJT�

JCMF BOE TPNF JOWJTJCMF QBSUJDMFT� *G UIF JOWJTJCMF QBSUJDMFT QSPEVDFE IBWF TJHOJ୮ୢDBOU NBTT SFMBUJWF

UP UIF WJTJCMF QBSUJDMFT
 UIFZ XJMM BCTPSC B MBSHFS GSBDUJPO PG UIF NPNFOUVN JNQBSUFE CZ UIF *43�
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'JHVSF ��� TIPXT EJBHSBNNBUJDBMMZ IPX UIJT F୭GFDU XPSLT JO UIF USBOTWFSTF QMBOF PG BO FWFOU� #PPTU�

JOH UIF χ̃0
1 IBT BOPUIFS WBMVBCMF DPOTFRVFODF
 HFOFSBUJOH FOPVHI NJTTJOH FOFSHZ JO UIF FWFOU UP HFU

BCPWFEmiss
T USJHHFS UISFTIPMET BOE BMMFWJBUJOH SFMJBODF PO MFQUPO PS KFU USJHHFST JO BO FWFOU XJUI TPG୴

୮ୢOBM TUBUF PCKFDUT�

20 February 2019 J. Gonski �1

Making ETmiss with ISR
• With no other final state objects, LSPs are back to back, no ETmiss in event 

• Require ISR jet: collimate LSPs, generate measurable ETmiss for trigger

pTLSP1 = 100 GeV

pTLSP2 = 100 GeV

Total ETmiss = 0 GeV

pTLSP1 = 100 GeV

pTLSP2 = 100 GeV

Total ETmiss = 200 GeV

Lep1

Lep 2 Lep1 Lep 2

ISR

Figure 3.5: Transverse view of an event containing two LSPs and two leptons, with (right) andwithout (left) an ISR jet,

to demonstrate how ISR can be used to boost invisible particles and generateEmiss
T .

5IJT TUSBUFHZ IBT CFFO DPNNPOMZ VTFE JO UIF QBTU GPS DPMMJEFS TFBSDIFT GPS NBTTJWF JOWJTJCMF QBSUJ�

DMFT
 TVDI BT UIF NPOPKFU TFBSDI GPS EBSL NBUUFS <��>� *U IBT CFFO QSFEJDUFE UP CF BEBQUBCMF JO QSJODJ�

QMF GPS 464: TFBSDIFT
 XIFSF UIF TZTUFN UIBU JT أLJDLFEآ DPOUBJOT NPSF QBSUJDMFT UIBO KVTU UIF %.

DBOEJEBUF PS -41 <��
 ��>� 5IF JEFB PG BEEJOH BO *43 KFU UP HFOFSBUF NJTTJOH FOFSHZ JT UIF CBTJT PG UIF

EFEJDBUFE SFDPOTUSVDUJPO NFUIPE EFTDSJCFE JO $IBQUFS ��

5IF UXP BOBMZTFT QSFTFOUFE JO UIJT UIFTJT SFQSFTFOU BEBQUBUJPOT PG *43 CPPTUJOH GPS TFOTJUJWJUZ UP
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Figure 4.1: An overview of the CERN accelerator complex [56].
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Figure 4.2: Project schedule of the LHC over several decades, including notable runs and shutdown periods [61].
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |h | < 3.2.
The hadronic calorimetry in the range |h | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|h | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |h | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |h | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –

Figure 5.1: The ATLAS detector and its subsystems, drawn to scale [57].
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PG 1.6 < |η| < 2.7� 'JHVSF ��� TIPXT UIF QSFEJDUFE ୮ୢFME JOUFHSBM BT B GVODUJPO PG |η| <�>�

" TJNVMBUJPOPG UIFNBHOFUJD ୮ୢFME JT OFDFTTBSZ UP TUVEZQBSUJDMF SFDPOTUSVDUJPO BOEHFOFSBUF UIF FYQFDUFE

EFUFDUPS TJHOBUVSFT PG WBSJPVT QIZTJDT QSPDFTTFT JO TJNVMBUJPO� 5IF NBHOFUJD ୮ୢFME JT NPEFMFE VTJOH UIF

HFPNFUSZ BOE FMFDUSJD DVSSFOU JO UIF UPSPJE BOE TPMFOPJE TZTUFNT JO DPOKVODUJPO XJUI QFSUVSCBUJPOT GSPN

UIF DBMPSJNFUFS JSPO� 5IF QSFDJTF MPDBUJPO BOE EFGPSNBUJPO PG FBDI UPSPJE VOEFS UIF ୮ୢFME JT EFUFSNJOFE CZ
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Figure 5.2: The ATLAS coordinate system, demonstrating relative spans of the Cartesian and polar coordinate systems,

along with the pseudorapidity η [62].

5IF UFDIOJDBM SFRVJSFNFOUT GPS BOZ EFUFDUPS PO UIF -)$ BSF TUSJOHFOU
 HJWFO UIF IJHI JOUFSBDUJPO

SBUF� 5BCMF ��� MJTUT UIF QFSGPSNBODF PG FBDI TVCEFUFDUPS JO UFSNT PG FOFSHZ BOE NPNFOUVN SFTPMV�
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√
E
⊕

ॎޏސ
.VPO 4QFDUSPNFUFS σpT � pT � ॎޏސ pT BU pT � ސ 5F7

Table 5.1: Performance requirements for the ATLAS detector [57]. Units of energy andmomentum are GeV.

UJPO SFRVJSFE� &BDI SFTPMVUJPO IBT B UFSN UIBU JT B GVODUJPO PG NPNFOUVN PS FOFSHZ
 TVNNFE JO

RVBESBUVSF XJUI B DPOTUBOU UFSN�

5IF EBUB�UBLJOH DBQBCJMJUJFT PG "5-"4 UISPVHIPVU 3VO ** BSF JNQSFTTJWF JO MJHIU PG UIFTF FYQFD�

UBUJPOT� 5IF UPUBM JOUFHSBUFE MVNJOPTJUZ PG UIF "5-"4 &YQFSJNFOU DPMMFDUFE UISPVHIPVU 3VO **

GSPN ���� UP ���� JT BQQSPYJNBUFMZ ��� ୯୰−1� 'JHVSF ��� TIPXT UIF BNPVOU PG EBUB DPMMFDUFE CZ "5�

-"4 BT B GVODUJPO PG UJNF
 BMPOH XJUI UIF UPUBM EBUB EFMJWFSFE CZ UIF -)$� 5IJT DPNQBSJTPO HJWFT B

TFOTF PG UIF EBUB�UBLJOH F୭୮ୢDJFODZ� BMNPTU ��ॎ PG DPMMJTJPOT EFMJWFSFE UP "5-"4 XFSF EFFNFE HPPE

GPS QIZTJDT BOBMZTJT <��>� 5IF OVNCFS PG JOUFSBDUJPOT QFS CVODI DSPTTJOH µ QSPWJEFE CZ UIF -)$

JT B DSVDJBM GFBUVSF PG EBUB�UBLJOH
 BT JU EJDUBUFT UIF BNPVOU PG QJMF�VQ
 PS PWFSMBQQJOH TJNVMUBOFPVT

QSPUPO�QSPUPO DPMMJTJPOT
 JO UIF EFUFDUPS� 'JHVSF ��� TIPXT UIF BWFSBHF WBMVF PG µ GPS FBDI ZFBS PG

DPMMJTJPOT
 BT XFMM BT GPS UIF FOUJSF 3VO ** QFSJPE�
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Figure 5.3: Cumulative luminosity versus time delivered to ATLAS (green), recorded by ATLAS (yellow), and certified to

be good quality data (blue) during stable beams for pp collisions at
√
s = 13 TeV in 2015-2018[64].
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Figure 5.4: Luminosity-weighted distribution of themean number of interactions per crossingµ for each year of data-

taking, and for the full Run II[64]. All data recorded by ATLAS during stable beams is shown.
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5IF JOOFS EFUFDUPS 	*%
 JT UIF MBZFS PG UIF "5-"4 EFUFDUPS UIBU JT DMPTFTU UP UIF CFBN QJQF
 BOE UIVT

UP UIF JOUFSBDUJPO QPJOU� 5IFSF BSF UISFF QSJNBSZ DPNQPOFOUT PG UIJT TVCTZTUFN
 XIJDI XPSL JO

DPOKVODUJPO UP QSPWJEF QSFDJTF USBDLJOH GPS DIBSHFE QBSUJDMFT� 5IF JOOFSNPTU TVCMBZFS JT UIF QJYFM

EFUFDUPS
 GPMMPXFE CZ UIF TJMJDPO NJDSPTUSJQ USBDLFST 	4$5
 BOE UIF 5SBOTJUJPO 3BEJBUJPO 5SBDLFS

	535
� 5PHFUIFS
 UIFTF EFUFDUPST QSPWJEF QSJNBSZ WFSUFY JOGPSNBUJPO GPS TV୭୮ୢDJFOUMZ IJHI�pT USBDLT

BOE TFDPOEBSZ WFSUFY JOGPSNBUJPO GPS MPOH�MJWFE QBSUJDMF UBHHFST� 5IF FOUJSF *% JT FODMPTFE JO B

TPMFOPJEBM NBHOFUJD ୮ୢFME
 CFOEJOH DIBSHFE QBSUJDMFT BOE BMMPXJOH GPS NPNFOUVN NFBTVSFNFOU

PG SFDPOTUSVDUFE PCKFDUT� " DVUBXBZ EJBHSBN PG UIF *% MBZPVU DBO CF GPVOE JO 'JHVSF ����

����� 4঒ক঒ঌঘগ %঎ঝ঎ঌঝঘছজ

#PUI UIF 1JYFM %FUFDUPST BOE 4$5 BSF TJMJDPO EFUFDUPST
 XIJDI VTF O�UZQF 4J TFNJDPOEVDUPST UP

SFDPSE UIF QBTTBHF PG DIBSHFE QBSUJDMFT WJB FMFDUSPO�IPMF QBJST� 5IJT EFUFDUPS UFDIOPMPHZ QSPWJEFT

IJHI HSBOVMBSJUZ BOE SFTPMVUJPO PO UIF PSEFS PG NJDSPOT
 BOE SFBEPVU UJNFT MFTT UIBO UIF �� OT -)$

CVODI DSPTTJOH JOUFSWBM
 QSPWJEJOH LFZ JOGPSNBUJPO UIBU DBO BTTPDJBUF IJUT UP B QBSUJDVMBS QSJNBSZ

JOUFSBDUJPO�

5IF 1JYFM %FUFDUPS IBT PWFS �� NJMMJPO SFBEPVU DIBOOFMT XIJDI QSPWJEF QSFDJTJPO USBDLJOH GPS UIF

JOOFSNPTU
 BOE UIVT NPTU QPQVMBUFE
 MBZFS PG UIF "5-"4 EFUFDUPS� *U IBT GPVS DPODFOUSJD DZMJOESJDBM

MBZFST JO UIF CBSSFM
 BOE UISFF EJTLT JO FBDI PG UIF UXP FOEDBQT
 HJWJOH B DPWFSBHF PG ]η] � ���� 5IF

MBZFS DMPTFTU UP UIF CFBNMJOF JT DBMMFE UIF *OTFSUBCMF #ୖ-BZFS 	*#-

 EVF UP JUT JNQPSUBODF JO JEFOUJ�
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'JHVSF ���� -BZPVU PG UIF "5-"4 *OOFS %FUFDUPS TZTUFN <��>� " 10(F7 DIBSHFE QBSUJDMF BU η = 0.3XJMM
TVDDFTTJWFMZ USBWFSTF UIF CFSZMMJVN CFBN�QJQF
 UIF GPVS DZMJOESJDBM TJMJDPO�QJYFM MBZFST
 UIF GPVS DZMJOESJDBM EPVCMF
MBZFST PG TJMJDPO�NJDSPTUSJQ TFOTPST
 BOE BQQSPYJNBUFMZ �� BYJBM TUSBXT NPEVMFT JO UIF CBSSFM USBOTJUJPO�SBEJBUJPO

USBDLFS <�>�

����� 4঒ক঒ঌঘগ %঎ঝ঎ঌঝঘছজ

1BSBNFUFS 1JYFMT 4$5 535
η DPWFSBHF ��� ��� ���
/VNCFS PG IJUT PO USBDL � � ��
3BEJVT PG JOOFSNPTU MBZFS 	DN
 ��� �� ��
5PUBM OVNCFS PG DIBOOFMT 8× 107 8× 106 3.5× 105

$FMM TJ[F 	Rφ× z/R
 50µN × 400µN 80µN × 12DN 4NN × 70DN
3FTPMVUJPO JORφ 	µN
 �� �� ���
3FTPMVUJPO JOZ/R 	µN
 �� ���

5BCMF ���� "5-"4 JOOFS EFUFDUPS QBSBNFUFST <�>�

��

Figure 5.5: Cutaway view of the ATLAS inner detector system (top) and illustration of a charged particle traversing the

detectors (bottom) [57].
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GZJOH TFDPOEBSZ WFSUJDFT BTTPDJBUFE UP #�IBESPOT� 5IF 1JYFM NFBTVSFNFOUT BSF BDDVSBUF UP �� µN JO

3�φ BOE ��� µN JO [ 	GPS UIF CBSSFM
 PS 3 	GPS UIF FOEDBQ
�

5IF 4$5 DPOTJTUT PG GPVS DPODFOUSJD CBSSFM MBZFST BOE OJOF EJTLT BU FBDI FOEDBQ� &BDI PG UIFTF

MBZFST JT DPNQPTFE PG EPVCMF�TJEFE NPEVMFT PG TJMJDPO NJDSPTUSJQ TFOTPST� 5IF 4$5 NFBTVSFNFOUT

BSF BDDVSBUF UP �� µN JO 3�φ BOE ��� µN JO [ 	GPS UIF CBSSFM
 PS 3 	GPS UIF FOEDBQ
� 0O BWFSBHF
 B

DIBSHFE QBSUJDMF HFUT BU MFBTU UISFF NFBTVSFNFOU QPJOUT GSPN UIF 1JYFM EFUFDUPS BOE FJHIU TUSJQ NFB�

TVSFNFOUT GSPN UIF 4$5�

����� 5ছঊগজ঒ঝ঒ঘগ 3ঊ঍঒ঊঝ঒ঘগ 5ছঊঌঔ঎ছ 	535


5IF 535 JT UIF PVUFSNPTU MBZFS PG UIF *%
 BOE JT DPNQPTFE PG QPMZJNJEF TUSBX UVCFT � NN JO EJ�

BNFUFS UIBU BSF ୮ୢMMFE XJUI B HBT NJYUVSF PG��ॎ 9F
 ��ॎ $02
 BOE �ॎ 02� 8IFO B DIBSHFE QBSUJDMF

QBTTFT UISPVHI B UVCF
 JU FNJUT USBOTJUJPO SBEJBUJPO JO UIF GPSN PG QIPUPOT
 XIJDI DBO CF VTFE UP EJT�

UJOHVJTI FMFDUSPOT GSPN QIPUPOT BOE BJE JO FMFDUSPO JEFOUJ୮ୢDBUJPO� 5IF CBSSFM PG UIF 535 DPOTJTUT

PG TUSBXT UIBU BSF ��� DN MPOH BOE BSSBOHFE SBEJBMMZ
 XIJMF UIF FOEDBQ TUSBXT BSF �� DN JO MFOHUI BOE

BSSBOHFE QBSBMMFM UP UIF CFBN BYJT
 XJUI B DPWFSBHF PG ]η] � ���� 5IF 535 JT OPU OFFEFE UP QSPWJEF

QSFDJTJPO IJU NFBTVSFNFOUT
 XIJDI JT QFSGPSNFE CZ UIF TJMJDPO EFUFDUPST
 CVU JUT MBSHFS SBEJBM TJ[F JT

BTTJTUJWF JO EFUFSNJOJOH USBDL NPNFOUB�

��� $ঊকঘছ঒খ঎ঝ঎ছজ

5IF "5-"4 DBMPSJNFUFS JT DPNQPTFE PG UXP QSJNBSZ TVCTZTUFNT
 UIF FMFDUSPNBHOFUJD 	&.
 BOE

IBESPOJD DBMPSJNFUFST 	)$BM
� #PUI BSF TBNQMJOH EFUFDUPST
 NFBOJOH UIBU UIFZ VUJMJ[F BMUFSOBUJOH
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Figure 1.3: Cut-away view of the ATLAS calorimeter system.

Calorimeters must provide good containment for electromagnetic and hadronic showers, and
must also limit punch-through into the muon system. Hence, calorimeter depth is an important
design consideration. The total thickness of the EM calorimeter is > 22 radiation lengths (X0)
in the barrel and > 24 X0 in the end-caps. The approximate 9.7 interaction lengths (l ) of active
calorimeter in the barrel (10 l in the end-caps) are adequate to provide good resolution for high-
energy jets (see table 1.1). The total thickness, including 1.3 l from the outer support, is 11 l
at h = 0 and has been shown both by measurements and simulations to be sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons. Together with the large
h-coverage, this thickness will also ensure a good Emiss

T measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.1 LAr electromagnetic calorimeter

The EM calorimeter is divided into a barrel part (|h | < 1.475) and two end-cap components
(1.375 < |h | < 3.2), each housed in their own cryostat. The position of the central solenoid in
front of the EM calorimeter demands optimisation of the material in order to achieve the de-
sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region
1.375 < |h | < 2.5, and an inner wheel covering the region 2.5 < |h | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete f symmetry without azimuthal cracks. The

– 8 –

Figure 5.6: Layout of the ATLAS calorimeter system [57].

MBZFST PG BO BDUJWF EFUFDUJOH NFEJVN XJUI B EFOTF BCTPSCJOH NBUFSJBM� 4VDI B TUSVDUVSF BMMPXT UIF

DBMPSJNFUFS TZTUFN UP GVMMZ BCTPSC BMM KFUT
 FMFDUSPOT
 BOE QIPUPOT
 XIJMF SFDPSEJOH WBMVBCMF QPTJUJPO

BOE NPNFOUVN JOGPSNBUJPO� 5IF DBMPSJNFUFST BSF BMTP JOUFHSBM JO EFUFSNJOJOH NJTTJOH USBOTWFSTF

FOFSHZ UP TV୭୮ୢDJFOU BDDVSBDZ� "T TIPXO JO 'JHVSF ���
 UIF &. DBMPSJNFUFS JT UIF ୮ୢSTU MBZFS
 MPDBUFE

DMPTFS UP UIF CFBN QJQF
 GPMMPXFE DPODFOUSJDBMMZ PVUXBSE CZ UIF IBESPOJD DBMPSJNFUFS� 5IF FOEDBQT

PG UIFTF UXP DBMPSJNFUFST QSPWJEF DPWFSBHF PG ]η] � ����

����� -঒હঞ঒঍ "ছঐঘগ %঎ঝ঎ঌঝ঒ঘগ

-"S JT VTFE BT BO BDUJWF NFEJVN JO CPUI &. BOE IBESPOJD DBMPSJNFUFS TZTUFNT� *U XBT DIPTFO GPS

UIJT QVSQPTF CFDBVTF PG JUT MJOFBS SFTQPOTF BOE SBEJBUJPO IBSEOFTT� 5IF EFUFDUJPO QSJODJQMF JT UIF
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DPMMFDUJPO PG FMFDUSPOT UIBU BSF SFMFBTFE XIFO B DIBSHFE QBSUJDMF USBWFSTFT UIF NBUFSJBM
 XIJDI BSF

BDDFMFSBUFE CZ BO FMFDUSJD ୮ୢFME UPXBSET FMFDUSPEFT
 JOEVDJOH B DVSSFOU QSPQPSUJPOBM UP UIF FOFSHZ

EFQPTJUFE CZ UIF QBSUJDMF�

"O FYBNQMF PG UIF JOEVDFE TJHOBM BOE JUT ESPQ�P୭G BT B GVODUJPO PG UJNF DBO CF TFFO JO 'JHVSF ����

5IF BNQMJUVEF PG UIF TJHOBM " 	JO "%$ DPVOUT
 JT GPVOE VTJOH &RVBUJPO ���
 XIFSF sj BSF UIF TJHOBM

TBNQMFT
 p JT UIF "%$ QFEFTUBM
 BOE aj BSF UIF 0QUJNBM 'JMUFSJOH $PF୭୮ୢDJFOUT 	0'$
 DPNQVUFE QFS

DFMM<��>� 5IF BNQMJUVEF JT QSPQPSUJPOBM UP UIF DFMM FOFSHZ
 BOE JT BMTP VTFE UP DPNQVUF UIF TJHOBM

QFBL UJNF tcell 	&RVBUJPO ���

 XIFSF bj BSF UJNF�0'$T� 5IF TJHOBM UJNF JT NFBTVSFE BT UIF EJ୭GFSFODF

CFUXFFO UIF EJHJUJ[BUJPO UJNF BOE UIF DIPTFO QIBTF
 BOE UIVT JT FYQFDUFE UP CF DMPTF UP [FSP� 5IJT

TJHOBM JT UIFO TIBQFE VTJOH UIF GSPOU FOE CPBSET 	'&#T

 XIJDI BMTP DPNQVUF UIF FOFSHZ EFQPTJUFE

BOE QBTT UIF SFTVMU UP UIF EBUB BDRVJTJUJPO TZTUFN 	%"સ
� 5IF EFGBVMU OVNCFS PG TBNQMFT j VTFE GPS

FBDI TJHOBM JO UIF DBMDVMBUJPO PGA BOE tcell JT ୮ୢWF
 BMUIPVHI NBOZ NPSF DBO CF VTFE EFQFOEJOH PO

SFDPOTUSVDUJPO OFFET�

A =

Nsamples∑

j=1

aj(sj − p); tcell =
1

A
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j=1

bj(sj − p) 	���


'JHVSF ��� BMTP SFWFBMT UIBU B TJHOBM QVMTF JT NVDI MPOHFS UIBO UIF �� OT OPNJOBM CVODI TQBDJOH BU

UIF -)$� 5IJT BTQFDU PG UIF DBMPSJNFUSZ IBT UIF QPUFOUJBM UP DBVTF PVU�PG�UJNF FOFSHZ UP PDDVS JO B

HJWFO FWFOU� 5IJT F୭GFDU JT NJUJHBUFE CZ UIF CJQPMBS TIBQJOH PG UIF QVMTF
 XIJDI IBT B QPTJUJWF QFBL

BOE B OFHBUJWF UBJM
 BMMPXJOH NPTU FOFSHZ GSPN QSFWJPVT CVODI DSPTTJOHT UP CF DBODFMMFE PVU PWFS

UJNF�
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'JHVSF ���� 5IF -"S EFUFDUPS TJHOBM TIBQF QSPEVDFE JO UIF FMFDUSPNBHOFUJD CBSSFM 	USJBOHMF
 BOE BG୴FS TIBQJOH
	EPUUFE MJOF
 <��>�

JO 'JHVSF ���� 5IF DBMPSJNFUFS TJHOBM sj JT VTFE UP DPNQVUF UIF DFMM TJHOBM BNQMJUVEFA <��>�

A =

NTBNQMFT∑

j=1

aj(sj − p) 	���


XIFSF p JT UIF "%$ QFEFTUBM BOE aj BSF UIF 0QUJNBM 'JMUFSJOH $PF୭୮ୢDJFOUT 	0'$
 DPNQVUFE QFS DFMM� 5IF

TJHOBM QFBL UJNF tDFMM JT PCUBJOFE XJUI <��>�

tDFMM =
1

A

NTBNQMFT∑

j=1

bj(sj − p) 	���


XIFSF bj BSF UJNF�0'$T� *O B QFSGFDUMZ UJNFE EFUFDUPS BMM TJHOBMT QSPEVDFE JO�UJNF QBSUJDMFT tDFMM NVTU

CF DMPTF UP [FSP� 5IF NFBTVSFE QVMTF JO B HJWFO -"S DBMPSJNFUFS DFMM JT DPNQBSFE UP UIF FYQFDUFE QVMTF

TIBQF GSPN TJNVMBUJPO PG UIF FMFDUSPOJDT SFTQPOTF
 B VTFGVM NFUSJD GPS EJTDSJNJOBUJOH CFUXFFO OPJTF BOE

SFBM FOFSHZ EFQPTJUT 5IF RVBESBUJD EJ୭GFSFODF Q-"S
DFMM CFUXFFO UIF NFBTVSFE BOE FYQFDUFE QVMTF TIBQFT JT

��

Figure 5.7: LAr detector raw signal shape (triangle) and after shaping (dotted line) [66].

5P EJTUJOHVJTI CFUXFFO SFBM FOFSHZ EFQPTJUT BOE DFMM OPJTF
 UIF TIBQF PG UIF QVMTF PVUQVU CZ UIF

'&#T JT DPNQBSFE UP UIF FYQFDUFE QVMTF TIBQF BT EFSJWFE GSPN TJNVMBUJPO� 5IF DFMM RVBMJUZQLAr
cell JT

UIVT EF୮ୢOFE JO &RVBUJPO ��� BT UIF RVBESBUJD EJ୭GFSFODF CFUXFFO UIF NFBTVSFE BOE FYQFDUFE QVMTF

TIBQFT
 XIFSFA JT UIF NFBTVSFE TJHOBM BNQMJUVEF
T JT UIF NFBTVSFE TJHOBM UJNF
 sj JT UIF BNQMJUVEF

PG FBDI TBNQMF JO "%$ DPVOUT
 gj JT UIF OPSNBMJ[FE QSFEJDUFE JPOJ[BUJPO TIBQF
 BOE g′j JT JUT EFSJWB�

UJWF <��>� 5IF OVNCFS PG TBNQMFT VTFE GPS FBDI TJHOBM JO UIF DBMDVMBUJPO PGQLAr
cell JT GPVS� -PXFS

WBMVFT PGQLAr
cell BSF NPSF MJLFMZ UP CF SFBM FOFSHZ EFQPTJUT
 XIJMF IJHIFS WBMVFT BSF PG୴FO BTTPDJBUFE UP

OPJTF� 5IJT DSJUFSJB DBO UIVT CF VTFE UP EJTUJOHVJTI SFBM QIZTJDT PCKFDU FOFSHZ GSPN TQVSJPVT TPVSDFT
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BT JO UIF FWFOU DMFBOJOH QSPDFEVSF EJTDVTTFE JO $IBQUFS ��

QLAr
cell =

Nsamples∑

j=1

(sjA× (gj − Tg′j))
2 	���
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5IF FMFDUSPNBHOFUJD DBMPSJNFUFS JO "5-"4 JT QSJNBSJMZ VTFE UP NFBTVSF UIF FOFSHZ PG FMFDUSPOT BOE

QIPUPOT� 5IFTF QBSUJDMFT XJMM MPTF FOFSHZ WJB CSFNTTUSBIMVOH BOE QBJS QSPEVDUJPO XIFO JODJEFOU PO

B UIJDL BCTPSCFS NBUFSJBM
 HFOFSBUJOH BO FMFDUSPNBHOFUJD TIPXFS UIBU DBO CF VTFE UP HJWF BO JOJUJBM

FOFSHZ NFBTVSFNFOU PG UIF QBSUJDMF� 5IF OVNCFS PG QBSUJDMFT JO UIF TIPXFS JT QSPQPSUJPOBM UP UIF

JODJEFOU FOFSHZ PG UIF QBSUJDMF
 BOE JUT JOUFOTJUZ BUUFOVBUFT FYQPOFOUJBMMZ BT B GVODUJPO PG EJTUBODF BT

EFTDSJCFE CZ &RVBUJPO ����

I(x) = I0e
−x/X0 	���


XIFSF I JT UIF JOUFOTJUZ
 x JT UIF EJTUBODF USBWFMMFE
 BOEX0 JT UIF SBEJBUJPO MFOHUI�

5IF &. DBMPSJNFUFS VTFT MFBE BT BO BCTPSCFS BOE -"S BT BO BDUJWF NBUFSJBM
 XIJDI BSF MBZFSFE JO

BO BDDPSEJPO HFPNFUSZ 	TFF 'JHVSF ���
 UIBU BMMPXT GPS DPNQMFUF φ TZNNFUSZ BOE OVNFSPVT BDUJWF

MBZFST� 5IF CBSSFM FYUFOET UP ]η] � �����
 BOE UIF FOEDBQ FYUFOET JO UIF SBOHF �����< ]η]< ���� 5IF

PWFSMBQQJOH SFHJPO CFUXFFO UIF CBSSFM BOE FOEDBQ JT SFGFSSFE UP BT UIF أUSBOTJUJPOآ SFHJPO� 5IF &.

DBMPSJNFUFS JT TFHNFOUFE JO EFQUI JOUP GPVS MBZFST� B UIJO -"S QSFTBNQMFS MBZFS UP DPSSFDU GPS FOFSHZ

MPTU CFGPSF UIF DBMPSJNFUFS� B QSF�TIPXFS EFUFDUPS UP QSFDJTFMZ NFBTVSF QBSUJDMF η GPS TIPXFS EJSFDUJPO

��



XIFSF I JT UIF JOUFOTJUZ
 x JT UIF EJTUBODF USBWFMFE
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Figure 5.8: Diagram of the electromagnetic calorimeter in the barrel displaying the accordion-shaped segmentation

[57].

NFBTVSFNFOU� UIF QSJNBSZ TIPXFS FOFSHZ BCTPSQUJPO MBZFS� BOE B ୮ୢOBM DPSSFDUJPO MBZFS UP BDDPVOU

GPS FOFSHZ MFBLBHF PVUTJEF UIF DBMPSJNFUFS� *UT UPUBM UIJDLOFTT JT> �� SBEJBUJPO MFOHUIT 	X0
 JO UIF

CBSSFM BOE �� JO UIF FOEDBQT� 1FSQFOEJDVMBS UP UIJT TFHNFOUBUJPO
 UIF DBMPSJNFUFS JT EJWJEFE JOUP

MPOHJUVEJOBM DFMMT DBMMFE 
أUPXFSTآ BT TIPXO JO 'JHVSF ����

����� )ঊ঍ছঘগ঒ঌ $ঊকঘছ঒খ঎ঝ঎ছ

5IF "5-"4 IBESPOJD DBMPSJNFUFS JT EFTJHOBUFE GPS NFBTVSJOH UIF FOFSHZ PG IBESPOT BOE JT DPN�

QPTFE PG UISFF TVCTZTUFNT� 5IF ୮ୢSTU JT UIF 5JMF$BM
 XIJDI TFSWFT BT UIF )$BM JO UIF CBSSFM SFHJPO 	]η]

��



2.3. ATLAS detector 59

The geometry of a TileCal module is illustrated in Figure 2.11b. It shows the scin-

tillator tiles, which constitute the active material, alternating with the steel plates that

serve as the absorber. The wavelength-shifting fibers, which are in contact with the tile

edges, and collect the scintillating light onto photomultiplier tubes housed at the edge

of each module, are also displayed. The TileCal is also equipped with three calibration

systems: charge injection, laser and 137Cs radioactive source.

(a)
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supplies which power the readout are mounted in an external steel box, which has the cross-section
of the support girder and which also contains the external connections for power and other services
for the electronics (see section 5.6.3.1). Finally, the calorimeter is equipped with three calibration
systems: charge injection, laser and a 137Cs radioactive source. These systems test the optical
and digitised signals at various stages and are used to set the PMT gains to a uniformity of ±3%
(see section 5.6.2).

5.3.1.2 Mechanical structure
Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Figure 5.9: Schematic showing how the mechan-
ical assembly and the optical readout of the tile
calorimeter are integrated together. The vari-
ous components of the optical readout, namely
the tiles, the fibres and the photomultipliers, are
shown.

The mechanical structure of the tile calorime-
ter is designed as a self-supporting, segmented
structure comprising 64 modules, each sub-
tending 5.625 degrees in azimuth, for each of
the three sections of the calorimeter [112]. The
module sub-assembly is shown in figure 5.10.
Each module contains a precision-machined
strong-back steel girder, the edges of which
are used to establish a module-to-module gap
of 1.5 mm at the inner radius. To maximise
the use of radial space, the girder provides both
the volume in which the tile calorimeter read-
out electronics are contained and the flux return
for the solenoid field. The readout fibres, suit-
ably bundled, penetrate the edges of the gird-
ers through machined holes, into which plas-
tic rings have been precisely mounted. These
rings are matched to the position of photomul-
tipliers. The fundamental element of the ab-
sorber structure consists of a 5 mm thick mas-
ter plate, onto which 4 mm thick spacer plates
are glued in a staggered fashion to form the
pockets in which the scintillator tiles are lo-
cated [113]. The master plate was fabricated
by high-precision die stamping to obtain the dimensional tolerances required to meet the specifica-
tion for the module-to-module gap. At the module edges, the spacer plates are aligned into recessed
slots, in which the readout fibres run. Holes in the master and spacer plates allow the insertion of
stainless-steel tubes for the radioactive source calibration system.

Each module is constructed by gluing the structures described above into sub-modules on a
custom stacking fixture. These are then bolted onto the girder to form modules, with care being
taken to ensure that the azimuthal alignment meets the specifications. The calorimeter is assembled
by mounting and bolting modules to each other in sequence. Shims are inserted at the inner and
outer radius load-bearing surfaces to control the overall geometry and yield a nominal module-
to-module azimuthal gap of 1.5 mm and a radial envelope which is generally within 5 mm of the
nominal one [112, 114].
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(b)

Figure 2.11: (a) Picture of a module of the TileCal. (b) Schematic drawing showing
the scintillator tiles, the steel plates, the fibers, and photomultipliers in a TileCal

module. From Refs. [101, 103].

The TileCal is segmented in a three-dimensional cell structure, creating a projec-

tive geometry for trigger and energy reconstruction. It is more granular than the EM

calorimeter, with a cell size of 0.1⇥0.1 in the first two layers and 0.2⇥0.1 in the last layer

(�⌘ ⇥��). In this context, it is useful to define the concept of tower as a summation of

calorimeter cells in ⌘, that approximately points back to the IP, as shown in Figure 2.12.

The hadronic calorimeter is extended to larger pseudorapidities by the HEC, which

provides a coverage of 1.5 < |⌘| < 3.2, thereby slightly overlapping with the TileCal

and the FCal (described next). It consists of two independent wheels per end-cap,

placed directly behind the EMEC. Each wheel is composed of 32 identical wedge-shaped

modules, and is longitudinally segmented into two layers. The readout cells have a

0.1 ⇥ 0.1 granularity in the 1.5 < |⌘| < 2.5 region, and 0.2 ⇥ 0.2 for larger ⌘ values

(�⌘ ⇥��). Unlike the TileCal, the HEC calorimeters use copper plates as the absorber

medium, interleaved with LAr gaps, serving as the active material, in a flat-plate design.

Figure 5.9: Diagram of the electromagnetic calorimeter in the barrel displaying the accordion-shaped segmentation

[57].
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Figure 1.4: Cut-away view of the ATLAS muon system.

1.4 Muon system

The conceptual layout of the muon spectrometer is shown in figure 1.4 and the main parameters
of the muon chambers are listed in table 1.4 (see also chapter 6). It is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets, instrumented with
separate trigger and high-precision tracking chambers. Over the range |h | < 1.4, magnetic bending
is provided by the large barrel toroid. For 1.6 < |h | < 2.7, muon tracks are bent by two smaller
end-cap magnets inserted into both ends of the barrel toroid. Over 1.4 < |h | < 1.6, usually referred
to as the transition region, magnetic deflection is provided by a combination of barrel and end-cap
fields. This magnet configuration provides a field which is mostly orthogonal to the muon trajec-
tories, while minimising the degradation of resolution due to multiple scattering. The anticipated
high level of particle flux has had a major impact on the choice and design of the spectrome-
ter instrumentation, affecting performance parameters such as rate capability, granularity, ageing
properties, and radiation hardness.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.
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Figure 5.10: Layout of the ATLASmuon spectrometer [57]
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Figure 5.11: Left: MDT tube hit (solid) and segment (dashed) efficiency as a function of hit rate per tube, demonstrat-

ing the insufficient efficiency at high hit rate [67]. Right: diagram of NSW in the ATLASMS showing the additional

triggering capability and subsequent fake rejection improvement.
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Figure 5.12: Illustrations of the geometry (left) and detection principle (right) of themicromegas detector [67].
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Figure 2.1: Geometry of magnet windings and
tile calorimeter steel. The eight barrel toroid
coils, with the end-cap coils interleaved are
visible. The solenoid winding lies inside the
calorimeter volume. The tile calorimeter is
modelled (section 2.2.2) by four layers with dif-
ferent magnetic properties, plus an outside re-
turn yoke. For the sake of clarity the forward
shielding disk (section 3.2) is not displayed.

Figure 2.2: Bare central solenoid in the factory
after completion of the coil winding.

phases. The cold-mass and cryostat integration work began in 2001. The first barrel toroid coil
was lowered in the cavern in fall 2004, immediately followed by the solenoid (embedded inside the
LAr barrel calorimeter). The remaining seven barrel-toroid coils were installed in 2004 and 2005,
and the end-cap toroids in the summer of 2007.

2.1.1 Central solenoid

The central solenoid [2] is displayed in figure 2.2, and its main parameters are listed in table 2.1.
It is designed to provide a 2 T axial field (1.998 T at the magnet’s centre at the nominal 7.730 kA
operational current). To achieve the desired calorimeter performance, the layout was carefully
optimised to keep the material thickness in front of the calorimeter as low as possible, resulting
in the solenoid assembly contributing a total of ⇠ 0.66 radiation lengths [9] at normal incidence.
This required, in particular, that the solenoid windings and LAr calorimeter share a common vac-
uum vessel, thereby eliminating two vacuum walls. An additional heat shield consisting of 2 mm
thick aluminium panels is installed between the solenoid and the inner wall of the cryostat. The
single-layer coil is wound with a high-strength Al-stabilised NbTi conductor, specially developed
to achieve a high field while optimising thickness, inside a 12 mm thick Al 5083 support cylin-
der. The inner and outer diameters of the solenoid are 2.46 m and 2.56 m and its axial length
is 5.8 m. The coil mass is 5.4 tonnes and the stored energy is 40 MJ. The stored-energy-to-mass
ratio of only 7.4 kJ/kg at nominal field [2] clearly demonstrates successful compliance with the
design requirement of an extremely light-weight structure. The flux is returned by the steel of the
ATLAS hadronic calorimeter and its girder structure (see figure 2.1). The solenoid is charged and
discharged in about 30 minutes. In the case of a quench, the stored energy is absorbed by the en-
thalpy of the cold mass which raises the cold mass temperature to a safe value of 120 K maximum.
Re-cooling to 4.5 K is achieved within one day.

– 20 –

Figure 5.13: Geometry of the ATLASmagnet system [57]. The three toroids are shown in orange, while the central

solenoid is shown in purple.
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4.1 Physics trigger menu for 2015 data-taking

The main goal of the trigger menu design was to maintain the unprescaled single-electron and single-
muon trigger pT thresholds around 25 GeV despite the expected higher trigger rates in Run 2 (see Sec-
tion 3). This strategy ensures the collection of the majority of the events with leptonic W and Z boson
decays, which are the main source of events for the study of electroweak processes. In addition, compared
to using a large number of analysis-specific triggers, this trigger strategy is simpler and more robust at the
cost of slightly higher trigger output rates. Dedicated (multi-object) triggers were added for specific ana-
lyses not covered by the above. Table 1 shows a comparison of selected primary trigger thresholds for L1
and the HLT used during Run 1 and 2015 together with the typical thresholds for o✏ine reconstructed ob-
jects used in analyses (the latter are usually defined as the pT value at which the trigger e�ciency reached
the plateau). Trigger thresholds at L1 were either kept the same as during Run 1 or slightly increased to fit
within the allowed maximum L1 rate of 100 kHz. At the HLT, several selections were loosened compared
to Run 1 or thresholds lowered thanks to the use of more sophisticated HLT algorithms (e.g. multivariate
analysis techniques for electrons and taus).

Figures 6(a) and 6(b) show the L1 and HLT trigger rates grouped by signatures during an LHC fill with a
peak luminosity of 4.5 ⇥ 1033 cm�2 s�1. The preventive dead-time2 The single-electron and single-muon
triggers contribute a large fraction to the total rate. While running at these relatively low luminosities
it was possible to dedicate a large fraction of the bandwidth to the B-physics triggers. Support triggers
contribute about 20% of the total rate. Since the time for trigger commissioning in 2015 was limited due
to the fast rise of the LHC luminosity (compared to Run 1), several backup triggers, which contribute
additional rate, were implemented in the menu in addition to the primary physics triggers. This is the
case for electron, b-jet and Emiss

T triggers, which are discussed in later sections of the paper.
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Figure 6: (a) L1 and (b) HLT trigger rates grouped by trigger signature during an LHC fill in October 2015 with a
peak luminosity of 4.5 ⇥ 1033 cm�2 s�1. Due to overlaps the sum of the individual groups is higher than the (a) L1
total rate and (b) Main physics stream rate, which are shown as black lines. Multi-object triggers are included in
the b-jets and tau groups. The rate increase around luminosity block 400 is due to the removal of prescaling of the
B-physics triggers. The combined group includes multiple triggers combining di↵erent trigger signatures such as
electrons with muons, taus, jets or Emiss

T .

2 The four complex dead-time settings were 15/370, 42/381, 9/351 and 7/350, where the first number specifies the number of
triggers and the second number specifies the number of bunch-crossings, e.g. 7 triggers in 350 bunch-crossings.
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Figure 5.14: L1 (a) and HLT (b) trigger rates grouped by trigger signature during an LHC fill in October 2015 [68].
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Figure 5.15: A computer-generated image of proton-proton collision decay products passing through the ATLAS

detector[69].
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Figure 1: The e�ciency to identify electrons from Z ! ee decays (left) and the e�ciency to identify hadrons as
electrons (background rejection, right) estimated using simulated dijet samples. The e�ciencies are obtained using
Monte Carlo simulations, and are measured with respect to reconstructed electrons. The candidates are matched to
true electron candidates for Z ! ee events. For background rejection studies the electrons matched to true electron
candidates are not included in the analysis. Note that the last bin used for the optimisation of the ID is 45-50 GeV,
which is why the signal e�ciency increases slightly more in the 50 GeV bin than in others, and the background
e�ciency increases in this bin as well.

The electron identification performance may be influenced by the parasitic collisions taking place in the
same beam crossing (in-time pileup) or a consecutive bunch crossing (out-of-time pileup) as the hard pp

collision producing the electron candidate. The number of reconstructed primary vertices is indicative
of the level of pileup in each event, with the average number of primary vertices (eight per event)
corresponding to an average pileup of 13.7. Since some shower shape distributions depend on the number
of pileup collisions per bunch crossing, the cut on the LH discriminant value is loosened as a function
of the number of primary vertices. This is done to ensure that the LH identification remains e�cient at
high pileup, without drastically increasing the amount of background accepted by the LH selection. The
optimisation included simulations with a number of pileup collisions of up to 40, covering the range of
the pileup observed in 2015.

At high ET, some of the calorimeter variable distributions are di�erent from the typical distributions
obtained with Z ! ee and used to construct the LH PDFs. Higher energy electrons tend to deposit
relatively smaller fractions of their energy in the early layers of the EM calorimeter, and more in the later
layers of the EM calorimeter or even in the hadronic calorimeter. Loose and Medium were deemed to be
loose enough to be robust against these ET-dependent changes. However, the tighter requirement used in
Tight would lead to ine�ciencies at high ET, if not handled properly. Thus, for electron candidates with
ET above 125 GeV, Tight uses the same discriminant selection as Medium but adds rectangular cuts on
wstot and E/p, which were found to be particularly e�ective at discriminating signal from background at
high ET.

In addition to the multivariate approach used in the LH method described so far, a cut-based method using
a set of rectangular cuts on the electron ID discriminating variables was used in Run-1. This method
encompasses a similar set of operating points. The cut-based Loose operating point relies primarily on
information from the hadronic calorimeter and the first two layers of the EM calorimeter for distinguishing
signal from background. The cut-based Medium operating point adds information from the TRT, the
transverse impact parameter, and the third layer of the EM calorimeter, in addition to tighter cuts on the
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Figure 5.16: The efficiency of identifying electrons fromZ → ee (left) and the efficiency for identifying hadrons as
electrons (right) in dijet simulation samples. [70].
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Figure 2: Distributions of E
cone0.2
T (left) and p

varcone0.2
T (right) for electrons from Z ! ee, in the data (dots with error

bars) and the simulation (full histogram, normalised to data).

A variety of selection requirements on the quantities E
cone0.2
T /ET and p

varcone0.2
T /ET have been defined to

select isolated electron candidates. The resulting operating points are divided into two classes:

• e�ciency targeted operating points: varying requirements are used in order to obtain a given
isolation e�ciency "iso, which can be either constant or as a function of ET. Typical "iso values
are 90(99)% for ET = 25(60) GeV, estimated for electrons from simulated Z ! ee events. For
transverse energies between 7 and 15 GeV, simulated electrons from J/ decays have been used to
determine the upper cuts on E

cone0.2
T and p

varcone0.2
T , and only events satisfying �� > 0.3 have been

considered, where �� is the azimuthal separation between the two electrons.

• fixed requirement operating points: in this case the upper thresholds on the isolation variables
are constant. These operating points were optimised by maximising the expected sensitivities of
H ! 4` and multilepton supersymmetry searches.

Table 2 shows the definition of the various operating points used for electron isolation. Fixed requirement
operating points are typically preferred in physics analyses using low ET electrons and requiring high
background rejection, while in the high ET range looser operating points are adopted in order to maintain
high signal e�ciency.

6. Electron Trigger

The ATLAS online data processing reconstructs and identifies electron candidates both at the L1 trigger
and at the HLT. At L1, the electron triggers use the signals recorded in the electromagnetic (EM) and
hadronic calorimeters within regions of 4⇥4 trigger "towers" (corresponding to �⌘ ⇥ �� ⇡ 0.4 ⇥ 0.4) to
calculate the energy in the inner region (core) and the surrounding (isolation) region. The ET thresholds
used in the trigger decision can be set di�erently for di�erent ⌘ regions that are delimited by the ⌘ values
of N ⇥ 0.1 (N = 1, 2, ..). This allows a coarse tuning of thresholds taking into account di�erent energy
responses in di�erent regions. A veto on the hadronic leakage can also be applied at L1 by requiring that
the amount of energy measured in the hadronic calorimeter behind the core of the EM cluster relative to
the EM cluster energy is less than a certain value. An isolation cut on the transverse energy in an annulus
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Figure 5.17: Distributions ofEcone0.2
T (left) and pvarcone0.2T (right) for electrons inZ → ee data and simulation

[70].
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Figure 3: Muon reconstruction efficiency as a function of ηmeasured in Z → µµ events for muons with pT > 10 GeV
shown forMedium (top), Tight (bottom left), and High-pT (bottom right) muon selections. In addition, the top plot
also shows the efficiency of the Loose selection (squares) in the region |η| < 0.1 where the Loose and Medium
selections differ significantly. The error bars on the efficiencies indicate the statistical uncertainty. Panels at the
bottom show the ratio of the measured to predicted efficiencies, with statistical and systematic uncertainties.
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Figure 3: Muon reconstruction efficiency as a function of ηmeasured in Z → µµ events for muons with pT > 10 GeV
shown forMedium (top), Tight (bottom left), and High-pT (bottom right) muon selections. In addition, the top plot
also shows the efficiency of the Loose selection (squares) in the region |η| < 0.1 where the Loose and Medium
selections differ significantly. The error bars on the efficiencies indicate the statistical uncertainty. Panels at the
bottom show the ratio of the measured to predicted efficiencies, with statistical and systematic uncertainties.
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Figure 5.18:Muon reconstruction efficiency for muons with pT > 10GeV fromZ → µµ for the Loose andMedium ID

working points (left) and for the Tight IDworking point (right) in both data and simulation [72]. Blue squares in the left

plot indicate Loose efficiency in the region |η| < 0.1 where the Loose andMedium selections differ significantly.
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Figure 7: Distributions of the track-based (left) and the calorimeter-based (right) relative isolation variables meas-
ured in Z → µµ events. Muons are selected by theMedium identification algorithm. The dots show the distribution
for data while the histograms show the distribution from simulation. The bottom panels show the ratio of data to
simulation with the corresponding statistical uncertainty. The pile-up reweighted simulated distribution is normal-
ised to the number of events selected in data.

Isolation WP Discriminating variable(s) Definition

LooseTrackOnly pvarcone30T /pµT 99% efficiency constant in η and pT
Loose pvarcone30T /pµT, E

topocone20
T /pµT 99% efficiency constant in η and pT

Tight pvarcone30T /pµT, E
topocone20
T /pµT 96% efficiency constant in η and pT

Gradient pvarcone30T /pµT, E
topocone20
T /pµT ≥ 90(99)% efficiency at 25 (60) GeV

GradientLoose pvarcone30T /pµT, E
topocone20
T /pµT ≥ 95(99)% efficiency at 25 (60) GeV

FixedCutTightTrackOnly pvarcone30T /pµT pvarcone30T /pµT < 0.06

FixedCutLoose pvarcone30T /pµT, E
topocone20
T /pµT pvarcone30T /pµT < 0.15, E

topocone20
T /pµT < 0.30

Table 2: Definition of the seven isolation working points. The discriminating variables are listed in the second
column and the criteria used in the definition are reported in the third column.

criteria used in their definition.

The efficiencies for the seven isolation working points are measured in data and simulation in Z → µµ
decays using the tag-and-probe method described in Section 6. To avoid probe muons in the vicinity of a
jet, the angular separation ∆R between the probe muon and the closest jet, reconstructed using an anti-kt
algorithm [29] with radius parameter 0.4 and with a transverse momentum greater than 20 GeV, is re-
quired to be greater than 0.4. In addition, the two muons originating from the Z boson decay are required
to be separated by ∆Rµµ > 0.3. Figure 8 shows the isolation efficiency measured for Medium muons in
data and simulation as a function of the muon pT for the LooseTrackOnly, Loose, GradientLoose, and
FixedCutLoose working points, with the respective data/MC ratios included in the bottom panel. The
systematic uncertainties in the SFs are estimated by varying the background contributions within their
uncertainties and by varying some of the selection criteria, such as the invariant mass selection window,
the isolation of the tag muon, the minimum quality of the probe muon, the opening angle between the
two muons, and the ∆R between the probe muon and the closest jet. In Fig. 8, the largest systematic
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Figure 5.19: Distributions of pvarcone30T /pT (left) amdEtopocone20
T /pT (right) for muons inZ → µµ data and

simulation [70].
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Fig. 2: Overview of the ATLAS jet reconstruction. After the jet finding, the jet four momentum is defined as the four momentum
sum of its constituents.
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Fig. 3: Overview of the ATLAS jet calibration scheme used for the 2011 dataset. The pile-up, absolute JES and the residual in
situ corrections calibrate the scale of the jet, while the origin and the h corrections affect the direction of the jet.
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Fig. 4: Average response of simulated jets formed from topo-clusters, calculated as defined in Eq. (1) and shown in (a) for the EM
scale (REM) and in (b) for the LCW scale (RLCW). The response is shown separately for various truth-jet energies as function
of the uncorrected (detector) jet pseudorapidity hdet. Also indicated are the different calorimeter regions. The inverse of REM

(RLCW) corresponds to the average jet energy scale correction for EM (LCW) in each hdet bin. The results shown are based on
the baseline PYTHIA inclusive jet sample.

Figure 5.20: Jet energy response in simulation with the EM scale (left) and LC scale (right) as a function of η [73].
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5.1 Di↵erential Performance

The tagging performance for di↵erent flavours are shown for the 70% operating point in Fig. 10 as
a function of the jet pT , |⌘ | and average pile-up, when integrating over all jets in the event. The
performance of the three other operating points defined in Table 3 are shown in Appendix A.1.
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Figure 10: The e�ciency to tag b (green), c (blue) and light-flavour (red) jets for the MV2c20 tagging
algorithm with the 70% operating point. E�ciencies are shown as a function of the jet pT (a), |⌘ | (b)
and the average number of interaction per bunch crossing (c).

6 Performance Enhancement from Detector and Algorithmic Improve-

ments

It is of interest to determine the total improvement in the b-tagging performance achieved between Run-
1 and Run-2 due to the addition of the IBL and the algorithmic updates. This requires a comparison to
be made between samples produced using the Run-1 simulation and reconstruction software to those
using the Run-2 setup. It is therefore necessary to slightly alter the selection and simulation setup
to ensure a meaningful comparison. As opposed to the JVT requirement, the jets are required to be
matched to a truth hard-scatter jet. The minimum jet pT requirement is raised from 20 to 25 GeV.
Additionally the same tt̄ sample, but without EvtGen was used, since EvtGen has only been widely
used in ATLAS since the start of Run-2. Not using EvtGen results in a positive shift of about 2 to 3%
in the b-jet e�ciency, when compared to Pythia6 with EvtGen. The Run-1 and Run-2 samples have
been produced with di↵erent centre of mass energies (8 and 13 TeV) and di↵erent pile-up conditions.
In order to get an unbiased comparison, the distributions of jet pT , jet |⌘ | and of the average number
of interactions µ for the Run-2 sample are re-weighted in such a way to reproduce the corresponding
Run-1 distributions.

Figure 11 shows such a comparison between the performance of the default b-tagging algorithm
with improved c-jet rejection for Run-1, MV1c [18], with the Run-1 detector and reconstruction soft-
ware, compared to the default Run-2 b-tagging algorithm, MV2c20, with the Run-2 detector and recon-
struction software. Comparing the two algorithms, the light-flavour jet rejection is improved by a factor
of about 4 and the c-jet rejection by a factor of between 1.5-2 for a 70% b-jet e�ciency. Alternatively
for the same c and light-flavour jet rejection obtained in Run-1 for the 70% working point, a relative
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Figure 5.21: The efficiency to tag b (green), c (blue) and light-flavour (red) jets for theMV2c20 tagging algorithmwith

the 70% operating point as a function of pT (left) and η (right) [77].
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root-mean square of the combined of Emiss
x and Emiss

y in bins of ⌃ET (number of primary vertices). Each
bin is required to have a minimum of 200 events to be considered for the resolution curve. Reasonable
agreement is found between data and MC simulation, considering the low statistics available in data.
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Figure 4: Distributions of TST Emiss
x , Emiss

y resolution as a function of ⌃ET and of the number of primary vertices
in Z! µµ events. The data (black circles) and MC simulation (red squares) are overlaid.
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6.3 Emiss

T
scale

In events with Z! µµ decays, the pT of the Z boson defines an axis in the transverse plane of the ATLAS
detector. The component of the Emiss

T along the p
Z
T axis is sensitive to biases in detector responses. The

unit vector of p
Z
T is labeled as AZ , and it is defined as:

AZ =
~pT `+ + ~pT `�

| ~pT `+ + ~pT `� |
, (6)

10

Figure 5.22: Distribution of the track soft term resolutionEx
T ,E

y
T , as a function of

∑
ET (left) and number of pri-

mary vertices (right), comparing data (black) andMC (red) [78].
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GPVS�WFDUPS TVN PG BMM QBSUJDMFT
 XIJDI DBO UIFO CF FWBMVBUFE JO BOZ PG UIF GSBNFT JNQMJDJUMZ EF୮ୢOFE

CZ UIF EFDBZ USFF�

5IF EFDBZ USFF JT JNQPTFE PO FWFOU CZ ୮ୢMMJOH JO UIF GPVS WFDUPST PG UIF UISFF ୮ୢOBM TUBUF GSBNFT
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 BOE *43
� 5IF * GSBNF SFRVJSFT B DIPJDF UP CF NBEF SFHBSEJOH JUT NJTTJOH z DPNQPOFOU� 'JSTU


UIF WFDUPSJBMEmiss
T SFDPOTUSVDUFE JO FBDI FWFOU BT UIF USBOTWFSTF NPNFOUVN PG *
 FWBMVBUFE JO UIF

MBC GSBNF� 5IJT MFBWFT UXP GPVS�WFDUPS DPNQPOFOUT VOTQFDJ୮ୢFE� UIFTF DBO CF FYQSFTTFE BT UIF NBTT

PG * BOE JUT MPOHJUVEJOBM NPNFOUVN JO UIF MBC GSBNF� 'PS UIF GPSNFS
 UIF DPOWFOUJPO VTFE IFSF JT

UP EFDJEFmI� �� 8IJMF UIJT JTOؠU OFDFTTBSJMZ B QIZTJDBMMZ DPSSFDU BTTJHONFOU
 JU TJNQMJ୮ୢFT UIF QSPC�

MFN BOE EPFT OPU EFUSBDU GSPN BOZ LJOFNBUJD F୭GFDUT PS DPSSFMBUJPOT� 'PS UIF MBUUFS
 UIF MPOHJUVEJOBM

NPNFOUVN PG BMM PCKFDUT JT TJNQMZ TFU UP �
 HJWJOH BO FYDMVTJWFMZ USBOTWFSTF WJFX PG UIF FWFOU�
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masses their weakly interacting daughters (�̃0). An ex-
perimental search for instances of these events can be dif-
ficult if the mass-splitting between these sparticle states,
mP̃�m�̃0 , is small, as the momenta of each parent sparti-
cle’s decay products (both visible and invisible) will not
receive a large amount of momentum in their produc-
tion. If the mass-splitting scale in sparticle production is
to that of SM background processes then disentangling
the two is challenging.

In this case, it is not the mass-splitting scale which is
distinctive from backgrounds, but rather, the potentially
large absolute mass-scale of weakly-interacting particles
in these events. While we cannot measure these masses
from only the measurement of missing transverse mo-
mentum ( 6 ~ET ), as it only represents the sum momentum
of escaping particles, we can gain indirect sensitivity by
observing their reaction to a probing force. The labora-
tory of a hadron collider naturally provides such a probe:
strong initial state radiation from interacting partons can
provide large momentum to the sparticles produced in
these reactions, in turn endowing their decay products
with this momentum. In the limit where the LSPs re-
ceive no momentum from their parents’ decays, the 6 ~ET
results solely from the recoil against ISR, and the follow-
ing approximation holds:

6 ~ET ⇠ �~p
ISR
T ⇥

m�̃

mP̃

, (1)

where ~p
ISR
T is the total ISR system transverse momen-

tum.
Recent studies of searches for compressed SUSY sig-

nals in the literature have suggested exploiting this fea-
ture. In these analyses, a kinematic selection is used to
isolate events where a single, hard ISR jet recoils approx-
imately opposite 6 ~ET in the event transverse plane. One
can then use various reconstructed proxies of the quantity
| 6 ~ET |/|~p

ISR
T |, such as | 6 ~ET |/p

lead jet
T or | 6 ~ET |/

p
HT , as ob-

servables sensitive to the presence of massive LSPs [6, 7].
Alternatively, using assumed knowledge of the sparticle
mass-splittings, one can attempt to sort non-ISR jets
from radiative ones using, for example, the sum of jet
energies in each class and multiplicities as discriminat-
ing observables [8]. While these approaches all benefit
from the above feature, they are limited to the sub-set
of events where the momentum of the ISR system is car-
ried predominantly by a single jet. For less restrictive
event selections, the suggested observables become pro-
gressively less accurate estimators of | 6 ~ET |/|~p

ISR
T | and,

correspondingly, less sensitive to the kinematic correla-
tion between radiated jets and missing momentum.

We propose a di↵erent approach to an ISR-assisted
search for compressed signals, both generalizing to cases
where momentum can be shared democratically among
many radiated jets and attempting to more accurately re-
construct the quantity | 6 ~ET |/|~p

ISR
T |. Using the technique

of Recursive Jigsaw Reconstruction [9], a “decay tree” is
imposed on the analysis of each event, chosen to capture

the kinematic features specific to the signal topology un-
der study. The decay tree both specifies the systems of
relevant reconstructed objects and the reference frames
corresponding to each intermediate combination of them.
The analysis of each event proceeds by assigning recon-
structed objects to their appropriate places in the decay
tree, determining the relative velocities relating each ref-
erence frame, and calculating kinematic observables from
the resulting event abstraction. The simplified decay tree
for generic compressed scenarios is shown in Figure 1.

LAB

CM

ISR S
V I

Lab State

Decay States

Visible States

Invisible States

FIG. 1. A simplified decay tree diagram for analyzing com-

pressed signal topologies in events with an ISR system.

In this decay tree, each reconstructed object hypoth-
esized to come from the decay of sparticles in the event
is assigned to the “V” system, while those identified as
initial state radiation are associated with “ISR”. With
the missing momentum reconstructed in each event in-
terpreted as the system “I”, the total sparticle system
(“S”) and center-of-mass system of the whole reaction
(“CM”) are defined as the sum of their constituents.
With the four-vectors of each element of the decay tree
specified, an estimator of the quantity | 6 ~ET |/|~p

ISR
T |, RISR,

is calculated as:

RISR ⌘
|~p

CM
I,T · p̂

CM
ISR,T |

|~p CM
ISR,T |

, (2)

where subscripts indicate the system and superscripts the
reference frame the momentum is evaluated in. As the
concept of “transverse” is a frame-dependent construc-
tion in the laboratory frame, we employ the convention
where the boost relating a specific reference frame to the
laboratory is decomposed into a component parallel to
the beam-line and a subsequent transverse portion. The
transverse plane in a reference frame is then defined as
that perpendicular to longitudinal velocity of the trans-
formation.
In order to elucidate the behavior of RISR, we con-

sider the example of neutralino (�̃0
2) pair-production at a

Figure 6.1: An RJR decay tree diagram for analyzing ISR-assisted signal topologies [83].
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   Identifying ISR in CM Frame
• ISR is identified in the CM frame by minimizing the 

sparticle system and ISR system masses 
!

• Can think of this in 2 equivalent ways 
!

1. Large jet clustering along two jet axis that are back 
to back using mass as a distance metric 

!
2. Minimizing Ms and MISR is identical to maximizing the 

amount of back to back PT of the two systems. 

• Because Etot = sqrt(MS

2
 + PT S

2
) + sqrt(MISR

2
 + PT ISR

2
) 

• Etot is constant for the event and PT = PT S = -PT ISR 

• Maximizing PT along a back to back axis is the 
same thing as calculating the thrust axis 

• The event is then divided into hemisphere wheres 
the hemisphere containing the MET is the sparticle 
system and other hemisphere the ISR system.

5

Accepted 
Jets

MET

Thrust 
Axis

ISR 
Hemisphere

Sparticle 
Hemisphere

CM Frame

Figure 6.2: Diagram of an ISR-assisted event, where the calculation of a thrust axis allows for the designation of two

distinct hemispheres. All objects can be categorized into one of these hemispheres, which become the S frame (if the

Emiss
T vector is present) or the ISR frame.

UIFO GBMM JOUP POF PG UIF UXP GSBNFT�

"G୴FS UIJT GSBNF BTTJHONFOU
 BMM PCKFDUT BSF JO POF PG UIF UISFF ୮ୢOBM TUBUF GSBNFT
 BOE UIFSF JT B GVMM

LJOFNBUJD EFTDSJQUJPO PG UIF EFDBZ USFF JO UIF USBOTWFSTF QMBOF� 'SPN IFSF
 JU JT QPTTJCMF UP BOBMZ[F

FWFOUT CZ CVJMEJOH VOJRVF KJHTBX WBSJBCMFT BOE VTJOH UIFTF UP EJTDSJNJOBUF TJHOBM GSPN CBDLHSPVOE�

��� "ঙঙক঒ঌঊঝ঒ঘগ

5IF OFX WBSJBCMFT UIBU FNFSHF GSPN 3+ SFDPOTUSVDUJPO BSF XFMM�FRVJQQFE UP QFSGPSN UIF EJ୭୮ୢDVMU

TJHOBM UP CBDLHSPVOE EJTDSJNJOBUJPO JO UIF DPNQSFTTFE PS EJBHPOBM BSFB PG QIBTF TQBDF� /PU POMZ
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EP UIFZ DPOUBJO FWFOU TIBQF JOGPSNBUJPO WJB UIF UISVTU BYJT BOE IFNJTQIFSF DSFBUJPO
 CVU UIFZ BMTP

IBWF JOGPSNBUJPO BCPVU XIFUIFS B HJWFO ୮ୢOBM TUBUF PCKFDU XBT NPSF MJLFMZ UP DPNF GSPN UIF 464:

PS *43 TZTUFN� .BOZ PG UIFTF BSF TJNJMBS JO DPODFQU UP USBEJUJPOBM BOBMZTJT WBSJBCMFT
 CVU XJUI B NPSF

BDDVSBUF VOEFSTUBOEJOH PG UIF FWFOU UIBU JT HBJOFE GSPN UIF SFDPOTUSVDUJPO� " LFZ FYBNQMF JT JO UIF

*43 TZTUFN� NBOZ BOBMZTFT UIBU VTF *43 UPQPMPHJFT NVTU BTTVNF UIBU UIF MFBEJOH KFU JT UIF *43 KFU


XIJMF JO 3+3 UIF *43 CPPTU DBO DPNF GSPN B TZTUFN PG TFWFSBM KFUT
 OPOF PG XIJDI BSF OFDFTTBSJMZ UIF

MFBEJOH KFU�

"O 3+3�CBTFE BOBMZTJT XJMM VUJMJ[F TVDI OPWFM WBSJBCMFT
 XIJDI DBO UBLF UIF GPSN PG FOFSHZ SBUJPT


PCKFDU NVMUJQMJDJUJFT
 PS BOHMFT�NPNFOUB JO UIF WBSJPVT GSBNFT
 UP CVJME SFHJPOT UIBU F୭GFDUJWFMZ TFMFDU

GPS DPNQSFTTFE TJHOBMT XIJMF DVUUJOH BXBZ 4UBOEBSE .PEFM CBDLHSPVOE� 4FWFSBM LFZ 3+3 WBSJBCMFT

BSF EFTDSJCFE JO EFUBJM CFMPX�

RISR

5IF WBSJBCMFRISR JT POF PG UIF NPTU JNQPSUBOU WBSJBCMFT VTFE JO DPNQSFTTFE TFBSDIFT
 CFDBVTF JU

FODBQTVMBUFT UIF DSVDJBM DPSSFMBUJPO CFUXFFO NJTTJOH FOFSHZ BOE *43 pT EFTDSJCFE JO UIF QSFWJPVT

TFDUJPO� *O GBDU
 UIF WBSJBCMF JT TJNQMZ EF୮ୢOFE JO &RVBUJPO ��� BT UIF SBUJP PGEmiss
T UP pISRT � *OTUFBE

PG VTJOH UIF TDBMBS RVBOUJUZEmiss
T 
 UIF WFDUPS RVBOUJUZ pI,T DBO CF VTFE CFDBVTF UIF GVMM GPVS�WFDUPS

GPS UIF JOWJTJCMF GSBNF IBT CFFO SFDPOTUSVDUFE� 3FDBMM GSPN &RVBUJPO ���UIBU UIJT SBUJP JT BMTP QSPQPS�
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UJPOBM UP UIF SBUJP PG QBSFOU UP EBVHIUFS QBSUJDMF NBTTFT GPS UIF DBTF PG WFSZ DPNQSFTTFE QPJOUT�

RISR ≡ |p⃗I,T · p̂ISR,T |
|p⃗ISR,T |

=
Emiss

T

pISRT

∼ mparent

mdaughter
	���


'JHVSF ��� TIPXT UIF EJTUSJCVUJPO PGRISR GPS TFWFSBM QBJS�QSPEVDFE χ̃0
2 TJHOBMT
 FBDI XJUI B EJ୭GFS�

FOU NBTT TQMJUUJOH CFUXFFO UIF χ̃0
2 BOE χ̃0

1� 'PS WFSZ MBSHF NBTT TQMJUUJOHT
 UIF EJTUSJCVUJPO QFBLT BU B

MPXFS WBMVF PGRISR BOE IBT B CSPBEFS TIBQF
 XIJMF GPS UIF WFSZ DPNQSFTTFE QPJOUT
 UIF QFBL JT XFMM�

SFTPMWFE BOE BU B IJHIFS WBMVF� 5IF QSFDJTF SFTPMVUJPO PG UIF EJTUSJCVUJPO QFBL BU UIF SBUJP PG QBSFOU

UP EBVHIUFS NBTTFT GPS B QBSUJDVMBS TJHOBM JOEJDBUFT UIF QPUFOUJBM GPS TJHOJ୮ୢDBOU TFOTJUJWJUZ JODSFBTFT

VTJOH B أXJOEPXآ DVU PS TIBQF ୮ୢU PORISR�

3

hadron collider with decays �̃0
2�̃

0
2 ! Z(`+`�)�̃0

1 h(��)�̃
0
1.

Two leptons and two photons are required to be recon-
structed in each event and are assigned to the V system,
while additional reconstructed jets are associated with
ISR. 6 ~ET reconstructed in each event is interpreted as
the transverse momentum of the I system in the labo-
ratory frame, with zero mass and rapidity set equal to
that of the V system. The RISR distributions for simu-
lated events, for varying sparticle masses, are shown in
Figure 2.
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FIG. 2. The distribution of RISR for the production and

decay of �̃0
2�̃

0
2 ! Z(`+`�)�̃0

1 h(��)�̃0
1 at the 13 TeV LHC.

(Top) RISR for m�̃0
2
= 500 GeV and varying m�̃0

1
. (Bottom)

RISR as a function of p CM
ISR,T for m�̃0

2
= 500 GeV, m�̃0

1
= 450

GeV. Simulated events are generated and analyzed using the

RestFrames software package [10].

We observe that the RISR distribution for these events
scales with m�̃0

1
/m�̃0

2
, as expected from Eq. 1, with in-

creasingly fine resolution for progressively smaller mass-
splittings between the two sparticle states. Similarly, the
resolution of the kinematic feature improves for larger
values of p CM

ISR,T . This behavior can be understood from
a more careful examination of the approximate relation
described in Eq. 1. In the limit that the momenta of the

sparticle daughter in its parent’s rest frame, pP̃�̃0 , is small
relative to mP̃ , RISR corresponds to:

RISR ⇠
| 6 ~ET · p̂

ISR
T |

p
ISR
T

⇠ (3)

m�̃0

mP̃

2

41 +O

 
p
P̃
�̃0

2mP̃

!0

@

q
(p ISR

T )2 +m
2
P̃ P̃

p
ISR
T

1

A sin ⌦

3

5 ,

where sin ⌦ represents order one dot products between
the velocities relating the laboratory frame, the P̃ P̃ rest
frame, and P̃ rest frames and which, in the absence
of non-trivial spin correlations or e�ciency dependence
from decay product reconstruction and selection, is zero
on average. RISR scales with the ratiom�̃0/mP̃ , with res-

olution of the order pP̃�̃0/2mP̃ in the limit p ISR
T � mP̃ P̃ .

Hence, the observable RISR is an excellent proxy to the
quantity | 6 ~ET |/|~p

ISR
T |, sensitive to the presence of mas-

sive LSPs in the event, with accuracy improving with
increasing compression between sparticle masses. To ob-
serve this behavior, the sparticles must be put in motion
by a probe with measurable momenta, in this case an ISR
system of strong radiation, with harder probes yielding
better resolution of the m�̃0/mP̃ ratio. By construction,
this approach does not require that the ISR system’s mo-
menta is contained predominantly in a single jet. Of
course, generalizing to final states with many ISR jets is
not without its challenges. In the above example, there
is no ambiguity in which reconstructed objects should be
assigned to the sparticle and ISR systems, respectively.
In the following section, we describe a strategy for an-
alyzing events where there are combinatoric ambiguities
in the assignment of reconstructed objects to our decay
tree. We explain how to calculate RISR in these cases,
along with a set of complementary observables designed
for analyzing compressed event topologies.

III. COMPRESSED SQUARK AND GLUINO
PRODUCTION WITH HADRONIC DECAYS

When the visible decay products resulting from com-
pressed sparticle production are identifiable by their
type, the interpretation according to the decay tree in
Figure 1 is straight-forward; reconstructed objects ex-
pected to come from sparticles are assigned to the V
system, while jets correspond to ISR. Unfortunately,
all signal topologies of interest may not be this simple,
as sparticles can also decay directly or indirectly to SM
partons, resulting in reconstructed jets indiscernible from
ISR. In the context of Recursive Jigsaw Reconstruction,
such a combinatoric ambiguity is resolved through the
application of a “jigsaw rule”, an interchangeable algo-
rithm for assigning indistinguishable final-state objects
to di↵erent sub-systems of a decay tree.

Motivated by our qualitative understanding of events
with an ISR system recoiling against a compressed spar-
ticle system, we apply a jigsaw rule which attempts to

Figure 6.3: The distribution ofRISR for several signals of varying (χ̃0
2, χ̃

0
1) masses, demonstrating the correlation

betweenRISR and decay chainmass splitting [83].
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%VF UP UIF JOUFOUJPOBM JHOPSBODF PG UIF MPOHJUVEJOBM NPNFOUVN JO FBDI FWFOU
 UIF NBTTFT PG BMM

3+3 TUBUFT BSF USBOTWFSTF NBTTFT� 5IFSFGPSF
 KVTU BT UIF USBOTWFSTF NBTT DBO CF DPNQVUFE VTJOH UIF

OFVUSJOP BOE MFQUPO GPS B 8 CPTPO
 UIF USBOTWFSTF NBTT PG UIF TQBSUJDMF GSBNF
MS
T 
 DBO CF DPN�

QVUFE VTJOH UIF *OWJTJCMF BOE 7JTJCMF GSBNFT� 5IF MFOHUI PG UIF UBJM PG UIFMS
T EJTUSJCVUJPO JT EF�

UFSNJOFE CZ UIF DIBSBDUFSJTUJD TDBMF PG UIF QSPDFTT� 4JODF UIJT WBSJBCMF NJNJDT UIF USBOTWFSTF NBTT PG

UIF EJ�TQBSUJDMF TZTUFN
 TJHOBM FWFOUT BSF MJLFMZ UP CF SFDPOTUSVDUFE XJUIMS
T WBMVFT UIBU BSF DPOTJT�

UFOU XJUI UIF QSFTFODF PG UIF EJ�TQBSUJDMF TZTUFN VQTUSFBN JO UIF EFDBZ� #BDLHSPVOET UFOE UP IBWF

B CSPBEFS EJTUSJCVUJPO
 JO HFOFSBM BDDPSEJOH UP UIF LJOFNBUJD SFRVJSFNFOUT PG UIF MFBEJOH KFUT JO UIF

FWFOU�

4JODF NBOZ PG UIF 3+3 WBSJBCMFT NBLF VTF PG TJNJMBS JOGPSNBUJPO SFMBUJOH UP UIF FWFOU UISVTU BYJT


TUSPOH DPSSFMBUJPOT FYJTU CFUXFFO WBSJBCMFT� *U JT QBSUJDVMBSMZ JNQPSUBOU UP DPNQBSF BOZ OFX WBSJBCMF

XJUIRISR
 BT JU JT UIF EJSFDU SBUJP CFUXFFO UIF NPTU DPSSFMBUFE RVBOUJUJFT JO UIF SFDPOTUSVDUJPO�

'JHVSF ��� QMPUT UIF EJTUSJCVUJPO PGMS
T BT B GVODUJPO PGRISR GPS TJHOBM
 BT DPNQBSFE UP TFWFSBM

QSJNBSZ CBDLHSPVOET� /PU POMZ JT UIF TJHOBM UP CBDLHSPVOE EJTDSJNJOBUJPO BMPOHMS
T FWJEFOU
 CVU

UIF DPSSFMBUJPO XJUIRISR JOEJDBUFT QPUFOUJBM GPS B EJBHPOBM DVU BMPOH CPUI WBSJBCMFT UP F୭GFDUJWFMZ

DVU BXBZ CBDLHSPVOE UIBU PDDVST BU IJHIFSRISR 	XIFSF UIF TJHOBM JT DPODFOUSBUFE
 CVU MPXMS
T �
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can be seen in Figure 7, after imposing the requirements
on p

CM
ISR,T and N

V
jet from Table I. While the discrimina-

tion power of RISR is visible, it is clear that background
contributions can be successfully managed by relaxing
the selection on RISR in favor of an additional require-
ment on M

S
T . Tightening the selection requirement on

M
S
T with increasing signal mass-splittings can be used to

compensate for decreasing RISR discrimination.
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FIG. 7. Distribution of transverse mass of the ‘sparticle’

system ‘S’ (MS
T ) as a function of RISR for the boson+jets

(upper left), di-boson (upper right), top+X (lower left) and

gluino signal (lower right) samples.

The final variable considered from the application of
Recursive Jigsaw Reconstruction to the decay tree in
Figure 1 is the opening angle between the ISR system
and the invisible system evaluated in the CM frame,
��ISR,I. The distribution of ��ISR,I, after the applica-
tion of the loosest of all other selection criteria on other
variables in Table I, is shown for example squark sig-
nals and backgrounds in Figure 8. Further improvements
in sensitivity can be achieved through a requirement on
this observable. In order to maintain a conservative se-
lection, the same requirement of ��ISR,I > 3 is imposed
for gluinos and squarks in all signal scenarios studied. To
extract the optimal significance for each signal point con-
sidered, one could consider further tuning the selection
criteria on this quantity.

Taking into account the phenomenology of the vari-
ables considered, and studying sensitivity variations with
di↵erent selection requirements, we define four exam-
ple signal regions aimed at targeting the di↵erent mass-
splittings scenarios represented by the simulated signal
samples. We summarize the ‘preselection criteria’ in one
line, including a veto on events containing an electron,
muon or jet tagged as having been initiated by the frag-
mentation of a b-quark, along with loose requirements on
the 6 ~ET (>100 GeV) and leading jet transverse momen-
tum (pT > 20 GeV). Events where large momentum is
provided to the sparticles from ISR are selected by con-
sidering only those with p

CM
ISR,T > 1000 GeV. In this high

p
CM
ISR,T regime there is an interesting interplay between
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FIG. 8. Distribution of ��ISR,I for SM backgrounds com-

pared with the squark pair signal samples. All curves are

shown after applying the relevant criteria from Table I. Al-

though both signal and background distributions tend to-

wards ⇡ the signal has a much stronger tendency to do so.

the further selection criteria considered. The RISR se-
lection applied is progressively looser as the target sig-
nal mass-splitting becomes larger, with correspondingly
more stringent requirements on the M

S
T and N

V
jet vari-

ables. A conservative ��ISR,I requirement is applied to
all events. Furthermore, we apply a minimum transverse
momentum requirement on the second (third) jet in the
squark (gluino) analysis. There are modest but unique
gains from selecting events with increasingly larger values
of the momenta of these jets as a function of increased
mass-splitting between parent sparticles and LSPs. Rep-
resentative signal and background yields for 100 fb�1 of
data at the 14 TeV LHC after the application of these
requirements are illustrated in Figure 9.
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Figure 6.4: The distribution ofMS
T as a function ofRISR for background as compared to signal simulations [83].
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has on other, correlated, variables. The most striking
example of this complementarity can be seen in the two-
dimensional distributions of p CM

ISR,T and RISR, shown in
Figure 4 for signal and backgrounds. Analogous to Fig-
ure 2, increasing p

CM
ISR,T results in a narrowing of the

RISR distribution for compressed signals, while p
CM
ISR,T

and RISR are strongly anti-correlated for backgrounds.
Hence, progressively stricter p

CM
ISR,T requirements yield

improved RISR discrimination, with the optimal selection
for the latter depending on the signal characteristics, in
particular the ratio m�̃0/mP̃ .
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FIG. 4. Distribution of the p CM
ISR,T as a function of RISR for (from left to right) boson+jets and top+X backgrounds, gluino

and squark pair-production signal samples.

As is typical in searches for squarks and gluinos, se-
lection requirements based on reconstructed jet multi-
plicity can suppress contributions from backgrounds with
characteristically fewer jets, such as di-boson and vector-
boson + jets processes. Using the decay tree interpreta-
tion imposed on each event, the e�cacy of such require-
ments can be enhanced by taking into account the par-
titioning of jets between the V and ISR systems. While
the multiplicity of ISR-associated jets tends to be similar
between signals and backgrounds, the number of jets in
each event assigned to the V system, NV

jet, is a powerful
discriminant, as demonstrated in Figure 5. Increasing
mass-splittings between parent and daughter sparticles
result in, on average, larger N

V
jet, with cuts on this ob-

servable suppressing vector boson + jets backgrounds in
particular.
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FIG. 5. The number of jets with minimum pT > 20 GeV

assigned to the V frame, NV
jet, after application of the p CM
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and RISR selections described in Table I. Gluino signals tends

to have a larger NV
jet compared to SM backgrounds.

The complementarity of the NV
jet selection requirement

with RISR is illustrated in Figure 6, where the two-
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greater than 20 GeV, assigned to the Visible system ‘V’ as

a function of RISR for the boson+jets (upper left), di-boson

(upper right), top+X (lower left) and gluino signal (lower

right) samples.

dimensional distribution of NV
jet and RISR is plotted for

vector boson+jets, di-boson and top+X, to be compared
with a gluino signal with a mass-splitting of 100 GeV.
Notably, the large background contributions from bo-
son+jets and di-boson in the high RISR region occur at
N

V
jet = 1. These processes include W ! ⌧⌫, where the

hadronically decaying ⌧ lepton is mis-identified as a jet,
and Z(! ⌫⌫̄) events with only one associated jet in the
V system. For gluino signals, a minimum of three jets
associated with the sparticle system is a favorable se-
lection, whereas cases where the mass-splitting is larger
tend to benefit from the imposition of an even tighter
requirement. A useful anti-correlation between RISR and
N

V
jet can be exploited to define di↵erent signal regions,

benefitting from their interplay.

The distribution of the transverse mass of all the con-
stituents of the S system, M

S
T , as a function of RISR,

5

has on other, correlated, variables. The most striking
example of this complementarity can be seen in the two-
dimensional distributions of p CM

ISR,T and RISR, shown in
Figure 4 for signal and backgrounds. Analogous to Fig-
ure 2, increasing p

CM
ISR,T results in a narrowing of the

RISR distribution for compressed signals, while p
CM
ISR,T

and RISR are strongly anti-correlated for backgrounds.
Hence, progressively stricter p

CM
ISR,T requirements yield

improved RISR discrimination, with the optimal selection
for the latter depending on the signal characteristics, in
particular the ratio m�̃0/mP̃ .
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FIG. 4. Distribution of the p CM
ISR,T as a function of RISR for (from left to right) boson+jets and top+X backgrounds, gluino

and squark pair-production signal samples.

As is typical in searches for squarks and gluinos, se-
lection requirements based on reconstructed jet multi-
plicity can suppress contributions from backgrounds with
characteristically fewer jets, such as di-boson and vector-
boson + jets processes. Using the decay tree interpreta-
tion imposed on each event, the e�cacy of such require-
ments can be enhanced by taking into account the par-
titioning of jets between the V and ISR systems. While
the multiplicity of ISR-associated jets tends to be similar
between signals and backgrounds, the number of jets in
each event assigned to the V system, NV

jet, is a powerful
discriminant, as demonstrated in Figure 5. Increasing
mass-splittings between parent and daughter sparticles
result in, on average, larger N

V
jet, with cuts on this ob-

servable suppressing vector boson + jets backgrounds in
particular.
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FIG. 5. The number of jets with minimum pT > 20 GeV

assigned to the V frame, NV
jet, after application of the p CM

ISR,T

and RISR selections described in Table I. Gluino signals tends

to have a larger NV
jet compared to SM backgrounds.

The complementarity of the NV
jet selection requirement

with RISR is illustrated in Figure 6, where the two-
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FIG. 6. Distribution of Number of jets with momentum

greater than 20 GeV, assigned to the Visible system ‘V’ as

a function of RISR for the boson+jets (upper left), di-boson

(upper right), top+X (lower left) and gluino signal (lower

right) samples.

dimensional distribution of NV
jet and RISR is plotted for

vector boson+jets, di-boson and top+X, to be compared
with a gluino signal with a mass-splitting of 100 GeV.
Notably, the large background contributions from bo-
son+jets and di-boson in the high RISR region occur at
N

V
jet = 1. These processes include W ! ⌧⌫, where the

hadronically decaying ⌧ lepton is mis-identified as a jet,
and Z(! ⌫⌫̄) events with only one associated jet in the
V system. For gluino signals, a minimum of three jets
associated with the sparticle system is a favorable se-
lection, whereas cases where the mass-splitting is larger
tend to benefit from the imposition of an even tighter
requirement. A useful anti-correlation between RISR and
N

V
jet can be exploited to define di↵erent signal regions,

benefitting from their interplay.

The distribution of the transverse mass of all the con-
stituents of the S system, M

S
T , as a function of RISR,

Figure 6.5: The distribution of pISR
T as a function ofRISR for background (top) as compared to signal simulations

(bottom) [83]. Counterclockwise from upper right: top+X, boson+jets, gluino signal, squark signal.
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has on other, correlated, variables. The most striking
example of this complementarity can be seen in the two-
dimensional distributions of p CM

ISR,T and RISR, shown in
Figure 4 for signal and backgrounds. Analogous to Fig-
ure 2, increasing p

CM
ISR,T results in a narrowing of the

RISR distribution for compressed signals, while p
CM
ISR,T

and RISR are strongly anti-correlated for backgrounds.
Hence, progressively stricter p

CM
ISR,T requirements yield

improved RISR discrimination, with the optimal selection
for the latter depending on the signal characteristics, in
particular the ratio m�̃0/mP̃ .
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FIG. 4. Distribution of the p CM
ISR,T as a function of RISR for (from left to right) boson+jets and top+X backgrounds, gluino

and squark pair-production signal samples.

As is typical in searches for squarks and gluinos, se-
lection requirements based on reconstructed jet multi-
plicity can suppress contributions from backgrounds with
characteristically fewer jets, such as di-boson and vector-
boson + jets processes. Using the decay tree interpreta-
tion imposed on each event, the e�cacy of such require-
ments can be enhanced by taking into account the par-
titioning of jets between the V and ISR systems. While
the multiplicity of ISR-associated jets tends to be similar
between signals and backgrounds, the number of jets in
each event assigned to the V system, NV

jet, is a powerful
discriminant, as demonstrated in Figure 5. Increasing
mass-splittings between parent and daughter sparticles
result in, on average, larger N

V
jet, with cuts on this ob-

servable suppressing vector boson + jets backgrounds in
particular.
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FIG. 5. The number of jets with minimum pT > 20 GeV

assigned to the V frame, NV
jet, after application of the p CM
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and RISR selections described in Table I. Gluino signals tends

to have a larger NV
jet compared to SM backgrounds.

The complementarity of the NV
jet selection requirement

with RISR is illustrated in Figure 6, where the two-
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greater than 20 GeV, assigned to the Visible system ‘V’ as

a function of RISR for the boson+jets (upper left), di-boson

(upper right), top+X (lower left) and gluino signal (lower

right) samples.

dimensional distribution of NV
jet and RISR is plotted for

vector boson+jets, di-boson and top+X, to be compared
with a gluino signal with a mass-splitting of 100 GeV.
Notably, the large background contributions from bo-
son+jets and di-boson in the high RISR region occur at
N

V
jet = 1. These processes include W ! ⌧⌫, where the

hadronically decaying ⌧ lepton is mis-identified as a jet,
and Z(! ⌫⌫̄) events with only one associated jet in the
V system. For gluino signals, a minimum of three jets
associated with the sparticle system is a favorable se-
lection, whereas cases where the mass-splitting is larger
tend to benefit from the imposition of an even tighter
requirement. A useful anti-correlation between RISR and
N

V
jet can be exploited to define di↵erent signal regions,

benefitting from their interplay.

The distribution of the transverse mass of all the con-
stituents of the S system, M

S
T , as a function of RISR,

Figure 6.6: The distribution ofNjV as a function ofRISR for background as compared to signal simulations [83].

Counterclockwise from upper right: diboson, boson + jets, top + X, gluino signal.
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 GPS TFWFSBM

HMVJOP TJHOBMT PG EJ୭GFSFOU NBTTFT BOE TFWFSBM LFZ CBDLHSPVOET�
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can be seen in Figure 7, after imposing the requirements
on p

CM
ISR,T and N

V
jet from Table I. While the discrimina-

tion power of RISR is visible, it is clear that background
contributions can be successfully managed by relaxing
the selection on RISR in favor of an additional require-
ment on M

S
T . Tightening the selection requirement on

M
S
T with increasing signal mass-splittings can be used to

compensate for decreasing RISR discrimination.
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FIG. 7. Distribution of transverse mass of the ‘sparticle’

system ‘S’ (MS
T ) as a function of RISR for the boson+jets

(upper left), di-boson (upper right), top+X (lower left) and

gluino signal (lower right) samples.

The final variable considered from the application of
Recursive Jigsaw Reconstruction to the decay tree in
Figure 1 is the opening angle between the ISR system
and the invisible system evaluated in the CM frame,
��ISR,I. The distribution of ��ISR,I, after the applica-
tion of the loosest of all other selection criteria on other
variables in Table I, is shown for example squark sig-
nals and backgrounds in Figure 8. Further improvements
in sensitivity can be achieved through a requirement on
this observable. In order to maintain a conservative se-
lection, the same requirement of ��ISR,I > 3 is imposed
for gluinos and squarks in all signal scenarios studied. To
extract the optimal significance for each signal point con-
sidered, one could consider further tuning the selection
criteria on this quantity.

Taking into account the phenomenology of the vari-
ables considered, and studying sensitivity variations with
di↵erent selection requirements, we define four exam-
ple signal regions aimed at targeting the di↵erent mass-
splittings scenarios represented by the simulated signal
samples. We summarize the ‘preselection criteria’ in one
line, including a veto on events containing an electron,
muon or jet tagged as having been initiated by the frag-
mentation of a b-quark, along with loose requirements on
the 6 ~ET (>100 GeV) and leading jet transverse momen-
tum (pT > 20 GeV). Events where large momentum is
provided to the sparticles from ISR are selected by con-
sidering only those with p

CM
ISR,T > 1000 GeV. In this high

p
CM
ISR,T regime there is an interesting interplay between
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=14 TeVs,  -1Madgraph + Pythia + Delphes                             L = 100 fb∫

FIG. 8. Distribution of ��ISR,I for SM backgrounds com-

pared with the squark pair signal samples. All curves are

shown after applying the relevant criteria from Table I. Al-

though both signal and background distributions tend to-

wards ⇡ the signal has a much stronger tendency to do so.

the further selection criteria considered. The RISR se-
lection applied is progressively looser as the target sig-
nal mass-splitting becomes larger, with correspondingly
more stringent requirements on the M

S
T and N

V
jet vari-

ables. A conservative ��ISR,I requirement is applied to
all events. Furthermore, we apply a minimum transverse
momentum requirement on the second (third) jet in the
squark (gluino) analysis. There are modest but unique
gains from selecting events with increasingly larger values
of the momenta of these jets as a function of increased
mass-splitting between parent sparticles and LSPs. Rep-
resentative signal and background yields for 100 fb�1 of
data at the 14 TeV LHC after the application of these
requirements are illustrated in Figure 9.
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FIG. 9. The distribution of RISR for example gluino sig-

nals and backgrounds after the application of requirements

on p CM
ISR,T (> 1000 GeV), MS

T (> 100 GeV), NV
jet � 3, and

��ISR,I(> 3.0). We observe that selecting events with large

values of RISR provides excellent discrimination between sig-

nals and backgrounds.

Figure 6.7: The distribution of∆Φ(ISR,I) for background as compared to several gluino signal mass points [83].

(JWFO UIF TUSPOH QIZTJDT NPUJWBUJPO BOE QPUFOUJBMMZ QPXFSGVM TJHOBM UP CBDLHSPVOE EJTDSJNJOB�

UJPO PG UIFTF WBSJBCMFT
 UIFZ BSF HPPE DBOEJEBUFT GPS VTF JO BOBMZTFT UIBU IBWF IJTUPSJDBMMZ TUSVHHMFE

UP HBJO TFOTJUJWJUZ UP DPNQSFTTFE TJHOBMT� 5IF QSFDJTF BEWBOUBHF QSPWJEFE CZ UIFTF WBSJBCMFT BOE UIF

3+3 NFUIPE PWFSBMM JT EFTDSJCFE GVSUIFS JO UIF GPMMPXJOH QBSU PG UIJT UIFTJT�

���
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&WFOU $MFBOJOH

8PSLJOH XJUI DPNQSFTTFE NBTT TQFDUSB BMTP SFRVJSFT QSFDJTF VOEFSTUBOEJOH PG CBDLHSPVOET UIBU NBZ

QPTF QSPCMFNT JO UIF BOBMZTJT
 CFDBVTF UIFZ FJUIFS DMPTFMZ NJNJD UIF TJHOBM PS BSF EJ୭୮ୢDVMU UP FTUJNBUF�

*O UIF DBTF PG DPNQSFTTFE 464: TJHOBUVSFT XJUI *43�BTTJTUFE UPQPMPHJFT
 UIF TJHOBM UZQJDBMMZ BQQFBST

JO UIF EFUFDUPS BT NJTTJOH FOFSHZ CBDL�UP�CBDL XJUI FOFSHZ EFQPTJUFE CZ KFUT BOE�PS MFQUPOT� #FDBVTF

PG UIF MBSHF USBOTWFSTF JNCBMBODF JO UIF FWFOU
 UIJT ୮ୢOBM TUBUF JT PG୴FO DPOUBNJOBUFE CZ أGBLFآ KFUT
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XIJDI DBO CF DPIFSFOU DBMPSJNFUFS OPJTF UIBU HFUT SFDPOTUSVDUFE BT B KFU
 DBMPSJNFUFS FOFSHZ EFQPTJ�

UJPO UIBU DBNF GSPN B EJ୭GFSFOU QBSUJDMF TVDI BT B NVPO
 PS SFBM IBESPOJD BDUJWJUZ OPU BTTPDJBUFE UP

UIF IBSE TDBUUFS DPMMJTJPO�

5IF SBX QSPUPO�QSPUPO EBUB DPMMFDUFE CZ UIF "5-"4 EFUFDUPS NVTU VOEFSHP TFWFSBM EBUB RVBM�

JUZ QSPDFEVSFT CFGPSF JU JT EFDMBSFE VTBCMF GPS QIZTJDT BOBMZTJT <��>� &BDI QSPDFEVSF JT VOJRVFMZ EF�

୮ୢOFE UP UBSHFU B TQFDJ୮ୢD TPVSDF PG DPOUBNJOBUJPO
 TVDI BT EFUFDUPS DPOUSPM DPOEJUJPOT PS TVCTZTUFN

F୭GFDUT
 UIBU DBO DPNQSPNJTF BO FWFOU� 0OF PG UIFTF QSPDFEVSFT UIBU TQFDJ୮ୢDBMMZ UBSHFUT QSPCMFN�

BUJD FWFOUT DPOUBNJOBUFE CZ GBLF KFUT JT UIF QSPDFTT PG FWFOU DMFBOJOH
 XIJDI HFOFSBUFT B EFDJTJPO PO

XIFUIFS BO FWFOU JT أDMFBOآ CZ FYBNJOJOH FBDI KFU JO UIF FWFOU� *G BOZ PG UIF KFUT BSF 
أEJSUZآ JO UIBU

UIFZ EP OPU QBTT BO FTUBCMJTIFE TFU PG DMFBOJOH DSJUFSJB
 UIF FOUJSF FWFOU NVTU CF WFUPFE UP BWPJE NJT�

NFBTVSFNFOU PG PUIFS PCKFDUT PS FWFOU�MFWFM RVBOUJUJFT TVDI BTEmiss
T �

5IF KFU�MFWFM DMFBOJOH DSJUFSJB UBSHFUT UISFF QSJNBSZ TPVSDFT PG KFUT OPU JOUFOEFE GPS QIZTJDT�

�� #FBN JOEVDFE CBDLHSPVOE 	#*#
 <��>
 XIJDI HFOFSBMMZ DPOTJTUT PG NVPOT QSPEVDFE GSPN
CFBN MPTTFT VQTUSFBN PG UIF JOUFSBDUJPO QPJOU� 8IJMF UIFSF JT TIJFMEJOH NBUFSJBM BSPVOE UIF
CFBN QJQF UP BCTPSC CFBN IBMP PS HBT
 TVDI NVPOT PG୴FO IBWF IJHI FOPVHI FOFSHZ UP QBTT
UISPVHI VOFODVNCFSFE
 BU XIJDI QPJOU UIFJS SBEJBUJWF FOFSHZ MPTTFT JO UIF DBMPSJNFUFS DBO CF
SFDPOTUSVDUFE BT B KFU�

�� $PTNJD SBZ TIPXFST
 XIJDI TJNJMBSMZ QSPEVDF IJHI FOFSHZ NVPOT UIBU DBO CF GBMTFMZ SFDPO�
TUSVDUFE BT KFUT JO UIF DBMPSJNFUFST�

�� $PIFSFOU DBMPSJNFUFS OPJTF PS QBUIPMPHJDBM DFMMT� .PTU PG UIF OPJTF GSPN UIFTF TPVSDFT JT
FJUIFS NBTLFE JO FWFOU SFDPOTUSVDUJPO PS SFKFDUFE CZ EBUB RVBMJUZ JOTQFDUJPO <��>� )PXFWFS

JO SBSF DBTFT
 OPJTF DBO CF SFDPOTUSVDUFE BT B KFU UIBUT HFUT QBTU UIFTF ୮ୢMUFST�

5IF ୮ୢSTU UXP PG UIFTF UISFF TPVSDFT BSF SFGFSSFE UP BT OPO�DPMMJTJPO CBDLHSPVOE� 5IF DMFBOJOH DSJ�

UFSJB BQQMJFE UP FBDI KFU DPOTJTUT PG DVU WBMVFT PO LFZ WBSJBCMFT EFTJHOFE UP EJTDSJNJOBUF CFUXFFO SFBM
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KFUT BOE KFUT XIJDI BSF OPU BTTPDJBUFE UP UIF QSJNBSZ JOUFSBDUJPO�

��� +঎ঝ $ক঎ঊগ঒গঐ 7ঊছ঒ঊঋক঎জ

5IF 3VO ** DMFBOJOH QSPDFEVSF VUJMJ[FT TFWFSBM RVBMJUZ WBSJBCMFT UIBU BSF DBMDVMBUFE GPS FBDI KFU <��>�

5IFTF WBSJBCMFT XFSF TFMFDUFE PO UIF CBTJT PG BCJMJUZ UP EJTDSJNJOBUF CFUXFFO IBSE TDBUUFS 	HPPE
 KFUT

BOE GBMTFMZ SFDPOTUSVDUFE 	GBLF
 KFUT� %JTDSJNJOBUJPO DBQBCJMJUZ JT BTTFTTFE JO EBUB GPS UXP EFEJDBUFE

SFHJPOT
 POF FOSJDIFE JO HPPE KFUT BOE UIF PUIFS FOSJDIFE JO GBLFT� 5IFTF SFHJPOT BSF EF୮ୢOFE JO "Q�

QFOEJY "�

5IF RVBMJUZ WBSJBCMFT DBO CF TPSUFE JOUP UXP DBUFHPSJFT
 FBDI PG XIJDI BUUBDLT B QBSUJDVMBS TPVSDF

PG GBLF KFUT�

����� &গ঎ছঐঢ 3ঊঝ঒ঘ 7ঊছ঒ঊঋক঎জ

&OFSHZ SBUJP WBSJBCMFT DPOUBJO JOGPSNBUJPO BCPVU UIF GSBDUJPO PG B KFUؠT FOFSHZ UIBU JT EFQPTJUFE

UISPVHIPVU UIF EFUFDUPS TVCTZTUFNT� 5IFZ TQFDJ୮ୢDBMMZ UBSHFU OPO�DPMMJTJPO CBDLHSPVOE GSPN IJHI

FOFSHZ NVPOT
 BT UIJT UZQF PG GBLF KFU UFOET UP USBWFSTF UIF EFUFDUPS MPOHJUVEJOBMMZ SBUIFS UIBO PSJHJ�

OBUJOH GSPN UIF QSJNBSZ JOUFSBDUJPO QPJOU
 HJWJOH BO BOPNBMPVT QBUUFSO PG FOFSHZ EFQPTJUJPO JO UIF

EFUFDUPS� "MM PG UIFTF WBSJBCMFT BSF DPNQVUFE PO UIF FMFDUSPNBHOFUJD FOFSHZ TDBMF�

ا &MFDUSPNBHOFUJD 'SBDUJPO 	fEM 
� SBUJP PG UIF FOFSHZ EFQPTJUFE JO UIF FMFDUSPNBHOFUJD DBMPSJNF�
UFS UP UIF UPUBM KFU FOFSHZ�

ا )&$ 'SBDUJPO 	fHEC 
� SBUJP PG UIF FOFSHZ EFQPTJUFE JO UIF IBESPOJD FOEDBQ DBMPSJNFUFS UP
UIF UPUBM KFU FOFSHZ�
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Figure 7.1: Distributions of fem, fHEC , fch, and fmax are shown in 2017 data for both good (blue) and fake (red)

EMTopo jet selections. 2016 data is superimposed as a reference (yellow).

ا $IBSHF 'SBDUJPO 	fch
� SBUJP PG UIF TDBMBS TVN PG pT PG QSJNBSZ WFSUFY USBDLT BTTPDJBUFE UP B
KFU UP UIF UPUBM pT PG UIF KFU�

ا .BYJNVN &OFSHZ 'SBDUJPO 	fmax
� NBYJNVN GSBDUJPO PG B KFUؠT FOFSHZ EFQPTJUFE JO B TJOHMF
DBMPSJNFUFS MBZFS�

'JHVSF ��� TIPXT EJTUSJCVUJPOT PG UIFTF GPVS FOFSHZ SBUJP WBSJBCMFT VTJOH EBUB DPMMFDUFE CZ "5-"4

JO ����� (PPE KFUT IBWF B TNPPUI EJTUSJCVUJPO BDSPTT BMM WBMVFT PG UIFTF WBSJBCMFT
 XIJMF GBLF KFUT UFOE

UP IBWF WFSZ MPX PS IJHI WBMVFT 	JOEJDBUJOH B KFU XJUI BO BOPNBMPVT FOFSHZ EFQPTJUJPO QBUUFSO�
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$BMPSJNFUFS RVBMJUZ WBSJBCMFT BSF CBTFE PO UIF TJHOBM TIBQF JO B -"S DFMM BT HJWFO CZQLAr
cell 	TFF &RVB�

UJPO ���
 BOE BSF UIFSFGPSF VTFE UP SFNPWF DPIFSFOU PS JTPMBUFE DFMM OPJTF� 'PS UIFTF UISFF WBSJBCMFT


QPPS TJHOBM TIBQF RVBMJUZ JT EF୮ୢOFE BT B DFMM XJUI RVBMJUZ WBSJBCMFQLAr
cell � �����

ا "WFSBHF -"S VBMJUZތ ⟨Q⟩� &OFSHZ�TRVBSFE XFJHIUFE BWFSBHF PGQLAr
cell GPS BMM -"S DFMMT JO UIF

KFU
 OPSNBMJ[FE TP UIBU � � ⟨Q⟩ � ��

ا -"S VBMJUZތ 'SBDUJPO fQ
LAr� 'SBDUJPO PG B KFUؠT FOFSHZ JO UIF -"S DBMPSJNFUFS UIBU IBT QPPS

TJHOBM TIBQF RVBMJUZ�

ا )&$ VBMJUZތ 'SBDUJPO fQ
HEC � 'SBDUJPO PG KFUؠT FOFSHZ JO UIF )&$ DBMPSJNFUFS UIBU IBT QPPS

TJHOBM TIBQF RVBMJUZ�

"O BEEJUJPOBM DBMPSJNFUFS RVBMJUZ WBSJBCMF UIBU DBO CF VTFE JO KFU DMFBOJOH JT UIF OFHBUJWF FOFSHZ

BTTPDJBUFE UP B KFU
Eneg 
 XIJDI TVNT UIF FOFSHZ EFQPTJUFE JO BMM DBMPSJNFUFS DFMMT UIBU IBWF OFHBUJWF

FOFSHZ� (PPE KFUT DBO IBWF TNBMM BNPVOUT PG OFHBUJWF FOFSHZ DPNJOH GSPN FMFDUSPOJD OPJTF PS QJMF�

VQ F୭GFDUT
 XIJMF GBLF KFUT UFOE UP IBWF MBSHFS BNPVOUT DPNJOH GSPN QBUIPMPHJDBM DFMMT�

'JHVSF ��� TIPXT EJTUSJCVUJPOT PG UIF DBMPSJNFUFS RVBMJUZ WBSJBCMFT VTJOH EBUB DPMMFDUFE CZ "5-"4

JO ����� (PPE KFUT VTVBMMZ IBWF HPPE TJHOBM QVMTF TIBQF BOE UIVT MPX WBMVFT PG UIFTF WBSJBCMFT
 XIJMF

GBLF KFUT IBWF WBMVFT UIBU EJ୭GFS TJHOJ୮ୢDBOUMZ GSPN [FSP BT B SFTVMU PG QSPCMFNBUJD DFMM TJHOBMT� 7BMVFT

DMPTF UP POF BSF NBJOMZ EVF UP DPIFSFOU OPJTF PS TQPSBEJDBMMZ OPJTZ DFMMT
 UIF QSJNBSZ UBSHFU GPS EJT�

DSJNJOBUJPO
 XIJMF JOUFSNFEJBUF WBMVFT DBO DPNF GSPN OPO�DPMMJTJPO CBDLHSPVOE�

+FU RVBMJUZ WBSJBCMFT BSF BMTP DPNQVUFE JO .POUF $BSMP TJNVMBUJPO
 BOE HPPE BHSFFNFOU JT PC�

TFSWFE XJUI SFTQFDU UP EBUB� %FWJBUJPOT BSF PCTFSWFE CFUXFFO TJNVMBUJPO BOE EBUB GPS UIF DBMPSJNFUFS
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Figure 7.2: Distributions of ⟨Q⟩, fQ
LAr , f

Q
HEC , andEneg are shown in 2017 data for both good (blue) and fake (red)

EMTopo jet selections. 2016 data is superimposed as a reference (yellow).
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RVBMJUZ WBSJBCMFT
 XIJDI BSF FYQMBJOFE CZ UIF VTF PG B DPOTJTUFOU QVMTF TIBQF JO TJNVMBUJPO
 SFTVMUJOH

JO NPSF QSFEJDUFE WBMVFT DMPTFS UP � <��>�

��� 3ঞগ ** 1ছঘঌ঎঍ঞছ঎ � 1঎ছএঘছখঊগঌ঎

&BDI PG UIF BCPWF KFU RVBMJUZ WBSJBCMFT BSF VTFE JO UIF GVMM FWFOU DMFBOJOH QSPDFEVSF� 5IF HPBM PG

FWFOU DMFBOJOH JT UP NBJOUBJO HPPE TFMFDUJPO F୭୮ୢDJFODZ GPS HPPE KFUT
 XIJMF F୭୮ୢDJFOUMZ SFKFDUJOH GBLF

KFUT� #FGPSF FWFOU DMFBOJOH DBO CF QFSGPSNFE
 JU JT OFDFTTBSZ UP QFSGPSN QJMF�VQ UBHHJOH�SFNPWBM

XJUI UIF KFU WFSUFY UBHHFS 	+75
 BT EFTDSJCFE JO 4FDUJPO �����
 BOE PWFSMBQ SFNPWBM 	03
 UP SFTPMWF

BNCJHVJUJFT CFUXFFO DBOEJEBUF PCKFDUT�

4JODF EJ୭GFSFOU BOBMZTFT IBWF WBSZJOH HPBMT XJUI SFTQFDU UP DMFBOJOH
 TFWFSBM EJ୭GFSFOU RVBMJUZ WBSJ�

BCMF DVU TFRVFODFT
 PS XPSLJOH QPJOUT
 BSF P୭GFSFE�

ا -PPTF� EFGBVMU XPSLJOH QPJOU VTFE CZ NPTU BOBMZTFT�

ا 5JHIU� TQFDJBMJ[FE XPSLJOH QPJOU DSFBUFE GPS أNPOPKFUآ TFBSDIFT XJUI BO FOFSHFUJD KFU BOE
MBSHF NJTTJOH USBOTWFSTF NPNFOUVN <��>
 XIJDI IBT B TJHOBM UIBU DMPTFMZ NJNJDT UZQJDBM GBLF
KFU TJHOBUVSFT BOE UIVT OFFET B NPSF TUSJOHFOU GBLF KFU SFKFDUJPO� 5JHIU DMFBOJOH JT EF୮ୢOFE
POMZ GPS |η| � ����

ا -PPTF�7FSZ-PPTF--1� TQFDJBMJ[FE XPSLJOH QPJOUT DSFBUFE GPS TFBSDIFT XJUI EJTQMBDFE WFSUJDFT
BOE NJTTJOH FOFSHZ <��>� "T B SFTVMU PG UIF EJTQMBDFE WFSUFY
 UIF UBSHFUFE TJHOBM IBT VOJRVF
FOFSHZ EFQPTJUJPO BOE UJNJOH
 UIFSFGPSF NBLJOH TFWFSBM TUBOEBSE RVBMJUZ WBSJBCMFT TVDI BT
fEM VOVTBCMF�

5IF GPMMPXJOH DVU MJTUT EF୮ୢOF UIF XBZT JO XIJDI B KFU DBO GBJM UIF TQFDJ୮ୢFE DMFBOJOH DSJUFSJB� "O

FWFOUT GBJMT B QBSUJDVMBS XPSLJOH QPJOU JG BU MFBTU POF PG JUT KFUT JT JEFOUJ୮ୢFE BT أBE#آ BDDPSEJOH UP UIF

DVU MJTU�
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" KFU JT JEFOUJ୮ୢFE BT -PPTF#BE JG JU TBUJT୮ୢFT BOZ PG UIF GPMMPXJOH�

�� fHEC � ��� BOE |fQ
HEC | � ��� BOE ⟨Q⟩ � ��� 	)&$ OPJTF TQJLF


�� fEM � ���� BOE fQ
LAr � ��� BOE ⟨Q⟩ � ��� BOE |η| � ��� 	&. DBMPSJNFUFS OPJTF


�� fmax � ���� BOE |η| � ���

�� fEM � ���� BOE fch � ���� BOE |η| � ���

�� fEM � ���� BOE |η|≥ ���

" KFU JT JEFOUJ୮ୢFE BT 5JHIU#BE JG JU JT JEFOUJ୮ୢFE BT -PPTF#BE
 PS JG JU IBT fch/fmax � ��� GPS |η| �

���� 5IJT SBUJP XBT GPVOE UP CF FTQFDJBMMZ F୭୮ୢDJFOU BU UBSHFUJOH GBLF KFUT
 XIJDI QSFGFSFOUJBMMZ IBWF

fch OFBS � BOE fmax OFBS �� 6TBHF PG UIF 5JHIU DMFBOJOH XPSLJOH QPJOU XBT GPVOE UP SFEVDF OPO�

DPMMJTJPO CBDLHSPVOE JO UIF NPOPKFU BOBMZTJT UP B OFHMJHJCMF MFWFM BT DPNQBSFE UP PUIFS 4UBOEBSE

.PEFM CBDLHSPVOET�

5IF MPOH�MJWFE QBSUJDMF 	--1
 XPSLJOH QPJOUT BSF EF୮ୢOFE TFQBSBUFMZ BT UIFZ EP OPU CVJME PO UIF

-PPTF#BE EFDJTJPO� " KFU JT JEFOUJ୮ୢFE BT 7FSZ-PPTF#BE--1 JG JU IBT fmax � ��� PS fEM � ����� " KFU

JT JEFOUJ୮ୢFE BT -PPTF#BE--1 JG JU TBUJT୮ୢFT -PPTF#BE DVU TUSJOHT �
 �
 PS � 	BCPWF

 PS JG JU IBTEneg �

� (F7 BOE fmax � ����� 5IJT QSPDFEVSF XBT GPVOE UP SFNPWF ��ॎ PG CFBN�JOEVDFE CBDLHSPVOE JO

UIF EJTQMBDFE WFSUFY QMVT NJTTJOH FOFSHZ TFBSDIFT
 XJUI � �ॎ F୭GFDU PO TJHOBMT�

3FDBMM UIBU UIF FWFOU�MFWFM DMFBOJOH EFDJTJPO JT EFUFSNJOFE CZ FYBNJOBUJPO PG BMM UIF KFUT JO BO

FWFOU� JG POF KFU JT EJSUZ
 UIF FOUJSF FWFOU JT WFUPFE� $BMDVMBUJPO PG UIJT EFDJTJPO GPS UIF -PPTF XPSLJOH

QPJOU
 BMPOH XJUI QSFMJNJOBSZ +75 BOE 03 QSPDFEVSFT
 XBT BEEFE BU EFSJWBUJPO MFWFM JO ����� %P�

JOH TP BMMPXT UIF SFNPWBM PG BMM KFU RVBMJUZ WBSJBCMFT GSPN UIF EFSJWBUJPOT BOE SFQMBDJOH UIFN XJUI B

TJOHMF FWFOU�MFWFM EFDJTJPO
 TBWJOH TQBDF BOE TJNQMJGZJOH UIF BQQMJDBUJPO PG UIF DMFBOJOH QSPDFEVSF�

���



����� 5ঊঐ�ঊগ঍�1ছঘঋ঎ &এএ঒ঌ঒঎গঌঢ

5IF F୭୮ୢDJFODZ PG UIF FWFOU DMFBOJOH QSPDFEVSF JT NFBTVSFE XJUI B أUBH�BOE�QSPCFآ NFUIPE VTJOH UIF

HPPE EJKFU SFHJPO EF୮ୢOFE JO "QQFOEJY "� 0OF PG UIF UXP MFBEJOH KFUT JO UIF FWFOU JT SFRVJSFE UP QBTT

UIF 5JHIU XPSLJOH QPJOU DSJUFSJB� UIJT JT LOPXO BT UIF UBH KFU� 5IF QSPCF KFU JT UIFO CZ EFGBVMU UIF

PUIFS MFBEJOH KFU
 BOE JT SFRVJSFE UP CF CBDL�UP�CBDL XJUI UIF UBH KFU� 4JODF UIF FWFOU JT XFMM�CBMBODFE

BOE أHPPEآ BDDPSEJOH UP UIF SFHJPO EF୮ୢOJUJPO
 JU JT FYQFDUFE UIBU JG POF PG UIFTF UXP KFUT QBTTFT UIF

5JHIU DSJUFSJB
 JU JT WFSZ VOMJLFMZ UIBU UIF PUIFS JT B GBLF KFU� 5IF DMFBOJOH F୭୮ୢDJFODZ DBO UIFSFGPSF CF

EF୮ୢOFE BT UIF GSBDUJPO PG QSPCF KFUT UIBU BSF OPU SFKFDUFE CZ UIF DMFBOJOH DSJUFSJB GPS UIF XPSLJOH

QPJOU PG JOUFSFTU� 5IJT F୭୮ୢDJFODZ JT NFBTVSFE BT B GVODUJPO PG pT BOE η PG UIF QSPCF KFUT
 BT TFFO JO

'JHVSF ����� (PPE BHSFFNFOU JT PCTFSWFE CFUXFFO F୭୮ୢDJFODJFT DBMDVMBUFE XJUI EBUB BOE TJNVMBUJPO�

����� 1ঊছঝ঒ঌক঎ 'কঘঠ +঎ঝজ

5IF SFDFOU JODSFBTF JO VTBHF PG 1BSUJDMF 'MPX 	1'
 KFUT 	BT EF୮ୢOFE JO 4FDUJPO �����
 JO "5-"4 BOBMZTFT

UISPVHIPVU 3VO ** HFOFSBUFE UIF OFFE GPS B EFEJDBUFE 1' KFU DMFBOJOH QSPDFEVSF� 4JODF 1' KFUT BEE

JOGPSNBUJPO GSPN UIF USBDLFS UP SFDPOTUSVDU KFUT GSPN QBSUJDMF MFWFM
 JU JT FYQFDUFE UIBU TPNF PG UIF SB�

UJP WBSJBCMF TIBQFT NBZ CF EJ୭GFSFOU UIBO UIPTF PG &. KFUT� "T UIF FWFOU DMFBOJOH EFDJTJPO JT CBTFE PO

DVUUJOH BXBZ QBSUT PG UIFTF WBSJBCMF EJTUSJCVUJPOT
 TVDI SFDPOTUSVDUJPO EJ୭GFSFODFT DPVME DPNQSPNJTF

JUT F୭GFDUJWFOFTT� 5IVT JU XBT OFDFTTBSZ UP RVBOUJGZ UIF BCJMJUZ PG TUBOEBSE &. DMFBOJOH UP TFMFDU HPPE

�4PNF WBSJBUJPOT JO F୭୮ୢDJFODZ BDSPTT pT BOE η CJOT DBO CF BUUSJCVUFE UP UIF VTF PG +75 UP SFNPWF QJMF�VQ
KFUT
 XIJDI JT JNQMFNFOUFE GPS KFUT XJUI pT � �� (F7 BOE |η| � ���� *O QBSUJDVMBS
 UIF KFUT SFKFDUFE CZ UIJT
UBHHFS IBWF B MBSHF PWFSMBQ XJUI UIPTF SFKFDUFE CZ UIF fch/fmax 5JHIU DMFBOJOH DVU
 SFTVMUJOH JO B IFJHIUFOFE
5JHIU F୭୮ୢDJFODZ GPS KFUT XJUI pT � �� (F7� 5IJT DVU BMTP SFTVMUT JO MPXFS F୭୮ୢDJFODZ JO UIF DFOUSBM�|η| SFHJPO�

���



Figure 7.3: EM jet quality selection efficiency for anti-kT EM jets with R = 0.4measuredwith a tag-and-probe tech-

nique as a function of pT and η (pT > 100GeV), for the Loose and Tight selection criteria. Only statistical uncertain-

ties are shown.
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1' KFUT BOE SFKFDU GBLF POFT�

1SPEVDJOH UIF UBH�BOE�QSPCF F୭୮ୢDJFODZ QMPUT GPS 1' KFUT JT OPU QPTTJCMF
 TJODF MBSHF TIBQF EJ୭GFS�

FODFT CFUXFFO &. BOE 1' KFU WBSJBCMFT XFSF PCTFSWFE
 MFBEJOH UP UIF DPODMVTJPO UIBU UIF &. DVU

TFRVFODFT DPVME OPU TFOTJCMZ CF BQQMJFE UP 1' KFU WBSJBCMFT�҆ )PXFWFS
 TJODF UIF DMFBOJOH QSPDFEVSF

VTJOH &. KFUT PVUQVUT BO FWFOU�MFWFM EFDJTJPO
 UIF DMFBOJOH QFSGPSNBODF DBO CF BTTFTTFE CZ FYBNJO�

JOH QPQVMBUJPOT PG 1' KFUT UIBU QBTT &. TDBMF DMFBOJOH SFRVJSFNFOUT
 BOE UISPVHI UIFJS DIBSBDUFSJT�

UJDT UIF FYUFOU PG UIF GBLF KFU DPOUBNJOBUJPO DBO CF EFUFSNJOFE� 5IJT JT EPOF XJUI IJTUPHSBNT PG 1'

KFU pT BOE η
 CFGPSF BOE BG୴FS DMFBOJOH
 JO CPUI HPPE BOE GBLF FOSJDIFE TFMFDUJPOT�

'JHVSF ��� EFNPOTUSBUFT UIF DBQBCJMJUZ PG UIF &. TDBMF -PPTF BOE 5JHIU DMFBOJOH XPSLJOH QPJOUT

UP QSFTFSWF TFMFDUJPO F୭୮ୢDJFODZ GPS HPPE KFUT
 XIJMF F୭GFDUJWFMZ DVUUJOH BXBZ GBLF KFU TPVSDFT JO 1' KFUT�

&TUJNBUFT PG DMFBOJOH F୭୮ୢDJFODZ GSPN UIFTF ZJFMET TIPX NJOJNBM MPTT PG HPPE KFUT BOE TV୭୮ୢDJFOU SF�

NPWBM PG GBLFT
 EFNPOTUSBUJOH UIBU FWFOU DMFBOJOH VTJOH &. KFUT DPVME CF VTFE UP DMFBO QPQVMBUJPOT

PG 1' KFUT BT XFMM� 5IFSFGPSF
 UIF DMFBOJOH SFDPNNFOEBUJPO GPS BOBMZTFT VTJOH 1' KFUT EPFT OPU OFFE

UP CF NPEJ୮ୢFE GSPN UIF TUBOEBSE FWFOU�MFWFM EFDJTJPO�

*O DPODMVTJPO
 FWFOU DMFBOJOH DPOTUJUVUFT BO JNQPSUBOU BOE XFMM�NBJOUBJOFE QSPDFEVSF JO UIF

DIBJO PG UFTUT UIBU FOTVSF HPPE EBUB RVBMJUZ� 4VDI DPO୮ୢEFODF JO UIF RVBMJUZ PG KFUT FOBCMFT QSFDJTF

EFTDSJQUJPO PG UIF QIZTJDT QSPDFTTFT QSFTFOU JO B HJWFO DPMMJTJPO
 XIJDI JT OFDFTTBSZ GPS B SPCVTU BOBM�

ZTJT PG UIF EBUB� 5IF GPMMPXJOH DIBQUFS EFTDSJCFT NFUIPET UIBU BSF DPNNPOMZ VTFE UP NBLF TVDI

TUBUFNFOUT�

҆" TJNJMBS TUVEZ XBT QFSGPSNFE UP BTTFTT TIBQF EJ୭GFSFODFT JO UIF RVBMJUZ WBSJBCMFT CFUXFFO &. BOE -$8
KFUT
 XIJDI XFSF EFFNFE TNBMM BOE OFHMJHJCMF GPS DMFBOJOH QVSQPTFT� 5IJT DPNQBSJTPO DBO CF GPVOE JO "Q�
QFOEJY "�
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Figure 7.4: Histograms of jet pT (left) and η (right) shown after application of Loose (blue) and Tight (red) cleaning
working points, in data samples enriched in good dijet events (top) and fake jets (bottom).
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4UBUJTUJDBM .FUIPET

*O B TFBSDI GPS OFX QIZTJDT
 BOZ TUBUFNFOU BCPVU UIF QSFTFODF PS BCTFODF PG B GFBUVSF JO UIF EBUB

NVTU CF RVBOUJ୮ୢBCMF� 5IJT JT EPOF WJB TUBUJTUJDBM BOBMZTJT NFUIPET� *O UIJT DIBQUFS
 UIF QSJNBSZ TUB�

UJTUJDBM UPPMT BOE NFUIPEPMPHJFT VTFE JO -)$ EBUB BOBMZTJT BSF EJTDVTTFE� 4FDUJPO ��� EFTDSJCFT UIF

VTF PG IZQPUIFTJT UFTUJOH
 BOE 4FDUJPO ��� EFTDSJCFT MJLFMJIPPE NJOJNJ[BUJPO BOE ୮ୢUUJOH QSPDFEVSFT�

.PSF JOGPSNBUJPO DBO CF GPVOE JO TFWFSBM SFGFSFODFT <��
 ��>�

���



��� )ঢঙঘঝ঑঎জ঒জ 5঎জঝ঒গঐ

5P DMBJN EJTDPWFSZ PS FYDMVTJPO PG B QIZTJDT NPEFM
 JU JT ୮ୢSTU OFDFTTBSZ UP EF୮ୢOF UIF BTTVNQUJPOT

NBEF� )ZQPUIFTJT UFTUJOH JO QBSUJDMF QIZTJDT NBLFT VTF PG UXP QSJNBSZ IZQPUIFTFT� 5IF ୮ୢSTU EF�

TDSJCFT UIF CBDLHSPVOE
 PS UIF FYQFDUBUJPO PG UIF EBUB GSPN UIF 4UBOEBSE .PEFM BMPOF 	BMTP DBMMFE

UIF OVMM IZQPUIFTJT
� 5IF TFDPOE EFTDSJCFT UIF TJHOBM TDFOBSJP
 XIJDI OFDFTTBSJMZ JODMVEFT TPNF #4.

DPNQPOFOUT� 5IF DPNQBUJCJMJUZ PG UIF PCTFSWFE EBUB XJUI FJUIFS PG UIFTF IZQPUIFTFT JT VTFE UP NBLF

B TUBUFNFOU BCPVU UIF WBMJEJUZ PG UIF NPEFM�

4FWFSBM QBSBNFUFST BSF EF୮ୢOFE UP RVBOUJUBUJWFMZ EF୮ୢOF UIF UFTU� 5IF TJHOBM TUSFOHUI µ JT EF୮ୢOFE UP

TFQBSBUF UIF UXP TDFOBSJPT BT UIF SBUJP PG TJHOBM DSPTT TFDUJPOT GPVOE JO &RVBUJPO ����

µ =
σobs
σexp

	���


)FSF
 µ � � DPSSFTQPOET UP UIF TJHOBM IZQPUIFTJT
 BOE µ � � HJWFT UIF CBDLHSPVOE�POMZ IZQPUIFTJT


XJUI WBSZJOH WBMVFT HJWJOH EJ୭GFSFOU NVMUJQMJDBUJWF GBDUPST UP UIF TJHOBM DSPTT TFDUJPO� 5IF QSPCBCJMJUZ

UIBU UIF PCTFSWFE EBUB PSJHJOBUFT GSPN FJUIFS PG UIF UXP IZQPUIFTFT JT EF୮ୢOFE BT B p�WBMVF
 XIFSF p0

HJWFT UIF QSPCBCJMJUZ UIBU UIF EBUB JT DPOTJTUFOU XJUI UIF 4UBOEBSE .PEFM FYQFDUBUJPO BOE pµ HJWFT

UIF TBNF QSPCBCJMJUZ GPS UIF TJHOBM NPEFM FYQFDUBUJPO�

5IF PCUBJOFE p�WBMVF JT VTFE BT B UFTU TUBUJTUJD UP EFUFSNJOF XIFUIFS UIF EBUB BHSFFT XJUI FJUIFS

IZQPUIFTJT� *U DBO CF DPOWFSUFE JOUP UIF TJHOJ୮ୢDBODFZ 
 XIJDI JT EF୮ୢOFE BT UIF OVNCFS PG TUBOEBSE

EFWJBUJPOT PG UIF EBUB GSPN UIF FYQFDUBUJPO PG B (BVTTJBO�EJTUSJCVUFE WBSJBCMF� 1BSUJDMF QIZTJDJTUT

���



EF୮ୢOF BZ PG �σ UP NBSL UIF EJTDPWFSZ PG UIF HJWFO QSPDFTT� 'JHVSF ��� EFNPOTUSBUFT UIF SFMBUJPOTIJQ

CFUXFFO QSPCBCJMJUZ BOE TJHOJ୮ୢDBODF GPS B (BVTTJBO EJTUSJCVUJPO� " �σ TJHOJ୮ୢDBODF GPS B TJHOBM IZ�

QPUIFTJT DPSSFTQPOET UP B QSPCBCJMJUZ PG 2.9×10−7 UIBU
 BTTVNJOH UIF OVMM IZQPUIFTJT JT DPSSFDU
 UIF

EBUB ୯୳VDUVBUFE UP QSPEVDF UIF PCTFSWBUJPO� &WJEFODF GPS OFX QIZTJDT JT DIPTFO UP PDDVS BUZ � �σ�
110 Chapter 6
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Figure 6.1: Thresholds that have been chosen as convention to claim the exclusion of
a new physics process (Z=1.64), evidence for new physics (Z=3) and discovery (Z=5).

If a su�ciently low value of pµ is found, it can be claimed that the tested hypothesis
is false.1 The threshold to consider a probability low enough as to refute a hypothesis
is arbitrary and a prescription has to be chosen. In particle physics, the convention
has been adopted that a probability pµ of less than 5%, equivalent to a significance of
Z = 1.64, is low enough as to exclude the existence of new physics producing a signal
with strength µ times the predicted one. If µ = 1 is excluded then the new physics
model can be considered to be falsified. This convention is also referred to as 95%
confidence level (CL).

The convention to claim the presence of a new signal is much more stringent.2 If
the background-only hypothesis is rejected with a p0 = 1.3 ⇥ 10�3, equivalent to a
significance Z = 3, an evidence for new physics is announced. A discovery is claimed
for Z = 5, corresponding to p0 = 2.9⇥10�7. An illustration of the di↵erent thresholds
is shown in figure 6.1.

6.1.1 CLs method

The pµ value extracted from the observed data is subject to statistical fluctuations
and it can lead to unphysical exclusions when a downward fluctuation in the observed
number events occur. In order to avoid exclusions of µ values that the search is a priori
not sensitive to, the CLs method [200] is introduced. The CLs value is defined as a
ratio of probabilities:

CLs =
pµ

1� p0
(6.1)

where pµ and p0 quantify the compatibilities between the data and the signal-plus-
background and background-only hypotheses, respectively. A downward background
fluctuation in data will lead to small values of 1�p0, increasing the CLs value and avoid-
ing the exclusion of too small cross sections. For searches at the LHC, the CLs value

1
Unless the two hypotheses that are being tested are mutually exclusive, and the union of both

covers all the spectrum of possibilities, the rejection of one hypothesis doesn’t imply an a�rmation of

the second one.
2
Notice that with the 5% prescription and assuming Gaussian statistics, one in every twenty

experiments would lead to the claim of excluding the SM.

Figure 8.1: Significance thresholds on a Gaussian-distributed variable, indicating exclusion of a process (Z = 1.64),

evidence for a new process (Z = 3), and discovery (Z = 5) [90].

5IF p�WBMVF QSFTDSJQUJPO DBO BMTP CF VTFE UP EFUFSNJOF UIBU B QBSUJDVMBS TJHOBM QSPDFTT IBT CFFO

FYDMVEFE� *G UIF p�WBMVF JT MFTT UIBO �ॎ
 UIFZ WBMVF JT ����
 BOE UIF TJHOBM IZQPUIFTJT JT EFUFSNJOFE

UP CF SFKFDUFE� 5IJT DPOWFOUJPO JT SFGFSSFE UP BT UIF ��ॎ DPO୮ୢEFODF MFWFM 	$-
� *O QBSUJDMF QIZTJDT


UIFCLs NFUIPE JT VTFE <��>
 XIJDI EF୮ୢOFT B OFX TUBUJTUJDT UIBU DPNCJOFT UIF OVMM p0 BOE TJHOBM

IZQPUIFTJT pµ WBMVFT UP SFEVDF UIF JNQBDU PG TUBUJTUJDBM ୯୳VDUVBUJPOT JO UIF EBUB� &RVBUJPO ��� EF୮ୢOFT

UIJT SBUJP PG QSPCBCJMJUJFT�

CLs =
pµ

1− p0
	���


���



'PS TFBSDIFT BU UIF -)$
 UIFCLs NFUIPE JT VTFE JO QMBDF PG UIF SFHVMBS TJHOBM p�WBMVF UP TFU

VQQFS MJNJUT� 5IF TBNF OVNFSJDBM UISFTIPME GPS FYDMVTJPO UIFO IPMET� JGCLs � ����
 UIF TJHOBM IZ�

QPUIFTJT XJUI TJHOBM TUSFOHUI µ JT FYDMVEFE BU ��ॎ DPO୮ୢEFODF�

��� -঒ঔ঎ক঒঑ঘঘ঍ '঒ঝঝ঒গঐ

5IF MJLFMJIPPE NFUIPE FYUSBQPMBUFT UIF RVBOUJ୮ୢDBUJPO PG TJHOBM BOE CBDLHSPVOE IZQPUIFTJT QSPCB�

CJMJUJFT UP B TDFOBSJP XJUI NVMUJQMF WBSJBCMFT� *U CVJMET B MJLFMJIPPE GVODUJPO XIJDI DBO CF HMPCBMMZ

NBYJNJ[FE UP ୮ୢU UIF TJHOBM TUSFOHUI µ
 UIF FYQFDUFE ZJFMET JO WBSJPVT CJOT
 BOE UIF VODFSUBJOUJFT

PO UIPTF ZJFMET
 NPEFMFE CZ OVJTBODF QBSBNFUFST� 5IF MJLFMJIPPE NBYJNJ[BUJPO BMMPXT UIF TJNVM�

UBOFPVT DPOTJEFSBUJPO PG IZQPUIFTFT BDSPTT NVMUJQMF SFHJPOT PG QIBTF TQBDF� 5IJT QSPDFTT SFMJFT PO

#BZFTJBO QSPCBCJMJUJॶ
 XIJDI NBLFT TUBUFNFOUT CBTFE PO EFHSFF PG DFSUBJOUZ
 SBUIFS UIBO PO SFQFBUFE

FYQFSJNFOUT 	GSFRVFOUJTU QSPCBCJMJUJॶ
�

5IF MJLFMJIPPE GVODUJPO GPS UIF PCTFSWFE EBUB UP CF QSPEVDFE CZ UIF NPEFM DBO CF XSJUUFO BT

GPMMPXT JO &RVBUJPO ����

L (µ, θ) =
N∏

i=1

(µsi + bi)ni

ni!
e−(µsi+bi)

M∏

k=1

ρ (θk) 	���


)FSF
 / JT UIF OVNCFS PG JOEFQFOEFOU NFBTVSFNFOUT� si BOE bi BSF UIF FYQFDUFE OVNCFS PG TJH�

OBM BOE CBDLHSPVOE FWFOUT JO UIF iUI CJO SFTQFDUJWFMZ� ni JT UIF OVNCFS PG PCTFSWFE FWFOUT JO UIF iUI

CJO� µ JT UIF TJHOBM TUSFOHUI EF୮ୢOFE JO &RVBUJPO ���� θ BSF UIF OVJTBODF QBSBNFUFST 	/1T
 SFQSFTFOU�

JOH TUBUJTUJDBM BOE TZTUFNBUJD VODFSUBJOUJFT� ρ(θ) JT UIF QSPCBCJMJUZ EJTUSJCVUJPO GVODUJPO 	1%'
 PG

���



UIF /1� BOE UIF EBUB JT BTTVNFE UP GPMMPX B 1PJTTPO EJTUSJCVUJPO� 5IF MJLFMJIPPE GVODUJPO DBO CF

HMPCBMMZ NBYJNJ[FE
 XIFSF CPUI µ BOE θ BSF ୮ୢU BOE BTTJHOFE HJWFO WBMVFT EF୮ୢOFE BT µ̂ BOE θ̂� *U DBO

BMTP CF DPOEJUJPOBMMZ NBYJNJ[FE GPS B ୮ୢYFE WBMVF PG µ
 HJWJOH POMZ WBMVFT GPS UIF TZTUFNBUJDT BT ˆ̂θ�

8IFO NBYJNJ[JOH UIF MJLFMJIPPE
 UIF /1T BSF BEKVTUFE JO UIF ୮ୢU UP JNQSPWF UIF BHSFFNFOU PG

UIF FYQFDUBUJPO XJUI UIF PCTFSWBUJPO� 5IF 1%' PG UIF VODFSUBJOUZ FODPEFT JOGPSNBUJPO BCPVU UIF

TJ[F BOE TIBQF PG UIF VODFSUBJOUZ
 EFUFSNJOFE CFGPSFIBOE CZ EFEJDBUFE TUVEJFT� 0G୴FO
 UIF 1%'

GPS B TZTUFNBUJD JT BTTVNFE UP CF (BVTTJBO� " LFZ CFOF୮ୢU PG UIF MJLFMJIPPE ୮ୢUUJOH QSPDFEVSF JT UIBU

BEEJOH JOGPSNBUJPO GSPN EBUB UP UIF QSFEJDUJPO DBO JO UVSO QSPWJEF BEEJUJPOBM JOGPSNBUJPO PO UIF

TZTUFNBUJDT� 4QFDJ୮ୢDBMMZ
 XIFO UIF /1 JT QVMMFE JO UIF ୮ୢU
 DFSUBJO WBMVFT XJUIJO UIF JOJUJBM VODFSUBJOUZ

XJOEPX BSF GPVOE UP CF JODPOTJTUFOU XJUI UIF EBUB
 BOE UIVT UIF PWFSBMM VODFSUBJOUZ DBO CF SFEVDFE�

5IJT JT SFGFSSFE UP BT أQSP୮ୢMJOHآ UIF VODFSUBJOUZ�

"T XJUI UIFCLs NFUIPE EFTDSJCFE JO UIF QSFWJPVT TFDUJPO
 B EFEJDBUFE UFTU TUBUJTUJD JT EF୮ୢOFE

TQFDJ୮ୢDBMMZ GPS VTF JO -)$ BOBMZTFT BT UIF SBUJP PG BCTPMVUF UP DPOEJUJPOBM NBYJNBM MJLFMJIPPET� 5IJT

SBUJP JT DBMMFE UIF QSP׹MF MJLFMJIPPE λ
 HJWFO JO &RVBUJPO ���� *U SBOHFT GSPN � � λ � �
 XIFSF MBSHFS

WBMVFT JOEJDBUF HPPE BHSFFNFOU CFUXFFO EBUB BOE UIF NPEFM XJUI B HJWFO WBMVF PG µ�

λ (µ) =
L(µ̂, ˆ̂θ(µ))

L(µ̂, θ̂)
	���
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��� "গঊকঢজ঒জ 4ঝছঊঝ঎ঐঢ � HistFitter

*O NBOZ "5-"4 TFBSDIFT
 JODMVEJOH UIF POFT EFTDSJCFE JO 1BSU *7
 UIF BGPSFNFOUJPOFE MJLFMJIPPE

୮ୢUUJOH JT QFSGPSNFE VTJOH B TUBUJTUJDBM BOBMZTJT TPG୴XBSF QBDLBHF DBMMFE HistFitter <��>� HistFitter

QSPWJEFT B GSBNFXPSL GPS MJLFMJIPPE ୮ୢUUJOH UIBU JODPSQPSBUFT TFWFSBM DPNNPO GFBUVSFT PG BO -)$

BOBMZTJT
 TVDI BT UIF QSP୮ୢMF MJLFMJIPPE NFUSJD BOE UIF QSFTFODF PG NVMUJQMF VODFSUBJOUJFT� *U BMTP BM�

MPXT GPS UIF CMJOEJOH PG TJHOBM SFHJPOT EVSJOH BOBMZTJT DPOTUSVDUJPO
 NFBOJOH UIBU UIF EBUB JO UIF

TJHOBM SFHJPO JT SFNPWFE GSPN DPOTJEFSBUJPO EVSJOH BOBMZTJT EFTJHO UP NJOJNJ[F CJBT�

'PS UIF 464: TFBSDIFT EFTDSJCFE JO $IBQUFST � BOE ��
 XIFSF B TQFDJ୮ୢD TJHOBM NPEFM JT VTFE
 TFW�

FSBM TUBUJTUJDBMMZ JOEFQFOEFOU SFHJPOT BSF VTFE JO UIF MJLFMJIPPE ୮ୢU UIBU BSF FBDI FOSJDIFE JO QBSUJDVMBS

QSPDFTTFT PG JOUFSFTU� " TJHOBM SFHJPO 	43
 JT VTFE UP JTPMBUF UIF DIBSBDUFSJTUJDT PG UIF TJHOBM NPEFM JO

UIF QIBTF TQBDF PG QSPUPO DPMMJTJPOT� 5P NBLF B CBDLHSPVOE QSFEJDUJPO
 B DPOUSPM SFHJPO 	$3
 JT EF�

TJHOFE UP CF LJOFNBUJDBMMZ TJNJMBS CVU PSUIPHPOBM UP UIF TJHOBM SFHJPO
 BOE FOSJDIFE JO BO 4. CBDL�

HSPVOE QSPDFTT
 XJUI NJOJNBM DPOUBNJOBUJPO GSPN TJHOBMT PS PUIFS CBDLHSPVOET� 0G୴FO B WBMJEBUJPO

SFHJPO 	73
 JT EF୮ୢOFE BT XFMM
 UP WFSJGZ UIF BDDVSBDZ PG UIF CBDLHSPVOE QSFEJDUJPO HJWFO CZ UIF DPO�

USPM SFHJPO
 CFGPSF UIF TJHOBM SFHJPOT BSF VOCMJOEFE� 'JHVSF ��� EJBHSBNNBUJDBMMZ EFNPOTUSBUFT UIF

SFMBUJPOTIJQ CFUXFFO UIFTF SFHJPOT BT B GVODUJPO PG EJ୭GFSFOU EBUBTFU GFBUVSFT�

5IF SBUJP PG PCTFSWFE UP FYQFDUFE FWFOUT JO B $3 JT SFGFSSFE UP BT JUT OPSNBMJ[BUJPO GBDUPS
 BOE

DBO CF VTFE UP NBLF CBDLHSPVOE FTUJNBUJPOT PCUBJOFE GSPN .POUF $BSMP TJNVMBUJPO NPSF QSFDJTF

JO UIF TJHOBM SFHJPOT� 5IF ୮ୢOBM FYQFDUFE ZJFME PG B QBSUJDVMBS CBDLHSPVOE JO B 43 JT HJWFO CZ UIF

OPSNBMJ[BUJPO GBDUPS UJNFT UIF OVNCFS PG FYQFDUFE .$ FWFOUT PG UIF QSPDFTT PG JOUFSFTU JO UIF 43�

���



Data analysis strategy 
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• Particle physics experiments analyze large data samples in order to measure properties 
of fundamental particles and to discover new physical processes. 

• Data interpreted using external predictions for background and signal components. 

 HistFitter configures and builds parametric models to describe the 
observed data, and provides tools to interpret the data. 

Construction and handling of models 
based on the concept of signal, control 
and validation regions: 

• Signal regions: signal-rich region (SR) 
• Control regions: background-rich region, fit 

simulated backgrounds to data (CR) 
• Validation regions: validation of extrapolation (VR) 

 
 

Concept deeply woven into design of HistFitter 
Figure 8.2: A schematic view of an analysis strategy withmultiple control, validation and signal regions (multiple bins

illustrated by dashed lines). The extrapolation from the control to the signal regions is verified in the validation re-

gions [92].

&RVJWBMFOUMZ
 UIJT DBO CF EF୮ୢOFE BT�

N(SR, scaled) = N(CR, obs)×
[
N(SR, unscaled)

N(CR, unscaled)

]
	���


5IF RVBOUJUZ JO CSBDLFUT JO &RVBUJPO ��� JT IFSFBG୴FS DBMMFE UIF USBOTGFS GBDUPS� " USBOTGFS GBDUPS

JT DPNQVUFE GPS FWFSZ SFHJPO�UP�SFHJPO FYUSBQPMBUJPO
 BOE VTFE BT B DPOTUSBJOU JO UIF MJLFMJIPPE ୮ୢU

XIFO BEKVTUJOH UIF QSFEJDUFE CBDLHSPVOE DPNQPOFOUT JO BMM SFHJPOT� *O UIF GVMM BOBMZTJT
 XIFSF

UIFSF BSF TFWFSBM $3T BOE 43T
 UIF MJLFMJIPPE ୮ୢU DBO EFUFSNJOF BMM OPSNBMJ[BUJPO BOE USBOTGFS GBDUPST

BOE HFOFSBUF JOUFSOBMMZ DPOTJTUFOU 4. CBDLHSPVOE FTUJNBUFT GPS FBDI 43� 5IJT NBLFT UIF BOBMZTJT

NPSF SPCVTU BHBJOTU QPUFOUJBM NJTNPEFMJOH F୭GFDUT JO TJNVMBUFE FWFOUT
 BOE SFEVDFT UIF DPSSFMBUJPOT

���



CFUXFFO $3T�

HistFitter DBO CF VTFE UP QFSGPSN UISFF UZQFT PG ୮ୢUT
 HJWFO CFMPX JO UZQJDBM BOBMZTJT PSEFS� 5IF

BOBMZTJT ୯୳PX JT EFQJDUFE EJBHSBNNBUJDBMMZ JO 'JHVSF ���
 XIFSF UIF OPSNBMJ[BUJPO GBDUPST FYUSBDUFE

GSPN UIF ୮ୢU UP $3 EBUB DBO CF TFFO UP CF VTFE JO WBMJEBUJPO BOE UIF 43 CBDLHSPVOE QSFEJDUJPO�

�� #BDLHSPVOE�POMZ ୮ୢU� FYUSBDU OPSNBMJ[BUJPO GBDUPST BOE FTUJNBUF CBDLHSPVOE JO 43T BOE 73T
VTJOH POMZ EBUB JO UIF $3T�

�� .PEFM�JOEFQFOEFOU 
أEJTDPWFSZآ	 ୮ୢU� VTJOH EBUB JO UIF 43T BOE $3T
 TFUT BO VQQFS MJNJU
PO UIF OVNCFS PG PCTFSWFE FWFOUT CFZPOE UIF 4. FYQFDUBUJPO� 5IJT DBO CF UIPVHIU PG BT
RVBOUJGZJOH UIF BHSFFNFOU PG UIF EBUB XJUI UIF CBDLHSPVOE�POMZ IZQPUIFTJT
 XJUIPVU BOZ
BTTVNQUJPOT BCPVU UIF TJHOBM NPEFM�

�� .PEFM�EFQFOEFOU 
أFYDMVTJPOآ	 ୮ୢU� JO UIF BCTFODF PG BO FYDFTT JO UIF 43T BT SFWFBMFE CZ UIF
CBDLHSPVOE�POMZ ୮ୢU
 FYDMVTJPOBSZ QPXFS GPS B QBSUJDVMBS TJHOBM TUSFOHUI µ DBO CF EFUFSNJOFE
VTJOH EBUB JO CPUI 43T BOE $3T� 5IJT DBO CF UIPVHIU BT RVBOUJGZJOH UIF BHSFFNFOU PG UIF
EBUB XJUI B QBSUJDVMBS TJHOBM NPEFM�CONTENTS 2.2 Extrapolation and transfer factors
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Figure 2: Overview of a typical analysis strategy flow with HistFitter.

then used to verify the validity of this assumption. In HistFitter, this extrapolation is statistically
rigorous because the PDF is coherently defined in all the CRs, SRs and VRs, even though the
VRs are not used as a constraint in the fit. Technical details on the comprehensive extrapolation
technique used in HistFitter are given in Sec. 5.2.

Once a satisfactory agreement is found between normalized background predictions and observed
data in the VRs, the background predictions are further extrapolated to the SR(s), and, by con-
vention, are only then compared with the observed data (see Fig. 2); a process generally called
“unblinding” or “opening the box”. This unblinding strategy is useful for validating the perfor-
mance of the extrapolations, and, in a wider physics context, a) to get confidence in the methods
used and b) to avoid analyzers from using premature SR predictions, and thus potentially biasing
the physics results.

Key ingredients of the fitting procedure are the ratios of expected event counts, called transfer
factors, or TFs, of each normalized background process between each SR and each CR. The TFs
allow the observations in the CRs to be converted into background estimates in the SRs, using:

Np(SR, est.) = Np(CR, obs.)⇥


MCp(SR, raw)

MCp(CR, raw)

�
= µp ⇥MCp(SR, raw) , (1)

whereNp(SR, est.) is the SR background estimate for each simulated physics processes p considered
in the analysis, Np(CR, obs.) is the observed number of data events in the CR for the process, and
MCp(SR, raw) and MCp(CR, raw) are raw and unnormalized estimates of the contributions from
the process to the SR and CR respectively, as obtained from MC simulation. Similar equations
enable the background estimates to be normalized coherently across all the CRs and the VRs. The
ratio appearing in the square brackets in Eq. 1 is defined as the transfer factor TF. Np(CR, obs) is
often rewritten as µp multiplied by a fixed, nominal background prediction, where µp is the actual
normalization factor obtained in the fit to data.

An important feature of using TFs is that systematic uncertainties on the predicted background
processes can be canceled in the extrapolation; a virtue of using the ratio of MC estimates. The

7

Figure 8.3: Overview of an analysis flow using SRs, CRs, and VRs in HistFitter [92].
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" CBDLHSPVOE�POMZ ୮ୢU JT OFDFTTBSJMZ QFSGPSNFE JO BO BOBMZTJT UIBU VTFT DPOUSPM SFHJPOT UP FTUJNBUF

CBDLHSPVOE
 XIJMF UIF DIPJDF PG NPEFM�JOEFQFOEFOU PS EFQFOEFOU ୮ୢUT WBSJFT QFS BOBMZTJT UFBN� *O

FJUIFS DBTF
 CFDBVTF PG UIF TUBUJTUJDBM UFDIOJRVFT EJTDVTTFE JO UIJT DIBQUFS
 UIF MFWFM PG DPO୮ୢEFODF JO

UIF ୮ୢOBM SFTVMU JT DPOTJTUFOUMZ EF୮ୢOFE BDSPTT EJ୭GFSFOU QBQFST
 BOE DBO CF QSFDJTFMZ EFTDSJCFE PVUTJEF

PG BO -)$ DPOUFYU� 5IFSFGPSF
 TVDI NFUIPET BSF B NBJOTUBZ PG NPEFSO IJHI FOFSHZ QIZTJDT BOBMZTFT


BOE QSPWJEF B GPVOEBUJPO GPS UIF TIBSJOH PG SFTVMUT BDSPTT QIZTJDT TVC୮ୢFMET� #PUI IZQPUIFTJT UFTUJOH

BOE MJLFMJIPPE ୮ୢUUJOH
 BMPOH XJUI UIF HistFitter TPG୴XBSF GSBNFXPSL
 BSF VTFE UP EFTDSJCF UIF

SFTVMUT EJTDVTTFE JO UIF GPMMPXJOH DIBQUFST�
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"ছখ঎঍ ঠ঒ঝ঑ ঊ ঠ঎কক�খঘঝ঒টঊঝ঎঍ জ঒ঐগঊক
 ঊ ঍঎ঝ঎ঌঝঘছ
 ঊ ঍ঊঝঊজ঎ঝ
 ঊগ঍ ঊ খ঎ঝ঑ঘ঍
 UIF

TFBSDIJOH DBO CFHJO� 4FBSDIFT GPS TVQFSTZNNFUSZ IBWF DPOTUJUVUFE B DPSOFSTUPOF PG UIF "5-"4

FYQFSJNFOUBM QSPHSBN TJODF JU XBT ୮ୢSTU DPNNJTTJPOFE� .PEFMT PG OBUVSBM 464: TVDI BT UIF POFT

EFTDSJCFE JO $IBQUFS � IBWF MPOH QSFEJDUFE OFX QBSUJDMFT BU UIF XFBL TDBMF
 ୮ୢSTU TQBSLJOH FYDJUFNFOU

BU UIF EJTDPWFSZ QPUFOUJBM GPS 464: JO UIF 5FWBUSPO EBUBTFUT <��
 ��>� 8JUI UIF BEWFOU PG UIF -)$


QSPNJTJOH FWFO IJHIFS FOFSHJFT BOE MBSHFS MVNJOPTJUJFT
 UIF FYQMPSBUJPO PG 464: QPTTJCJMJUJFT XBT BO

FWFO HSBOEFS QSJPSJUZ�

*O UIJT DIBQUFS
 UXP TFBSDIFT GPS OBUVSBM TVQFSTZNNFUSZ BSF EJTDVTTFE
 POF GPS TUPQ RVBSLT BOE

UIF PUIFS GPS IJHHTJOPT� %FTQJUF IBWJOH WFSZ EJ୭GFSFOU QSPEVDUJPO NFDIBOJTNT BOE ୮ୢOBM TUBUFT
 UIFTF

UXP TFBSDIFT IBWF TFWFSBM GFBUVSFT JO DPNNPO� #PUI BOBMZTFT TUBSU XJUI UIF QBJS QSPEVDUJPO PG UIF

TQBSUJDMF PG JOUFSFTU
 VTJOH B TJNQMJ୮ୢFE NPEFM PG 3�QBSJUZ DPOTFSWJOH TVQFSTZNNFUSZ <��
 ��> XIFSF

UIF POMZ MJHIU TQBSUJDMFT BSF UIF POFT JOWPMWFE JO UIF EFDBZ� #PUI VTF
√
s ��� 5F7 QSPUPO�QSPUPO

DPMMJTJPO EBUB EFMJWFSFE CZ UIF -)$ BOE DPMMFDUFE CZ UIF "5-"4 EFUFDUPS 	TFF $IBQUFS �
� 5IF HFO�

FSBM TUSBUFHZ JT GVOEBNFOUBMMZ UIF TBNF� CVJME TJHOBM SFHJPOT UIBU F୭୮ୢDJFOUMZ TFMFDU GPS TJHOBM XIJMF

SFKFDUJOH CBDLHSPVOE
 DBSFGVMMZ FTUJNBUF UIF CBDLHSPVOET JO UIFTF SFHJPOT
 BOE VMUJNBUFMZ MPPL BU UIF

RVBMJGZJOH EBUB GPS BO FYDFTT PG FWFOUT� 5IF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO UFDIOJRVF JOUSPEVDFE

JO $IBQUFS � JT BQQMJFE UP CPUI BOBMZTFT JO UIF DPOUFYU PG *43�BTTJTUFE UPQPMPHJFT
 BOE JUT VUJMJUZ JT

EJTDVTTFE�

$IBQUFS � EFTDSJCFT UIF TFBSDI GPS UPQ TRVBSLT JO B POF MFQUPO ୮ୢOBM TUBUF
 VTJOH ���� ୯୰−1 PG EBUB

DPMMFDUFE JO ���� BOE ����� $IBQUFS �� EFTDSJCFT UIF TFBSDI GPS IJHHTJOPT JO B UXP MFQUPO ୮ୢOBM TUBUF


XJUI UIF GVMM 3VO ** EBUBTFU PG ����� ୯୰−1�

���
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'PS 5IJSE (FOFSBUJPO 464:

4FBSDIFT GPS TUPQ RVBSLT BU "5-"4 SFMZ PO FWJEFODF PG EJ�TUPQ QSPEVDUJPO JO B QSPUPO�QSPUPO DPMMJ�

TJPO
 CZ XBZ PG UIF TUPQ EFDBZ QSPEVDUT� &BDI QBJS�QSPEVDFE TUPQ DBO EFDBZ JO POF PG TFWFSBM XBZT
 BT

EFTDSJCFE JO 4FDUJPO ���� (JWFO UIJT USFBUNFOUؠT FNQIBTJT PO DPNQSFTTFE NBTT TQFDUSB
 UIF GPDVT XJMM

CF PO UIF t̃ → tχ̃0
1 EFDBZ�� " 'FZONBO EJBHSBN PG UIF EFDBZ PG JOUFSFTU JT TIPXO JO 'JHVSF ���� "MPOH

�&YBNJOBUJPOT PG TFWFSBM PUIFS TJHOBUVSFT BOE NPEFMT BSF EFTDSJCFE JO EFUBJM JO 3FGFSFODF <��>
 DPWFSBHF PG
XIJDI XJMM CF PNJUUFE JO UIJT UFYU�
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Stop 1L Search

J. Gonski

Physics Motivation 
• Many SUSY models predict ~TeV stop mass + LSP  

• Three search channels: tN, bC, DM + ttbar 

• Signature: 1 lepton (from t ! W ! lv), many jets, large ET
miss 

27 July 2017 3

tN bC
Figure 1: Diagrams illustrating the two considered decay scenarios. Left: the stop decays to a top quark and a
lightest neutralino ( �̃0

1), Right: the stop decays to a bottom quark and a chargino.

Figure 2: A representative Feynman diagram for s-channel spin-0 mediator production
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Figure 1: Diagrams representing the two lepton final state of (a) associated electroweakino H�0
2 H�
±
1 and (b) slepton

pair H̀H̀production in association with an initial state radiation jet. In addition to (a), this analysis is also sensitive
to H�0

2 H�
0
1 and H�±1 H�

⌥
1 production.

muon spectrometer (MS). The ID provides precision tracking of charged particles in pseudorapidity region54

|⌘ | < 2.5, consisting of pixel and microstrip silicon subsystems within a transition radiation tracker. An55

insertable B-layer [37] was added for
p

s = 13 TeV data-taking to improve tracking performance. These56

are immersed in a 2 T axial magnetic field provided by a superconducting solenoid. High-granularity57

lead/liquid-argon electromagnetic sampling calorimeters are used for |⌘ | < 3.2. Hadronic energy deposits58

are measured in a steel/scintillator tile barrel calorimeter in |⌘ | < 1.7. Forward calorimeters extend the59

coverage to 1.5 < |⌘ | < 4.9 regions for both electromagnetic and hadronic measurements. The MS60

comprises trigger and high-precision tracking chambers spanning |⌘ | < 2.4 and |⌘ | < 2.7, respectively,61

surrounded by three large superconducting toroidal magnets. Events of interest are selected using a two-62

level trigger system [38], consisting of a first-level trigger implemented in hardware, which is followed by63

a software-based high-level trigger.64

3 Collision data and simulated event samples65

The search uses pp collision data at
p

s = 13 TeV from the LHC [39], collected by the ATLAS detector in66

2015 and 2016. Events are selected using triggers requiring significant Emiss
T , with thresholds that depend67

on the run period. The triggers are close to fully e�cient for events with an o�ine-reconstructed Emiss
T68

greater than 200 GeV. The data sample corresponds to an integrated luminosity of 36.1 fb�1 with a relative69

uncertainty of 2.1%, derived using methods similar to those described in Ref. [40].70

Event samples from Monte Carlo (MC) simulation are used to model both the signal and specific processes71

of the SM background. For the SUSY signal, two sets of simplified models [41–43] are used to guide the72

design of the analysis: one based on Higgsino LSPs involving compressed electroweakino production,73

and the other a model of compressed slepton pair production. In addition, a third model assuming the74

production of wino-like gauginos decaying to a bino-like LSP (referred to as “wino-bino” model in the75

following) is considered for the interpretation of the results.76

Signal cross-sections are calculated to next-to-leading order (NLO) in the strong coupling, and next-to-77

leading logarithm accuracy for soft-gluon resummation using R�������� v1.0.7 [44–46].78

20th September 2017 – 00:06 5

J. Gonski

Compressed Kinematics
27 July 2017 9

• Historically difficult region on diagonal  
• Very little ET

miss  

• Similarity to SM ttbar production 
• ISR-assisted: difficult to model 

• Using two techniques:  
1. BDT: gain sensitivity in  
    discriminating signal vs. ttbar 
2. Recursive Jigsaw Reconstruction: 
    exploit kinematics of region to 
    create new discriminating variables

Compressed Kinematics (new)!
13 March 2017 ! J. Gonski! 14!

•  Historically difficult region on diagonal: !
•  Very little ET

miss !
•  Similarity to SM ttbar production !

•  Using two techniques: !
1. BDT: gain sensitivity in !
    discriminating signal vs. ttbar!
2. Recursive Jigsaw Reconstruction:!
    exploit kinematics of region to!
    create new discriminating !
    variables!
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Appendix2496

A Signal region targeting the compressed t̃
1
! t + �̃0

1 decay at low mass2497

The region of stop and neutralino masses where mt̃1 ⇡ mt + m�̃0
1

is very di�cult to access due to the2498

similarity in kinematics with tt̄ production. In order to gain sensitivity a BDT is trained as described2499

in 8.3. In addition, a cut-and-count SR is defined here which will serve as cross check of a possible2500

excess.2501

A.0.1 Kinematics on the diagonal2502

In this section, the kinematical properties of signal models exactly on the diagonal are discussed, under the2503

assumption, that both top squarks decay to an on-shell top quark via the t̃1 ! t + �̃0
1 decay mode. In this2504

section pµ refers to a four momentum. Furthermore, to improve the readability, the following notations2505

are used:2506

pµ (X1 + · · · + Xn) = pµ (X1) + · · · + pµ (Xn) (4)

and2507

~pT(X1 + · · · + Xn) = ~pT(X1) + · · · + ~pT(Xn), (5)

where X1, . . . , Xn are arbitrary particles.2508

Neutralino reconstruction2509

Consider a top squark in its rest frame for a signal model exactly on the diagonal, where�m(t̃1, t) = m( �̃0
1).2510

In the case of an on-shell top-quark decay, there is no energy to give momentum to the decay products,2511

therefore both the t and �̃0
1 will be produced at rest and the relation between the four-momenta can be2512

presented as:2513

pµ
t̃1
= pµ

t
+ pµ

�̃0
1
, pµ

t
=

mt

mt̃1

· pµ
t̃1
, pµ

�̃0
1
=

m�̃0
1

mt̃1

· pµ
t̃1
, (6)

where pµ
t̃1

, pµ
t

and pµ
�̃0

1
are the four-momenta of t̃1, t and �̃0

1, respectively.2514

Since the momenta are collinear in the rest frame, this will hold in any boosted frame too. From these2515

equations it follows, that on the diagonal, if the four-momentum of any particle is known, the other one2516

can be calculated by a corresponding scaling. In particular, the four-momentum of the neutralino can be2517

calculated from the four-momentum of the top squark:2518

pµ
�̃0

1
= ↵pµ

t̃1
, ↵ =

m�̃0
1

mt̃1

, (7)

or in case of the top quark2519

pµ
�̃0

1
=

m�̃0
1

mt

pµ
t
=
↵

1 � ↵ pµ
t
. (8)

As a consequence of this relation, if the neutralino is nearly massless, after the decay it gets a very small2520

momentum and therefore it does not contribute much to the Emiss
T .2521

6th March 2017 – 22:12 433

RJR Decay Tree

Sparticle:  
Stop

Invisible: 
Neutralino

Visible:  
Top Decay

• Final state: ETmiss + semileptonic ttbar 

• 16 signal regions for different channels (also includes dark matter search) 

• RJR used in cut-and-count (discovery) and BDT (exclusion) diagonal SRs

=

Figure 9.1: Diagrams illustrating stop pair production into the typical two-body signature: t̃ → tχ̃0
1 [38].

XJUI UIF CZQSPEVDUT PG UIF EJ�TUPQ EFDBZ
 UIFSF JT B KFU 	PS TZTUFN PG KFUT
 BUUSJCVUBCMF UP UIF JOJUJBM

TUBUF SBEJBUJPO 	*43
 UIBU LJDLT UIF EJ�TUPQ TZTUFN BOE CPPTUT UIF χ̃0
1T�

*O UIJT QBSUJDVMBS BOBMZTJT
 UIF tt̄ EFDBZT TFNJ�MFQUPOJDBMMZ
 HJWJOH B ୮ୢOBM TUBUF PG POF MFQUPO
 BU

MFBTU GPVS KFUT 	UXP PG XIJDI BSF C�KFUT

 BOEEmiss
T DPNJOH GSPN POF OFVUSJOP BOE UXP χ̃0

1T� 5IJT JT

IFSFBG୴FS SFGFSSFE UP BT UIF ԛTUPQ �-Ԝ BOBMZTJT� *O UIF TJNQMJ୮ୢFE NPEFM VTFE UP EFTDSJCF UIJT TDFOBSJP


UIF χ̃0
1 JT DPNQPTFE FOUJSFMZ PG UIF CJOP XFBL FJHFOTUBUF�

5IF DPNQSFTTFE BSFB PG QIBTF TQBDF UIBU XJMM CF UIF GPDVT PG UIJT EJTDVTTJPO XBT JOUSPEVDFE JO

4FDUJPO ��� BT UIF EJBHPOBM SFHJPO
 XIFSF UIF TVN PG UIF t BOE χ̃0
1 NBTTFT JT DMPTF UP 	CVU OFDFTTBSJMZ

MFTT UIBO
 UIF NBTT PG UIF t̃� #FDBVTF PG UIF TNBMM NBTT TQMJUUUJOH
 UIF UPUBM pT PG UIF χ̃0
1T JT FYQFDUFE

UP DPNF BMNPTU FOUJSFMZ GSPN UIF NBHOJUVEF PG UIF *43 CPPTU� 5IJT TUSBUFHZ SFMJFT PO B NBTTJWF χ̃0
1 TP

���



UIBU JU DBO CF NPSF CPPTUFE CZ UIF *43 TZTUFN XJUI SFTQFDU UP UIF UPQ RVBSL� 5IVT
 UIF EJTDVTTJPO JT

GVSUIFS OBSSPXFE UP UIF IJHI�NBTT FOE PG UIF EJBHPOBM
 XIFSF UIF t̃NBTT JT" ��� (F7�

5IF BOBMZTJT PWFSWJFX BOE TFDUJPO PSHBOJ[BUJPO JT BT GPMMPXT
 GPDVTJOH FYDMVTJWFMZ PO UIF IJHI�

NBTT EJBHPOBM SFHJPO� 4FDUJPO ��� EFTDSJCFT UIF EBUB BOE TJNVMBUFE TBNQMFT VTFE JO UIF BOBMZTJT� 4FD�

UJPO ��� EFTDSJCFT UIF FWFOU SFDPOTUSVDUJPO BOE PCKFDU SFRVJSFNFOUT� 4FDUJPO ��� EFTDSJCFT UIF TUVEZ

PG OFX EJTDSJNJOBUJOH WBSJBCMFT BOE TJHOBM SFHJPO EFTJHO GPS UIF IJHI�NBTT DPNQSFTTFE TJHOBMT� 5IFTF

TJHOBM SFHJPOT BSF VUJMJ[FE JO UXP BOBMZTJT UFDIOJRVFT� DVU�BOE�DPVOU GPS EJTDPWFSZ
 BOE TIBQF׹�U GPS

FYDMVTJPO� 5IF TIBQF�୮ୢU BOBMZTJT IFSF VTFT B CPPTUFE EFDJTJPO USFF USBJOFE PO TFWFSBM USBEJUJPOBM BOE

3+3 WBSJBCMFT
 XJUI UIF DVU�BOE�DPVOU SFHJPOT QSPWJEJOH B DSPTT�DIFDL PG UIF SFTVMUT�

5IF CBDLHSPVOE FTUJNBUJPO TUSBUFHZ JT EFTDSJCFE JO 4FDUJPO ���� 5IF MBSHFTU CBDLHSPVOET BSF FTUJ�

NBUFE XJUI EFEJDBUFE DPOUSPM SFHJPOT UP FYUSBDU B OPSNBMJ[BUJPO PG EBUB UP .POUF $BSMP TJNVMBUJPO


XIJMF UIF FTUJNBUFT PG TNBMMFS CBDLHSPVOET BSF UBLFO EJSFDUMZ GSPN TJNVMBUJPO� 5IF FTUJNBUJPO BOE

JODPSQPSBUJPO PG TZTUFNBUJD VODFSUBJOUJFT JT EJTDVTTFE JO 4FDUJPO ���� 'JOBMMZ
 BMM SFHJPOT BSF VTFE JO

B TJNVMUBOFPVT ୮ୢU BT EJTDVTTFE JO 4FDUJPO ��� UP EFUFSNJOF UIF BNPVOU PG FYQFDUFE CBDLHSPVOE JO

UIF TJHOBM SFHJPOT BOE DPOTUSBJO UIF OVNCFS PG EBUB FWFOUT UIBU DPVME CF BUUSJCVUFE UP B TUPQ TJHOBM�

4FDUJPO ��� BMTP QSFTFOUT UIF SFTVMUT BOE DPODMVTJPOT PG UIF TFBSDI�

��� %ঊঝঊ�.$ 4ঊখঙক঎জ

5IJT BOBMZTJT VTFT UIF GVMM ��������� "5-"4 EBUBTFU
 DPSSFTQPOEJOH UP BO JOUFHSBUFE MVNJOPTJUZ PG ��

୯୰−1± ���ॎ
 XJUI B DPMMJTJPO FOFSHZ PG
√
s � �� 5F7 BOE B NFBO QJMFVQ PG ����� &WFOUT XFSF QSJNBSJMZ
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DPMMFDUFE VTJOH BEmiss
T USJHHFS
 XIJDI JT GVMMZ F୭୮ୢDJFOU GPSEmiss

T � ��� (F7
 XJUI B TFDPOEBSZ VTF PG

TJOHMF MFQUPO USJHHFST XJUIEmiss
T CFMPX UIJT UISFTIPME� 5ISFTIPMET GPS UIF TJOHMF MFQUPO USJHHFST BSF

TFU TVDI UIBU DPOTUBOU F୭୮ୢDJFODZ BT B GVODUJPO PG MFQUPO pT JT PCUBJOFE
 UIF WBMVF PG XIJDI JT BQQSPY�

JNBUFMZ ��ॎ GPS FMFDUSPOT BOE ��ॎ GPS NVPOT� &BDI FWFOU JT SFRVJSFE UP TBUJTGZ CFBN
 EFUFDUPS
 BOE

EBUB RVBMJUZ DIFDLT
 BT EFTDSJCFE CZ UIF (PPE 3VO -JTUT
 XIJDI FOTVSF UIF BDDFMFSBUPS BOE EFUFDUPS

XFSF PQFSBUJOH DPSSFDUMZ XIFO UIF EBUB XBT SFDPSEFE� "EEJUJPOBMMZ
 FWFOUT XFSF SFRVJSFE UP IBWF B

QSJNBSZ WFSUFY
 XJUI UXP BTTPDJBUFE USBDLT XJUI pT � ��� .F7�

4JNVMBUFE FWFOU TBNQMFT BSF HFOFSBUFE VTJOH .POUF $BSMP 	.$
 TJNVMBUJPO UP NPEFM UIF 4.

CBDLHSPVOE QSPDFTTFT BOE 464: TJHOBMT PG JOUFSFTU� #PUI TJHOBM BOE CBDLHSPVOE TJNVMBUJPOT XFSF

QSPEVDFE XJUI WBSZJOH OVNCFST PG NJOJNVN�CJBT JOUFSBDUJPOT BEEFE UP UIF QSJNBSZ JOUFSBDUJPO UP

TJNVMBUF UIF F୭GFDU PG QJMFVQ
 BOE XJUI µ SFXFJHIUJOH UP NBUDI UIF EJTUSJCVUJPO JO EBUB�

#BDLHSPVOE TBNQMFT XFSF QSPDFTTFE XJUI B GVMM TJNVMBUJPO PG UIF "5-"4 EFUFDUPS <��>� 5IF

OPNJOBM tt̄ BOE TJOHMF UPQ TBNQMFT <��> XFSF HFOFSBUFE XJUI POWHEG <��> JOUFSGBDFE UP PYTHIA

6 <���> GPS QBSUPO TIPXFSJOH 	14
 BOE IBESPOJ[BUJPO� 8�;�KFUT <���> BOE EJCPTPO <���> TBNQMFT

XFSF HFOFSBUFE BOE TIPXFSFE XJUI 4IFSQB <���>� 5IF tt̄ � 8�; TBNQMFT <���> XFSF HFOFSBUFE XJUI

.(�@B.$!/-0 <���> JOUFSGBDFE UP PYTHIA 8 <���>� 5IF TJHOBM t̃ → tχ̃0
1 TBNQMFT VTFE B GBTU "5�

-"4 TJNVMBUJPO <��>� 5IFZ XFSF HFOFSBUFE BU MFBEJOH PSEFS 	-0
 XJUI .(�@B.$!/-0 JODMVEJOH

VQ UP UXP FYUSB QBSUPOT
 BOE EFDBZFE VTJOH POMZ QIBTF TQBDF DPOTJEFSBUJPOT JO PYTHIA 8� " MJTU PG

BMM TJNVMBUJPO TBNQMFT BOE UIF DPSSFTQPOEJOH FWFOU HFOFSBUPST BOE 14�IBESPOJ[BUJPO NPEFMT VTFE

DBO CF GPVOE JO 5BCMF ����
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1SPDFTT .$ (FOFSBUPS
tt̄ POWHEG + PYTHIA 6
4JOHMF UPQ 8U POWHEG+ PYTHIA 6
8�; � KFUT 4IFSQB
%JCPTPO 4IFSQB
tt̄ � 8�; B.$!/-0@ޔ). � PYTHIA 8
464: TJHOBM B.$!/-0@ޔ). � PYTHIA 8

Table 9.1: Overview of simulated samples.

��� 0ঋও঎ঌঝ 3঎હঞ঒ছ঎খ঎গঝজ

5IF ୮ୢOBM TUBUF PG UIF BOBMZTJT DPOUBJOT KFUT
 NJTTJOH FOFSHZ
 BOE POF MFQUPO
 XIJDI DBO CF B FMFDUSPO

PS B NVPO� 5IF SFDPOTUSVDUJPO PG UIFTF PCKFDUT JT EJTDVTTFE JO EFUBJM JO 4FDUJPO ���� 5XP DMBTTFT PG

SFDPOTUSVDUFE QIZTJDT PCKFDUT BSF VTFE JO UIF BOBMZTJT� #BTFMJOF PCKFDUT BSF VTFE UP QFSGPSN PWFSMBQ

SFNPWBM BOE SFDPOTUSVDU &miss
T 
 XIJMF TJHOBM PCKFDUT IBWF UJHIUFS LJOFNBUJD BOE RVBMJUZ SFRVJSFNFOUT


BOE BSF VTFE UP EF୮ୢOF SFHJPOT PG JOUFSFTU� *O UIJT TFDUJPO
 UIF BOBMZTJT TQFDJ୮ୢD SFRVJSFNFOUT BSF EF�

TDSJCFE�

����� -঎ঙঝঘগজ

*O BEEJUJPO UP UZQJDBM LJOFNBUJD SFRVJSFNFOUT
 UIFSF BSF UISFF QSJNBSZ GBDUPST UIBU EFUFSNJOF XIFUIFS

B MFQUPO JT EFFNFE VTBCMF GPS UIF BOBMZTJT� 5IF EFUBJMT PG UIFTF NFUSJDT BSF JOUSPEVDFE BOE EFUBJMFE JO

4FDUJPO ����

�� -JLFMJIPPE�CBTFE JEFOUJ୮ୢDBUJPO 	*%
 <��>�

�� *NQBDU QBSBNFUFS
 XIJDI DBO EJTUJOHVJTI CFUXFFO QSPNQU BOE OPO�QSPNQU MFQUPOT CZ UBL�
JOH JOUP BDDPVOU UIF QSPYJNJUZ PG UIF USBDL UP UIF CFBN BYJT
 NFBTVSFE JO CPUI USBOTWFSTF d
BOE MPOHJUVEJOBM z EJTUBODFT� $VUT PO JNQBDU QBSBNFUFS JOWPMWF CPUI UIF NFBTVSFNFOU PG
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&MFDUSPO .VPO

#BTFMJOF
pT � ޔ (F7 � ޓ (F7
|η| � ޖޓ�ޑ � ޖޓ�ޑ
*% 7FSZ-PPTF -PPTF

4JHOBM
*TPMBUJPO -PPTF5SBDL0OMZ�'JYFE$VU5JHIU 'JYFE$VU5JHIU5SBDL0OMZ
*NQBDU 1BSBNFUFS |d0|/σd0 � ޔ |d0|/σd0 � 
ޒ |z0sinθ| � ޔ�ޏ NN
*% -PPTF"OE#-BZFS�5JHIU .FEJVN

Table 9.2: Overview of baseline and signal lepton requirements for the stop1L analysis.

UIF QPJOU PG DMPTFTU BQQSPBDI PG UIF USBDL 	d0 PS z0
 BOE JUT VODFSUBJOUZ 	σd0 PS σz0 
 SFTQFD�
UJWFMZ
�

�� *TPMBUJPO
 XIJDI HJWFT BO BEEJUJPOBM IBOEMF PO XIFUIFS B MFQUPO JT QSPNQU PS OPOQSPNQU

VTJOH JOGPSNBUJPO BCPVU UIF USBOTWFSTF FOFSHZ OPU BUUSJCVUBCMF UP UIF MFQUPO UIBU JT EFQPTJUFE
JO B DPOF XJUI TJ[F∆R BSPVOE JU�

.JOPS NJTNPEFMMJOH PG MFQUPOT JO .$ JT DPSSFDUFE GPS CZ EFEJDBUFE TDBMF GBDUPST GPS FBDI PG UIF

BCPWF UISFF SFRVJSFNFOUT
 BT EFSJWFE GSPN EBUB FWFOUT XJUI ; PS +�ψ → ℓℓ <��
 ��>� 5BCMF ��� HJWFT

BO PWFSWJFX PG BMM LJOFNBUJD
 *%
 JNQBDU QBSBNFUFS
 BOE JTPMBUJPO SFRVJSFNFOUT GPS CPUI ୯୳BWPST PG

CBTFMJOF BOE TJHOBM MFQUPOT VTFE JO UIF BOBMZTJT�

����� +঎ঝজ � &miss
T

5IF KFUT VTFE JO UIJT BOBMZTJT BSF BOUJ�kt 3 � ��� KFUT� 5IFZ BSF DBMJCSBUFE GPS EFUFDUPS SFTQPOTF BOE

JO TJUV KFU FOFSHZ TDBMF� #BTFMJOF KFUT BSF SFRVJSFE UP IBWF pT � �� (F7
 XIJMF TJHOBM KFUT IBWF UIF NPSF

TUSJOHFOU SFRVJSFNFOU PG pT � �� (F7 BOE ]η] � ���� +FUT DPOUBJOJOH b�IBESPOT BSF JEFOUJ୮ୢFE VTJOH

UIF .7�D�� C�UBHHJOH BMHPSJUIN
 BU B XPSLJOH QPJOU UIBU QSPWJEFT ��ॎ TFMFDUJPO F୭୮ୢDJFODZ JO tt̄

TJNVMBUJPO�
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1JMF�VQ DPOUBNJOBUJPO JT NJUJHBUFE JO FBDI KFU VTJOH UIF KFU BSFB TVCUSBDUJPO NFUIPET� GVSUIFS�

NPSF
 TJHOBM KFUT XJUI pT � �� (F7 BOE ]η] � ��� IBWF UP TBUJTGZ +75 SFRVJSFNFOUT� 5IF FWFOU DMFBO�

JOH QSPDFEVSF BT EFTDSJCFE JO $IBQUFS � JT BQQMJFE UP TVQQSFTT GBLF KFU DPOUBNJOBUJPO�

5IF &miss
T JO UIF FWFOU JT EF୮ୢOFE BT UIF OFHBUJWF WFDUPS TVN PG UIF USBOTWFSTF NPNFOUB PG CBTF�

MJOF MFQUPOT BOE KFUT� " TPG୴ UFSN JT BEEFE BT XFMM UP BDDPVOU GPS QSJNBSZ WFSUFY USBDLT CVU OPU UP BOZ

CBTFMJOF PCKFDU <��>�

����� 0ট঎ছকঊঙ 3঎খঘটঊক

*O DFSUBJO TDFOBSJPT
 B TJOHMF QBUUFSO PG FOFSHZ EFQPTJUJPO DBO CF SFDPOTUSVDUFE BT UXP EJTUJODU QIZTJDT

PCKFDUT� 5P FOTVSF UIBU OP EFUFDUPS TJHOBUVSF JT EVQMJDBUFE JO UIF ୮ୢOBM TFU PG SFDPOTUSVDUFE PCKFUT


BO PWFSMBQ SFNPWBM QSPDFEVSF JT BQQMJFE UP FBDI FWFOU� "O أPWFSMBQآ CFUXFFO UXP PCKFDUT DBO CF B

TIBSFE USBDL
 HIPTU�NBUDIJOH <���>
 PS B NJOJNVN∆3� &BDI QPTTJCMF DPNCJOBUJPO PG PCKFDUT
 J�F�

FMFDUSPO BOE NVPO
 FMFDUSPO BOE KFU
 KFU BOE KFU
 IBT B DFSUBJO DSJUFSJB UIBU EFUFSNJOFT BO PWFSMBQ
 BOE

B QSFDFEFODF UIBU EFUFSNJOFT XIJDI PG UIF UXP PCKFDUT JT LFQU BOE XIJDI JT EJTDBSEFE� 5IF TQFDJ୮ୢD

QSJPSJUZ PSEFSJOH PG UIJT QSPDFEVSF JT EFTDSJCFE JO EFUBJM JO 3FG� <��>�

��� 4঒ঐগঊক 3঎ঐ঒ঘগজ

5IF LJOFNBUJD GFBUVSFT PG TUPQ EFDBZT OFBS UIF EJBHPOBM BSF DSVDJBM UP F୭GFDUJWF TJHOBM SFHJPO EFTJHO�

*O 4FDUJPO ���
 UIF DPSSFMBUJPO CFUXFFOEmiss
T BOE *43 pT XBT TIPXO UP CF JNQPSUBOU XIFO XPSL�

JOH XJUI *43 UPQPMPHJFT� 'VSUIFSNPSF
 UIF WBSJBCMFRISR XBT TIPXO UP BQUMZ FYQMPJU UIJT DPSSFMBUJPO

GPS VMUSB�DPNQSFTTFE TJHOBMT
 XIFSF BMM PG UIFEmiss
T JO UIF FWFOU DPNFT GSPN UIF *43 NPNFOUVN
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JNQBSUFE UP UIF EJ�χ̃0
1 TZTUFN�

5IJT JT QSPNJTJOH GPS DPNQSFTTFE TUPQ TFOTJUJWJUZ� )PXFWFS
 UIFSF JT B LFZ DPNQMJDBUJPO JO UIF

TUPQ �- TFBSDI� UIFSF JT BOPUIFS TPVSDF PGEmiss
T JO UIF FWFOU
 UIF OFVUSJOP GSPN UIF MFQUPOJD 8 CP�

TPO EFDBZ� 5IF OFVUSJOP BEET UP UIF UPUBMEmiss
T JO UIF FWFOU
 TNFBSJOH UIFRISR SFTPMVUJPO� 5IJT

F୭GFDU NVTU CF UBLFO JOUP BDDPVOU XIFO EFTJHOJOH PQUJNBM TJHOBM SFHJPOT XJUIRISR BOE PUIFS WBSJ�

BCMFT
 UIF QSPDFTT PG XIJDI JT EFTDSJCFE JO UIF GPMMPXJOH TVCTFDUJPOT GPS UIF DVU�BOE�DPVOU BOE #%5

TJHOBM SFHJPOT�

����� $ঞঝ�ঊগ঍�$ঘঞগঝ 43 %঎ট঎কঘঙখ঎গঝ

5IF DVU�BOE�DPVOU BOBMZTJT TUSBUFHZ JT CBTFE PO DPVOUJOH UIF OVNCFS PG FWFOUT JO B TJOHMF SFHJPO

PG QIBTF TQBDF BOE DPNQBSJOH UIF SFTVMU UP QSFEJDUJPO� *U JT UIFSFGPSF NPEFM�JOEFQFOEFOU BOE CFTU

TVJUFE GPS EJTDPWFSZ MJNJUT�

5IF ୮ୢSTU TUFQ VOEFSUBLFO JO DVU�BOE�DPVOU 43 DPOTUSVDUJPO XBT UP DPNQBSF TJHOBM UP CBDL�

HSPVOE EJTUSJCVUJPOT GPS B TFU PG LFZ BOBMZTJT WBSJBCMFT� 5IJT TFU JODMVEFT TUBOEBSE WBSJBCMFT
 TVDI

BTEmiss
T 
 KFU NVMUJQMJDJUZ
 MFQUPO pT 
 BOE USBOTWFSTF NBTTmT 	EF୮ୢOFE JO &RVBUJPO ���
� 0UIFS WBSJ�

BCMFT DPNNPOMZ VTFE JO BOBMZTFT XJUI UPQT XFSF BMTP VTFE
 TVDI BT UPQOFTT BOE amT 2�҆

mT

(
pℓT , p

miss
T

)
=

√
m2
ℓ + 2

(
Eℓ

TE
miss
T − pℓT · pmiss

T

)
	���


4FWFSBM 3+3 WBSJBCMFT XFSF FYBNJOFE JO UIF PQUJNJ[BUJPO
 TQFDJ୮ୢDBMMZRISR
MS
T 
 pISRT 
NjV 


҆UPQOFTT JT B χ�TRVBSFE ୮ୢU CBTFE WBSJBCMF UP JEFOUJGZ BOE TVQQSFTT QBSUJBMMZ SFDPOTUSVDUFE EJMFQUPOJD tt̄
FWFOUT� amT 2 JT B GPSN PG BTZNNFUSJDmT 2 GPS EJMFQUPOJD tt̄ FWFOUT XJUI B MPTU MFQUPO�

���



NlV 
 BOE∆φ	*43
*

 BT EF୮ୢOFE JO 4FDUJPO ���� "EEJUJPOBMMZ
 UIF 3+3 WBSJBCMF pT bV 1XBT JODPSQP�

SBUFE
 EF୮ୢOFE BT UIF pT PG UIF IJHIFTU NPNFOUVN C�KFU JO UIF FWFOU� 5IF TJHOBM SFHJPO JT FYQFDUFE

UP CF NBEF CZ JNQPTJOH DVUT PO UIFTF WBSJBCMFT
 UIF WBMVFT PG XIJDI BSF PQUJNJ[FE UP CPUI NBYJNJ[F

TJHOBM ZJFME BOE LJMM 4UBOEBSE .PEFM CBDLHSPVOET�

5P RVBOUJGZ UIJT QSPDFTT PG ୮ୢOEJOH PQUJNBM DVU WBMVFT
 IJTUPHSBNT LOPXO BT ��/آ QMPUTأ XFSF

NBEF GPS FBDI WBSJBCMF
 JODMVEJOH CPUI FYQFDUFE CBDLHSPVOET BOE B GFX LFZ TJHOBM QPJOUT� 5IF EF୮ୢO�

JOH GFBUVSF PG UIFTF IJTUPHSBNT JT UIBU UIF DVU PO UIF WBSJBCMF EJTQMBZFE JT OPU BQQMJFE� " TFDPOE

QBOFM CFMPX FBDI IJTUPHSBN EJTQMBZT UIFZn TFOTJUJWJUZ BT EF୮ୢOFE JO 4FDUJPO ��� BOE DBMDVMBUFE VT�

JOH UIF RooStats NumberCountingUtilsNFUIPE <���>
 GPS B GFX SFQSFTFOUBUJWF TJHOBM QPJOUT

BT B GVODUJPO PG UIF QPUFOUJBM DVU WBMVF� 5IJT DBO QSPWJEF B DMFBS JOEJDBUJPO PG XIJDI DVU WBMVF HJWFT

NBYJNVN QFSGPSNBODF�

.VMUJQMF JUFSBUJPOT PG UIFTF IJTUPHSBNT XFSF NBEF JO UIF PQUJNJ[BUJPO QSPDFEVSF� 'PS UIF ୮ୢSTU


POMZ B HFOFSBM QSFTFMFDUJPO XBT BQQMJFE UP FOGPSDF UIF EFTJSFE UPQPMPHZ� 5IF NPTU QPXFSGVM DVU
 J�F�

UIF WBMVF PG UIF WBSJBCMF UIBU HJWFT UIF NBYJNBMZn TFOTJUJWJUZ GPS UIBU QSFTFMFDUJPO
 JT DIPTFO BOE

BEEFE UP UIF TFMFDUJPO� 5IJT QSPDFEVSF SFQFBUT
 XJUI FBDI TVCTFRVFOU JUFSBUJPO BEEJOH UIF NPTU

QPXFSGVM QPTTJCMF DVU GPS UIF DVSSFOU TFMFDUJPO�

*O BO FWFOU UIBU JT LJOFNBUJDBMMZ WFSZ DMPTF UP UIF EJBHPOBM
 XIFSF UIF EFDBZ DIBJO IBT B WFSZ TNBMM

NBTT TQMJUUJOH
 BMM PG UIFEmiss
T JT QSPWJEFE CZ UIF pISRT � )PXFWFS
 NPWJOH TMJHIUMZ P୭G UIJT EJBHP�

OBM MJOF JO QIBTF TQBDF
 DPSSFTQPOEJOH UP TMJHIUMZ MBSHFS NBTT TQMJUUJOHT
 XFBLFOT UIJT DPSSFMBUJPO
 BT

MBSHFS NBTT TQMJUUJOHT BMMPX GPS TPNF PG UIF t̃NBTT FOFSHZ UP HP UP UIF χ̃0
1 BT NPNFOUVN� 5IJT �P୭Gآ

EJBHPOBMأ SFHJPO JT TUJMM TV୭୮ୢDJFOUMZ DPNQSFTTFE
 BOE GBS GSPN UIF TUBOEBSE CVML TFBSDI SFHJPO
 UIBU
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UIF 3+3 NFUIPE TUJMM QSPWFT VTFGVM� .PSFPWFS
 UIF EJ୭GFSFODF CFUXFFO PO� BOE P୭G�EJBHPOBM LJOFNBU�

JDT JT TJHOJ୮ୢDBOU FOPVHI UP NFSJU UXP TFQBSBUF CVU JEFOUJDBM PQUJNJ[BUJPO QSPDFEVSFT
 BMMPXJOH UIFJS

LJOFNBUJD GFBUVSFT UP CF GVMMZ VUJMJ[FE�

'PVS DBOPOJDBM TJHOBM QPJOUT
 EF୮ୢOFE CZ 	Nt̃ <(F7>
 Nχ̃0
1
<(F7>

 XFSF VTFE JO UIF PQUJNJ[BUJPO

QSPDFEVSF� 5XP PG UIFTF XFSF DIPTFO UP DBQUVSF UIF LJOFNBUJD GFBUVSFT PG UIF PO�EJBHPOBM SFHJPO�

UIFTF BSF 	���
 ���
 BOE 	���
 ���
� 5IF UXP QPJOUT UIBU SFQSFTFOU UIF P୭G�EJBHPOBM SFHJPO BSF 	���


���
 BOE 	���
 ���
� 'JHVSFT ��� UISPVHI ��� TIPX /�� QMPUT PGEmiss
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Figure 46: Distribution of the Emiss
T , the mT, Njet s and N jV after applying all diagonal SR cuts, except the one on

the displayed distribution.
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Figure 9.2: Distribution of variables after applying all on-diagonal SR cuts, except the one on the displayed distribution.
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Figure 47: Distribution of NlV , leading lepton pT , RI SR and pI SR
T after applying all diagonal SR cuts, except the

one on the displayed distribution.
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Figure 9.3: Distribution of variables after applying all on-diagonal SR cuts, except the one on the displayed distribution.
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Figure 48: Distribution of MS
T and ��I SR, I after applying all diagonal SR cuts, except the one on the displayed

distribution.
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Figure 9.4: Distribution of variables after applying all on-diagonal SR cuts, except the one on the displayed distribution.
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Figure 49: Distribution of Njet s , N jV , NlV and leading lepton pT after applying all o� diagonal SR cuts, except
the one on the displayed distribution.
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Figure 9.5: Distribution of variables after applying all off-diagonal SR cuts, except the one on the displayed distribu-

tion. ���
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Figure 50: Distribution of RI SR , pI SR
T , MS

T and pTbV1 after applying all o� diagonal SR cuts, except the one on
the displayed distribution.
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Figure 9.6: Distribution of variables after applying all off-diagonal SR cuts, except the one on the displayed distribu-

tion. ���
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Table 9.3: Table of selection criteria for high-mass compressed cut-and-count signal regions.

5IF DVU WBMVFT PCUBJOFE JO UIF /�� PQUJNJ[BUJPO QSPDFEVSF XFSF TVCTFRVFOUMZ JNQMFNFOUFE

JOUP UXP EJTUJODU EJBHPOBM BOE P୭G�EJBHPOBM TJHOBM SFHJPOT� " DPNNPO QSFTFMFDUJPO GPS UIFTF SFHJPOT


BMPOH XJUI UIFJS JOEJWJEVBM EF୮ୢOJUJPOT
 JT TIPXO JO 5BCMF ����

#FDBVTF PG UIF SFMBUJWF OPWFMUZ PG UIF 3+3 NFUIPE XJUI SFHBSE UP 464: BOBMZTFT
 DBSFGVM TUVEZ

PG UIF OFX WBSJBCMFT XBT OFDFTTBSZ UP FOTVSF UIBU UIFZ XFSF XFMM�NPEFMFE CZ TJNVMBUJPO� 'JHVSF ���

TIPXT UXP QSJNBSZ 3+3 WBSJBCMFT
RISR BOEMS
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 BU QSFTFMFDUJPO
 UP EFNPOTUSBUF HPPE EBUB WT� .$

BHSFFNFOU� 4VDI TUVEJFT HJWF DPO୮ୢEFODF UP QPUFOUJBM FYUSBQPMBUJPO BDSPTT UIFTF WBSJBCMFT
 UIBU JT
 UIF

TFMFDUJPO PG EJ୭GFSFOU SBOHFT PG WBMVFT PG B HJWFO WBSJBCMF JO EJ୭GFSFOU BOBMZTJT SFHJPOT� 5P LFFQ EBUB

WT� .$ JODPOTJTUFODJFT GSPN TDVMQUJOH UIF BOBMZTJT SFHJPOT
 HFOFSBMMZ JU JT EFTJSBCMF GPS UIF EBUB�.$

SBUJP UP CF ୯୳BU BDSPTT B HJWFO WBSJBCMF PG JOUFSFTU�
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Figure 7: Distributions of discriminating variables: (top left) reconstructed mass of the hadronic top-quark candidates
with �2-based minimisation method (m�

top), (top right) MS
T , (bottom left) RISR, and (bottom right) |��(ISR, I)|. The

m�
top variable is used in the tN_diag_med signal region and the others are used in the tN_diag_high signal region,

which are defined in Section 7.1.2. In addition to the SM background prediction, signal models are shown, denoted
by m(t̃1, �̃

0
1 ), and scaled by a certain factor for visibility. The lower panels show the ratio of data to total SM

background and the ratio of expected signal to total SM background. The category labelled ‘Others’ stands for
minor SM backgrounds that contribute less than 5% of the total SM background. The hatched area around the total
SM prediction and the hatched band in the Data/SM ratio include statistical and experimental uncertainties. The
last bin contains overflows.
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Figure 7: Distributions of discriminating variables: (top left) reconstructed mass of the hadronic top-quark candidates
with �2-based minimisation method (m�

top), (top right) MS
T , (bottom left) RISR, and (bottom right) |��(ISR, I)|. The

m�
top variable is used in the tN_diag_med signal region and the others are used in the tN_diag_high signal region,

which are defined in Section 7.1.2. In addition to the SM background prediction, signal models are shown, denoted
by m(t̃1, �̃

0
1 ), and scaled by a certain factor for visibility. The lower panels show the ratio of data to total SM

background and the ratio of expected signal to total SM background. The category labelled ‘Others’ stands for
minor SM backgrounds that contribute less than 5% of the total SM background. The hatched area around the total
SM prediction and the hatched band in the Data/SM ratio include statistical and experimental uncertainties. The
last bin contains overflows.
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Figure 9.7: Distributions of key RJR variables, including data to simulated SM background agreement and the ratio of

expected signal to total SM background. [38].
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����� #%5 43 %঎ট঎কঘঙখ঎গঝ

5P IFMQ QFSGPSN UIF EJ୭୮ୢDVMU TJHOBM�UP�CBDLHSPVOE EJTDSJNJOBUJPO PO UIF IJHI�NBTT EJBHPOBM
 B

CPPTUFE EFDJTJPO USFF 	#%5
 XBT USBJOFE BOE VTFE UP CVJME B TVQQMFNFOUBM EJBHPOBM TJHOBM SFHJPO� *O�

IFSFOUMZ UIF USBJOJOH PG UIF #%5 UP EJTDSJNJOBUF TUPQ TJHOBM GSPN CBDLHSPVOE JT NPEFM�EFQFOEFOU


TP JO UIJT BOBMZTJT
 UIF #%5�CBTFE TJHOBM SFHJPO XBT VTFE GPS FYDMVTJPO MJNJUT�

" EFDJTJPO USFF JT B NVMUJWBSJBUF DMBTTJ୮ୢDBUJPO NFUIPE UIBU MFBSOT B TFU PG EJTDSJNJOBUJOH GFBUVSFT


BOE TQMJUT BO JOQVU EBUBTFU SFDVSTJWFMZ CBTFE PO UIPTF GFBUVSFT� &BDI OPEF JO UIF USFF SFQSFTFOUT B

CPPMFBO EFDJTJPO� JO UIF DBTF
 XIFUIFS UIF JOQVU EBUB FWFOU MPPLT NPSF TJHOBM�MJLF PS NPSF CBDLHSPVOE�

MJLF� 5IF USFF CFHJOT XJUI B USBJOJOH TBNQMF BU UIF SPPU OPEF
 XIJDI JT UIFO TQMJU BU FBDI OPEF CBTFE

PO UIF DVU JO B WBSJBCMF PG DIPJDF UIBU HJWFT UIF CFTU TFQBSBUJPO HBJO� 5IF OVNCFS PG EFDJTJPOT UIBU

BSF NBEF PO UIF JOQVU DSFBUFT B OVNCFS PG MFWFMT UIBU NBLF VQ UIF EFQUI PG UIF USFF� 5IF MBTU MFWFM

DPOTJTUT PG MFBWॶ UIBU QSPWJEF UIF ୮ୢOBM DMBTTJ୮ୢDBUJPO
 XIJDI BTTJHOT B أTDPSFآ GSPN � UP �
 XIFSF � JT

NPTU CBDLHSPVOE�MJLF BOE � JT NPTU TJHOBM�MJLF 	TFF 'JHVSF ���
�

Figure 9.8: Diagram of a decision tree [109].
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5.7" 4FUUJOH 7BMVF %FTDSJQUJPO
BoostType (SBE #PPTUJOH UZQF GPS BMM USFF JO GPSFTU�
NTrees ޏޏޑ /VNCFS PG USFFT JO GPSFTU�

MinNodeSize ޏސ .JOJNVN QFSDFOUBHF PG USBJOJOH FWFOUT SFRVJSFE
JO B MFBG OPEF�

UseRandomisedTrees 5SVF "U FBDI OPEF TQMJUUJOH
 DIPPTF B SBOEPN TFU PG
WBSJBCMFT GSPN XIJDI UIF CFTU WBSJBCMF JT TFMFDUFE�

UseNvars ޏސ 4J[F PG UIF TVCTFU PG WBSJBCMFT VTFE XJUI
3BOEPNJTFE5SFF PQUJPO�

MaxDept ޓ .BYJNVN BMMPXFE EFQUI PG UIF EFDJTJPO USFF�

UseBaggedBoost 5SVF 6TF B SBOEPN TVCTBNQMF PG BMM FWFOUT GPS HSPXJOH
UIF USFFT JO FBDI JUFSBUJPO�

BaggedSampleFraction ޕ�ޏ 3FMBUJWF TJ[F PG CBHHFE FWFOU TBNQMF UP PSJHJOBM TJ[F
PG UIF TBNQMF�

Table 9.4: High-mass compressed BDT settings in TMVA.

#PPTUJOH DPNCJOFT NBOZ JOEJWJEVBM USFFT JOUP B GPSFTU
 XIFSF FBDI USFF IBT B XFJHIU UIBU JT BTTJHOFE

CBTFE PO JUT BDIJFWFE BDDVSBDZ JO UIF ୮ୢOBM DMBTTJ୮ୢDBUJPO� %BUB TBNQMFT BSF BMTP BTTJHOFE B XFJHIU


XIJDI HFUT MBSHFS JG UIF TBNQMF JT GSFRVFOUMZ NJTDMBTTJ୮ୢFE� 5IJT NFUIPE IFMQT UP SFEVDF CJBT BOE

TUSFOHUIFO UIF DPSSFMBUJPOT FYQMPJUFE JO UIF DMBTTJ୮ୢDBUJPO�

*NQMFNFOUBUJPO GPS USBJOJOH BOE UFTUJOH PG UIF #%5 XBT EPOF XJUI UIF 5PPMLJU GPS .VMUJWBSJBUF

"OBMZTJT 	5.7"
 GSBNFXPSL <���>
 XIJDI QSPWJEFT B FOWJSPONFOU GPS CVJMEJOH NVMUJWBSJBUF DMBTTJ�

୮ୢFST UIBU JOUFHSBUFT XJUI 3005� 5.7" IBT B WBSJFUZ PG TFUUJOHT UIBU DBO CF TQFDJ୮ୢFE CZ UIF VTFS


XIJDI B୭GFDU IPX UIF #%5 JT HFOFSBUFE� 'PS UIJT BOBMZTJT
 UIF TFUUJOH DIPJDFT BT TIPXO JO 5BCMF ���

XFSF NBEF UP NBYJNJ[F TJHOBM UP CBDLHSPVOE TFQBSBUJPO XIJMF BWPJEJOH PWFSUSBJOJOH
 PS UFBDIJOH UIF

#%5 UP DMBTTJGZ CBTFE PO ୯୳VDUVBUJPOT PS JOBVUIFOUJD GFBUVSFT
 MFBEJOH UP B DMBTTJ୮ୢFS UIBU JT TQFDJ୮ୢD UP

UIF JOQVU EBUB TFU BOE UIVT IBT EFHSBEFE QFSGPSNBODF PWFSBMM�
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7BSJBCMF $VU 7BMVF .PUJWBUJPO
Emiss

T ޏޒޑ (F7 5SJHHFS UISFTIPME
� 	KFUT
 C�UBHT
 	≥ 
ސ≤
ޔ &OGPSDF FYQFDUFE ୮ୢOBM TUBUF
pT 	KFUi
 <(F7> > 
ޔޑ	 
ޔޑ 
ޔޑ 
ޔޑ 
ޔޑ ,JOFNBUJD FYQFDUBUJPO
mT > ޏޑސ (F7 4VQQSFTT NVMUJKFU�tt̄
RISR ≥ ޓ�ޏ 3FNPWF VOJOUFSFTUUJOH FWFOUT

Table 9.5: Table of preselection criteria for the high-mass compressed BDT training.

5IF #%5 GPS UIF IJHI�NBTT DPNQSFTTFE BOBMZTJT XBT USBJOFE UP TFMFDU GPVS CFODINBSL TJHOBMT

BHBJO tt̄ BOE 8�KFUT CBDLHSPVOET�҇ "T XJUI UIF DVU�BOE�DPVOU PQUJNJ[BUJPO QSPDFEVSF
 UIF TJHOBM

QPJOUT XFSF TFMFDUFE UP FODPNQBTT B WBSJFUZ PG TUPQ NBTTFT
 BT XFMM BT EJBHPOBM BOE P୭G�EJBHPOBM LJOF�

NBUJD GFBUVSFT� 5IPTF GPVS QPJOUT BSF 	Nt̃ <(F7>
 Nχ̃0
1
<(F7>
 � 	���
 ���

 	���
 ���

 	���
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BOE 	���
 ���
� 5P FOTVSF UIBU BMM TJHOBMT XFSF BTTJHOFE FRVBM XFJHIU JO UIF USBJOJOH
 UIFZ XFSF OPU

OPSNBMJ[FE CZ DSPTT TFDUJPO� 5IF QSFTFMFDUJPO PG FWFOUT VTFE GPS USBJOJOH UIF #%5 XBT TFMFDUFE UP FO�

GPSDF CBTJD UPQPMPHJDBM BOE LJOFNBUJD FYQFDUBUJPOT
 BOE FMJNJOBUF BOZ CBDLHSPVOE FWFOUT UIBU XPVME

FBTJMZ CF SFNPWFE CZ PUIFS DVUT� 5IJT QSFTFMFDUJPO JT TIPXO JO 5BCMF ����

*O PSEFS UP NJOJNJ[F PWFSUSBJOJOH
 UIF TFU PG FWFOUT PO XIJDI UIF #%5 JT USBJOFE BOE UFTUFE DBO�

OPU CF UIF TBNF� *U JT QPTTJCMF UP TQMJU UIF JOQVU TFU PG TJNVMBUFE FWFOUT JO IBMG 	CZ FWFO BOE PEE

OVNCFSFE FWFOUT

 HJWJOH UXP FRVBM TJ[FE CVU OPOJOUFSTFDUJOH TFUT UIBU DBO CF VTFE GPS UIFTF UXP

QVSQPTFT� )PXFWFS
 UIJT SFTVMUT JO B ��ॎ MPTT PG .$ TUBUJTUJDT GSPN FOUFSJOH UIF USBJOJOH� " TPMVUJPO

UP UIJT QSPCMFN XBT GPVOE JO USBJOJOH UXP #%54
 FBDI XJUI JEFOUJDBM TFUUJOHT BOE JOQVU WBSJBCMFT�

5IF POMZ EJ୭GFSFODF CFUXFFO UIFN JT UIBU UIF FWFO OVNCFSFE FWFOUT BSF VTFE UP USBJO UIF ୮ୢSTU #%5

BOE UFTU UIF TFDPOE
 BOE WJDF WFSTB GPS UIF TFDPOE #%5� 5IJT NFUIPE SFEVDFT PWFSUSBJOJOH XIJMF
҇5IF DPNQMFUF BOBMZTJT JO SFG� <��> DPOUBJOT UISFF #%5T
 GPS UIF MPX
 NJEEMF
 BOE IJHI NBTT SFHJPOT PG UIF

EJBHPOBM�

���



FOTVSJOH VTBHF PG UIF GVMM .$ TUBUJTUJDT�

5IF TFU PG WBSJBCMFT HJWFO UP FBDI #%5 XFSF DIPTFO UP NBYJNJ[F TJHOBM UP CBDLHSPVOE TFQBSBUJPO


XIJMF DBSFGVMMZ BWPJEJOH DPSSFMBUJPOT CFUXFFO WBSJBCMFT UIBU NBZ MFBE UP PWFSUSBJOJOH� .BOZ PG UIF

EJTDSJNJOBUJOH WBSJBCMFT GSPN UIF DVU�BOE�DPVOU PQUJNJ[BUJPO XFSF DPOTJEFSFE
 BMPOH XJUI TPNF

OFX WBSJBCMFT MJLF∆3	C
ℓ
 PS∆φ	tlep
 thad
 CFJOH DPOTUSVDUFE PVU PG MPXFS MFWFM WBSJBCMFT� "MTP

BEEFE XBT UIF IBESPOJD UPQ NBTTmtχ�g

1PUFOUJBM JOQVU WBSJBCMF NPEFMJOH XBT WBMJEBUJOH UISPVHI EBUB WT� .$ BHSFFNFOU
 BT TIPXO GPS

RISR
MS
T 
∆Φ(ISR, I)
NjV 
 UIF �SE � �UI KFU pT 	UP DBQUVSF JOGPSNBUJPO BCPVU TPG୴FS FWFOU

BDUJWJUZ

mtχ
∆φ	tlep
 thad

∆3	C
ℓ

mT 
Emiss
T 
 BOE KFU NVMUJQMJDJUZ JO 'JHVSFT ��� BOE �����

5IJT FOTVSFT UIBU POMZ XFMM�NPEFMFE WBSJBCMFT BSF VTFE UP USBJO UIF #%5 EJTDSJNJOBUPS� Emiss
T BOE

KFU NVMUJQMJDJUZ
 XIJMF TIPXO JO UIJT WBMJEBUJPO TUVEZ
 XFSF VMUJNBUFMZ OPU VTFE JO USBJOJOH� "MM JOQVU

WBSJBCMFT UIBU XFSF VTFE JO USBJOJOH
 SBOLFE CZ UIFJS JNQPSUBODF UP UIF #%5 QFSGPSNBODF
 DBO CF

TFFO JO 5BCMF ����

5IF SFTVMUJOH TJHOBM BOE CBDLHSPVOE EJTUSJCVUJPOT BT B GVODUJPO PG #%5 TDPSF
 GPS CPUI FWFO� BOE

PEE�USBJOFE #%5T
 DBO CF TFFO JO 'JHVSF ����� 5IF ,PMNPHPSPW�4NJSOPW DIFDL BT JNQMFNFOUFE CZ

5.7" XBT BMTP QFSGPSNFE
 UP FOTVSF UIFSF JT OP TJHOJ୮ୢDBOU PWFSUSBJOJOH� $PNQBSJTPOT PG UIF TJHOBM

BOE CBDLHSPVOE EJTUSJCVUJPO TIBQFT GPS FBDI #%5 DPO୮ୢSN UIBU UIFSF JT OP GVOEBNFOUBM EJ୭GFSFODF

CFUXFFO FWFO� BOE PEE�OVNCFSFE FWFOUT UIBU XPVME IBWF B୭GFDUFE UIF USBJOJOH PS QFSGPSNBODF CF�

UXFFO UIF UXP #%5T�

g5IF IBESPOJD UPQ NBTT JT EF୮ୢOFE CZ NJOJNJ[JOH UIF GVODUJPO χ= (mj1,j2,bi−mt)
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Figure 56: Comparison of data and simulation at preselection level for some relevant discriminating variables used
to construct the high mass tN diagonal BDT, before the fit to data. Only statistical uncertainties are displayed. The
last bin includes the overflow.
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Figure 9.9: Comparison of data and simulation at preselection level for input variables to the BDT, before the fit to

data.
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Figure 57: Comparison of data and simulation at preselection level for some relevant discriminating variables used
to construct the high mass tN diagonal BDT, before the fit to data. Only statistical uncertainties are displayed. The
last bin includes the overflow.
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Figure 9.10: Comparison of data and simulation at preselection level for input variables to the BDT, before the fit to

data.Emiss
T and jet multiplicity were ultimately not used.

���



7BSJBCMF #%5 3BOLJOH 	FWFO USBJOJOH FWFOUT
 #%5 3BOLJOH 	PEE USBJOJOH FWFOUT

RISR ޒޑސ�ޏ ސސސ�ޏ
∆φ	*43
*
 ޖސސ�ޏ ޏޏސ�ޏ
∆3	C
ℓ
 ޕސސ�ޏ ޑސސ�ޏ
∆φ	tlep
 thad
 ޒސސ�ޏ ސސސ�ޏ
mT ޗޏސ�ޏ ޓޑސ�ޏ
MS

T ޔޘޏ�ޏ ޑޏސ�ޏ
'PVSUI KFU pT ޓޘޏ�ޏ ޑޘޏ�ޏ
mtχ ޑޗޏ�ޏ ޏޗޏ�ޏ
5IJSE KFU pT ޏޗޏ�ޏ ޗޗޏ�ޏ
NjV ޓޖޏ�ޏ ޖޖޏ�ޏ

Table 9.6: Input variables for the high-mass compressed BDT, with the rankings assigned to each variable based on

their importance in the BDT performance.

Table 22: The di�erent settings and specific values used for the high mass tN diagonal BDT

setting value short description

BoostType Grad Boosting type for all trees in the forest
NTrees 200 Number of trees in the forest

MinNodeSize 10 Minimum percentage of training events required in a leaf node
UseRandomisedTrees True Determine at each node splitting the cut variable only as the best

out of a random subset of variables
UseNvars 10 Size of the subset of variables used with RandomisedTree option
MaxDept 4 Max depth of the decision tree allowed

UseBaggedBoost True Use only a random subsample of all events for growing the trees in
each iteration

BaggedSampleFraction 0.6 Relative size of bagged event sample to original size of the sample

Table 23: Input variables for the ”high mass” BDT. The ranking assigned to each variable in the BDT training is
reported as an indication of their importance in the overall BDT performance.

input variables BDT ranking (even training events) BDT ranking (odd training events)

RI SR 0.123 0.111
��(ISR, I) 0.117 0.100
�R(b, `) 0.116 0.112
��(t, t̄) 0.113 0.111

mT 0.108 0.124
MS

T 0.095 0.102
Fourth jet pT 0.094 0.092

mtop� 0.082 0.080
Third jet pT 0.080 0.088

Njet s (visible system) 0.074 0.077
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Figure 54: Background rejection versus signal e�ciency for the training and the test sample for the first BDT (left,
trained on even events and tested on odd events) and for the second BDT (right, rained on odd events and tested on
even events).
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Figure 9.11: Signal vs. background discrimination capability and TMVAKolmogorov-Smirnov overtraining check; for

the first BDT, trained on even events and test on odd events (left), and for the second BDT, trained on odd events and

tested on even events (right).
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Figure 58: BDT score distribution for background processes and few benchmark signal processes after preselection.
The ratio plot shows the cumulative significance after a rectangular cut corresponding to the x-axis bin position.
The one-sided ZN significance is estimated using the RooStats NumberCountingUtils “BinomialExpZ” formula:
[web reference]. Flat 20% systematics are assumed in the significance computation.
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Figure 9.12: The distribution of the final BDT score for primary background processes and the benchmark signals. The

ratio plot shows the cumulative significance after a rectangular cut corresponding to the x-axis bin position. The one-

sidedZn significance is estimated using the RooStats NumberCountingUtilsBinomialExpZ formula [108],
assuming a flat 20% systematic uncertainty. The signal region is defined as events with BDT score greater than 0.6.
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5IF CBDLHSPVOE FTUJNBUJPO TUSBUFHZ GPS UIF BOBMZTJT JT UP VTF EFEJDBUFE DPOUSPM SFHJPOT 	$3T
 UP

FTUJNBUF BMM TJHOJ୮ୢDJBOU 4. QSPDFTTFT JO UIF TJHOBM SFHJPOT� 5IF EBUB JO UIF $3 JT VTFE UP FYUSBDU B

OPSNBMJ[BUJPO GBDUPS GPS UIF CBDLHSPVOE QSPDFTT
 EF୮ୢOFE JO 4FDUJPO ��� BT UIF SBUJP PG PCTFSWFE UP

FYQFDUFE FWFOUT JO UIF $3� 5IF OPSNBMJ[BUJPO GBDUPS DBO UIFO CF VTFE UP TDBMF UIF .$ QSFEJDUJPO PG

UIBU CBDLHSPVOE JO UIF 43
 XIJDI HJWFT B NPSF QSFDJTF FTUJNBUF PG UIF QSPDFTT ZJFME BDDPVOUJOH GPS

NPEFMJOH EJTDSFQBODJFT JO UIF QIBTF TQBDF PG JOUFSFTU�
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5IF NVMUJKFU CBDLHSPVOE JT FTUJNBUFE GSPN EBUB VTJOH B GBLF�GBDUPS NFUIPE <���>
 BOE JT GPVOE UP CF

OFHMJHJCMF JO BMM SFHJPOT�

7BMJEBUJPO SFHJPOT 	73T
 BSF EF୮ୢOFE UP WBMJEBUF UIF $3 QSFEJDUJPOT
 XJUI POF 73 CVJMU GPS FWFSZ

$3� 4JNJMBSMZ
 UIF 73 JT EFTJHOFE UP CF FOSJDIFE JO B CBDLHSPVOE QSPDFTT PG JOUFSFTU
 CVU JT LJOFNBU�

JDBMMZ DMPTFS UP UIF 43� *U JT OPU VTFE UP FYUSBDU PS DPOTUSBJO BOZ OPSNBMJ[BUJPO GBDUPST
 CVU SBUIFS UP

QSPWJEF B TUBUJTUJDBMMZ JOEFQFOEFOU DIFDL PG CBDLHSPVOE FTUJNBUFT BT QSPWJEFE CZ UIF OPSNBMJ[BUJPO

���



GBDUPS FYUSBDUFE GSPN UIF $3� 4JHOBM DPOUBNJOBUJPO JO UIF 73T DBO CF IJHIFS UIBO JO UIF $3T
 CVU

HFOFSBMMZ LFQU TNBMM UP FOTVSF HPPEOFTT PG OPSNBMJ[BUJPO� %J୭GFSFOU $3T BSF EF୮ୢOFE GPS DVU�BOE�

DPVOU BOE #%5 43T
 BT EF୮ୢOFE CFMPX�

����� $ঞঝ�ঊগ঍�$ঘঞগঝ &জঝ঒খঊঝ঒ঘগ 4ঝছঊঝ঎ঐঢ

5P EFTJHO DPOUSPM SFHJPO TFMFDUJPOT GPS UIF DVU�BOE�DPVOU BOBMZTJT
 LFZ TJHOBM SFHJPO DVUT UIBU FMJN�

JOBUF 4. CBDLHSPVOE BSF JOWFSUFE� 5IJT BMMPXT UIF $3 UP TBUJTGZ BMM EFTJHO SFRVJSFNFOUT� OPO�

PWFSMBQQJOH XJUI UIF TJHOBM SFHJPO
 CVU PUIFSXJTF LJOFNBUJDBMMZ TJNJMBS
 BOE FOSJDIFE JO B TJOHMF

CBDLHSPVOE� 0UIFS TJHOBM SFHJPO DVUT DBO CF MPPTFOFE UP FOIBODF TUBUJTUJDT� 7BMJEBUJPO SFHJPOT BMTP

OFFE UP CF PSUIPHPOBM
 CVU FWFO DMPTFS JO QIBTF TQBDF
 UP UIF TJHOBM SFHJPO� 5IFTF SFRVJSFNFOUT JN�

QBDU UIF DIPJDF PG 43 DVUT UIBU BSF JOWFSUFE PS MPPTFOFE� 4JODF UIFSF BSF UXP EJTUJODU DVU�BOE�DPVOU

TJHOBM SFHJPOT
 EJBHPOBM BOE P୭G�EJBHPOBM
 FBDI POF NVTU IBWF B EFEJDBUFE DPOUSPM BOE WBMJEBUJPO

SFHJPO�

%঒ঊঐঘগঊক $ঘগঝছঘক � 7ঊক঒঍ঊঝ঒ঘগ 3঎ঐ঒ঘগজ

*O CPUI DPOUSPM BOE WBMJEBUJPO SFHJPOT GPS UIF EJBHPOBM 43
 UIF DIPTFO DVU UP JOWFSU XBT UIBU PO

MS
T � 5IJT XBT TFMFDUFE CFDBVTF PVU PG UIF QSJNBSZ 43 DVUT
 JU QSPWJEFE UIF CFTU CBDLHSPVOE QVSJUZ

BOE TNBMMFTU DPOUBNJOBUJPO PG CFODINBSL TJHOBM QPJOUT� "EEJUJPOBMMZ
 UIF SFRVJSFNFOU PO /M7 XBT

MPPTFO UP BMMPX QSJNBSJMZ CBDLHSPVOE JO UP UIF SFHJPO BOE JODSFBTF QVSJUZ�

4JNVMBUJPO TUVEJFT PG tt̄ JO UIF 43 TIPXFE UIBU GPS MPX WBMVFT PGmT 	QSJNBSJMZ $3�MJLF

 UIF

EPNJOBOU tt̄ EFDBZ XBT TFNJMFQUPOJD
 XIJMF BU IJHIFSmT WBMVFT 	QSJNBSJMZ 43�MJLF

 UIF EFDBZT

���



7BSJBCMF $PNNPO
Emiss

T ≥ ޏޒޑ (F7
Njets ≥ ޔ
-FBEJOH MFQUPO pT > ޔޑ (F7
pISRT > ޏޔޒ (F7
mT > ޏޒސ (F7
RISR ≥ ޕ�ޏ
/C7 ≥ ސ
∆Φ(ISR, I) ≥ ޘ�ޑ

4JHOBM $POUSPM 7BMJEBUJPO
MS

T ≥ ޏޏޓ (F7 < ޏޏޒ (F7 < ޏޏޒ (F7
/K7 ≥ ޒ ≥ 
ސ< ޒ ≥ ޒ
/M7 ≥ ސ ≥ ޏ ≥ ޏ

Table 9.7: Table of signal, control, and validation region selections for high-mass compressed cut-and-count diagonal

regions.

UFOEFE UP CF EJMFQUPOJD XJUI B IBESPOJDBMMZ EFDBZJOH UBV� 4JODF UIF MBUUFS EFDBZ MJLFMZ IBT NPSF KFUT JO

UIF ୮ୢOBM TUBUF
 UIJT EJTUJODUJPO JNQBDUT UIF OVNCFS PG KFUT FYQFDUFE JO UIF $3 BT DPNQBSFE UP UIF 43�

5P FOTVSF BQQSPYJNBUFMZ TJNJMBS OVNCFST PG *43 KFUT BDSPTT CPUI SFHJPOT
 UIF /K7 DVU XBT JOWFSUFE

GPS UIF $3
 CVU SFNBJOFE UIF TBNF CFUXFFO UIF 73 BOE 43� 5BCMF ��� TIPXT UIF TFMFDUJPO GPS UIF

EJBHPOBM $3 BOE 73 XJUI SFTQFDU UP UIF TJHOBM SFHJPO�

*U JT JNQPSUBOU GPS UIF WBMJEJUZ PG UIF ୮ୢOBM CBDLHSPVOE FTUJNBUF BT PCUBJOFE GSPN UIF MJLFMJIPPE

୮ୢU UIBU UIF EBUB JT XFMM�NPEFMFE JO UIFTF SFHJPOT
 BOE UIBU UIF SFHJPO JT QVSF JO UIF CBDLHSPVOE PG JO�

UFSFTU
 JO QBSUJDVMBS GSFF GSPN TJHOBM� 5P WFSJGZ UIF NPEFMJOH PG UIF LFZ BOBMZTJT WBSJBCMFT
 'JHVSFT ����

UP ���� TIPX EBUB WT� .$ QMPUT PG pISRT 
RISR
 ]∆Φ	*43
*
]
MS
T 
mT 
Emiss

T 
 MFQUPO pT 
 KFU NVMUJ�

QMJDJUZ
 b�KFU NVMUJQMJDJUZ
NjV 
 BOENbV GPS UIF EJBHPOBM $3�

*O PSEFS UP WFSJGZ UIF CBDLHSPVOE QSFEJDUJPOT HJWFO CZ UIF $3T
 WBSJBCMFT PG JOUFSFTU BSF QMPUUFE JO

UIF WBMJEBUJPO SFHJPO
 CPUI CFGPSF BOE BG୴FS UIF CBDLHSPVOE ୮ୢU UP EBUB� 1SF�୮ୢU EBUB WT� .$ QMPUT GPS

���



UIF EJBHPOBM WBMJEBUJPO SFHJPO DBO CF GPVOE JO 'JHVSFT ���� UP ����� 5IPVHI UIF QSJNBSZ QVSQPTF PG

UIF 73 JT UP WBMJEBUF UIF PWFSBMM OPSNBMJ[BUJPO PG .$ UP EBUB
 UIF QSF�୮ୢU QMPUT 	XJUIPVU /'T BQQMJFE


BSF TUJMM B WBMVBCMF XBZ UP CVJME DPO୮ୢEFODF JO UIF DIPTFO WBSJBCMFT BOE UIF FTUJNBUJPO QSPDFTT� *O UIJT

XBZ
 UIF HPPE BHSFFNFOU JO UIFTF ୮ୢHVSFT SF୯୳FDUT B SPCVTU CBDLHSPVOE FTUJNBUJPO GPS UIF BOBMZTJT�
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Figure 145: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_diag_high TCR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes the
overflow.
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Figure 9.13: Comparison of data and simulation in the cut-and-count diagonal control region, before the fit to data.
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Figure 146: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_diag_high TCR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes the
overflow.
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Figure 9.14: Comparison of data and simulation in the cut-and-count diagonal control region, before the fit to data.
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Figure 314: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_diag_high TVR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes the
overflow.
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Figure 9.15: Comparison of data and simulation in the cut-and-count diagonal validation region, before the fit to data.
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Figure 315: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_diag_high TVR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes the
overflow.
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Figure 9.16: Comparison of data and simulation in the cut-and-count diagonal validation region, before the fit to data.
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7BSJBCMF $PNNPO
Emiss

T ≥ ޏޒޑ (F7
Njets ≥ ޔ
-FBEJOH MFQUPO pT > ޔޑ (F7
-FBEJOH KFU pT > ޏޏޒ (F7
pISRT > ޏޔޒ (F7
mT > ޏޒސ (F7
pT bV 1 ≥ ޏޔ (F7
/K7 ≥ ޑ

4JHOBM $POUSPM 7BMJEBUJPO
MS

T ≥ ޏޔޑ (F7 < ޏޔޑ (F7 < ޏޔޑ (F7
RISR ≥ ޖ�ޏ < ޕ�ޏ ≥ ޕ�ޏ
∆Φ(ISR, I) � < ސ�ޒ < ސ�ޒ

Table 9.8: Table of signal, control, and validation region selections for high-mass compressed cut-and-count off-

diagonal regions.

0এএ�%঒ঊঐঘগঊক $ঘগঝছঘক � 7ঊক঒঍ঊঝ঒ঘগ 3঎ঐ঒ঘগজ

$PNQBSFE UP UIF PO�EJBHPOBM SFHJPO
 UIF P୭G�EJBHPOBM QIBTF TQBDF UFOET UP IBWF B TMJHIUMZ XFBLFS

*43 UPQPMPHZ BOE UIVT MPPLT NPSF MJLF 4. CBDLHSPVOE JO UIF EFUFDUPS� "T B SFTVMU
 DBSF NVTU CF

UBLFO XIFO EFTJHOJOH CBDLHSPVOE FTUJNBUJPO SFHJPOT
 QBSUJDVMBSMZ JO UFSNT PG LFFQJOH TJHOBM DPO�

UBNJOBUJPO UP B NJOJNVN�

"T XJUI UIF EJBHPOBM SFHJPOT
 UIF JOWFSUFE WBSJBCMF VTFE UP EF୮ୢOF UIF P୭G�EJBHPOBM $3 BOE 73

JTMS
T � "EEJUJPOBMMZ
RISR JT JOWFSUFE JO UIF $3 EF୮ୢOJUJPO BOE MPPTFOFE JO UIF 73 EF୮ୢOJUJPO UP

FOIBODF CBDLHSPVOE DPOUSJCVUJPO� " DVU PO∆φ	*43
*
 XBT BEEFE UP NJOJNJ[F TJHOBM DPOUBNJOB�

UJPO
 JOWFSUJOH BOE MPPTFOJOH UIF DVU XJUI SFTQFDU UP UIF 43� 5BCMF ��� TIPXT UIF TFMFDUJPO GPS UIF

P୭G�EJBHPOBM DPOUSPM BOE WBMJEBUJPO SFHJPOT XJUI SFTQFDU UP UIF P୭G�EJBHPOBM TJHOBM SFHJPO�

%BUB WT� .$ QMPUT GPS UIF P୭G�EJBHPOBM DPOUSPM SFHJPO BSF TIPXO JO 'JHVSFT ���� UP ����
 BOE GPS

���



UIF P୭G�EJBHPOBM WBMJEBUJPO SFHJPO JO 'JHVSFT ���� UP ����� "T XJUI UIF EJBHPOBM DBTF
 BMM WBSJBCMFT

IBWF HPPE BHSFFNFOU CFUXFFO EBUB BOE TJNVMBUJPO
 XJUI OP TMPQF JO UIF EBUB�.$ SBUJP
 BOE UIF

FTUJNBUJPO DBO CF EFFNFE TVJUBCMF�

5P FOTVSF UIBU UIFSF JT OP TJHOJ୮ୢDBOU DPOUBNJOBUJPO PG BOZ TJHOBM JO FJUIFS UIF EJBHPOBM PS P୭G�

EJBHPOBM $3
 B GVMM TDBO PG UIF TJHOBM HSJE JT QFSGPSNFE
 DIFDLJOH UIF ZJFME PG FBDI TJHOBM JO UIF EJBH�

POBM BOE P୭G�EJBHPOBM $3T� "T TIPXO JO 'JHVSF ����
 UIF DPOUBNJOBUJPO JT CFMPX ��ॎ GPS BMM TJHOBM

QPJOUT OPU BMSFBEZ FYDMVEFE JO QSFWJPVT JUFSBUJPOT PG UIF TFBSDI�
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Figure 148: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_o�Diag_high TCR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes
the overflow.
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Figure 9.17: Comparison of data and simulation in the cut-and-count off-diagonal control region, before the fit to data.
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Figure 149: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_o�Diag_high TCR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes
the overflow.
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Figure 9.18: Comparison of data and simulation in the cut-and-count off-diagonal control region, before the fit to data.
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Figure 316: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_o�Diag_high TVR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes
the overflow.
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Figure 9.19: Comparison of data and simulation in the cut-and-count off-diagonal validation region, before the fit to

data.
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Figure 317: Comparison of data and simulation for some relevant discriminating variables before the fit to data in
the tN_o�Diag_high TVR using the Emiss

T trigger. Only statistical uncertainties are displayed. The last bin includes
the overflow.
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Figure 9.20: Comparison of data and simulation in the cut-and-count off-diagonal validation region, before the fit to

data.
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Figure 147: Percentage of signal contamination for each signal point in the control region specified for the diagonal
signal region.

149Figure 150: Percentage of signal contamination for each signal point in the control region specified for the o�
diagonal signal region.
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Figure 9.21: Signal contamination in the control region for the diagonal phase space (top) and off diagonal phase space

(bottom).
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Figure 413: Correlation matrix for tN_diag high using 1 CR (left) or 3 CR (right). The correlation between tt̄
modeling systematics and mu_sig or mu_ttbar is greatly reduced when considering 3 CR. The systematics used in
this fit are not up to date but are consistent between both fits.

Table 128: Expected events in the background dominated regions of the BDT shape fit.

table.results.yields channel CR1 CR2 CR3

Observed events 762 694 399

Fitted bkg events 763.95 ± 26.54 678.92 ± 21.81 408.42 ± 16.45

Fitted powheg_singletop events 54.85 ± 33.92 54.84 ± 35.70 32.22 ± 19.67
Fitted amcnlo_ttV events 28.65 ± 8.83 25.62 ± 7.69 16.93 ± 5.29
Fitted sherpa221_diboson events 11.34 ± 3.81 11.75 ± 4.00 7.15 ± 2.58
Fitted sherpa22_Wjets events 44.24 ± 34.81 44.73 ± 23.89 16.74 ± 12.91
Fitted powheg_ttbar events 624.86 ± 58.35 541.96 ± 45.72 335.39 ± 31.12

MC exp. SM events 745.64 626.93 396.04

MC exp. powheg_singletop events 49.58 49.71 29.50
MC exp. amcnlo_ttV events 27.72 24.79 16.62
MC exp. sherpa221_diboson events 10.77 11.15 6.96
MC exp. sherpa22_Wjets events 35.84 38.48 17.81
MC exp. powheg_ttbar events 621.73 502.80 325.16

402

Figure 9.22: Correlationmatrix for the high-mass compressed BDT using 1 CR bin (left) or 3 CR bins (right). The cor-

relation between tt̄modeling systematics and the significance of the signal or tt̄ background is greatly reducedwhen
considering the three bin scenario.
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Table 9.9: Full shape fit information for BDT analysis. Square brackets denote intervals in BDT score.
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DRAFT

10.1.4 tN_diag_high (BDT) validation regions1973

Similarly to what shown in the previous section, all input variables to the tN_high BDT are checked1974

selecting all events where the tN_high BDT distribution is within the range -1 to 0.6 and a less inclusive1975

selection (next to the SR) is within the range 0 to 0.6. Scatter plots showing the (average) correlation1976

between each variable and the tN_high BDT score and comparing data to simulation are provided in1977

Appendix A.8. Good agreement is observed between data and MC.1978
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Figure 304: The mT distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization factor
is applied to simulation; only statistical uncertainties are shown.
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Figure 305: The MS
T distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization factor

is applied to simulation; only statistical uncertainties are shown.
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Figure 306: The mtop� distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 305: The MS
T distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization factor

is applied to simulation; only statistical uncertainties are shown.
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Figure 306: The mtop� distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 9.23: Comparison of the BDT score range [-1.0,0.6] (left) and [0.0, 0.6] (right) in themT ,MS
T , andmtopχ

distributions, with normalization factors applied.
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Figure 307: The RI SR distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 308: The |��(ISR, I) | distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 307: The RI SR distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 308: The |��(ISR, I) | distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 309: The ��(tlep, thad ) distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄
normalization factor is applied to simulation; only statistical uncertainties are shown.
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Figure 310: The �R(b, `) distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 9.24: Comparison of the BDT score range [-1.0,0.6] (left) and [0.0, 0.6] (right) in theRISR ,∆φ(ISR,I), and
∆φ(tlep, thad) distributions, with normalization factors applied.
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Figure 309: The ��(tlep, thad ) distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄
normalization factor is applied to simulation; only statistical uncertainties are shown.
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Figure 310: The �R(b, `) distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 311: The 4th jet pT distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.

40 60 80 100 120 140 160 180 200

E
ve

n
ts

0.5

1

1.5

2

2.5

3
10×

Data
 2Ltt
 1Ltt

τ 1L1tt
Single top

Total SM

W+jets

Diboson

Vtt

 Work In ProgressATLAS

=13 TeVs, 
-1

Ldt = 36.5 fb∫

 [GeV]
T

 jet pth 5

40 60 80 100 120 140 160 180 200

D
a
ta

/S
M

  

0.5
1

1.5
40 60 80 100 120 140 160 180 200

E
ve

n
ts

100

200

300

400

500

600 Data
 2Ltt
 1Ltt

τ 1L1tt
Single top

Total SM

W+jets

Diboson

Vtt

 Work In ProgressATLAS

=13 TeVs, 
-1

Ldt = 36.5 fb∫

 [GeV]
T

 jet pth 5

40 60 80 100 120 140 160 180 200

D
a
ta

/S
M

  

0.5
1

1.5

Figure 312: The 5th jet pT distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 311: The 4th jet pT distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 312: The 5th jet pT distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization
factor is applied to simulation; only statistical uncertainties are shown.
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Figure 9.25: Comparison of the BDT score range [-1.0,0.6] (left) and [0.0, 0.6] (right) in the∆R(b,ℓ), fourth jet pT , and
fifth jet pT distributions, with normalization factors applied.
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Figure 313: The N jV distribution for a BDT range of -1 to 0.6 (left) and 0 to 0.6 (right). The tt̄ normalization factor
is applied to simulation; only statistical uncertainties are shown.
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Figure 9.26: Comparison of the BDT score range [-1.0,0.6] (left) and [0.0, 0.6] (right) in the NjV distribution, with nor-

malization factors applied.
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��� 4ঢজঝ঎খঊঝ঒ঌ 6গঌ঎ছঝঊ঒গঝ঒঎জ

4ZTUFNBUJD VODFSUBJOUJFT SFGFS UP UIF MFWFM PG DPO୮ୢEFODF UIBU DBO CF BTDSJCFE UP UIF FWFOU ZJFMET JO UIF

BOBMZTJT SFHJPOT� 5IJT MFWFM PG LOPXMFEHF NVTU CF FTUJNBUFE JO TJ[F BOE BDDPVOUFE GPS JO UIF ୮ୢOBM SF�

TVMU� 4ZTUFNBUJDT FYJTU PO CPUI TJHOBM BOE CBDLHSPVOE FTUJNBUFT
 BOE GBMM JOUP UXP QSJNBSZ DBUFHPSJFT�

5IF ୮ୢSTU
 FYQFSJNFOUBM TZTUFNBUJDT
 BSJTF GSPN GFBUVSFT PG UIF EFUFDUPS PS FWFOU SFDPOTUSVDUJPO� 5IF

TFDPOE TPVSDF JT GSPN VODFSUBJOUZ JO UIFPSFUJDBM QSFEJDUJPOT BOE NPEFMJOH� &BDI TZTUFNBUJD VODFS�

UBJOUZ JT EFTDSJCFE CZ B OVJTBODF QBSBNFUFS XJUI B (BVTTJBO DPOTUSBJOU UIBU JT QSP୮ୢMFE JO UIF MJLFMJ�

IPPE ୮ୢU�

����� &ডঙ঎ছ঒খ঎গঝঊক

5IF TPVSDF PG FYQFSJNFOUBM VODFSUBJOUZ BSF SBOLFE JO UFSNT PG TJ[F CFMPX
 XJUI EPNJOBOU VODFSUBJO�

UJFT MJTUFE ୮ୢSTU� 5IFTF TZTUFNBUJDT BSF OPU TQFDJ୮ୢDBMMZ FWBMVBUFE JO UIF BOBMZTJT� SBUIFS
 OVNCFST BSF

DBMDVMBUFE CZ UIF DPNCJOFE QFSGPSNBODF HSPVQT BOE BQQMJFE JO UIF ୮ୢOBM ୮ୢU�

ا +FU FOFSHZ TDBMF 	+&4
 BOE KFU FOFSHZ SFTPMVUJPO 	+&3
� #JOOFE JO pT BOE η
 WBMVFT BSF QSP�
WJEFE CZ UIF KFU�Emiss

T DPNCJOFE QFSGPSNBODF HSPVQ <���
 ���>
 BOE FTUJNBUFE CBTFE PO CPUI
.POUF $BSMP TUVEJFT BOE JO TJUVNFBTVSFNFOUT� 5IF VODFSUBJOUZ BSJTFT PO LOPXMFEHF PG UIF
TDBMFT VTFE
 BOE UIF TJ[F JT �����ॎ GPS +&4 BOE �����ॎ GPS +&3 PO UPUBM QSFEJDUFE CBDLHSPVOE
ZJFME JO 43T�

ا #�UBHHJOH
 TQFDJ୮ୢDBMMZ F୭୮ୢDJFODZ BOE NJT�UBH FTUJNBUFT <���
 ���>� 5IF VODFSUBJOUZ SBOHFT GSPN
������ॎ PO UPUBM QSFEJDUFE CBDLHSPVOE ZJFME JO 43T�

ا .PEFMJOH PG MFQUPO FOFSHZ TDBMFT BOE SFTPMVUJPOT 	OFHMJHJCMF JO ୮ୢU�


ا 3FDPOTUSVDUJPO BOE JEFOUJ୮ୢDBUJPO F୭୮ୢDJFODJFT 	OFHMJHJCMF JO ୮ୢU
�

���



ا 5SJHHFS F୭୮ୢDJFODJFT 	OFHMJHJCMF JO ୮ୢU
�

ا 1JMFVQ BOE MVNJOPTJUZ NPEFMJOH 	OFHMJHJCMF JO ୮ୢU
�

����� 5঑঎ঘছ঎ঝ঒ঌঊক

5IFSF BSF NBOZ QPUFOUJBM TPVSDFT PG UIFPSFUJDBM VODFSUBJOUZ PO TJNVMBUJPO
 XIJDI WBSZ GSPN TBNQMF

UP TBNQMF EFQFOEJOH PO HFOFSBUPS BOE PUIFS TJNVMBUJPO TFUUJOHT� 4ZTUFNBUJDT BSF FWBMVBUFE CZ QMPU�

UJOH WBSJBUJPOT JO .$ NPEFMJOH NFUIPET PWFSMBJE XJUI UIF OPNJOBM TBNQMF
 BOE EFUFSNJOJOH UIF

TJ[F PG UIF EJTDSFQBODZ BUUSJCVUBCMF UP UIBU NPEFMJOH DIPJDF� *O UIF IJHI�NBTT DPNQSFTTFE BOBMZTJT


UIF MBSHFTU CBDLHSPVOET BSF tt̄ BOE TJOHMF�UPQ 8U
 XIJDI BSF CPUI HFOFSBUFE CZ 1PXIFH � 1ZUIJB�

	TFF 4FD� ���
� 5IFSFGPSF POMZ TZTUFNBUJDT ��� JO UIF MJTU CFMPX BSF FWBMVBUFE BOE EJTDVTTFE JO GVSUIFS

EFUBJM <��>�

�� )BESPOJ[BUJPO BOE GSBHNFOUBUJPO� DPNQBSF EJ୭GFSFOU IBESPOJ[BUJPO DIPJDF 	J�F� )FSXJH UP
1ZUIJB�
�

�� .$ HFOFSBUPS�IBSE TDBUUFS� DPNQBSF DIPJDFT PG FWFOU HFOFSBUPS 	J�F� 1PXIFH UP 4IFSQB PS
.(�@B.$!/-0
� &WBMVBUFE VTJOH USVUI TBNQMFT UP SFNPWF F୭GFDUT GSPN IBESPOJ[BUJPO�

�� "EEJUJPOBM SBEJBUJPO� DPNQBSF WBSJPVT BNPVOUT PG QBSUPO TIPXFS SBEJBUJPO JO UIF HFOFSBUPS
BOE IBESPOJ[BUJPO NFUIPE
 J�F 1PXIFH�1ZUIJB� TBNQMFT XJUI EJ୭GFSJOH /-0 SBEJBUJPO BOE
NPEJ୮ୢFE GBDUPSJ[BUJPO�SFOPSNBMJ[BUJPO TDBMFT�

�� $SPTT TFDUJPO� VODFSUBJOUJFT PO UIF tt̄ DSPTT TFDUJPO DPNF GSPN HFOFSBUPS GFBUVSFT
 TVDI BT
TDBMF
 1%'
 PS αs� 4JODF UIF tt̄ CBDLHSPVOE JT OPSNBMJ[FE XJUI B DPOUSPM SFHJPO JO UIJT BOBMZ�
TJT
 UIJT VODFSUBJOUZ JT OFHMJHJCMF�

�� *OUFSGFSFODF� TQFDJ୮ୢDBMMZ XJUI tt̄
 FWBMVBUFE POMZ GPS TJOHMF�UPQ CBDLHSPVOET <��>� 5IFSF BSF
TFWFSBM EJBHSBNT UIBU DBO DPOUSJCVUF UP UIF tt̄ BOE 8U ୮ୢOBM TUBUFT
 BOE UIFTF JOUFSGFSF XJUI POF

���



4ZTUFNBUJD 5'CR→V R 5'CR→SR

%JBHPOBM
)BE�'SBH ±ޑ�ޔ� ޖ�ޓސ ±ޗ�ޘޑ� ޖ�ޘޔ
)BSE 4DBUUFS ±ޘ�ޏސ ޒ�ޓސ ±ޘ�ޑޓ ޔ�ޗޒ
3BEJBUJPO ±ޖ�ޔ ސ�ޔޒ ±ޔ�ޔސ ޘ�ޖ

0୭G %JBHPOBM
)BE�'SBH ±ޗ�ޗސ� ސ�ޒޑ ±ޖ�ސސ� ޖ�ޘޔ
)BSE 4DBUUFS ±ޔ�ޑ ޓ�ސޑ ±ޏ�ޖސ� ޓ�ޒޒ
3BEJBUJPO ±ސ�ޑ ޕ�ޗ ±ޏ�ސ� ޔ�ޕ

Table 9.10: Theoretical systematic uncertainties on transfer factors for the tt̄ background in the high-mass com-
pressed analysis, for both diagonal and off-diagonal cut-and-count SRs. Hard scatter uncertainty is sum in quadrature

of systematic and statistical errors.

BOPUIFS JO TVDI B XBZ UIBU UIF ୮ୢOBM ZJFME DBO CF EJ୭GFSFOU UIBO FYQFDUFE� 5IF JOUFSGFSFODF
TZTUFNBUJD JT FWBMVBUFE BU USVUI MFWFM�

�� 1BSUPO EJTUSJCVUJPO GVODUJPO 	1%'
 WBSJBUJPOT� FWBMVBUFE POMZ GPS B.$!/-0 HFOFSBUFE
TBNQMFT�

�� 4DBMF WBSJBUJPOT� SFOPSNBMJ[BUJPO
 GBDUPSJ[BUJPO
 SFTVNNBUJPO PG TPG୴ HMVPO FNJTTJPOT 
'4ތ	�
FWBMVBUFE GPS 4IFSQB HFOFSBUFE TBNQMFT POMZ�

�� .BUSJY FMFNFOU NBUDIJOH TDBMF 	$,,8
 WBSJBUJPOT JO DBMDVMBUJOH UIF PWFSMBQ CFUXFFO KFUT
GSPN NBUSJY FMFNFOU BOE QBSUPO TIPXFS� FWBMVBUFE GPS 4IFSQB HFOFSBUFE TBNQMFT POMZ�

5BCMFT ���� BOE ���� QSPWJEFT UIF UIFPSZ TZTUFNBUJDT FTUJNBUFT GPS UIF EJBHPOBM BOE P୭G�EJBHPOBM

DVU BOE DPVOU TJHOBM SFHJPOT
 BOE UIF VODFSUBJOUJFT PO UIPTF FTUJNBUFT
 GPS UIF tt̄ BOE TJOHMF�UPQ CBDL�

HSPVOET SFTQFDUJWFMZ� 4JODF UIF CBDLHSPVOE ZJFMET BSF PCUBJOFE GSPN OPSNBMJ[BUJPO JO UIF $3
 UIFSF

JT OP VODFSUBJOUZ PO UIF $3 ZJFME
 POMZ PO UIF FYUSBQPMBUJPO CFUXFFO SFHJPOT� 'PS UIF DVU�BOE�DPVOU

SFHJPOT UIJT NFUIPE PG EFUFSNJOJOH TZTUFNBUJD VODFSUBJOUJFT XBT TV୭୮ୢDJFOU
 CVU B NPSF JO�EFQUI

QSPDFEVSF XBT OFFEFE GPS UIF #%5 FTUJNBUFT�

���



4ZTUFNBUJD 5'CR→V R 5'CR→SR

%JBHPOBM
)BE�'SBH ±ޕ�ޒޑ� ޓ�ޓސ ±ޕ�ސޔ ޘ�ޔސ
3BEJBUJPO ±ޒ�ޖ ޔ�ސސ ±ޑ�ޘ ޒ�ޏސ
*OUFSGFSFODF ±ޘ�ޓޗ ޗ�ސ ±ޔ�ޔޗ ޓ�ސ

0୭G %JBHPOBM
)BE�'SBH ±ޑ�ޕޑ� ޖ�ޕޒ ±ޒ�ޘޑ� ޏ�ސޒ
3BEJBUJPO ±ޕ�ޕސ �ޖ�ޔޑ ±ޕ�ޓސ� ޖ�ޑޑ
*OUFSGFSFODF ±ޒ�ސޗ ޕ�ޏ ±ޏ�ޏޘ ޑ�ޒ

Table 9.11: Theoretical systematic uncertainties on transfer factors for the single-top background in the high-mass

compressed analysis, for both diagonal and off-diagonal cut-and-count SRs.

����� #%5 4খঘঘঝ঑঒গঐ 1ছঘঌ঎঍ঞছ঎

5IF #%5 TJHOBM SFHJPOT VMUJNBUFMZ BSF WFSZ UJHIU� UIJT SFTVMUT JO FYUSFNFMZ MJNJUFE .$ TUBUJTUJDT
 JO

QBSUJDVMBS GPS UIF BMUFSOBUF TBNQMFT VTFE UP FTUJNBUF HFOFSBUPS BOE IBESPOJ[BUJPO�GSBHNFOUBUJPO

TZTUFNBUJDT� 5P NJUJHBUF UIFTF JTTVFT
 B TNPPUIJOH QSPDFEVSF JT JNQMFNFOUFE UP FTUJNBUF UIF UIFPSZ

VODFSUBJOUJFT GPS UIF EPNJOBOU tt̄ BOE TJOHMF�UPQ 8U QSPDFTTFT
 CBTFE PO TNPPUIJOH XJUI B (BVTTJBO

LFSOFM�

'PS FBDI JOQVU WBSJBCMF UP UIF #%5 	JO BEEJUJPO UP KFU NVMUJQMJDJUZ BOEEmiss
T 

 UIF BWFSBHF WBMVF

PG UIF WBSJBCMF JT GPVOE JO FBDI #%5 CJO MJTUFE JO 5BCMF ���
 VTJOH QSP୮ୢMF QMPUT PG FBDI WBSJBCMF BT B

GVODUJPO PG #%5 TDPSF� 'JHVSFT ���� BOE ���� TIPX UIFTF BWFSBHF QFS�CJO WBMVFT GPS BMM UXFMWF WBSJ�

BCMFT JO UIF TNPPUIJOH QSPDFTT� 5IFTF WBMVFT BSF VTFE UP BTTJHO BO VODFSUBJOUZ PO UIF FYUSBQPMBUJPO

GSPN UIF $3 CJOT UP FBDI 43 CJO GPS B HJWFO WBSJBCMF�
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Figure 504: Linear correlation coe�cients for signal (left) and background (right) between the variables used in the
high mass tN diagonal BDT.
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Figure 505: Average of RI SR and MS
T versus the high mass BDT distribution. The BDT>0.2 region for data is

blinded.
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Figure 506: Average of N jV and ��(ISR, I) versus the high mass BDT distribution. The BDT>0.2 region for data
is blinded.
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Figure 507: Average of mT and ��(t, t̄) versus the high mass BDT distribution. The BDT>0.2 region for data is
blinded.
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Figure 506: Average of N jV and ��(ISR, I) versus the high mass BDT distribution. The BDT>0.2 region for data
is blinded.
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Figure 507: Average of mT and ��(t, t̄) versus the high mass BDT distribution. The BDT>0.2 region for data is
blinded.
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Figure 9.27: Average value of variables used in the smoothing procedure to estimate BDT systematic uncertainties.
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Figure 508: Average of �R(b, `) and mtop� versus the high mass BDT distribution. The BDT>0.2 region for data is
blinded.
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Figure 509: Average of the third jet pT and the fourth jet pT versus the high mass BDT distribution. The BDT>0.2
region for data is blinded.
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Figure 508: Average of �R(b, `) and mtop� versus the high mass BDT distribution. The BDT>0.2 region for data is
blinded.
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Figure 509: Average of the third jet pT and the fourth jet pT versus the high mass BDT distribution. The BDT>0.2
region for data is blinded.
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Figure 510: Average of the jet multiplicity and Emiss
T (both not used in the BDT training) versus the high mass BDT

distribution. The BDT>0.2 region for data is blinded.
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Figure 9.28: Average value of variables used in the smoothing procedure to estimate BDT systematic uncertainties.
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4ZTUFNBUJD ސ$3 ޑ$3 ޒ$3 5'CR→SR1 5'CR→SR2 5'CR→SR3

)BE�'SBH ॎޒ� ॎސ ॎޒ ॎޘ ॎޖސ ॎޏޑ
)BSE 4DBUUFS ॎސ ॎސ� ॎޑ ॎޘ ॎޏޑ ॎސޑ
3BEJBUJPO ॎޓ� ॎޒ ސ ॎ ॎޕ ॎޘ ॎޗސ

Table 9.12: Theoretical systematic uncertainties on the relative fraction of events in each CR bin, and on transfer

factors for the CR to SR extrapolation, for the tt̄ background in the high-mass compressed BDT-based CRs and SRs.

5IF ୮ୢOBM VODFSUBJOUZ FTUJNBUF GPS UIF FYUSBQPMBUJPO JT GPVOE CZ TVNNJOH BMM UIF QFS�WBSJBCMF

WBMVFT JO RVBESBUVSF� 5IJT QSPDFEVSF NJOJNJ[FT UIF F୭GFDU PG TUBUJTUJDBM ୯୳VDUVBUJPOT CZ F୭GFDUJWFMZ

NFSHJOH TUBUJTUJDBMMZ JOTJHOJ୮ୢDBOU CJOT BOE TNPPUIJOH UIF SFTVMU XJUI B (BVTTJBO LFSOFM� 5IF PC�

UBJOFE TZTUFNBUJD VODFSUBJOUJFT GPS UIF EPNJOBOU tt̄ CBDLHSPVOE DBO CF GPVOE JO 5BCMF ����
 HJWFO BT

UIF SFMBUJWF GSBDUJPO PG FWFOUT JO FBDI $3 CJO
 BT XFMM BT UIF FYUSBQPMBUJPO GSPN UIF $3 UP FBDI 43

CJO�

���



��� 3঎জঞকঝজ

5IF ୮ୢSTU TUFQ JO PCUBJOJOH BOBMZTJT SFTVMUT JT UP VOCMJOE UIF TJHOBM SFHJPOT BOE EFUFSNJOF UIF OVNCFS

PG PCTFSWFE FWFOUT JO FBDI 43� 5IF BHSFFNFOU PG UIJT ZJFME XJUI UIF 4. CBDLHSPVOE IZQPUIFTJT JT

RVBOUJ୮ୢFE WJB B QSP୮ୢMF�MJLFMJIPPE ୮ୢU
 HJWJOH B p�WBMVF GPS FBDI 43� *G OP TJHOJ୮ୢDBOU FYDFTT JT PCTFSWFE


BO FYDMVTJPO MJNJU JT DBMDVMBUFE VTJOH UIF $-T QSFTDSJQUJPO� "MM PG UIF TUBUJTUJDBM NFUIPET VTFE BSF

EJTDVTTFE JO EFUBJM JO $IBQUFS ��

5IF ୮ୢSTU ୮ୢU QFSGPSNFE JT UIF CBDLHSPVOE�POMZ ୮ୢU
 XIJDI DPOTUSBJOT UIF OPSNBMJ[BUJPOT PG FBDI

CBDLHSPVOE JO JUT EFEJDBUFE $3� 5IF ୮ୢU QSPDFEVSF UIFO EJWFSHFT GPS UIF UXP TVC�BOBMZTFT EJTDVTTFE

IFSF� UIF DVU�BOE�DPVOU SFHJPOT BSF VTFE JO B EJTDPWFSZ ୮ୢU
 XIJMF UIF #%5 TJHOBM BOE DPOUSPM SFHJPO

CJOT BSF VTFE JO BO FYDMVTJPO ୮ୢU�

����� 6গঋক঒গ঍঎঍ :঒঎ক঍জ � #ঊঌঔঐছঘঞগ঍�0গকঢ '঒ঝজ

0ODF UIF TJHOBM SFHJPOT BSF VOCMJOEFE
 UIF PCTFSWFE FWFOUT DBO CF DPNQBSFE UP UIF CBDLHSPVOE

QSFEJDUJPO
 XIJDI JT TDBMFE VTJOH B OPSNBMJ[BUJPO GBDUPS FYUSBDUFE GSPN UIF VOCMJOEFE $3T� 5IJT JT

DBMMFE UIF CBDLHSPVOE�POMZ ୮ୢU� 5IF QSFEJDUFE OVNCFS PG 4. CBDLHSPVOE FWFOUT
 UIF FYQFDUBUJPO

GSPN UIF CBDLHSPVOE�POMZ ୮ୢU
 BOE UIF OVNCFS PG FWFOUT PCTFSWFE JO UIF DVU�BOE�DPVOU TJHOBM BOE

DPOUSPM SFHJPOT DBO CF GPVOE JO 5BCMF ����� 5IF CBDLHSPVOE FTUJNBUJPO JT CSPLFO EPXO CZ 4. QSP�

DFTT� *O BMM 43T
 UIF BHSFFNFOU CFUXFFO EBUB BOE UIF TJNVMBUJPO JT HPPE
 XJUI OP TJHOJ୮ୢDBOU FYDFTT PG

EBUB PWFS ୮ୢUUFE CBDLHSPVOE FYQFDUBUJPO�

���



%JBHPOBM $3 0୭G�%JBHPOBM $3 %JBHPOBM 43 0୭G�%JBHPOBM 43
0CTFSWFE UPUBM CBDLHSPVOE ޗޒސ ޖޔ ޕ ޑސ
'JUUFE CBDLHSPVOE ±ޕޕ�ޕޒސ ޑޓ�ސސ ±ޕޒ�ޔޔ ޏޘ�ޕ ±ޒޓ�ޖ ޒޕ�ސ ±ޘޗ�ޒސ ޖޔ�ޑ
'JUUFE TJOHMF UPQ ±ޘޗ�ޔ ޔޏ�ސ ±ޘޗ�ޑ ޔޘ�ޏ ±ޓޔ�ޏ ސޑ�ޏ ±ޓޗ�ސ ޓޒ�ޏ
'JUUFE UU7 ±ޔޑ�ޔ ޒޖ�ޏ ±ޖޓ�ސ ޏޑ�ޏ ±ޒޑ�ޏ ޗޏ�ޏ ±ޕޘ�ޏ ޖސ�ޏ
'JUUFE EJCPTPO ±ޔސ�ސ ސޒ�ޏ 0.31−0.34ސޒ�ޏ ±ޖޏ�ޏ ޑޏ�ޏ ±ސޒ�ޏ ޘޏ�ޏ
'JUUFE 8�KFUT ±ޑޕ�ޒ ސޖ�ސ ±ސޓ�ސ ޘސ�ސ ±ޘޏ�ޏ ޗޏ�ޏ ±ޒޓ�ޏ ޘޏ�ޏ
'JUUFE tt̄ ±ޔޖ�ޏޑސ ޔޖ�ސސ ±ޖޑ�ޘޓ ޓޏ�ޖ ±ސޔ�ޕ ޖޗ�ޏ ±ޔޒ�ޏސ ޑޖ�ސ
.$ FYQFDUFE ސޏ�ޔޑސ ޘޘ�ޖޕ ޒޘ�ޖ ޒޗ�ޖސ
.$ TJOHMF UPQ ޔޘ�ޔ ޓޗ�ޑ ޕޔ�ޏ ޗޗ�ސ
.$ UU7 ޏޒ�ޔ ޗޓ�ސ ޒޑ�ޏ ޕޘ�ޏ
.$ EJCPTPO ޓސ�ސ ޘޑ�ޏ ޖޏ�ޏ ސޒ�ޏ
.$ 8�KFUT ސޕ�ޒ ޑޒ�ސ ޏސ�ޏ ޒޓ�ޏ
.$ tt̄ ސޏ�ޘޏސ ޕޏ�ޑޕ ޖޘ�ޔ ޓޑ�ޒސ

Table 9.13: Expected (pre- and post-fit) and observed event yields in the cut-and-count diagonal and off-diagonal

regions.

5IF TIBQF ୮ୢU PWFS UIF GVMM #%5 EJTUSJCVUJPO VUJMJ[FT UIF CJOT MJTUFE JO 5BCMF ���
 XIFSF UIF SFHJPO

<���
 ���> JO #%5 TDPSF JT WFUPFE� 5IF NVMUJQMF CJOT GPS CPUI $3T BOE 43T BMMPX GPS UIF tt̄ OPSNBM�

J[BUJPO BOE EFUFSNJOBUJPO PG CFTU ୮ୢU TJHOBM TUSFOHUI UP PDDVS TJNVMUBOFPVTMZ� /PSNBMJ[BUJPO GBDUPST

GPS BMM CBDLHSPVOET
 JODMVEJOH TFNJMFQUPOJD BOE EJMFQUPOJD tt̄
 BSF JO HPPE BHSFFNFOU XJUI �� 5IF

FYQFDUFE BOE PCTFSWFE FWFOU ZJFMET JO UIF #%5 $3 CJOT DBO CF GPVOE JO 5BCMF ����
 CPUI CFGPSF BOE

BG୴FS UIF CBDLHSPVOE�POMZ ୮ୢU� 5BCMF ���� TIPXT UIF TBNF QSF� BOE QPTU�୮ୢU ZJFMET JO UIF 43 CJOT� "T

XJUI UIF DVU�BOE�DPVOU SFHJPOT
 OP TJHOJ୮ୢDBOU FYDFTT JT PCTFSWFE JO BOZ PG UIF UISFF #%5 43 CJOT�

5IF VOCMJOEFE QPTU�୮ୢU EJTUSJCVUJPO PG EBUB BOE CBDLHSPVOE FTUJNBUJPO GPS UIF GVMM #%5 TDPSF

EJTUSJCVUJPO DBO CF TFFO JO 'JHVSF ����� 5IF p�WBMVF 	p0
 GSPN UIF QSP୮ୢMF�MJLFMJIPPE UFTU GPS UIF

IJHIFTU 43 #%5 CJO
 UIF POF UIBU JT NPTU FYQFDUFE UP DPOUBJO UIF TJHOBM
 JT ����� 5IJT DPSSFTQPOET

UP B σ WBMVF PG ����� #PUI UIF FYQFDUFE BOE PCTFSWFE ��ॎ $- VQQFS MJNJUT PO UIF OVNCFS PG CFZPOE
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ސ$3 ޑ$3 ޒ$3
0CTFSWFE UPUBM CBDLHSPVOE ޑޕޖ ޓޘޕ ޘޘޒ
'JUUFE CBDLHSPVOE ±ޔޘ�ޒޕޖ ޓޔ�ޕޑ ±ޑޘ�ޗޖޕ ޑޗ�ސޑ ±ޑޓ�ޗޏޓ ޔޓ�ޕސ
'JUUFE TJOHMF UPQ ±ޔޗ�ޓޔ ޑޘ�ޒޒ ±ޓޗ�ޓޔ ޏޖ�ޔޒ ±ޑޑ�ޑޒ ޖޕ�ޘސ
'JUUFE UU7 ±ޔޕ�ޗޑ ޒޗ�ޗ ±ޑޕ�ޔޑ ޘޕ�ޖ ±ޒޘ�ޕސ ޘޑ�ޔ
'JUUFE EJCPTPO ±ޓޒ�ސސ ސޗ�ޒ ±ޔޖ�ސސ ޏޏ�ޓ ±ޔސ�ޖ ޗޔ�ޑ
'JUUFE 8�KFUT ±ޓޑ�ޓޓ ސޗ�ޓޒ ±ޒޖ�ޓޓ ޘޗ�ޒޑ ±ޓޖ�ޕސ ސޘ�ޑސ
'JUUFE tt̄ ±ޕޗ�ޓޑޕ ޔޒ�ޗޔ ±ޕޘ�ސޓޔ ޑޖ�ޔޓ ±ޘޒ�ޔޒޒ ޑސ�ސޒ
.$ FYQFDUFE ޓޕ�ޔޓޖ ޒޘ�ޕޑޕ ޓޏ�ޕޘޒ
.$ TJOHMF UPQ ޗޔ�ޘޓ ސޖ�ޘޓ ޏޔ�ޘޑ
.$ UU7 ޑޖ�ޖޑ ޘޖ�ޓޑ ޑޕ�ޕސ
.$ EJCPTPO ޖޖ�ޏސ ޔސ�ސސ ޕޘ�ޕ
.$ 8�KFUT ޓޗ�ޔޒ ޗޓ�ޗޒ ސޗ�ޖސ
.$ tt̄ ޒޖ�ސޑޕ ޏޗ�ޑޏޔ ޕސ�ޔޑޒ

Table 9.14: Expected and observed events in the control regions of the BDT shape fit.

ސ43 ޑ43 ޒ43
0CTFSWFE UPUBM CBDLHSPVOE ޏޓ ސޓ ޘސ
'JUUFE CBDLHSPVOE ±ޕޑ�ޖޓ ޑޕ�ޒ ±ޑޔ�ޖޒ ޗޓ�ޒ ±ޓޒ�ޗސ ޖސ�ޑ
'JUUFE TJOHMF UPQ ±ޕޒ�ޒ ޏޑ�ޑ ±ޏޒ�ޒ ޓޕ�ސ ±ޓޔ�ސ ޔސ�ސ
'JUUFE UU7 ±ސޒ�ޑ ޖޑ�ސ ±ޒޓ�ސ ޏޗ�ޏ ±ޗޕ�ޏ ޖޒ�ޏ
'JUUFE EJCPTPO ±ޓޘ�ޏ ޒޔ�ޏ ±ޔޓ�ޏ ޖޑ�ޏ ±ސޑ�ޏ ސސ�ޏ
'JUUFE 8KFUT ±ޘޔ�ސ ޖޘ�ޏ ±ޔސ�ސ ޔޕ�ޏ ±ޏޖ�ޏ ޕޔ�ޏ
'JUUFE tt̄ ±ޕޏ�ޘޒ ޑޕ�ޓ ±ޗސ�ސޒ ސޑ�ޓ ±ސޑ�ޔސ ސޓ�ޑ
.$ FYQFDUFE ޗޗ�ޒޓ ޑޏ�ޒޒ ޓޘ�ޔސ
.$ TJOHMF UPQ ސސ�ޒ ޖޘ�ޑ ޗޓ�ސ
.$ UU7 ޑޓ�ޑ ޕޓ�ސ ޏޖ�ޏ
.$ EJCPTPO ޒޏ�ސ ޖޓ�ޏ ޑޑ�ޏ
.$ 8�KFUT ޗޔ�ސ ޘޘ�ޏ ޘޔ�ޏ
.$ tt̄ ޓޖ�ޔޒ ޓސ�ޖޑ ޔޘ�ޑސ

Table 9.15: Expected and observed events in the signal regions of the BDT shape fit.
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Figure 18: Distributions of BDT score for the tN_diag_low (top left), tN_diag_med (top right), and tN_diag_high
(bottom) regions. The SM background predictions are obtained using the background-only fit configuration, and the
hatched area around the total SM background prediction includes all uncertainties. In addition to the background
prediction, signal models are shown, denoted by m(t̃1, �̃

0
1 ). The bottom panels show the di�erence between data and

the predicted SM background divided by the total uncertainty (�tot).
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Figure 9.29: Distributions of BDT score for the tN diag high signal regions. The SM background predictions are ob-

tained using the background-only fit configuration, and the hatched area around the total SM background prediction

includes all uncertainties. [38].

UIF 4UBOEBSE .PEFM FWFOUT JT �� GPS UIJT CJO� $VNVMBUJWFMZ
 UIFTF NFUSJDT JOEJDBUF UIBU UIFSF JT OP

TJHOJ୮ୢDBOU FWJEFODF GPS UIF QSFTFODF PG OFX QIZTJDT JO UIF EBUB�
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(JWFO UIBU OP TJHOJ୮ୢDBOU FYDFTT JT PCTFSWFE JO FJUIFS DVU�BOE�DPVOU PS #%5�CBTFE TJHOBM SFHJPOT
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Figure 415: Unblinded BDT high distribution shown with the aforementioned binning with the usual Data/MC ratio
(left) and the pull for each bin (right).
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Figure 416: Expected exclusion contours for tN_diag high. All detector systematics are included, as well as the tt̄
theoretical uncertanties. Flat 30% systematics are assumed for all the other background sources.
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Figure 9.30: Expected and observed exclusion contours for the high-mass compressed BDT signal regions. All detector

systematics and tt̄ systematic uncertainties are included, with flat 30% uncertainties assumed for all other background

sources.

VFT PCUBJOFE CZ UIF ୮ୢU GPS FBDI TJHOBM QPJOU� 'JHVSF ���� TIPXT UIF FYQFDUFE 	±σexp
 BOE PCTFSWFE

	±σth
DPOUPVST GSPN UIF IJHI�NBTT DPNQSFTTFE #%5 BOBMZTJT� 5IF QSFWJPVT CFTU FYDMVTJPO GSPN

UIF "5-"4 TUPQ TFBSDI VTJOH ��� ୯୰−1 JT PWFSMBJE JO HSBZ
 SFWFBMJOH UIF MBSHF JODSFBTF JO FYDMVEFE

NBTT SBOHF BMPOH UIF EJBHPOBM�

'JHVSF ���� TIPXT UIF DPNCJOFE FYDMVTJPO GPS BMM PG UIF t̃ → tχ̃0
1 TJHOBM SFHJPOT
 DPWFSJOH UIF QVSF

CJOP -41 TDFOBSJP JO UIF TUPQ �- BOBMZTJT� 'PS B NBTTMFTT χ̃0
1
 BOE BTTVNJOH B ���ॎ CSBODIJOH SBUJP PG

UIF t̃ UP B UPQ BOE χ̃0
1
 B TUPQ RVBSL XJUI B NBTT CFMPX ��� (F7 JT FYDMVEFE BU ��ॎ DPO୮ୢEFODF�
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Figure 20. Expected (black dashed) and observed (red solid) 95% excluded regions in the plane
of mχ̃0

1
versus mt̃1

for direct stop pair production assuming either t̃1 → tχ̃
0
1, t̃1 → bW χ̃0

1, or

t̃1 → bff ′χ̃0
1 decay with a branching ratio of 100%. The excluded regions from previous publica-

tions [37, 168] are shown with the grey and blue shaded areas.

The results improve upon previous exclusion limits by excluding the stop mass region

up to 940GeV for a massless lightest neutralino and assuming B(t̃1 → tχ̃
0
1) = 100%. In

the three-body scenario, stop masses are excluded up to 500GeV for a LSP mass of about

300GeV. In the four-body scenario, stop masses are excluded up to 370GeV for a mass-

splitting between the stop and the LSP as low as 20GeV.

The non-excluded area between the three- and four-body decay regions is due to a

reduction in search sensitivity as the kinematic properties of the signal change significantly

when transitioning from a four-body to a three-body decay. In particular, approaching this

boundary from the three-body side, the momenta of the two b-jets decrease to zero and

hence the acceptance of the pT requirement on the b-tagged jet in the bWN signal region

decreases rapidly.

The kinematic properties change again at the kinematic boundary between the three-

body and on-shell top-quark decay modes. When approaching this diagonal from the

on-shell top-quark side, the search sensitivity usually worsens due to the difficulty in dis-

entangling signal from the tt̄ background. However, the dedicated BDT analysis (here in

particular tN diag high) recovers partly the sensitivity.
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Figure 9.31: Expected combined exclusion contour for the t̃ → tχ̃0
1 signal regions.

'PS FBDI TJHOBM QPJOU JO UIF HSJE
 UIF MPXFTU FYQFDUFE $-T WBMVF 	CFTU FYDMVTJPO
 JT DIPTFO BDSPTT

BMM TJHOBM SFHJPOT
 XIJDI JODMVEFT SFHJPOT P୭G UIF EJBHPOBM BSFB PG QIBTF TQBDF
 BOE UIPTF UBSHFUJOH

MPXFS TUPQ NBTTFT� 'JHVSF ���� TIPXT UIF SFTVMUT PG UIJT TDBO
 DPNCJOJOH JOGPSNBUJPO GSPN TFWFO

CJOP -41 43T
 DPWFSJOH UIF UXP
 UISFF
 BOE GPVS CPEZ TUPQ EFDBZT� &BDI NBSLFS PO UIF HSJE JOEJDBUFT

XIJDI TJHOBM SFHJPO JO UIF BOBMZTJT JT SFTQPOTJCMF GPS TFOTJUJWJUZ GPS UIBU QPJOU� 4VDI B CSFBLEPXO

IJHIMJHIUT UIBU UIF IJHI�NBTT DPNQSFTTFE #%5 SFHJPO
 TIPXO JO CMVF EJBNPOE NBSLFST
 JT ESJWJOH

TFOTJUJWJUZ QSJNBSJMZ GPS QPJOUT JO UIF EJBHPOBM BSFB PG QIBTF TQBDF� 5IJT JT FYQFDUFE GSPN CPUI UIF

QIZTJDT NPUJWBUJPO PG UIF SFHJPO BOE UIF PQUJNJ[BUJPO TUSBUFHZ
 BOE JT DPOTJTUFOU XJUI UIF TJOHMF

SFHJPO FYDMVTJPO TIPXO JO 'JHVSF �����

5IF SFTVMUT PG UIJT TUPQ TFBSDI JO UIF � MFQUPO ୮ୢOBM TUBUF BSF DPNCJOFE XJUI PUIFS DPODVSSFOU
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Figure 9.32: Exclusion curve for the stop1L analysis, broken down by dominant signal region. The high-mass com-

pressed BDT corresponds to the light blue diamondmarkers, which show that this SR is primarily responsible for

sensitivity on the t̃ → tχ̃0
1 diagonal.

TUPQ QBJS QSPEVDUJPO TFBSDIFT BU "5-"4
 EFDBZJOH UP EJ୭GFSFOU ୮ୢOBM TUBUFT BOE DPWFSJOH B WBSJFUZ

PG NBTT TQFDUSB BOE LJOFNBUJD TDFOBSJPT� 'JHVSF ���� TIPXT UIF DPNCJOFE UPUBM FYDMVTJPO GPS TUPQ

TFBSDIFT BU "5-"4 BT PG .BZ ����
 SFQSFTFOUJOH UIF GVMM FYDMVTJPO GPS TUPQ NBTTFT BU UIF FOE PG 3VO

**� $PNQBSJTPO UP 'JHVSF ��� EFNPOTUSBUFT UIF TVDDFTT PG UIF EFEJDBUFE EJBHPOBM TJHOBM SFHJPOT BOE

UIF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO UFDIOJRVF GPS DPNQSFTTFE TJHOBM QPJOUT� 4QFDJ୮ୢDBMMZ
 UXP BOBM�

ZTFT DPOUSJCVUF TUSPOHMZ PO UIF EJBHPOBM� UIF TUPQ �- BOBMZTJT EFTDSJCFE IFSF
 BOE UIF ��MFQUPO ୮ୢOBM

TUBUF WFSTJPO PG UIF TFBSDI 	SFGFSSFE UP BT TUPQآ 
أ-�� 5IJT �- TFBSDI TJNJMBSMZ CVJMU B EFEJDBUFE DPN�

QSFTTFE 43 JO 3VO **
 BOE VUJMJ[FE UIF 3+3 WBSJBCMFT UP EP TP <���>� 5IF DPO୯୳VFODF PG UIFTF UXP

TVDDFTTGVM BOBMZTFT
 XPSLJOH XJUI EJ୭GFSFOU ୮ୢOBM TUBUFT CVU UIF TBNF QIBTF TQBDF BOE NFUIPEPMPHZ


GVSUIFS DPO୮ୢSNT UIF HFOFSBMJ[BCMF VUJMJUZ PG UIF 3+ UFDIOJRVF GPS DPNQSFTTFE 464: TFBSDIFT�
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Figure 9.33: Combined exclusion curve for all stop analyses at ATLAS, as a function of t̃1 and χ̃0
1 masses [51].
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'PS &MFDUSPXFBL 464:

&MFDUSPXFBL 464: QSPEVDUJPO JT BU UIF DPSF PG OBUVSBMOFTT
 BOE TFBSDIFT GPS UIFTF TQBSUJDMFT BSF FTQF�

DJBMMZ FYDJUJOH HJWFO UIFJS FYQFDUFE MJHIU NBTTFT� )PXFWFS
 UIJT UIFPSFUJDBM FYDJUFNFOU JT DPVOUFSFE JO

QSBDUJDF CZ UIF TJHOJ୮ୢDBOU EJ୭୮ୢDVMUJFT PG TVDI TFBSDIFT BU UIF -)$
 JO MBSHF QBSU EVF UP UIFJS MPX FY�

QFDUFE DSPTT TFDUJPOT 	TFF 'JHVSF ���
� *O TQJUF PG UIJT
 B TJHOJ୮ୢDBOU DPNQPOFOU PG UIF FMFDUSPXFBLJOP

TFBSDI QSPHSBN BU "5-"4 SFMJFT PO EJSFDU QBJS QSPEVDUJPO PG UIF MJHIUFTU DIBSHJOP BOE MJHIUFTU UXP
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OFVUSBMJOPT
 XIJDI BSF UIF UISFF TQBSUJDMFT NPTU DPOTUSBJOFE JO OBUVSBM NPEFMT�

5IF NJYJOH PG FMFDUSPXFBL FJHFOTUBUFT JOUP DIBSHJOPT BOE OFVUSBMJOPT XBT EJTDVTTFE JO $IBQ�

UFS �� *O UIJT TFBSDI
 TFWFSBM TJNQMJ୮ୢFE NPEFMT BSF VTFE UP JNQPTF WBMVBCMF TJNQMJ୮ୢDBUJPOT� FBDI FMFD�

USPXFBLJOP EFDBZT XJUI ���ॎ CSBODIJOH GSBDUJPO UP UIF 4. XFBL CPTPO PG UIF TBNF DIBSHF
 BOE

POMZ UIF NBTT QBSBNFUFST SFMFWBOU UP UIF FMFDUSPXFBLJOP TQFDUSVN BSF DPOTJEFSFE� 5IF GPDVT IFSF

XJMM CF PO UIF OBUVSBMOFTT TDFOBSJP
 XIFSF µ ≪.�
 .� BOE UIF -41 JT EPNJOBOUMZ IJHHTJOP
 XIJDI

HBJOT NPNFOUVN WJB CPPTU GSPN BO JOJUJBM TUBUF SBEJBUJPO KFU PS KFUT�

3FDBMM UIBU UIF OBUVSBM NBTT QBSBNFUFS IJFSBSDIZ ZJFMET B DPNQSFTTFE NBTT TQFDUSVN
 TJNJMBS UP

UIBU PG UIF TUPQ TFBSDI EFTDSJCFE JO UIF QSFWJPVT DIBQUFS� 5IJT SFTUSJDUT UIF QIBTF TQBDF UP B TDFOBSJP

XIFSF UIF NBTT TQMJUUJOH CFUXFFO χ̃0
2 BOE χ̃0

1 	PS χ̃±
1 BOE χ̃0

1
 JT TV୭୮ୢDJFOUMZ TNBMM UP GPSDF UIF 8±

PS ;0 CPTPO P୭G JUT NBTT TIFMM� "MM PG UIF DIBSBDUFSJTUJDT PG B DPNQSFTTFE FMFDUSPXFBLJOP EFDBZ BT

EJTDVTTFE JO 4FDUJPO ��� BQQMZ� UIF RVBSLT GSPN UIF 8± BSF UPP TPG୴ UP CF SFDPOTUSVDUFE
 UIF MFQUPOT

GSPN UIF ;0 IBWF B TNBMM BNPVOU PG pT 
 BOE UIFEmiss
T JO UIF FWFOU JT BUUSJCVUBCMF UP UIF CPPTUFE

-41T� 'FZONBO EJBHSBNT TIPXJOH UIFTF QSPDFTTFT DBO CF TFFO JO 'JHVSFT ���� BOE ����� 5IF ୮ୢOBM TUBUF

PG BMM EFDBZT JTEmiss
T 
 UXP TPG୴ PQQPTJUF TJHO TBNF ୯୳BWPS MFQUPOT
 BOE BU MFBTU POF KFU GSPN JOJUJBM

TUBUF SBEJBUJPO�

5ISFF PSUIPHPOBM SFHJPOT UBSHFU UIJT TDFOBSJP� IJHI�Emiss
T 
 MPX�Emiss

T 
 BOE POF MFQUPO � USBDL

	JO XIJDI UIF TVCMFBEJOH MFQUPO JT UPP TPG୴ UP CF SFDPOTUSVDUFE
� 8IJMF UIJT USFBUNFOU XJMM POMZ

EJTDVTT UIF IJHI�Emiss
T SFHJPOT
 BMM UISFF BSF DPNCJOFE JO UIF ୮ୢOBM IJHHTJOP SFTVMUT
 UIFSFGPSF MPX�

Emiss
T BOE �-�USBDL BOBMZTJT NBUFSJBM DBO CF GPVOE JO "QQFOEJY #�� 5IF TNBMM QSPEVDUJPO DSPTT

�4FWFSBM PUIFS TVCBOBMZTFT BSF QFSGPSNFE JO UIJT SFTVMU
 JODMVEJOH B QBJS�QSPEVDFE TMFQUPO NPEFM EFDBZJOH
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products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.

M. AABOUD et al. PHYS. REV. D 97, 052010 (2018)
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Figure 10.1: Diagrams illustrating electroweakino simplifiedmodel χ̃0
2χ̃

+
1 pair production in association with a jet

radiated from the initial state (labeled j) [48].
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1.2 Summary of analysis strategy304

This note presents a dedicated search for direct production of compressed electroweakinos and sleptons.305

The analyses select final states with Emiss
T recoiling o� hadronic activity, and one or two soft leptons306

(electrons and muons), with lepton pT thresholds near 3 GeV. The Run 2 dataset of LHC proton–proton307

collisions collected by the ATLAS detector during 2015–2018 are used, corresponding to 140 fb�1 of308

integrated luminosity at
p

s = 13 TeV.309

The compressed electroweakino signals are studied with simplified models [67–69] illustrated by the310

Feynman diagram in Fig. 4. In the case of the Higgsino LSP simplified model, other contributing311

processes are illustrated in Fig 5. The slepton signals are studied with the simplified model illustrated by312

the Feynman diagram in Fig. 6.313
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Figure 4: Diagrams showing production of H�0
2 H�
±
1 in the 2 lepton final state in association with an ISR jet, and with

decays of the electroweakinos via SM gauge bosons.
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Figure 5: Other contributing processes to the Higgsino LSP model include production of Higgsino-like H�0
2 H�

0
1 (left)

and H�+1 H�
�
1 (right) in the 2 lepton final state in association with an ISR jet, and with decays of the electroweakinos

via SM gauge bosons.

In addition to direct production of electroweakinos, vector boson fusion (VBF) induced production is314

predicted and studied here. The interaction of radiated vector bosons from the scattered quarks give rise315

to a heavily boosted SUSY system, which recoils o� the out-going quarks. The VBF process results in a316
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Figure 10.2: Other electroweakino pair productionmodes considered in the analysis, specifically χ̃0
2χ̃

0
1 and

χ̃+
1 χ̃

−
1 [48].
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TFDUJPOT
 FYUSFNFMZ TPG୴ ୮ୢOBM TUBUF PCKFDUT
 BOE MPX BNPVOU PG NJTTJOH FOFSHZ BMM DPOUSJCVUF UP UIF

EJ୭୮ୢDVMUZ PG TVDI B TFBSDI
 BOE NPUJWBUF DBSFGVM BOBMZTJT TUSVDUVSF BOE TFMFDUJPOT�

5IJT DIBQUFS EFTDSJCFT UIF TFUVQ
 QSPDFEVSFT
 BOE SFTVMUT PG UIF GVMM 3VO ** IJHI�Emiss
T EJSFDU

IJHHTJOP TFBSDI� 4FDUJPO ���� BOE 4FDUJPO ���� HJWF UFDIOJDBM EFUBJMT
 TQFDJ୮ୢDBMMZ PO UIF EBUB�.$

TBNQMFT BOE SFDPOTUSVDUFE PCKFDUT VTFE
 SFTQFDUJWFMZ� 4FDUJPO ���� EFTDSJCFT UIF PQUJNJ[BUJPO PG UIF

QSJNBSZ IJHHTJOP TJHOBM SFHJPOT BOE UIF BEEJUJPO PG UIF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO WBSJBCMFT�

4FDUJPO ���� HJWFT JOGPSNBUJPO PO UIF CBDLHSPVOE FTUJNBUJPO
 JODMVEJOH DPOUSPM BOE WBMJEBUJPO SF�

HJPO EF୮ୢOJUJPOT
 BOE B EFTDSJQUJPO PG UIF EBUB�ESJWFO GBLF GBDUPS NFUIPE UP FTUJNBUF UIF EPNJOBOU

GBLF MFQUPO CBDLHSPVOE� 4ZTUFNBUJD VODFSUBJOUJFT BSF EJTDVTTFE JO 4FDUJPO ����� 'JOBMMZ
 SFTVMUT PG UIF

TFBSDI BSF HJWFO JO 4FDUJPO ����
 BOE JOUFSQSFUFE JO UIF DPOUFYU PG FMFDUSPXFBL 464: NBTT FYDMVTJPOT�

���� %ঊঝঊ�.$ 4ঊখঙক঎জ

5IJT TFBSDI JT QFSGPSNFE VTJOH ������ ୯୰−1 PG pp DPMMJTJPO EBUB BU
√
s � �� 5F7 DPMMFDUFE CZ UIF "5�

-"4 EFUFDUPS UISPVHIPVU 3VO ** PG UIF -)$ 	TFF $IBQUFS � GPS NPSF EFUBJMT
� &WFOUT XFSF QSJNBSJMZ

DPMMFDUFE VTJOH UIF MPXFTU VOQSFTDBMFEEmiss
T USJHHFS҆
 BOE SFRVJSFE UP QBTT BMM (PPE 3VO -JTUT SF�

RVJSFNFOUT� $BOEJEBUF FWFOUT NVTU GVSUIFS IBWF BU MFBTU POF pp JOUFSBDUJPO WFSUFY XJUI B NJOJNVN

PG UXP BTTPDJBUFE USBDLT
 FBDI XJUI pT � ��� .F7�

UP UIF TBNF ୮ୢOBM TUBUF PG UXP TPG୴ MFQUPOT �Emiss
T � B 7#'�BTTJTUFE &8,JOP TJHOBM� B XJOP /-41�CJOP -41

JOUFSQSFUBUJPO� BOE BO /6).� JOUFSQSFUBUJPO <���>� /POF PG UIFTF XJMM CF EFTDSJCFE JO UIF GPMMPXJOH UFYU BT
UIFZ BSF MFTT DPOOFDUFE UP UIF OBUVSBMOFTT TDFOBSJP�

҆0UIFS TFBSDIFT GPS FMFDUSPXFBL 464: BU "5-"4 VTF TJOHMF MFQUPO USJHHFST
 GVODUJPOBM JO UIF TDFOBSJP
XIFSF UIF 8± PS ;0 JT PO�TIFMM� 5IF MFQUPO pT UISFTIPMET PG UIFTF USJHHFST TFWFSFMZ SFTUSJDU UIF QIBTF TQBDF PG
JOUFSFTU JO UIF DPNQSFTTFE DBTF
 BOE UIVT BSF OPU VTFE�

���



5IF IJHHTJOP -41 TJHOBM TBNQMFT BSF HFOFSBUFE BU MFBEJOH PSEFS XJUI .(�@B.$!/-0
 EFDBZFE

XJUI MadSpin
 BOE TIPXFSFE XJUI PYTHIA 8� 5P BDDPVOU GPS UIF SFRVJSFE *43 CPPTU
 FBDI QSPDFTT

JT HFOFSBUFE XJUI VQ UP UXP BEEJUJPOBM QBSUPO FNJTTJPOT JO UIF NBUSJY FMFNFOU
 XJUI B NJOJNVN

SFRVJSFE pT PG �� BOE �� (F7 SFTQFDUJWFMZ� 4JHOBMT BSF UIFO ୮ୢMUFSFE UP SFRVJSF UXP MFQUPOT XJUI pT

� � (F7 BOEEmiss
T � �� (F7� 5IF NBUSJY FMFNFOU NVTU CF NBUDIFE UP B QBSUPO TIPXFS
 XIJDI XBT

QFSGPSNFE XJUI UIF $,,8ୖ- TDIFNF <���> XJUI B NFSHJOH TDBMF PG �� (F7�

'PS FBDI TJHOBM BT EF୮ୢOFE CZ UIF NBTT TQMJUUJOH
 GPVS QSPEVDUJPO NPEFT XFSF QSPEVDFE� pp →

χ̃0
2χ̃

+
1 
 pp → χ̃0

2χ̃
−
1 
 pp → χ̃0

2χ̃
0
1
 BOE pp → χ̃+

1 χ̃
−
1 � 5IF CSBODIJOH SBUJP PG χ̃0

2 → Z0∗χ̃0
1

BOE χ̃±
2 → W±∗χ̃0

1 JT BTTVNFE UP CF ���ॎ� )PXFWFS
 UIF CSBODIJOH SBUJP PGZ0∗ → ℓℓ PS

W±∗ → ℓν XBT TQFDJ୮ୢDBMMZ DPNQVUFE UP BDDPVOU GPS UIF NBTTFT PG UIF b RVBSL BOE τ MFQUPO
 JO

PSEFS UP BDDVSBUFMZ SF୯୳FDU UIF TNBMMFS QIBTF TQBDF BWBJMBCMF GPS EFDBZ JOUP IFBWJFS QBSUJDMFT� 5IF SF�

TVMUJOH CSBODIJOH GSBDUJPOT WBSZ GSPN ���ॎ UP ���ॎ GPSZ0∗ → ℓℓ EFQFOEJOH PO ୯୳BWPS
 BOE ��ॎ UP

��ॎ GPSW±∗ → ℓν�

5IF NBTT TQMJUUJOH PG UIF TJHOBM∆N JT EF୮ୢOFE UP CF UIF EJ୭GFSFODF CFUXFFO UIF NBTTFT PG UIF χ̃0
2

BOE χ̃0
1
 XJUI UIF DIBSHJOP NBTT TFU UP CF IBMGXBZ CFUXFFO OFVUSBMJOP NBTTFT BT B DPOWFOUJPO� 4JHOBM

DSPTT TFDUJPOT GPS UIJT TJNQMJ୮ୢFE NPEFM BSF DBMDVMBUFE VTJOH RESUMMINO BU /--�/-0 QSFDJTJPO�

5IPVHI NBTT TQMJUUJOHT BCPWF UIF .F7 TDBMF BSF POMZ BDIJFWFE WJB XFBL FJHFOTUBUF NJYJOH
 UIF DBMDV�

MBUFE DSPTT TFDUJPOT BTTVNF QVSF )JHHTJOP TUBUFT GPS BMM NBTT DPNCJOBUJPOT� "MM TJHOBM TBNQMFT JO UIF

BOBMZTJT VTF ATLFAST2 EFUFDUPS TJNVMBUJPO <��>�

5ISFF EJ୭GFSFOU DBNQBJHOT PG CBDLHSPVOE TJNVMBUJPO XFSF VTFE UP BQQSPQSJBUFMZ NPEFM EJ୭GFS�

FODFT JO SVO DPOEJUJPOT BDSPTT EBUB�UBLJOH ZFBST� 6OMFTT PUIFSXJTF TQFDJ୮ୢFE
 BMM TBNQMFT XJUI QSP�

���



DFTTFE XJUI B GVMM TJNVMBUJPO PG UIF "5-"4 EFUFDUPS <��> VTJOH (&"/5� <���>� 1SPDFTTFT JOWPMWJOH

TJOHMF PS NVMUJQMF 8± PS ;0 CPTPOT QMVT KFUT <���
 ���> XFSF NPEFMFE XJUI 4IFSQB <���>
 XJUI EFEJ�

DBUFE FYUFOTJPOT GPS MPX TUBUJTUJD QIBTF TQBDF BSFBT PG JNQPSUBODF JO UIF BOBMZTJT� 5IF OPNJOBM tt̄ BOE

TJOHMF UPQ TBNQMFT <���> 	FYDMVEJOH tZ

 BT XFMM BT TJOHMF )JHHT QSPEVDUJPO QSPDFTTFT
 XFSF HFOFSBUFE

XJUI POWHEG <��> JOUFSGBDFE UP PYTHIA8 <���> GPS QBSUPO TIPXFSJOH�IBESPOJ[BUJPO� tZ QSPEVD�

UJPO VTFE MadGraph5 <���> GPS UIF NBUSJY FMFNFOU BOE PYTHIA6 <���> GPS TIPXFSJOH� "EEJUJPOBM

TPG୴ %$ތ JOUFSBDUJPOT XFSF HFOFSBUFE CZ PYTHIA8 UP TJNVMBUF UIF F୭GFDUT PG QJMFVQ�

���� 0ঋও঎ঌঝ 3঎હঞ঒ছ঎খ঎গঝজ

5ISFF QSJNBSZ DMBTTFT PG FWFOU GFBUVSFT BSF SFMFWBOU GPS UIJT BOBMZTJT� MFQUPOT
 KFUT
 BOE NJTTJOH FOFSHZ�

4JODF QSPDFTTFT XJUI GBLF MFQUPOT BSF B EPNJOBOU CBDLHSPVOE GPS UIF BOBMZTJT
 UIF TFMFDUJPO BOE SF�

DPOTUSVDUJPO PG UIF UXP TPG୴ MFQUPOT JT PG QBSUJDVMBSMZ GVOEBNFOUBM JNQPSUBODF� 5IF POMZ FYQFDUFE

KFUT JO UIF ୮ୢOBM TUBUF BSF GSPN UIF *43 CPPTU
 CVU UIF EFUBJMT PG UIF TFMFDUFE KFUT BSF BMTP B LFZ GFBUVSF

JO EFUFSNJOJOH UIFEmiss
T SFTPMVUJPO� *O UIJT TFDUJPO
 EFUBJMT TQFDJ୮ୢD UP UIF BOBMZTJT BSF EJTDVTTFE GPS

BMM UISFF DBUFHPSJFT�

������ -঎ঙঝঘগজ

5IF SFEVDJCMF GBLF MFQUPO CBDLHSPVOE JT FTUJNBUFE VTJOH B EBUB�ESJWFO GBLF GBDUPS NFUIPE 	EFTDSJCFE

JO NPSF EFUBJM JO 4FDUJPO ����
� 4QFDJBM DBSF NVTU CF UBLFO UP BWPJE EPVCMF DPVOUJOH JO UIJT TDFOBSJP


HJWFO UIBU DFSUBJO 4. QSPDFTTFT UIBU QSPEVDF POF QSPNQU MFQUPO BOE POF OPO�QSPNQU MFQUPO NBZ

CF QSFEJDUFE CZ CPUI UIF GBLF GBDUPS NFUIPE BOE .$ TJNVMBUJPO� " TPMVUJPO UP UIJT QSPCMFN JT UP

���



TVCUSBDU UIF QSPNQU MFQUPO CBDLHSPVOE BT QSFEJDUFE CZ .$� 5IJT QSFEJDUJPO SFRVJSFT USVUI NBUDI�

JOH MFQUPOT VUJMJ[JOH UIF MCTruthClassifier <���>
 XIJDI DMBTTJ୮ୢFT USVUI QBSUJDMFT BDDPSEJOH UP

UIFJS PSJHJO 	QSPNQU
 OPO�JTPMBUFE GSPN NFTPO EFDBZT
 DPOWFSTJPOT
 BOE PUIFS CBDLHSPVOE TPVSDFT�


5IF USVUI NBUDIJOH EFDJTJPO JT UIFO JODPSQPSBUFE JOUP UIF TJHOBM
 DPOUSPM
 BOE WBMJEBUJPO SFHJPO

EF୮ୢOJUJPOT�

'JOBM TUBUF MFQUPOT DBO CF FMFDUSPOT PS NVPOT
 BOE CPUI CBTFMJOF BOE TJHOBM MFQUPOT BSF EF୮ୢOFE

GPS VTF
 XIFSF TJHOBM MFQUPOT TBUJTGZ NPSF TUSJOHFOU RVBMJUZ SFRVJSFNFOUT BOE DPOTUJUVUF B TVCTFU PG

CBTFMJOF MFQUPOT� 5IF MJLFMJIPPE
 JTPMBUJPO
 BOE JNQBDU QBSBNFUFS DVUT EF୮ୢOFE JO 4FDUJPO ��� BSF BMM

FNQMPZFE JO NBLJOH UIFTF EJTUJODUJPOT� #BTFMJOF FMFDUSPOT BOE NVPOT BSF SFDPOTUSVDUFE VTJOH JO�

OFS EFUFDUPS USBDLT NBUDIFE UP FMFDUSPNBHOFUJD DBMPSJNFUFS FOFSHZ DMVTUFST BOE NVPO TQFDUSPNFUFS

USBDLT
 SFTQFDUJWFMZ� &MFDUSPOT BSF SFRVJSFE UP TBUJTGZ 7FSZ-PPTF MJLFMJIPPE JEFOUJ୮ୢDBUJPO DSJUFSJB BU

CBTFMJOF MFWFM
 BOE .FEJVN *% BU TJHOBM MFWFM� 5IFZ BEEJUJPOBMMZ NVTU QBTT (SBEJFOU JTPMBUJPO SF�

RVJSFNFOUT BOE JNQBDU QBSBNFUFS DVUT� " DVU PO FMFDUSPO BVUIPS 	BU USVUI MFWFM
 JT BQQMJFE UP SFKFDU

FMFDUSPO DBOEJEBUFT TFFEFE CZ QIPUPO DPOWFSTJPO SFDPOTUSVDUJPO BMHPSJUINT�

" OPWFM GFBUVSF PG UIJT BOBMZTJT JT UIF JOBVHVSBM VTF PG NVPOT EPXO UP � (F7 JO pT � " EFEJDBUFE

XPSLJOH QPJOU GPS UIFTF WFSZ TPG୴ NVPOT XBT EFWFMPQFE
 SFGFSSFE UP BT -PX1U <���>
 XIJDI HJWFT JN�

QSPWFE TJHOBM F୭୮ୢDJFODZ BOE CBDLHSPVOE SFKFDUJPO GPS NVPO DBOEJEBUFT XJUI pT � �� (F7� #PUI

CBTFMJOF BOE TJHOBM NVPOT BSF SFRVJSFE UP QBTT UIF -PX1U *% DSJUFSJB� TJHOBM NVPOT NVTU BEEJUJPO�

BMMZ QBTT 'JYFE$VU5JHIU5SBDL0OMZ JTPMBUJPO BOE JNQBDU QBSBNFUFS SFRVJSFNFOUT�

%VF UP UIF MPX pT PG UIF MFQUPOT
 B TNBMM BOHVMBS TFQBSBUJPO CFUXFFO UIFN JT FYQFDUFE� "T B SF�

TVMU
 TVDI أOFBSCZآ MFQUPOT DBO MBOE JO FBDI PUIFSؠT JTPMBUJPO DPOFT
 SFTVMUJOH JO B MPTT PG F୭୮ୢDJFODZ�
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Figure 3: Signal lepton e�ciencies for electrons and muons in a mix of slepton and Higgsino samples. Combined
reconstruction, identification, isolation and vertex association e�ciencies are shown for leptons within detector
acceptance, and with lepton pT within a factor of 3 of �m(è, e�0

1 ) for sleptons or of �m(è, e�0
1 )/2 for Higgsinos. The

average number of interactions per crossing in the MC samples is hµi = 33.7. Uncertainty bands represent the range
of e�ciencies observed across all signal samples used for the given pT bin. The ⌘-dependence is consistent with
values reported in ATLAS combined performance papers.

pT > 20 GeV after being calibrated in accord with Ref. [88] and having the expected energy contribution205

from pileup subtracted according to the jet area [89]. In order to suppress jets due to pileup, jets with206

pT < 120 GeV and |⌘ | < 2.5 are required to satisfy the Medium working point of the jet vertex tagger [89],207

which uses information from the tracks associated to the jet. From the sample of preselected jets, signal208

jets are selected if they satisfy pT > 30 GeV and |⌘ | < 2.8.209

Jets identified as including b-hadron decays, referred to as b-tagged jets, are identified from preselected210

jets within |⌘ | < 2.5 using the MV2c10 algorithm [90, 91]. The pT > 20 GeV requirement is maintained211

to maximize the rejection of the tt̄ background. The b-tagging algorithm working point is chosen so212

that b-jets from simulated tt̄ events are identified with an 85% e�ciency, with rejection factors of 3 for213

charm-quark jets and 34 for light-quark and gluon jets.214

The following procedure is used to resolve ambiguities between the reconstructed leptons and jets. It215

employs the distance measure �Ry =
p
(�y)2 + (��)2, where y is the rapidity. Electrons that share an216

inner detector track with a muon candidate are discarded to remove bremsstrahlung from muons followed217

by a photon conversion. Non-b-tagged jets that are separated from the remaining electrons by �Ry < 0.2218

are removed. Jets with �Ry < 0.4 containing a muon candidate and contain fewer than three tracks with219

pT > 500 MeV are removed to suppress muon bremsstrahlung. Electrons or muons with �Ry < 0.4 from220

surviving jet candidates are removed to suppress bottom and charm hadron decays.221

After all lepton selection criteria are applied, the e�ciency for reconstructing and identifying signal222

electrons within the detector acceptance in the Higgsino and slepton signal samples ranges from 20% for223

pT = 4.5 GeV to over 75% for pT > 30 GeV. The corresponding e�ciency for signal muons ranges from224

approximately 50% at pT = 3 GeV to 90% for pT > 30 GeV.225
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Figure 10.3: Signal lepton efficiencies for electrons andmuons within detector acceptance, averaged over amix of

higgsino and slepton simulated samples, with uncertainty bands reflecting the range of observed efficiencies across all

samples.

5IJT QSJNBSJMZ B୭GFDUT UIF TPG୴FTU MFQUPOT BOE UIVT UIF TNBMMFTU NBTT TQMJUUJOH TBNQMFT� 5P BWPJE

UIJT
 B EFEJDBUFE OFBSCZ MFQUPO JTPMBUJPO DPSSFDUJPO JT QFSGPSNFE
 XIJDI SFNPWFT OFBSCZ MFQUPO

USBDLT GSPN UIF USBDL JTPMBUJPO TVN 	BOE TJNJMBSMZ
 OFBSCZ MFQUPO UPQPDMVTUFST BSF SFNPWFE GSPN

UIF DBMPSJNFUFS JTPMBUJPO TVN JG UIF OFBSCZ MFQUPO JT BO FMFDUSPO�
 5IF EF୮ୢOJUJPO PG OFBSCZ JO UIJT

DPOUFYU JT EFUFSNJOFE CZ∆3 BOE IBWJOH pT NBUDIJOH XJUIJO B HJWFO NBSHJO PG FSSPS�

5BCMF ���� MJTUT BMM TFMFDUJPO DSJUFSJB PG FMFDUSPOT BOE NVPOT VTFE JO UIF BOBMZTJT
 GPS CPUI CBTFMJOF

BOE TJHOBM DBUFHPSJFT� 5IF F୭୮ୢDJFODZ GPS TFMFDUJPO PG TJHOBM FMFDUSPOT BOE NVPOT CJOOFE JO MFQUPO

pT DBO CF GPVOE JO 'JHVSF ����
 XIFSF UIF EFQFOEFODF PO η JT DPOTJTUFOU XJUI "5-"4 DPNCJOFE

QFSGPSNBODF QBQFS SFTVMUT�

������ +঎ঝজ � &miss
T

5IF KFUT VTFE JO UIJT BOBMZTJT BSF BOUJ�kt 3 � ��� KFUT DBMJCSBUFE VTJOH UIF &. TDBMF� #BTFMJOF BOE TJH�

OBM KFUT BSF CPUI SFRVJSFE UP IBWF pT � �� (F7
 XJUI TJHOBM KFUT SFRVJSFE UP IBWF |η| � ��� BOE CBTF�

MJOF KFUT |η| � ���� +FUT DPOUBJOJOH b�IBESPOT BSF JEFOUJ୮ୢFE VTJOH UIF .7�D�� C�UBHHJOH BMHPSJUIN


BU B XPSLJOH QPJOU UIBU QSPWJEFT ��ॎ TFMFDUJPO F୭୮ୢDJFODZ JO tt̄ TJNVMBUJPO� 1JMFVQ NJUJHBUJPO JT QFS�
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GPSNFE XJUI UIF KFU WFSUFY UBHHFS 	+75

 XJUI DVUT BQQMJFE UP KFUT XJUI pT � �� (F7 BOE |η| � ����

&WFOU DMFBOJOH JT BQQMJFE UP SFNPWF KFUT PSJHJOBUJOH GSPN OPO�DPMMJTJPO QSPDFTTFT PS DBMPSJNFUFS

OPJTF�

5IF &miss
T JO UIF FWFOU JT EF୮ୢOFE BT UIF OFHBUJWF WFDUPS TVN PG UIF USBOTWFSTF NPNFOUB PG BMM JEFO�

UJ୮ୢFE QIZTJDT PCKFDUT 	FMFDUSPOT
 NVPOT
 BOE KFUT�
 *U JT SFDPOTUSVDUFE VTJOH UIF 5JHIU XPSLJOH QPJOU�

5IF TPG୴ UFSN JT DPOTUSVDUFE GSPN BMM QSJNBSZ WFSUFY USBDLT OPU BTTPDJBUFE UP BOZ CBTFMJOF PCKFDU
 UP

BMMPX BEKVTUNFOUT GPS UIF CFTU DBMJCSBUJPOT PG KFUT BOE PUIFS PCKFDUT
 XIJMF SFNBJOJOH BHOPTUJD UP

QJMFVQ DPOEJUJPOT�

5BCMF ���� HJWFT BO PWFSWJFX PG BMM LJOFNBUJD
 *%
 JNQBDU QBSBNFUFS
 BOE JTPMBUJPO SFRVJSFNFOUT

GPS CBTFMJOF BOE TJHOBM KFUT BOE b�KFUT VTFE JO UIF BOBMZTJT� 4NBMM DPSSFDUJPOT BSF BQQMJFE UP PCKFDUT JO

TJNVMBUFE TBNQMFT UP CFUUFS NBUDI SFDPOTUSVDUJPO F୭୮ୢDJFODJFT JO EBUB�

������ 0ট঎ছকঊঙ 3঎খঘটঊক

#BTFMJOF PCKFDUT VOEFSHP BO PWFSMBQ SFNPWBM 	03
 QSPDFEVSF UP QSFWFOU UIF EPVCMF DPVOUJOH PG TJH�

OBM PCKFDUT� 5IJT QSPDFEVSF VTFT DPMMFDUJPOT PG FMFDUSPOT
 NVPOT
 BOE KFUT
 BOE SFNPWFT PWFSMBQQJOH

PCKFDUT CBTFE PO∆3 NBUDIJOH 	PS TIBSFE JOOFS EFUFDUPS USBDLT
� 'BU KFUT
 QIPUPOT
 BOE UBVT BSF OPU

VTFE JO UIF 03 QSPDFEVSF PG UIJT BOBMZTJT
 XIJMF CPPTUFE FMFDUSPOT BOE b�UBHHJOH BSF JODMVEFE�

5IF PSEFS PG PWFSMBQT SFNPWFE CFUXFFO DPMMFDUJPOT JT BT GPMMPXT� 5P SFNPWF NVPO CSFNTTUSBIMVOH

XIFSF B QIPUPO DPOWFSUT JOUP BO FMFDUSPO�QPTJUSPO QBJS
 FMFDUSPOT TIBSJOH BO JOOFS EFUFDUPS USBDL

XJUI NVPOT BSF SFNPWFE ୮ୢSTU� /FYU
 KFUT UIBU EP OPU IBWF B b�UBH BSF SFNPWFE JG UIFZ BSF XJUIJO∆3

� ��� PG UIF SFNBJOJOH FMFDUSPOT� +FUT XJUIJO∆3 � ��� PG B NVPO XJUI MFTT UIBO UISFF USBDLT PG pT
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1SPQFSUZ 4JHOBM #BTFMJOF
&MFDUSPOT
,JOFNBUJD pT � ޔ�ޓ (F7
 |η| � ޖޓ�ޑ pT � ޔ�ޓ (F7
*% .FEJVN 7FSZ-PPTF
*TPMBUJPO (SBEJFOU �
*NQBDU 1BSBNFUFS |d0|/σd0 � 
ޔ |z0sinθ| � ޔ�ޏ NN |z0sinθ| � ޔ�ޏ N
.VPOT
,JOFNBUJD pT � ޒ (F7
 |η| � ޔ�ޑ pT � ޒ (F7
*% -PX1U -PX1U
*TPMBUJPO 'JYFE$VU5JHIU5SBDL0OMZ �
*NQBDU 1BSBNFUFS |d0|/σd0 � 
ޒ |z0sinθ| � ޔ�ޏ NN |z0sinθ| � ޔ�ޏ NN
+FUT
,JOFNBUJD pT � ޏޒ (F7
 |η| � ޗ�ޑ pT � ޏޑ (F7
 |η| � ޔ�ޓ
1JMFVQ NJUJHBUJPO +75 .FEJVN GPS pT � ޏޕ (F7
 |η| � ޓ�ޑ �
b�KFUT
,JOFNBUJD pT � ޏޑ (F7
 |η| � ޔ�ޑ pT � ޏޑ (F7
 |η| � ޔ�ޓ
1JMFVQ NJUJHBUJPO +75 .FEJVN GPS pT � ޏޑސ (F7
 |η| � ޔ�ޑ �
b�UBHHJOH ޏސDޑ7. ॎޔޗ F୭G 81 �

Table 10.1: Overview of baseline and signal object requirements for the compressed electroweak analysis.

� ��� .F7 BSF UIFO SFNPWFE� 'JOBMMZ
 FMFDUSPOT PS NVPOT XJUIJO∆3 � ��� PG UIF SFNBJOJOH KFU

DBOEJEBUFT BSF SFNPWFE
 UP TVQQSFTT IFBWZ ୯୳BWPS IBESPO EFDBZT�

���� 4঒ঐগঊক 3঎ঐ঒ঘগজ

5IF TJHOBM SFHJPOT NVTU CF PQUJNJ[FE TP BT UP NBYJNJ[F TFOTJUJWJUZ UP BO FMVTJWF DPNQSFTTFE IJHHTJOP

TJHOBM
 XIJMF DVUUJOH BXBZ CBDLHSPVOET GSPN GBLF MFQUPOT BOE PUIFS 4. QSPDFTTFT� #FMPX BMM EJTDSJN�

JOBUJOH WBSJBCMFT BSF EF୮ୢOFE
 BOE UIF TFMFDUJPO GPS UIF IJHI�Emiss
T IJHHTJOP TJHOBM SFHJPO JT QSPWJEFE�
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" IFMQGVM GFBUVSF JO UIF 43 PQUJNJ[BUJPO F୭GPSU JT UIF LJOFNBUJD FOEQPJOU JO UIF JOWBSJBOU NBTT

PG UIF UXP MFQUPOTmll
 XIJDI JT FYQMPJUFE WJB B TIBQF ୮ୢU BDSPTT CJOT PG UIJT WBSJBCMF� "EEJUJPOBMMZ


UIF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO NFUIPE
 XIJDI JT EFTDSJCFE JO $IBQUFS � BOE BQQMJFE UP DPN�

QSFTTFE TUPQ TDFOBSJPT JO $IBQUFS �
 DBO BMTP CF PG VTF UP QSPEVDF QPXFSGVM EJTDSJNJOBUJOH WBSJBCMFT�

5IFTF BOE PUIFS EJTDSJNJOBUJOH WBSJBCMFT VTFE JO UIF TJHOBM SFHJPO DPOTUSVDUJPO BSF MJTUFE BOE EF�

TDSJCFE CFMPX 	FYDMVEJOH CBTJD FWFOU RVBOUJUJFT TVDI BTEmiss
T BOE PCKFDU NVMUJQMJDJUJFT
�

ا &WFOU 4IBQF 7BSJBCMFT

؛ ]∆φ(j1, pmiss
T )]� BOHVMBS TFQBSBUJPO CFUXFFO UIF MFBEJOH KFU BOEEmiss

T � MBSHFS WBMVFT
PG UIJT WBSJBCMF DBO FOTVSF UIF *43�BTTJTUFE UPQPMPHZ BOE SFNPWF %$ތ CBDLHSPVOE�

؛ NJO∆φ(anyjet, pmiss
T )� BOHVMBS TFQBSBUJPO CFUXFFO BMM KFUT BOEEmiss

T � MBSHFS WBMVFT
DBO IFMQ FMJNJOBUF FWFOUT XJUI GBLFEmiss

T DPOUSJCVUJPOT GSPN KFU NJT�NFBTVSFNFOUT�

ا -FQUPOJD 7BSJBCMFT

؛ ∆3ll� BOHVMBS EJTUBODF CFUXFFO MFQUPOT
 EF୮ୢOFE BT
√

(ηℓ1 − ηℓ2)2 + (φℓ1 − φℓ2)2�
TPG୴ MFQUPOT UFOE UP IBWF TNBMMFS WBMVFT�

؛ mll� JOWBSJBOU NBTT PG UIF UXP MFQUPOT
 DPSSFMBUFE UP UIF NBTT TQMJUUJOH PG UIF IJHHTJOP
TJHOBM�

؛ mℓ1
T � USBOTWFSTF NBTT PG UIF MFBEJOH MFQUPO
 EF୮ୢOFE JO &RVBUJPO ����

؛ mT2� أTUSBOTWFSTFآ NBTT
 EF୮ୢOFE BT NJOqT (NBY[mT (pℓ1T , qT ,mχ), mT (pℓ2T , pmiss
T −

qT ,mχ)])
 XIFSFmχ JT UIF IZQPUIFTJ[FE NBTT PG UIF JOWJTJCMF QBSUJDMFT
 BOE qT JT
DIPTFO UP NJOJNJ[F UIF MBSHFS PG UIF UXP USBOTWFSTF NBTTFT 	EF୮ୢOFE BCPWF
�

؛ Emiss
T �H lep

T � UIF SBUJP PG UIFEmiss
T UP UIF TDBMBS TVN PG MFQUPO NPNFOUBH lep

T 
 EF�
୮ୢOFE BT

∑leps
i pℓiT � CBDLHSPVOET UFOE UP IBWF IBSEFS MFQUPOJD BDUJWJUZ BOE UIVT MPXFS

WBMVFT PG UIJT WBSJBCMF�
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؛ mττ � EJ�UBV JOWBSJBOU NBTT
 XIJDI GVMMZ SFDPOTUSVDUT UIF GVMMZ MFQUPOJDZ → ττ

EFDBZ XJUI BTTPDJBUFE KFUT� *U JT EF୮ୢOFE BT UIF TJHOFE TRVBSF SPPU PGm2
ττ ≡ 2pℓ1 ·

pℓ2(1 + ξ1)(1 + ξ2)
 XIFSF pℓ BSF UIF MFQUPO GPVS�NPNFOUB BOE UIF ξ QBSBNFUFST BSF
EFUFSNJOFE CZ TPMWJOH pmiss

T � ξ1pℓ1T + ξ2pℓ2T � /FHBUJWF WBMVFT PGmττ BSF BTTPDJBUFE
UP FWFOUT XIFSF POF PG UIF MFQUPO NPNFOU JT TNBMMFS JO NBHOJUVEF UIBO UIFEmiss

T BOE
QPJOUT JO UIF IFNJTQIFSF PQQPTJUF UP UIF pmiss

T WFDUPS 	TFF 'JHVSF ����
�

ا 3+3 7BSJBCMFT
 XIJDI BSF DBMDVMBUFE VTJOH B WBSJBUJPO PO UIF TUBOEBSE *43�BTTJTUFE EFDBZ USFF
BT TIPXO JO 'JHVSF ����
 UP SFNPWF UIF UXP MFQUPOT GSPN UIF DBMDVMBUJPO PG UIF UISVTU BYJT�

؛ RISR
 BT EF୮ୢOFE JO 4FDUJPO ����

؛ MS
T 
 BT EF୮ୢOFE JO 4FDUJPO ����
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Figure 33: Schematic illustrating the fully leptonic (Z ! ⌧⌧) + jets system motivating the construction of m⌧⌧ .

E
miss
T

/HT The HT variable is defined as the scalar sum the jet momenta871

HT =

jetsX

i

pji

T . (6)

The Emiss
T /HT variable discriminates between events with strong correlation between the visible hadronic872

activity and the Emiss
T , as typical for compressed signal events, and events where the jets are harder and the873

Emiss
T dominated by instrumental e�ects mainly associated to jet mismeasurement, which roughly scale as874 p
HT.875

m⌧⌧ The di-tau invariant mass m⌧⌧

⇣
p`1, p`2, pmiss

T

⌘
used in this analysis is defined by Equation (12),876

which is a function of the measured leptonic p`1, p`2 and transverse missing momenta pmiss
T related by877

Equations (9) and (10).878

This variable aims to reconstruct the fully leptonic Z ! ⌧⌧ processes to provide leverage on this879

background. Figure 33 illustrates this system schematically. By reconstructing the tau 4-momenta p⌧i , the880

invariant mass squared m2
⌧⌧ =

�
p⌧1 + p⌧2

�2 of the Z can be calculated and appropriately vetoed. Various881

definitions of m⌧⌧ exist in the literature to resolve the kinematic ambiguities due to immeasurable neutrino882

momenta by imposing assumptions on the underlying process. This analysis primarily follows Refs. [33,883

42, 47].884

In the Z ! ⌧⌧ process where both taus undergo leptonic decays ⌧ ! `⌫`⌫⌧ , only the missing transverse
momentum pmiss

T and 4-momenta of the two leptons p`i from the i-th tau are observable, where i = {1, 2}
label the tau decay chains. The reconstruction relies on the large boost of the taus, decaying from
the Z recoiling o� hadronic activity. This boost ensures the daughter leptons and neutrinos are nearly
collinear, so the 4-momentum of the neutrino system p⌫i from the i-th tau defined by p⌫i = p⌫`i + p⌫⌧i ,
is well approximated as a rescaling of the visible lepton momenta p⌫i ' ⇠ip`i , where ⇠i is a scalar
to be determined. The i-th tau 4-momentum is the sum of the daughter lepton and neutrino system
p⌧i = p`i + p⌫i . Then the ⌧ momentum is a rescaling of the observable lepton momenta p`i

p⌧i = (1 + ⇠i)p`i ⌘ f ip`i, (7)
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Figure 10.4: Diagram of the fully leptonicZ → ττ + jets system, motivating construction of themττ variable.
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"MM SFHJPOT JO UIF BOBMZTJT TIBSF B DPNNPO FWFOU QSFTFMFDUJPO
 EF୮ୢOFE JO 5BCMF ����� 5IJT QSFTFMFD�

UJPO TFSWFT UP FOGPSDF CBTJD SFRVJSFNFOUT PG UIF TJHOBM FWFOUT
 TVDI BT UXP PQQPTJUF�TJHO TBNF�୯୳BWPS

TPG୴ MFQUPOT� *U BMTP JNQPTFT UIF FYQFDUFE *43�BTTJTUFE UPQPMPHZ
 CZ XBZ PG SFRVJSJOH B IBSE MFBEJOH
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Figure 1: Diagrams representing the two lepton final state of (a) associated electroweakino H�0
2 H�
±
1 and (b) slepton

pair H̀H̀production in association with an initial state radiation jet. In addition to (a), this analysis is also sensitive
to H�0

2 H�
0
1 and H�±1 H�

⌥
1 production.

muon spectrometer (MS). The ID provides precision tracking of charged particles in pseudorapidity region54

|⌘ | < 2.5, consisting of pixel and microstrip silicon subsystems within a transition radiation tracker. An55

insertable B-layer [37] was added for
p

s = 13 TeV data-taking to improve tracking performance. These56

are immersed in a 2 T axial magnetic field provided by a superconducting solenoid. High-granularity57

lead/liquid-argon electromagnetic sampling calorimeters are used for |⌘ | < 3.2. Hadronic energy deposits58

are measured in a steel/scintillator tile barrel calorimeter in |⌘ | < 1.7. Forward calorimeters extend the59

coverage to 1.5 < |⌘ | < 4.9 regions for both electromagnetic and hadronic measurements. The MS60

comprises trigger and high-precision tracking chambers spanning |⌘ | < 2.4 and |⌘ | < 2.7, respectively,61

surrounded by three large superconducting toroidal magnets. Events of interest are selected using a two-62

level trigger system [38], consisting of a first-level trigger implemented in hardware, which is followed by63

a software-based high-level trigger.64

3 Collision data and simulated event samples65

The search uses pp collision data at
p

s = 13 TeV from the LHC [39], collected by the ATLAS detector in66

2015 and 2016. Events are selected using triggers requiring significant Emiss
T , with thresholds that depend67

on the run period. The triggers are close to fully e�cient for events with an o�ine-reconstructed Emiss
T68

greater than 200 GeV. The data sample corresponds to an integrated luminosity of 36.1 fb�1 with a relative69

uncertainty of 2.1%, derived using methods similar to those described in Ref. [40].70

Event samples from Monte Carlo (MC) simulation are used to model both the signal and specific processes71

of the SM background. For the SUSY signal, two sets of simplified models [41–43] are used to guide the72

design of the analysis: one based on Higgsino LSPs involving compressed electroweakino production,73

and the other a model of compressed slepton pair production. In addition, a third model assuming the74

production of wino-like gauginos decaying to a bino-like LSP (referred to as “wino-bino” model in the75

following) is considered for the interpretation of the results.76

Signal cross-sections are calculated to next-to-leading order (NLO) in the strong coupling, and next-to-77

leading logarithm accuracy for soft-gluon resummation using R�������� v1.0.7 [44–46].78
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 L

•What happens to sensitivity if we do not require leptons to 
be in S frame?  
• Treat 2L as jets; can be classified as ISR or S  
• Require re-examination of optimal cut values 

vs.
 2L

• Δm ≅ 0    →  RISR ~ mLSP / mchargino 

• Combine with new soft lepton strategies and triggers to reach Δm 
< 5 GeV

15

Higgsino Diagonal Search

⇢ coming soon!

Figure 35: Decay tree corresponding to ISR-assisted Emiss
T strategy.

groups of final state particles: the ISR, invisible, visible, and dedicated lepton systems. The ISR frame961

is needed to give momentum to the system of interest. This system of interest, called the sparticle or S962

frame, can then be categorized into two subsequent decay groups. One is the collection of particles that963

are visible in the detector (V frame), and one or more invisible particles (I frame) which escape detection,964

leaving only a transverse imbalance of momenta in the event. The center of mass frame (CM frame) is965

then the sum of the reconstructed or missing objects, sparticles and accompanying particles. Each of these966

four frames is identified by a four-vector sum of all particles, which can then be evaluated in any of the967

frames implicitly defined by the decay tree.968

To impose this decay tree on an event, we must fill in the four vectors of our four final frames, which are969

I, V, L, and and ISR. To start, the leptons are placed in the L frame by default. We then move to the I970

frame, by making choices/guesses for any missing pieces of information required to assign a four-vector971

to each state. We interpret the vectorial Emiss
T reconstructed in each event as the transverse momentum of972

I, evaluated in the lab frame. This leaves two four-vector components unspecified: these can be expressed973

as the mass of I and its longitudinal momentum in the lab frame. For the first, we choose mI= 0; while974

this isn’t necessarily a correct assignment (certainly not for signals with massive invisible particles) it is a975

convenient one that we find does not prevent us from resolving the kinematic e�ect we hope to observe.976

For the second, we purposefully ignore the longitudinal momentum of all the objects we reconstruct,977

resulting in an exclusively transverse view of the event.978

Once the I frame is decided upon, we must next assign all other reconstructed objects to either the V or979

ISR frame. This is done with a jigsaw rule, which is a generic algorithm that resolves any combinatoric980

ambiguities associated with frame assignment. In the case of ISR-assisted Emiss
T signals, we choose981

to group objects together which are closest in phase-space in the lab transverse plane (flying in the982

same direction) by minimizing the masses MISR and MS simultaneously over all the choices of object983

assignment. There is no unique way to accomplish this (one could minimize the sum of masses, the sum984

of masses squared, the product of masses, etc.), so we can think of this minimization in two di�erent ways.985

The first is that we are simply performing an exclusive two-jet re-clustering, using transverse mass as a986

distance metric and treating the Emiss
T as just another jet. The second is that minimizing MISR and MS987

is equivalent to maximizing the amount of back-to-back pT of the two systems. Specifically, in the CM988
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Figure 10.5: Decay tree corresponding to the ISR-assistedEmiss
T strategy for the compressed higgsino analysis.

KFU UIBU JT CBDL�UP�CBDL XJUI UIF NJTTJOH FOFSHZ� 0UIFS SFRVJSFNFOUT PO UIF OVNCFS PG b�KFUT
mττ 


MFBEJOH MFQUPO pT 
 BOE NJO∆φ(anyjet, pmiss
T ) TFSWF UP DVU BXBZ DPNNPO CBDLHSPVOET GSPN 4.

QSPDFTTFT 	tt̄
Z → ττ 
 GBLF�OPO�QSPNQU MFQUPO
 BOE KFU FOFSHZ NJTNFBTVSFNFOUT
 SFTQFDUJWFMZ
�

$POUSJCVUJPOT GSPN J/ψ EFDBZT BSF SFNPWFE XJUI B WFUP PO <���
 ���> (F7 JOmll
 XIJMF PUIFS SFTP�

OBODFT TVDI BT UIFΥ TUBUFT BSF FYQFDUFE UP CF OFHMJHJCMF� 5IF VQQFS CPVOE POmll � �� (F7 SFEVDFT

DPOUSJCVUJPOT GSPN PO�TIFMMZ0 CPTPO EFDBZT
 BOE UIF MPXFS CPVOEmll � � (F7 SFNPWFT FWFOUT

XJUI DPMMJOFBS MFQUPO QBJST GSPN B QIPUPO DPOWFSTJPO 	BJEFE CZ UIF WBSJPVT DVUT PO∆Rll�


5IF PQUJNJ[BUJPO TUSBUFHZ JO CVJMEJOH UIF IJHI�Emiss
T IJHHTJOP 43 VUJMJ[FE /�� QMPUT PG UIF EJT�

DSJNJOBUJOH WBSJBCMFT� 4DBOOJOH QPTTJCMF DVU WBMVFT PG FBDI WBSJBCMF BOE FYBNJOBUJPO PG UIF DPS�

SFTQPOEJOHZn TJHOJ୮ୢDBODF 	XJUI B ୯୳BU ��ॎ CBDLHSPVOE VODFSUBJOUZ
 SFWFBMT UIF NPTU QPXFSGVM

WBSJBCMFT GPS TJHOBM UP CBDLHSPVOE EJTDSJNJOBUJPO
 BT XFMM BT BO PQUJNBM DVU WBMVF GPS FBDI WBSJBCMF�

5IF /�� QMPUT JO 'JHVSFT ���� UP ���� VTF ୮ୢWF CFODINBSL DPNQSFTTFE )JHHTJOP TJHOBM QPJOUT
 BT XFMM

BT 4. CBDLHSPVOE TJNVMBUJPO BOE B EBUB�ESJWFO GBLF FTUJNBUJPO� 7BSJBCMFT EJTQMBZFE JODMVEF BMM
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7BSJBCMF 1SFTFMFDUJPO 3FRVJSFNFOU
/VNCFS PG MFQUPOT � ޑ
-FQUPO DIBSHF � ୯୳BWPS e±e∓ PS µ±µ∓

-FBEJOH MFQUPO pT <(F7> � ޔ
∆3ll ∆3ee � �ޏޒ�ޏ∆3µµ � �ޔޏ�ޏ∆3eµ � ޏޑ�ޏ
Emiss

T <(F7> � ޏޏސ
/VNCFS PG KFUT ≥ ސ
-FBEJOH KFU pT <(F7> ≥ ޏޏސ
NJO∆φ(anyjet, pmiss

T ) � ޓ�ޏ
]∆φ(j1, pmiss

T )] ≥ ޏ�ޑ
+�ψ JOWBSJBOU NBTT <(F7> WFUP ޒ �mll � ޑ�ޒ
-FQUPO JOWBSJBOU NBTT <(F7> ސ �mll � ޏޕ
/VNCFS PG b�KFUT � ޏ
mττ <(F7> � ޏ PS � ޏޕސ

Table 10.2: Table of common event preselection criteria for the high-Emiss
T higgsino regions.

BGPSFNFOUJPOFE BOBMZTJT WBSJBCMFT
 BT XFMM BTEmiss
T 
 BDUVBM JOUFSBDUJPOT QFS DSPTTJOH µ
 MFBEJOH BOE

TVCMFBEJOH MFQUPO pT 
 MFBEJOH KFU pT 
 BOE KFU�b�KFU NVMUJQMJDJUZ� "SSPXT JOEJDBUF UIF QSFTFODF PG BO

PQUJNJ[FE DVU QPTJUJPO
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Figure 10.6: N-1 plots of analysis variables for the high-Emiss
T higgsino regions inclusively inmll . The legend includes

the relative contribution of each background. Statistical uncertainties and a flat 20% background systematic uncer-

tainty are included. Arrows indicate the cut value chosen for the SR.
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Figure 10.7: N-1 plots of analysis variables for the high-Emiss
T higgsino regions inclusively inmll . The legend includes

the relative contribution of each background. Statistical uncertainties and a flat 20% background systematic uncer-

tainty are included. Arrows indicate the cut value chosen for the SR.
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Figure 10.8: N-1 plots ofRISR , in the lowest six bins ofmll , demonstrating the efficacy of a sliding cut. Arrows indi-

cate upper and lower bounds onRISR in the signal regions.
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Figure 10.9: N-1 plots of pT (ℓ2), in the lowest six bins ofmll , demonstrating the efficacy of a sliding cut. Arrows

indicate the lower bound on pT (ℓ2) in the signal regions.
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Table 10.3: Table of common event selection criteria for the high-Emiss
T higgsino signal regions. Exclusive SRs (“eMLL”)

are used for Higgsinomodel-dependent limits, while inclusive bins (“iMLL”) are used to set model-independent limits.

ee andµµ channels are statistically independent and fit separately.
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DBODF SFRVJSFNFOUT�

���



7BSJBCMF "OUJ�*% &MFDUSPOT "OUJ�*% .VPOT
pT <(F7> � ޔ�ޓ (F7 � ޒ (F7
]η] � ޖޓ�ޑ � ޔ�ޑ
]z0 TJO θ] � ޔ�ޏ NN � ޔ�ޏ NN
*% -PPTF"OE#-BZFS -PX1U

3FRVJSFNFOU
	� .FEJVN *% ]] ]d0�σd0 ] � ޔ ]]
� (SBEJFOU *TPMBUJPO
 ��
	.FEJVN *% ]] (SBEJFOU *TPMBUJPO


	]d0�σd0 ] � ޒ ]]
� '$5JHIU5SBDL0OMZ *TPMBUJPO
 ��
	]d0�σd0 ] � ޒ ]]
'$5JHIU5SBDL0OMZ *TPMBUJPO


Table 10.4: Table defining anti-ID leptons for the fake factor method.

5IF GBLF GBDUPS 	'
 JT UIVT EF୮ୢOFE JO &RVBUJPO ���� BT UIF SBUJP PG *% MFQUPO NVMUJQMJDJUZ UP BOUJ�

*% MFQUPO NVMUJQMJDJUZ
 XIFSFN JT UIF OVNCFS PG FWFOUT BOE i JT UIF pT CJO OVNCFS�

F (i) =
NID(i)

Nanti−ID(i)
	����


$PODFQUVBMMZ UIJT JT OPU B GBLF SBUF� SBUIFS
 JU JT B QSPCBCJMJUZ UIBU
 HJWFO UIF $3 DPOTUSVDUJPO
 B

GBLF MFQUPO XJMM CF QSFTFOU JO UIF 43� 5IF GBLF GBDUPS JT NFBTVSFE JO B SFHJPO PG EBUB UIBU JT CPUI

FOSJDIFE JO GBLF MFQUPOT BOE LJOFNBUJDBMMZ DMPTF UP UIF TJHOBM SFHJPO
 UP FOTVSF SFBTPOBCJMJUZ PG FY�

USBQPMBUJPO PG UIF FTUJNBUF� 5IJT SFHJPO QSJNBSJMZ DPOTJTUT PG NVMUJKFU FWFOUT DPMMFDUFE CZ B QSFTDBMFE

MPX�pT TJOHMF MFQUPO USJHHFS
 XJUI BO BEEJUJPOBM SFRVJSFNFOU PGmℓ1
T � �� (F7 UP NJOJNJ[F UIF DPO�

USJCVUJPO PG FWFOUT XJUI QSPNQU MFQUPOT� %FQFOEFODFT PG UIF GBLF GBDUPST PO MFQUPO ୯୳BWPS BOE b�KFU

NVMUJQMJDJUZ XFSF PCTFSWFE JO JOJUJBM TUVEJFT� 5IFSFGPSF
 GBLF GBDUPST BSF DBMDVMBUFE TFQBSBUFMZ GPS FMFD�

USPOT BOE NVPOT
 BOE GPS TBNQMFT XJUI FYBDUMZ [FSP BOE BU MFBTU POF b�UBHHFE KFU�

/FYU
 BO BOUJ�*% DPOUSPM SFHJPO JT DSFBUFE
 XJUI JEFOUJDBM TFMFDUJPO UP UIF TJHOBM SFHJPO FYDFQU

SFQMBDJOH POF PG UIF *% MFQUPOT XJUI BO BOUJ�*% MFQUPO� &BDI FWFOU JO UIF DPOUSPM SFHJPO JT UIFO

���



NVMUJQMJFE CZ UIF GBLF GBDUPS
 BOE UP ୮ୢSTU PSEFS UIF ZJFME JO UIF TJHOBM SFHJPO DBO UIFO CF DBMDVMBUFE

BT JO &RVBUJPO ����� 1SPNQU MFQUPO ZJFMET BT QSFEJDUFE CZ .$ BSF TVCUSBDUFE GSPNNanti−IDCR

TP BT UP OPU EPVCMF�DPVOU UIF QSPNQU MFQUPO CBDLHSPVOET
 BOE UP FOTVSF UIBU POMZ UIF GBLF MFQUPO

CBDLHSPVOE 	BOE OPU PUIFS TJOHMF BOUJ�*% MFQUPO QSPDFTTFT
 JT FTUJNBUFE�

N fake
SR =

∑

i

N fake,i
anti−ID CR · F (i) 	����


5IF FYQSFTTJPO JO &RVBUJPO ���� JT PWFSMZ TJNQMJ୮ୢFE
 MFBWJOH PVU POF JNQPSUBOU DPOUSJCVUJPO�

4JODF UIF 43 IBT UXP MFQUPOT JO JU
 UIF GBLF GBDUPS NFUIPE NVTU CF BCMF UP BDDPVOU GPS FWFOUT XJUI

UXP BOUJ�*% MFQUPOT
 FWFO UIPVHI POMZ POF JT SFRVJSFE GPS UIF BOUJ�*% $3� 4QFDJ୮ୢDBMMZ
 UIF DPOUSJ�

CVUJPO GSPN FWFOUT XJUI UXP BOUJ�*% MFQUPOT NVTU CF TVCUSBDUFE P୭G
 BT JOIFSFOUMZ JO UIF NFUIPE


UIF TJOHMF BOUJ�*% MFQUPO UFSNT XJMM IBWF TPNF FWFOUT XJUI UXP BOUJ�*% MFQUPOT
 BOE UIVT UIJT DPO�

USJCVUJPO XPVME CF DPVOUFE UXJDF� 5IF UPUBM OVNCFS PG FWFOUT XJUI GBLF MFQUPOT DBO UIFSFGPSF CF

FYQSFTTFE BT GPMMPXT JO &RVBUJPO ����
 XIFSF B TVCTDSJQU I JOEJDBUFT UIF QSFTFODF PG BO *% MFQUPO BOE

B TVCTDSJQUA JOEJDBUFT BO BOUJ�*% MFQUPO� &BDIN UFSN JO &RVBUJPO ���� JODMVEFT UIF QSPNQU .$

TVCUSBDUJPO PG SFBM MFQUPO FWFOUT�

N fake
SR = [NIA] · F1 + [NAI ] · F2 − [NAA] · F1F2 	����


'JHVSF ����� HJWFT B EJBHSBNNBUJD FYQMBOBUJPO PG UIF GBLF GBDUPS NFUIPE
 EFNPOTUSBUJOH UIF MPDB�

UJPO PG UIF *%�BOUJ�*% SFHJPOT JO QIBTF TQBDF�

"O JNQPSUBOU BTTVNQUJPO NBEF JO UIF GBLF GBDUPS NFUIPE JT UIBU UIF DPNQPTJUJPO PG OPO�QSPNQU

���
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Figure 83: Schematic illustrating the fake factor method to estimate the fake lepton contribution in the signal region.

where F1 and F2 refer to the fake factor associated to the leading or subleading lepton, respectively, and the1317

superscript “RR” refers to the events with two real leptons, which can be subtracted o� using the MC.1318

Note that the term for events with two anti-ID leptons has a negative sign in Equation 19, while the1319

terms for events with one anti-ID lepton have positive signs. This is because fake leptons can satisfy the1320

ID criteria, which means both NLT and NTL can contain events with two fake leptons. Thus, the term1321

containing NLL for events with two anti-ID leptons must be used to subtract o� the double counting of1322

events with two fake leptons.1323

More information including the mathematical formalism used to derive Equation 19 and further informa-1324

tion on the fake factor method in general can be found in [73].1325

Figure 83 shows a schematic of the fake factor method.1326

6.1.2 Usage of the Fake Factor Method in this analysis1327

The primary reducible background which must be addressed in this analysis is the (W ! `⌫) + jets1328

process, which has one real, prompt lepton, while a jet fakes the second lepton.1329

Since a fake factor measurement region targeting the (W ! `⌫) + jets process would not be very pure in1330

(W ! `⌫) + jets due to the similar topology of backgrounds such as tt̄, a dijet selection is instead used for1331

measuring the fake factors. There may be composition di�erences between the dijet process in the fake1332

factor measurement region and the (W ! `⌫) + jets in the signal region, in which case these di�erences1333

should be used as part of the systematic uncertainty. Studies of the composition are shown ahead.1334

Due to the large dijet cross-section, the majority of events which fire the low pT electron and muon single1335

lepton supporting triggers tend to be from dijet events. These events are thus used to construct the fake1336

factor measurement region. The list of single lepton supporting triggers used for each year of data taking1337

are shown in Table 16.1338

17th April 2019 – 13:30 95

Figure 10.10: Schematic illustrating the fake factor method to estimate the fake lepton contribution in the signal

region.

MFQUPOT JT DPOTJTUFOU BDSPTT NFBTVSFNFOU BOE TJHOBM SFHJPOT� %JTDSFQBODZ JO DPNQPTJUJPO JT UBLFO BT

B TZTUFNBUJD VODFSUBJOUZ PO UIF FTUJNBUJPO� 'VSUIFSNPSF
 TJODF UIF NJOJNVN pT PG FMFDUSPOT BOE

NVPOT DPOTJEFSFE JO UIF BOBMZTJT JT MPXFS UIBO UIF UISFTIPME GPS TJOHMF FMFDUSPO�NVPO USJHHFST
 UIF

GBLF GBDUPST DBOOPU CF NFBTVSFE GPS UIF MPXFTU pT MFQUPOT BOE NVTU CF FYUSBQPMBUFE� 5IJT JT EPOF

CZ ୮ୢUUJOH UIF pT EJTUSJCVUJPOT BOE VTJOH UIF ୮ୢU UP PCUBJO SFBTPOBCMF FTUJNBUJPOT GPS MFQUPOT XJUI pT

CFMPX USJHHFS UISFTIPMET�

������ $ঘগঝছঘক 3঎ঐ঒ঘগজ

5ISFF DPOUSPM SFHJPOT BSF VTFE JO UIF BOBMZTJT UP OPSNBMJ[F UIF UISFF 	OPO�GBLF
 EPNJOBOU CBDL�

HSPVOET� $3�UPQ OPSNBMJ[FT UIF tt̄ BOE TJOHMFUPQ CBDLHSPVOET
 $3�UBV OPSNBMJ[FT UIF ;→ ττ

���



� KFUT CBDLHSPVOE
 BOE $3ୖ77 OPSNBMJ[FT UIF EJCPTPO CBDLHSPVOE 	JO [FSP UP GPVS MFQUPO ୮ୢOBM

TUBUFT�
 $3�UPQ JT FOSJDIFE JO UPQ CBDLHSPVOE CZ JOWFSUJOH UIF 43 SFRVJSFNFOU PO UIF OVNCFS PG

b�UBHT� $3�UBV JT TFQBSBUFE GSPN UIF 43 CZ TFMFDUJOH FWFOUT XJUI B EJ�UBV JOWBSJBOU NBTT DPOTJTUFOU

XJUI B ; EFDBZ
 TQFDJ୮ୢDBMMZ TFMFDUJOH FWFOUT XJUI �� �mττ � ��� (F7
 XIFSFBT UIF 43 IBT B WFUP PO

� �mττ � ��� (F7� $3ୖ77 JT DSFBUFE CZ JOWFSUJOH UIFRISR DVU
 TFMFDUJOH FWFOUT XJUI ��� �RISR

� �����

#Z XBZ PG UIFTF DVU JOWFSTJPOT
 BMM $3T BSF PSUIPHPOBM UP UIF 43 BOE IBWF B QVSJUZ PG UIFJS EFEJ�

DBUFE CBDLHSPVOE QSPDFTT UIBU JT HSFBUFS UIBO ��ॎ� 5IF POMZ FYDFQUJPO JT $3ୖ77
 XIJDI IBT B QVSJUZ

PG BQQSPYJNBUFMZ ��ॎ PG UIF EJCPTPO CBDLHSPVOE� IPXFWFS
 UIF MBSHFTU DPOUBNJOBOUT JO $3ୖ77 BSF

UPQ BOE ;→ ττ � KFUT CBDLHSPVOET
 XIJDI BSF BMSFBEZ BQQSPQSJBUFMZ OPSNBMJ[FE JO UIFJS EFEJDBUFE

$3T� 5IF TJHOBM SFHJPO DVU POmℓ1
T JT OPU JODMVEFE UP FOIBODF CBDLHSPVOE TUBUJTUJDT BOE QVSJUZ� 4JN�

JMBSMZ
 UIFRISR DVU JT MPPTFOFE XJUI SFTQFDU UP UIF 43 UPRISR � ���� 4JODF BMM UISFF OPSNBMJ[FE

QSPDFTTFT BSF ୯୳BWPS TZNNFUSJD
 BMM MFQUPO ୯୳BWPS DPNCJOBUJPOT BSF BMMPXFE UP FOIBODF TUBUJTUJDT�

5BCMF ���� HJWFT B TVNNBSZ PG UIF TFMFDUJPOT GPS UIF IJHI�Emiss
T IJHHTJOP DPOUSPM SFHJPOT
 JODMVE�

JOH UIF PSUIPHPOBMJUZ UP UIF 43 BOE ୯୳BWPST JODMVEFE� 5P NJOJNJ[F FYUSBQPMBUJPO BDSPTT EJ୭GFSFOU

LJOFNBUJD SFHJPOT
 TFMFDUJPO DSJUFSJB BSF JEFOUJDBM UP UIPTF HJWFO JO 5BCMF ���� FYDFQU GPS UIF DIBOHFT

MJTUFE IFSF�

5P FOTVSF HPPE NPEFMJOH PG EBUB JO UIF DPOUSPM SFHJPOT
 QMPUT PWFSMBZJOH EBUB UP .POUF $BSMP

TJNVMBUJPO BSF NBEF GPS BMM LFZ BOBMZTJT WBSJBCMFT� 'JHVSFT ����� BOE ����� TIPX EBUB UP .$ DPNQBS�

JTPOT JO $3�UPQ� 'JHVSFT ����� BOE ����� TIPXT EBUB UP .$ DPNQBSJTPOT JO $3�UBV� 'JHVSFT ����� BOE

����� TIPXT EBUB UP .$ DPNQBSJTPOT JO $3ୖ77� "MM QMPUT JODMVEF TUBUJTUJDBM VODFSUBJOUJFT TVNNFE JO

���



3FHJPO 43 0SUIPHPOBMJUZ "EEJUJPOBM 3FRVJSFNFOUT 'MBWPS
$3�UPQ /VNCFS PG b�KFUT≥ ސ RISR � 
ޖ�ޏ OP DVU POmℓ1

T ee � µµ � eµ � µe
$3�UBV ޏޕ �mττ � ޏޑސ (F7 RISR � 
ޖ�ޏ OP DVU POmℓ1

T ee � µµ � eµ � µe
$3ୖ77 RISR � ޔޗ�ޏ RISR � 
ޖ�ޏ OP DVU POmℓ1

T ee � µµ � eµ � µe

Table 10.5: Table of criteria for the high-Emiss
T higgsino control regions, provided as differences from the signal re-

gion definitions in Table 10.3. All regions also include the preselection requirements listed in Table 10.2.

RVBESBUVSF XJUI B ୯୳BU ��ॎ CBDLHSPVOE TZTUFNBUJD� (PPE NPEFMJOH JT TIPXO GPS BMM SFHJPOT BDSPTT BMM

WBSJBCMFT
 FOTVSJOH UIBU UIF SFHJPOT BSF XFMM�EF୮ୢOFE GPS UIF MJLFMJIPPE ୮ୢU�

5IF BNPVOU PG TJHOBM DPOUBNJOBUJPO JO $3�UPQ
 $3�UBV
 BOE $3ୖ77 JT TIPXO JO 'JHVSFT �����
 �����


BOE ����� SFTQFDUJWFMZ
 HJWFO BT QFSDFOUBHFT PG UIF UPUBM $3 ZJFME BUUSJCVUBCMF UP UIF HJWFO TJHOBM

QPJOU� 5IF DPOUBNJOBUJPO JT CFMPX ��ॎ BDSPTT UIF GVMM IJHHTJOP TJHOBM HSJE
 FOTVSJOH UIBU UIF CBDL�

HSPVOE FTUJNBUF JO UIF 43T JT SPCVTU BOE XJMM OPU BDDJEFOUBMMZ BDDPVOU GPS TJHOBM JO UIF EBUB�

���
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Figure 10.11: Distributions of analysis variables in high-Emiss
T higgsino top control region.
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Figure 10.12: Distributions of analysis variables in high-Emiss
T higgsino top control region.
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Figure 10.13: Distributions of analysis variables in high-Emiss
T higgsino Z→ ττ + jets control region.
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Figure 10.14: Distributions of analysis variables in high-Emiss
T higgsino Z→ ττ + jets control region.
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Figure 10.15: Distributions of analysis variables in high-Emiss
T higgsino diboson control region.
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Figure 10.16: Distributions of analysis variables in high-Emiss
T higgsino diboson control region.
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Figure 10.17: Contamination of signal in CR-top across full higgsino signal grid.
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Figure 10.18: Contamination of signal in CR-tau across full higgsino signal grid.
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Figure 10.19: Contamination of signal in CR-VV across full higgsino signal grid.
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Table 10.6: Table of criteria for the high-Emiss
T higgsino validation regions, provided as differences from the signal

region definitions in Table 10.3. All regions also include the preselection requirements listed in Table 10.2.
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T IJHHTJOP BOBMZTJT� #PUI TIBSF JEFOUJ�

DBM DSJUFSJB UP UIF TJHOBM SFHJPO
 FYDFQU GPS UIF JOWFSTJPO PG B DVU UIBU NBJOUBJOT PSUIPHPOBMJUZ� 5IF

EJ୭GFSFOU ୯୳BWPS WBMJEBUJPO SFHJPO 73ୖ%' JT DPOTUSVDUFE CZ TFMFDUJOH UXP MFQUPOT PG EJ୭GFSFOU ୯୳BWPS


XIJDI TFQBSBUFT UIF SFHJPO GSPN UIF 43� 4VDI B DIBOHF EPFT OPU B୭GFDU UIF BCJMJUZ PG UIF SFHJPO UP FT�

UJNBUF UIF JSSFEVDJCMF 4. CBDLHSPVOET OPSNBMJ[FE CZ UIF $3T
 XIJDI BSF BMM TZNNFUSJD JO ee � µµ

BOE eµ � µe� *U WBMJEBUFT UIF OPSNBMJ[BUJPO GBDUPST FYUSBDUFE GSPN UIF DPOUSPM SFHJPOT
 BOE WFSJ୮ୢFT

HPPE RVBMJUZ PG CBDLHSPVOE QSFEJDUJPO JO B SFHJPO LJOFNBUJDBMMZ DMPTF UP UIF 43�

5IF TBNF�TJHO WBMJEBUJPO SFHJPO 73ୖ44 WBMJEBUFT UIF GBLF GBDUPST BOE UIF QSFEJDUJPOT NBEF CZ

UIF NFUIPE� 5IF SFHJPO JT DPOTUSVDUFE UP CF FOSJDIFE JO GBLF MFQUPOT CZ TFMFDUJOH UXP MFQUPOT UIBU

IBWF UIF TBNF FMFDUSJD DIBSHF 
أTBNF�TJHOآ	
 BOE UIVT BSF OPU MJLFMZ UP DPNF GSPN B ;0 CPTPO EFDBZ�

73ୖ44 TJNJMBSMZ WFSJ୮ୢFT UIBU UIF EBUB�ESJWFO GBLF FTUJNBUJPO JT QSFEJDUJWF JO BO 43�MJLF SFHJPO�

5BCMF ���� HJWFT B TVNNBSZ PG UIF TFMFDUJPOT
 PSUIPHPOBMJUZ UP UIF 43
 BOE ୯୳BWPST VUJMJ[FE GPS UIF

IJHI�Emiss
T IJHHTJOP WBMJEBUJPO SFHJPOT
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T higgsino different flavor validation region.
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Figure 10.21: Distributions of analysis variables in high-Emiss
T higgsino different flavor validation region.
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Figure 10.22: Distributions of analysis variables in the ee + µe channel of the high-Emiss
T higgsino same-sign valida-

tion region.
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Figure 10.23: Distributions of analysis variables in the ee + µe channel of the high-Emiss
T higgsino same-sign valida-

tion region.
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Figure 10.26: Contamination of signal in VR-DF across full higgsino signal grid.
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Figure 10.27: Contamination of signal in VR-SS across full higgsino signal grid.
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"T XJUI UIF TUPQ BOBMZTJT
 UXP DBUFHPSJFT PG TZTUFNBUJD VODFSUBJOUJFT BSF FTUJNBUFE JO UIF BOBMZTJT� FY�

QFSJNFOUBM 	GSPN EFUFDUPS TJNVMBUJPO
 BDDFMFSBUPS DPOEJUJPOT
 BOE EBUB�ESJWFO FTUJNBUF F୭GFDUT
 BOE

UIFPSFUJDBM 	QFSUBJOJOH UP .POUF $BSMP TJNVMBUJPO GFBUVSFT
� 5IFPSFUJDBM VODFSUBJOUJFT DBO GVSUIFS CF

TPSUFE JOUP UIPTF UIBU B୭GFDU UIF CBDLHSPVOE BOE TJHOBM TBNQMFT� 4JODF QSFEJDUJPOT GPS UIF NBJO 4.

CBDLHSPVOET BSF OPSNBMJ[FE JO DPOUSPM SFHJPOT
 UIF TZTUFNBUJD VODFSUBJOUJFT POMZ B୭GFDU UIF FYUSBQPMB�

UJPO UP UIF TJHOBM SFHJPO GPS UIFTF QSPDFTTFT�

������ &ডঙ঎ছ঒খ঎গঝঊক

&YQFSJNFOUBM VODFSUBJOUJFT BSF QSPWJEFE CZ EFEJDBUFE XPSLJOH HSPVQT JO "5-"4
 XIJDI EJWJEF UIF

VODFSUBJOUJFT CBTFE PO UIFJS PSJHJO GSPN UIF WBSJPVT EFUFDUPS TVCTZTUFNT� 5IF MJTU PG DPOTJEFSFE

TZTUFNBUJDT QSPWJEFE CZ UIFTF HSPVQT BOE DPOTJEFSFE JO UIJT BOBMZTJT
 DBUFHPSJ[FE CZ TPVSDF
 BSF BT

GPMMPXT�

ا 6ODFSUBJOUZ PO UIF QJMFVQ SF�XFJHIUJOH QSPDFEVSF
 XIJDI JT QFSGPSNFE PO UIF TJNVMBUJPO UP
FOTVSF UIBU UIF EJTUSJCVUJPO PG ⟨µ⟩ 	BWFSBHF OVNCFS PG JOUFSBDUJPOT QFS CVODI DSPTTJOH
 JT
DPOTJTUFOU UP UIBU PG EBUB�

ا +FU FOFSHZ TDBMF BOE SFTPMVUJPO 	+&4�+&3
 VODFSUBJOUJFT <��>
 XJUI BEEJUJPOBM VODFSUBJOUJFT
FTUJNBUFE GPS UIF F୭GFDUT PG UIF +75 QJMFVQ NJUJHBUJPO QSPDFEVSF
 BOE UIF F୭୮ୢDJFODZ PG UIF
b�UBHHJOH JEFOUJ୮ୢDBUJPO BMHPSJUIN�

ا &MFDUSPO�NVPO TDBMF BOE SFTPMVUJPO VODFSUBJOUJFT
 BOE VODFSUBJOUJFT PO UIF TDBMF GBDUPST PO
TJNVMBUJPO UIBU NBUDI TPG୴ MFQUPO DIBSBDUFSJ[BUJPO F୭୮ୢDJFODJFT BDIJFWFE JO EBUB�

ا Emiss
T VODFSUBJOUJFT
 XIJDI DPNF GSPN QSPQBHBUJOH UIF VODFSUBJOUJFT PO NPNFOUB PG IBSE

PCKFDUT DPOTJEFSFE JO UIF NJTTJOH FOFSHZ DBMDVMBUJPO
 BT XFMM BT VODFSUBJOUJFT PO UIF TDBMF BOE

���



SFTPMVUJPO PG UIF TPG୴ UFSN�

ا 6ODFSUBJOUZ PO UIF UPUBM MVNJOPTJUZ GPS UIF 3VO ** EBUBTFU <���>
 XIJDI JT EFSJWFE WJB MVNJ�
OPTJUZ TDBMF DBMJCSBUJPO UP CF ���ॎ�

4ZTUFNBUJDT GSPN UIF GBLF GBDUPS NFUIPE BMTP DPOTUJUVUF B MBSHF TPVSDF PG VODFSUBJOUZ JO UIF BOBMZ�

TJT� 5IF GPMMPXJOH TPVSDFT BSF DPOTJEFSFE�

ا 4UBUJTUJDBM VODFSUBJOUZ PO UIF NFBTVSFE GBLF GBDUPST
 BSJTJOH GSPN UIF QPUFOUJBMMZ MJNJUFE TBN�
QMFT TJ[FT PG TJOHMF MFQUPO�USJHHFSFE EJKFU EBUB VTFE GPS NFBTVSFNFOU�

ا 6ODFSUBJOUJFT EVF UP LJOFNBUJD EFQFOEFODJFT PG UIF GBLF GBDUPST�

ا /PO�DMPTVSF JO 73ୖ44
 XIJDI BDDPVOUT GPS TMJHIU JOFYBDU GFBUVSFT PG UIF GBLF NPEFMJOH JO UIF
TBNF�TJHO WBMJEBUJPO SFHJPO�

ا 6ODFSUBJOUJFT GSPN UIF QSPNQU MFQUPO .$ TVCUSBDUJPO
 XIJDI BSF GPVOE UP CF OFHMJHJCMF�

������ 5঑঎ঘছ঎ঝ঒ঌঊক

4ZTUFNBUJDT PO CBDLHSPVOE TPVSDFT JODMVEF VODFSUBJOUZ PO UIF WBMVF PG UIF TUSPOH DPVQMJOH DPOTUBOU

αs
 UIF DIPJDF PG %$ތ SFOPSNBMJ[BUJPO BOE GBDUPSJ[BUJPO TDBMFT
 BOE UIF DIPJDF PG QBSUPO EJTUSJCV�

UJPO GVODUJPOT 	1%'T
� 5IFTF BSF FTUJNBUFE VTJOH WBSJBUJPOT JO UIF .POUF $BSMP TBNQMFT
 CZ FJUIFS

TZNNFUSJ[JOH UIF EJ୭GFSFODF CFUXFFO IJHI BOE MPX WBSJBUJPOT PO UIF OPNJOBM
 PS UBLJOH UIF FOWFMPQF

PG TFWFSBM WBSJBUJPOT DPSSFTQPOEJOH UP EJ୭GFSFOU HFOFSBUPS QBSBNFUFS DIPJDFT� &TUJNBUFT BSF NBEF GPS

UIF MBSHFTU 4. QSPDFTTFT NFBTVSFE GSPN TJNVMBUJPO JO UIF BOBMZTJT
 UIBU JT
 UIF UPQ
 ;→ ττ � KFUT


BOE EJCPTPO CBDLHSPVOET� 7BSJBUJPOT DBO CF TUVEJFE BOE UIF VODFSUBJOUZ DBO CF FTUJNBUFE PO FBDI

CBDLHSPVOE JO JUT EFEJDBUFE $3
 BOE BEEJUJPOBMMZ JO UIF 73T BOE 43T�
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'JHVSFT �����
 �����
 BOE ����� TIPX UIFmll EJTUSJCVUJPO JO $3�UPQ BOE UIF IJHI�Emiss
T IJHHTJOP

43
 XJUI WBSJBUJPOT PWFSMBJE PO αs
 %$ތ SFOPSNBMJ[BUJPO�GBDUPSJ[BUJPO TDBMFT
 BOE 1%' TDBMFT
 SF�

TQFDUJWFMZ� "OBMPHPVT QMPUT GPS UIF ;→ ττ � KFUT CBDLHSPVOE DBO CF GPVOE JO 'JHVSFT ����� UP �����


BOE 'JHVSFT ����� UP ����� GPS UIF EJCPTPO CBDLHSPVOE� #PUI FMFDUSPOT BOE NVPOT BSF BMMPXFE JO

UIFTF QMPUT 	JODMVEJOH JO UIF TJHOBM SFHJPO TFMFDUJPOT

 CFDBVTF UIF VODFSUBJOUJFT BSF OPU FYQFDUFE UP

CF ୯୳BWPS�EFQFOEFOU� 5IF JNQBDU PG UIF WBSJBUJPO JT FWBMVBUFE EJSFDUMZ PO UIF QSFEJDUJPO PG UIF CBDL�

HSPVOE PO B CJO�CZ�CJO CBTJT
 BOE BEEFE UP UIF ୮ୢOBM MJLFMJIPPE ୮ୢU BT OVJTBODF QBSBNFUFST�

4JODF UIF TJHOBUVSF PG UIF 464: TJHOBM JT GVMMZ SFMJBOU PO CPPTUJOH GSPN BO *43 TZTUFN
 NPEFMJOH

PG *43 JO .$ JT B EPNJOBOU UIFPSFUJDBM VODFSUBJOUZ GPS UIF TJHOBMT� 0UIFS UIFPSFUJDBM VODFSUBJOUJFT

TVDI BT UIPTF PO DSPTT TFDUJPO BOE 1%' BDDFQUBODF BSF BMTP FWBMVBUFE
 BOE BSF UZQJDBMMZ TNBMM�
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Figure 10.28: Variations ofαs for the tt̄ background, in CR-top (left) and the high-Emiss
T all flavor higgsino SR (right).
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Figure 10.29: Variations of QCD renormalization/factorization scales for the tt̄ background, in CR-top (left) and the
high-Emiss

T all flavor higgsino SR (right).
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Figure 10.30: Variations of PDFs for the tt̄ background, in CR-top (left) and the high-Emiss
T all flavor higgsino SR

(right).
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Figure 10.31: Variations ofαs for the Z→ ττ + jets background, in CR-tau (left) and the high-Emiss
T all flavor hig-

gsino SR (right).
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Figure 10.32: Variations of QCD renormalization/factorization scales for the Z→ ττ + jets background, in CR-tau
(left) and the high-Emiss

T all flavor higgsino SR (right).
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Figure 10.33: Variations of PDFs for the Z→ ττ + jets background, in CR-tau (left) and the high-Emiss
T all flavor

higgsino SR (right).
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Figure 10.34: Variations ofαs for the diboson background, in CR-VV (left) and the high-Emiss
T all flavor higgsino SR

(right).
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Figure 10.35: Variations of QCD renormalization/factorization scales for the diboson background, in CR-VV (left) and

the high-Emiss
T all flavor higgsino SR (right).
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Figure 10.36: Variations of PDFs for the diboson background, in CR-VV(left) and the high-Emiss
T all flavor higgsino SR

(right).
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'JHVSF ����� QSPWJEF B DPOEFOTFE CSFBLEPXO PG UIF TZTUFNBUJDT JO BMM UISFF IJHHTJOP 43T
 GPS FBDI

mll CJO� &YQFSJNFOUBM VODFSUBJOUJFT BSF HSPVQFE JOUP UIPTF BTTPDJBUFE UP UIF GBLF GBDUPS NFUIPE


TUBUJTUJDBM
 FYQFSJNFOUBM 	JODMVEJOH KFU VODFSUBJOUJFT
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 BOE TBNF�TJHO 	44
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JT FWJEFOU GSPN UIJT ୮ୢHVSF UIBU UIF GBLF�OPO�QSPNQU CBDLHSPVOE FTUJNBUJPO JT UIF QSJNBSZ TPVSDF PG
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Figure 5: The relative systematic uncertainties in the background prediction as obtained from background-only fits
extrapolated to the electroweakino SRs (top) and to the slepton SRs (bottom). The individual uncertainties can be
correlated and do not necessarily add up in quadrature to the total uncertainty.
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Figure 10.38: Relative systematic uncertainties as obtained from background-only fits on the background prediction in

the electroweakino SRs. Individual uncertainties can be correlated and do not necessarily add up in quadrature to the

total uncertainty.
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5IF SFTVMUT PG UIF BOBMZTJT BSF PSHBOJ[FE BT GPMMPXT� 4FWFSBM DSPTT�DIFDLT GSPN UIF CBDLHSPVOE�POMZ

୮ୢU XJUI CMJOEFE 43T BSF TIPXO ୮ୢSTU
 UP WBMJEBUF UIF ୮ୢU TFUVQ BOE DPOTUSBJO ୮ୢU QBSBNFUFST� /FYU UIF

43T BSF VOCMJOEFE JO UIF CBDLHSPVOE�POMZ ୮ୢU
 BOE SFTVMUT BSF TIPXO JO UIF GPSN PG TJHOBM SFHJPO

EBUB WT� .$ EJTUSJCVUJPOT BOE QVMM QMPUT
 UP EFUFSNJOF DPNQBUJCJMJUZ PG EBUB UP CBDLHSPVOE QSF�

EJDUJPO JO UIF 43T� 'JOBMMZ
 NPEFM�EFQFOEFOU FYDMVTJPOT BSF TIPXO GPS IJHHTJOP TJNQMJ୮ୢFE NPE�

FMT
 VTJOH B TIBQF ୮ୢU JOmll� %F୮ୢOJUJPOT BOE EFUBJMT PG BMM QSP୮ୢMF MJLFMJIPPE ୮ୢUT BT QFSGPSNFE CZ

HistFitter DBO CF GPVOE JO $IBQUFS ��

"MM ୮ୢUT JO UIF BOBMZTJT XFSF QFSGPSNFE VTJOH B QSVOFE TFUVQ
 JO UIBU BOZ WBSJBUJPO UIBU EFWJBUFT

MFTT UIBO �ॎ GSPN UIF OPNJOBM JT SFNPWFE GSPN UIF MJLFMJIPPE� " TJNVMUBOFPVT ୮ୢUUJOH PG UIF IJHI�

Emiss
T IJHHTJOP SFHJPOT JT QFSGPSNFE XJUI PSUIPHPOBM MPX�Emiss

T BOE �-�USBDL SFHJPOT
 XIJDI IBWF

BOBMPHPVT DPOTUSVDUJPO PG TJHOBM
 DPOUSPM
 BOE WBMJEBUJPO SFHJPOT� "EEJUJPOBM NBUFSJBM PO UIF MPX�

Emiss
T BOE �-�USBDL SFHJPOT DBO CF GPVOE JO "QQFOEJY #�

-PX TUBUJTUJDT JO .$ CBDLHSPVOE QSFEJDUJPOT GPS TPNF 43 CJOT MFE UP VOXBOUFE F୭GFDUT PG UIF KFU

VODFSUBJOUJFT
 BOE MBSHF VOQIZTJDBM JODSFBTFT PG UIF CBDLHSPVOE QSFEJDUJPO BG୴FS UIF ୮ୢU� 5IJT NPUJ�

WBUFE UIF VTF PG BO FYUFOEFE TFU PG KFU VODFSUBJOUJFT
 VMUJNBUFMZ DPOTJEFSJOH �� JOEFQFOEFOU TPVSDFT�

"EEJUJPOBMMZ
 B TZTUFNBUJDT TNPPUIJOH QSPDFEVSF XBT JNQMFNFOUFE
 JO XIJDI UIF KFU TZTUFNBUJDT BSF

SFNPWFE GSPN TBNQMFT XJUI B WFSZ MBSHF TUBUJTUJDBM VODFSUBJOUZ JO B୭GFDUFE CJOT� 5IFZ BSF SFQMBDFE CZ

B ୯୳BU ��ॎ VODFSUBJOUZ
 XIJDI JT SPVHIMZ UIF TJ[F PG B TJOHMF KFU VODFSUBJOUZ JO UIJT QIBTF TQBDF� 5IF

B୭GFDUFE CJOT BOE TBNQMFT BSF UIF MPX�HT ;→ ττ � KFUT TBNQMF GPS BMMmll CJOT
 BOE UIF UPQ BOE

���



/PSNBMJ[BUJPO 'BDUPS 7BMVF
µtt̄ ±ޖޏ�ސ ޓޏ�ޏ
µZ→ττ+jets ±ޔޘ�ޏ ޘޏ�ޏ
µV V ±ޗޗ�ޏ ޘސ�ޏ

Table 10.7: Normalization factors of the high-Emiss
T higgsino control regions, in a CR-only fit.

;→ ττ � KFUT TBNQMFT JO CJO F.--D PG UIF ee DIBOOFM
 DPSSFTQPOEJOH UP <�
 ��> (F7 JOmll�

������ #ঊঌঔঐছঘঞগ঍�0গকঢ '঒ঝজ

#FGPSF VOCMJOEJOH UIF TJHOBM SFHJPO
 JU NVTU CF WFSJ୮ୢFE UIBU UIF ୮ୢU DPO୮ୢHVSBUJPO JT GVODUJPOBM BOE

QSPWJEJOH SFBTPOBCMF SFTVMUT� 4FWFSBM WBMJEBUJPO DIFDLT BSF QFSGPSNFE VTJOH POMZ EBUB JO UIF $3T


أCBDLHSPVOE�POMZآ	 UP EP TP� /PSNBMJ[BUJPO GBDUPST µ GPS UIF UPQ
 ;→ ττ � KFUT
 BOE EJCPTPO

CBDLHSPVOET BSF EFUFSNJOFE BU UIJT TUBHF
 VTJOH EBUB JO UIF DPSSFTQPOEJOH DPOUSPM SFHJPOT� 5IFTF

GBDUPST BSF UIFO VTFE UP OPSNBMJ[F UIFJS SFTQFDUJWF TBNQMFT JO UIF TJHOBM SFHJPOT� 5BCMF ���� QSPWJEFT

UIF PCUBJOFE µ WBMVFT GPS UIFTF UISFF CBDLHSPVOET BOE UIFJS VODFSUBJOUJFT� /P VOVTVBM WBMVFT BSF

GPVOE UIBU EFWJBUF TJHOJ୮ୢDBOUMZ GSPN �
 BOE OP TJHOJ୮ୢDBOU DPOTUSBJOUT PS DPSSFMBUJPOT BSF GPVOE PO

UIF OVJTBODF QBSBNFUFST�

5IF WBMVFT PG UIF OPSNBMJ[BUJPO GBDUPST BOE OVJTBODF QBSBNFUFST BT EFUFSNJOFE CZ UIF CBDLHSPVOE�

POMZ ୮ୢU DBO CF GVSUIFS WBMJEBUFE CZ FYUSBQPMBUJOH UP UIF 73ୖ%'T� 5IJT JT EPOF CZ UFTUJOH UIF BCJMJUZ

PG UIF PCUBJOFE CBDLHSPVOE OPSNBMJ[BUJPO UP QSFEJDU UIF EBUB JO UIF 73ୖ%'T� %JTDSFQBODJFT BSF

RVBOUJ୮ୢFE CZ UIF NBHOJUVEF PG UIF QVMM χ
 EF୮ୢOFE JO &RVBUJPO �����

χ =
nobserved − npredicted

σtot
	����


���



)FSF
 σtot =
√
σ2predicted + σ2stat,exp JT UIF TVN JO RVBESBUVSF PG UIF UPUBM TZTUFNBUJD VODFS�

UBJOUZ PO UIF CBDLHSPVOE QSFEJDUJPO BOE UIF FYQFDUFE TUBUJTUJDBM VODFSUBJOUZ PO UIF CBDLHSPVOE

QSFEJDUJPO 	UBLFO BT UIF 1PJTTPOJBO WBSJBUJPO PO UIF FYQFDUFE OVNCFS PG CBDLHSPVOE FWFOUT
� 'JH�

VSF ����� TIPXT UIF EBUB BOE .$ QSFEJDUJPO JO BMM IJHHTJOP 73ୖ%'mll CJOT 	CPUI IJHI� BOE MPX�

Emiss
T 

 BT XFMM BT UIF QVMMT 	TJHOJ୮ୢDBODF
 GPS FBDI CJO� /P HFOFSBM NJTFTUJNBUJPO PG UIF EBUB JT

QSFTFOU� 5IFSFGPSF
 UIF CBDLHSPVOE FTUJNBUJPO JT GPVOE UP CF SFMJBCMF JO UIF SFMFWBOU QIBTF TQBDF�
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Figure 6: Comparison of observed and expected event yields in the VR-DF after a background-only fit of the
control regions. The three electroweakino VR-DF are shown at the top, binned in m`` as the corresponding SRs.
The two slepton VR-DF are shown at the bottom, binned in mT2 as the corresponding SRs. Uncertainties in the
background estimates include both the statistical and systematic uncertainties. The bottom panel in both plots shows
the significance of the di�erence between the expected and observed yields [97].
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Figure 10.39: Data vs. MC in the higgsino different flavor validation regions & corresponding pulls per bin.

0ODF UIF TJHOBM SFHJPOT BSF VOCMJOEFE
 UIF CBDLHSPVOE QSFEJDUJPO GSPN UIF CBDLHSPVOE�POMZ

୮ୢU JT UIFO FYUSBQPMBUFE UP UIF 43T JO B TJNJMBS NBOOFS BT UIF DIFDL GPS 73ୖ%'T� 'JHVSF ����� TIPXT

UIF EBUB BOE .$ QSFEJDUJPO BOE QVMMT JO BMM IJHHTJOP 43mll CJOT 	CPUI IJHI� BOE MPX�Emiss
T BOE
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Figure 9: Comparison of observed and expected event yields in the SRs after the SR-constrained background-only
fits. The SRs used for electroweakino searches recoiling against ISR are shown at the top, binned in m`` . The
SRs used for slepton searches recoiling agains ISR are shown at the bottom, binned in mT2. Uncertainties in the
background estimates include both the statistical and systematic uncertainties. The bottom panel in both plots shows
the significance of the di�erence between the expected and observed yields [97].
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Figure 10.40: Data vs. MC in the unblinded higgsino signal regions & corresponding per-bin significance of the devia-

tion of observed from expected yield. Uncertainties shown include both statistical and systematic uncertainties.
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Figure 10.41: Unblinded distributions in the high-Emiss
T higgsino SR.
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Figure 10.42: Unblinded distributions in the high-Emiss
T higgsino SR.
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Figure 10.43: Unblinded distributions in the high-Emiss
T higgsino SR.
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Figure 12: Expected 95% CL exclusion sensitivity (blue dashed line) with ±1�exp (yellow band) from experimental
systematic uncertainties and observed limits (red solid line) with ±1�theory (dotted red line) from signal cross section
uncertainties for simplified models of direct Higgsino (top) and wino (bottom) production. A fit of signals to the m``

spectrum is used to derive the limit, which is projected into the �m(e�0
2, e�0

1 ) vs. m(e�0
2 ) plane. For Higgsino production,

the chargino e�±1 mass is assumed to be halfway between the two lightest neutralino masses, while m(e�0
2 ) = m(e�±1 ) is

assumed for the wino/bino model. For the wino/bino model, the m`` shape depends on the relative sign of the e�0
1 and

e�0
2 mass parameters. The bottom left plot assumes m(e�0

1 ) ⇥ m(e�0
2 ) < 0, while m(e�0

1 ) ⇥ m(e�0
2 ) > 0 is assumed on the

bottom right. The gray regions denote the lower chargino mass limit from LEP [27]. The blue regions indicates the
limits from ATLAS Run 1 [104, 105] and Run 2 [60].
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Figure 10.44: Expected and observed exclusion contours for the higgsino signal grid as a function of mass splitting and

χ̃0
2 mass, combining low- and high-E

miss
T SRs. The CLs value obtained from the hypothesis test is shown for each

signal point.
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EBUBTFU XJMM BQQSPYJNBUFMZ EPVCMF
 NBLJOH UIF OFYU TFWFSBM ZFBST QSPNJTJOH GPS TFBSDI QSPTQFDUT PG

OBUVSBM 464:�

"EEJUJPOBMMZ
 TVCTZTUFN VQHSBEFT JOTUBMMFE EVSJOH -4� XJMM FOIBODF UIF EFUFDUJPO DBQBCJMJUZ PG

UIF "5-"4 FYQFSJNFOU
 BJEJOH SFDPOTUSVDUJPO BOE FOBCMJOH NPSF TPQIJTUJDBUFE BOBMZTJT EFWFMPQ�

NFOU� 'PS FYBNQMF
 OFX QSPQPTFE USJHHFST UIBU NBLF VTF PG UIF -�$BMP BOE '5, 1IBTF�* VQHSBEFT

BJN UP CPPTU TFBSDI TFOTJUJWJUZ CFZPOE UIF JOIFSFOU HBJOT GSPN BEEFE MVNJOPTJUZ�

"G୴FS 3VO ***
 BOPUIFS TIVUEPXO 	-4�
 JT TDIFEVMFE
 GPMMPXFE CZ 3VO *7
 XIJDI NBSLT UIF P୭୮ୢ�

DJBM CFHJOOJOH PG UIF )-ୖ-)$� 5IF EBUBTFU HBJOT GSPN UIJT VOEFSUBLJOH BSF JNQSFTTJWF� FTUJNBUFT PG

UIF JOUFHSBUFE MVNJOPTJUZ EFMJWFSFE CZ UIF )-ୖ-)$ BSF DVSSFOUMZ BU ���� ୯୰−1
 B OFBSMZ UXFOUZ�GPME

JODSFBTF XJUI SFTQFDU UP UIF GVMM 3VO ** EBUBTFU� 'PS UIF QSPDFTTFT EJTDVTTFE JO UIJT UIFTJT XJUI WFSZ

MPX QSPEVDUJPO DSPTT TFDUJPOT
 UIJT IVHF OFX EBUBTFU JT FTQFDJBMMZ WBMVBCMF�

4FOTJUJWJUZ TUVEJFT BSF BMSFBEZ VOEFSXBZ UP EFUFSNJOF UIF QPUFOUJBM NBTT SFBDI PG 464: TFBSDIFT

XJUI UIJT MBSHF BNPVOU PG EBUB� 5P FTUBCMJTI FYQFDUBUJPOT GPS UIF EJTDPWFSZ 	PS FWFOUVBM JOWBMJEBUJPO


PG OBUVSBM 464:
 UIF TUPQ BOE IJHHTJOP NBTT SFBDIFT BSF FTQFDJBMMZ DPNQFMMJOH� 'JHVSF ���� QSPWJEFT
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 BU
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EJMFQUPO IJHHTJOP TFBSDI BU UIF TBNF MVNJOPTJUZ
 JODMVEJOH UIF FYQFDUBUJPO GSPN UIF EJTBQQFBSJOH

USBDL BOBMZTJT� #PUI TUPQ BOE IJHHTJOP FYDMVTJPOT VUJMJ[F TJNJMBS DPOTUSVDUJPO UP UIF FYJTUJOH WFSTJPOT

PG UIF SFMFWBOU TFBSDIFT
 XJUI POMZ TMJHIU SF�PQUJNJ[BUJPOT�

0O UIF TUPQ EJBHPOBM EF୮ୢOFE JO $IBQUFS �
 UIF QPUFOUJBM FYDMVTJPO JT BT IJHI BT ��� (F7 JO UIJT

QSPKFDUJPO
 JODSFBTJOH UIF DVSSFOU NBTT SFBDI CZ BMNPTU ��� (F7� 5IF TPG୴ EJMFQUPO BOBMZTJT IBT UIF
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analyses (large �m and diagonal), the likelihood is built as the product of poissonian terms, one for
each of the considered bins. Systematic uncertainties are accounted for by introducing one independent
nuisance parameter for each of the bins considered. The likelihood is modified introducing gaussian terms
representing the assumed uncertainty. 95% CL exclusion contours on the masses of the supersymmetric
particles are extracted using the CLs method [49]. For each mass of the stop and the neutralino, the analysis
yielding the smallest CLs among the large �m and the diagonal is used.

The discovery sensitivity is obtained similarly from each of the single cut-and-count regions independently.
For each signal point, the profile likelihood ratio fit is performed on pseudo-data corresponding to the sum
of the expected background and the signal. The discovery contour corresponds to points expected to give a
5� p-value against the background-only hypothesis. For each signal point, the discovery signal region
yielding the smallest p-value is considered.

The final sensitivity of the analysis is summarised in Figure 5 assuming a 15% uncertainty for the 5�
discovery and 95% CL exclusion contour, and also assuming 30% uncertainty for the 95% CL exclusion
contour.
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Figure 5: Final 95% CL exclusion reach and 5� discovery contour corresponding to 3 ab�1of proton-proton collisions
collected by ATLAS at the HL-LHC.

8 Conclusions

The ATLAS sensitivity to stop pair production with 3 ab�1 of proton-proton collisions and running
conditions corresponding to those of the HL-LHC is estimated with an analysis that follows closely that
published in Ref. [17]. The process of interest is t̃1 ! t

(⇤) �̃0
1 . Event containing no leptons are retained, and

11

Figure 11.1: Projected 95%CL exclusion reach and 5σ discovery contour utilizing 3000 fb−1 of proton-proton colli-

sions collected by ATLAS at the HL-LHC [123].

by optimising the tracking algorithms used for the upgraded ATLAS detector allowing for an increase in
tracklet e�ciency, the possibility of shorter tracklets produced requiring 3 or 4 hits, and further suppression
of the fake tracklet component. The dilepton search sensitivity would be expected to improve by increasing
the reconstruction e�ciency for low pT leptons. The addition of the electron channel would also further
enhance the search sensitivity.
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Figure 7: Expected exclusion at the 95% CL from the disappearing track and dilepton searches in the �m( �̃±1 , �̃0
1 ),

m( �̃±1 ) mass plane. The blue curve presents the exclusion limits from the dilepton search. The yellow contour
presents the exclusion limit from the disappearing track search. The figure also presents the limits on chargino
production from LEP [16]. The relationship between the masses of the chargino and the two lightest neutralinos in
this scenario is m( �̃±1 ) = 1

2 (m( �̃0
1 ) + m( �̃0

2 )). The theory curve is a prediction from a pure higgsino scenario taken
from Ref.[30].

8 Conclusion

This note presents studies performed to assess the sensitivity to electroweakino production with the
HL-LHC and the upgraded ATLAS detector, using 3000 fb�1 of

p
s = 14 TeV data. Well motivated and

natural SUSY scenarios predict a compressed electroweakinos sector. Two signatures with good discovery
potential are considered in this prospect note (disappearing track and soft leptons). In a pure-Higgsino
scenario, the former can discover up to 600 GeV charginos with 1 ns lifetime while the latter could discover
the second lightest neutralino with mass up to 200 GeV. Improvements that could be expected with the
upgraded detector will provide additional sensitivity for both of the searches presented.
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Figure 11.2: Projected exclusions from the disappearing track (yellow) and dilepton (blue) searches, as a function of

χ̃±
1 mass and∆(χ̃±

1 , χ̃
0
1), assuming 3000 fb

−1 of data [124].
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QPUFOUJBM UP FYDMVEF χ̃±
1 NBTTFT VQ UP ��� (F7
 NPSF UIBO EPVCMJOH UIF VQQFS CPVOE PG UIF DVSSFOU

FYDMVTJPO QSPWJEFE IFSF� 3FDBMM UIBU UIF PSJHJOBM OBUVSBMOFTT QBSBEJHN FTUBCMJTIFE JO $IBQUFS �
 XJUI

BO VQQFS CPVOE PG ��ॎ ୮ୢOF UVOJOH
 QSFEJDUFE WJBCMF OBUVSBM 464: NBOJGFTUBUJPOT VQ UP ��� 5F7 JO

TUPQ NBTT BOE VQ UP B GFX IVOESFET PG (F7 GPS UIF IJHHTJOP� *U JT JOUFSFTUJOH UP OPUF UIBU XIJMF UIF

GVMM )-ୖ-)$ QPUFOUJBM XJMM GPSHF TJHOJ୮ୢDBOUMZ JOUP UIJT UFSSJUPSZ
 DBSSZJOH XJUI JU MBSHF QPUFOUJBM GPS

EJTDPWFSZ
 JU NBZ OPU CF TV୭୮ୢDJFOU UP GVMMZ SVMF PVU UIF OBUVSBM SFHJNF PG UIF UIFPSZ�

5BLFO UPHFUIFS
 UIFTF TUPQ BOE IJHHTJOP TFBSDI FYQFDUBUJPOT DPOTUJUVUF B TJHOJ୮ୢDBOU LOPXMFEHF

SFBDI QSPNJTFE CZ UIF )-ୖ-)$� $PNCJOFE XJUI UIF TJNJMBSMZ JODSFBTFE PCTFSWBUJPO QPXFS PG

PUIFS TQBSUJDMF TFBSDIFT
 TVDI BT GPS TRVBSLT�HMVJOPT BOE MPOH�MJWFE QBSUJDMFT
 JU JT DFSUBJO UIBU UIF

OFYU EFDBEF PG QBSUJDMF QIZTJDT XJMM CF DSVDJBM JO UIF IVOU GPS OFX QIZTJDT� 5IF OBUVSBM DPIFTJPO PG

-)$ IJHHTJOP TFBSDIFT XJUI EBSL NBUUFS TFBSDIFT
 CPUI EJSFDU EFUFDUJPO BOE BTUSPQIZTJDBM
 DSFBUFT

FWFO NPSF BTTVSBODF UIBU UIF QIBTF TQBDF JO XIJDI UIFTF QBSUJDMFT DPVME IJEF JT RVJDLMZ OBSSPXJOH�

-BTUMZ
 UIFTF QSPTQFDUT POMZ EFTDSJCF UIF FYQFSJNFOUBM BEWBODFT XIJDI BSF LOPXO BOE TDIFEVMFE�

1SPQPTBMT GPS UIF OFYU JOUFSOBUJPOBM DPMMJEFS FYQFSJNFOU BSF QSPMJGFSBUJOH
 JODMVEJOH UIF )JHI &OFSHZ

-)$ 	)&ୖ-)$
 <���> BU $&3/
 UIF *OUFSOBUJPOBM -JOFBS $PMMJEFS 	*-$
 <���> JO +BQBO
 BOE UIF

$JSDVMBS &MFDUSPO�1PTJUSPO $PMMJEFS 	$&1$
 <���> JO $IJOB
 BMPOH XJUI TFWFSBM PUIFS TNBMMFS TDBMF

FYQFSJNFOUT GPDVTFE PO TQFDJ୮ୢD OFX QIZTJDT TJHOBUVSFT� 3FHBSEMFTT PG UIF VMUJNBUF PVUDPNF PG FBDI

OPWFM FYQFSJNFOUBM QSPQPTBM
 UIF NPNFOUVN PG DPMMJEFS QIZTJDT BU QSFTFOU JT TVSF UP DBSSZ JOUP UIF

OFYU DFOUVSZ
 CSJOHJOH XJUI JU B OFWFS�FOEJOH ୯୳PX PG OFX JEFBT BOE SFTVMUT�
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$PODMVTJPO

3VO ** PG UIF -BSHF )BESPO $PMMJEFS XBT VOFRVJWPDBMMZ B USJVNQI� 5IF "5-"4 $PMMBCPSBUJPO IBT


BU UIF UJNF PG UIJT XSJUJOH
 SFMFBTFE PWFS UXP IVOESFE QVCMJDBUJPOT PWFS UIJT GPVS ZFBS EBUB�UBLJOH

QFSJPE
 XJUI FWFO NPSF SFTVMUT HVBSBOUFFE UP GPMMPX� 5IFTF JODMVEF TFWFSBM NJMFTUPOFT GPS UIF ୮ୢFME

TVDI BT UIF PCTFSWBUJPO PG UIF )JHHT CPTPO EFDBZJOH UP UXP CPUUPN RVBSLT <���> BOE UIF ୮ୢSTU IJHI�

QSFDJTJPO NFBTVSFNFOU PG UIF 8± CPTPO NBTT NBEF BU UIF -)$ <���>�
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5IF TUPSZ GPS TVQFSTZNNFUSZ
 PODF UIF TVCKFDU PG FBSMZ 3VO * FYDJUFNFOU
 IBT SFNBJOFE PQFO�

FOEFE� *O GBDU
 BMM CFZPOE UIF 4UBOEBSE .PEFM QIZTJDT TUJMM SFNBJOT FMVTJWF� 5IJT TFSWFT BT BO JNQPS�

UBOU SFNJOEFS UIBU UIF BJN PG QIZTJDT SFTFBSDI JT OPU OFDFTTBSJMZ UP NBLF EJTDPWFSJFT
 CVU TJNQMZ UP

EFUFSNJOF UIF USVUI� *O UIJT SFHBSE
 XIJMF UIF BOBMZTFT DPOEVDUFE BU "5-"4 BSF QFSGPSNFE JO TFQB�

SBUF DPSOFST CZ JOEFQFOEFOU HSPVQT PG SFTFBSDIFST
 UIFJS PVUDPNFT UBLFO UPHFUIFS BSF SFQSFTFOUBUJWF

PG UIF WBTU BDIJFWFNFOUT PG UIF ୮ୢFME JO SFDFOU ZFBST
 JO UFSNT PG OVMM SFTVMUT BT XFMM BT PCTFSWBUJPOT�

5IJT UIFTJT QSFTFOUT UIF TUBUVT PG TFBSDIFT GPS TUPQT BOE IJHHTJOPT
 IFME VQ BT DPSOFSTUPOFT PG OBU�

VSBM 464: NPEFMT
 GSPN UIF "5-"4 FYQFSJNFOU BU UIF DPODMVTJPO PG 3VO **� *OEJWJEVBM BOBMZTFT

GPS FBDI QBSUJDMF BSF QSFTFOUFE JO EFUBJM� UIF TUPQ EFDBZJOH UP B POF MFQUPO QMVT KFUT ୮ୢOBM TUBUF
 BOE

UIF IJHHTJOP EFDBZJOH UP UXP TPG୴ MFQUPOT� #PUI ୮ୢOBM TUBUFT BMTP JODMVEFEmiss
T DBSSJFE BXBZ CZ UIF

MJHIUFTU TVQFSTZNNFUSJD QBSUJDMF� 5IF DPNQSFTTFE BSFBT PG QIBTF TQBDF GPS UIFTF UXP QBSUJDMFT BSF

TQFDJ୮ୢDBMMZ NPUJWBUFE VTJOH OBUVSBMOFTT BSHVNFOUT
 BOE JOJUJBM TUBUF SBEJBUJPO JT GPVOE UP CF VTFGVM

GPS CPPTUJOH B DPNQSFTTFE TJHOBM
 UIFSFCZ HBJOJOH TFOTJUJWJUZ� 5IF 3FDVSTJWF +JHTBX 3FDPOTUSVDUJPO

NFUIPE JT JOUSPEVDFE BT B OPWFM XBZ UP VUJMJ[F TVDI B CPPTU GPS UIFTF NBTT TDFOBSJPT
 BOE JUT BQQMJDB�

UJPO JT EFTDSJCFE�

5IF BOBMZTJT TUSBUFHZ JT DPNNPO UP CPUI TUPQ BOE IJHHTJOP TFBSDIFT� 4JHOBM SFHJPOT BSF CVJMU GPS

UIF FYQFDUFE TJHOBUVSFT
 CZ BQQMZJOH DPOTUSBJOUT PO B WBSJFUZ PG LJOFNBUJD WBSJBCMFT JO TVDI B XBZ

UIBU JT DPOTJTUFOU XJUI UIF TJHOBM� %PNJOBOU 4UBOEBSE .PEFM CBDLHSPVOET BSF FTUJNBUFE VTJOH EBUB�

ESJWFO NFUIPET
 .POUF $BSMP TJNVMBUJPO
 PS IZCSJE NFUIPET UIBU DPOTUSBJO TJNVMBUFE QSFEJDUJPOT

XJUI EBUB WJB DPOUSPM SFHJPOT� "MM SFHJPOT FOUFS JOUP B TJNVMUBOFPVT MJLFMJIPPE ୮ୢU UP FYBNJOF BHSFF�

NFOU PG PCTFSWBUJPO XJUI QSFEJDUJPO
 BOE QSPEVDF NBTT FYDMVTJPOT GPS UIF QBSUJDMFT PG JOUFSFTU� 5IF
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DPOUSJCVUJPOT PG UIF DPNQSFTTFE TFBSDI SFHJPOT UP UIF UPUBM FYDMVTJPO BSF EPDVNFOUFE BOE EJTDVTTFE�

#PUI PG UIFTF SFTVMUT DPOTUJUVUF UIF NPTU TFOTJUJWF TFBSDIFT UP EBUF GPS UIF HJWFO QBSUJDMFT BOE DIBO�

OFMT BU "5-"4�

/P FYDFTT PG FWFOUT DPOTJTUFOU XJUI UIF QSFTFODF PG FJUIFS QBSUJDMF JT PCTFSWFE� $PNCJOJOH BMM

"5-"4 TFBSDIFT
 TUPQT NBTTFT VQ UP � 5F7 BSF FYDMVEFE GPS B NBTTMFTT χ̃0
1� 'PS UIF DPNQSFTTFE DBTF


XIFSF UIF NBTT PG UIF t̃ JT BQQSPYJNBUFMZ FRVBM UP UIF TVN PG UIF NBTTFT PG UIF t BOE χ̃0
1
 TUPQT BSF

FYDMVEFE CFUXFFO ��� BOE ��� (F7 <���>� 0O UIF FMFDUSPXFBL TJEF
 UIF DPNCJOFE FYDMVTJPO JT VQ UP

��� (F7 GPS UIF NBTT PG UIF χ̃±
1 BU B NBTT TQMJUUJOH PG �� (F7
 JO B TJNQMJ୮ୢFE NPEFM PG EJSFDU )JHHTJOP

QSPEVDUJPO� .BTT TQMJUUJOHT EPXO UP ��� (F7 BSF FYDMVEFE BU UIF -&1 DIBSHJOP NBTT MJNJU�

5IFTF TFBSDIFT XJMM CF DPOUJOVBMMZ SFWJTJUFE BOE JNQSPWFE UISPVHIPVU UIF MJGFUJNF PG UIF "5-"4

&YQFSJNFOU
 BOE GPS GVUVSF FYQFSJNFOUBM HFOFSBUJPOT UP DPNF� (JWFO UIF TNBMM QSPEVDUJPO DSPTT

TFDUJPO BTTPDJBUFE UP CPUI QBSUJDMFT
 UIF FYQFDUFE JODSFBTF JO JOUFHSBUFE MVNJOPTJUZ GSPN UIF )-�

-)$ JT FTQFDJBMMZ QSPNJTJOH�

8IFUIFS GVUVSF F୭GPSUT SFTVMU JO B EJTDPWFSZ PS B TFSJFT PG OVMM SFTVMUT
 IJHI FOFSHZ QIZTJDT JT FOUFS�

JOH B QFSJPE PG SBQJE LOPXMFEHF BDRVJTJUJPO� 5IF FYQFSJNFOUBM TUSBUFHJFT EFWFMPQFE JO UIJT UIFTJT XJMM

TFSWF BT B MBVODIJOH QPJOU GPS NPSF QPXFSGVM TFBSDIFT JO 3VO *** BOE CFZPOE� .PSFPFWFS
 WBSJPVT

PUIFS BSFBT PG JOOPWBUJPO PO UIF MVNJOPTJUZ BOE BTUSPQIZTJDBM GSPOUJFST BSF TVSF UP BDU DPIFSFOUMZ

XJUI DPMMJEFS EBUB
 GVSUIFSJOH UIF QSPHSFTT PG BO JODSFBTJOHMZ JOUFSEJTDJQMJOBSZ ୮ୢFME NBSLFE CZ CPME�

OFTT BOE QFSTFSWFSBODF� *U IBT CFFO
 BOE XJMM DPOUJOVF UP CF
 BO FYDJUJOH UJNF GPS QBSUJDMF QIZTJDT�
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A
+FU VBMJUZތ 7BSJBCMFT

"�� (ঘঘ঍ ঊগ঍ 'ঊঔ঎ +঎ঝ 3঎ঐ঒ঘগজ

5IFSF BSF TFWFSBM GFBUVSFT PG B KFU UIBU BSF BTTPDJBUFE UP JUT PSJHJO BOE DBO UIFSFGPSF IFMQ EFUFSNJOF

XIFUIFS JU JT B IBSE�TDBUUFS 	HPPE
 PS GBMTFMZ SFDPOTUSVDUFE 	GBLF
 KFU� 5P CVJME BO FWFOU DMFBOJOH QSP�

DFEVSF UIBU DBO NBJOUBJO CPUI B IJHI TFMFDUJPO F୭୮ୢDJFODZ GPS HPPE KFUT BOE B IJHI SFKFDUJPO SBUF PG

GBLF KFUT
 UXP SFHJPOT BSF EF୮ୢOFE JO EBUB� 5IFTF SFHJPOT NBLF VTF PG TVDI EJTDSJNJOBUJOH KFU GFBUVSFT
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TP UIBU POF SFHJPO JT FOSJDIFE JO HPPE KFUT BOE UIF PUIFS JO GBLF KFUT�

"���� (ঘঘ঍�&গছ঒ঌ঑঎঍ 4ঊখঙক঎

5IF HPPE KFU SFHJPO FTUJNBUFT B EJKFU UPQPMPHZ
 XIFSF CPUI MFBEJOH KFUT BSF CBMBODFE BOE CBDL�UP�CBDL

JO UIF USBOTWFSTF QMBOF� 5IJT JT BDIJFWFE CZ SFRVJSJOH UIF GPMMPXJOH�

ا "U MFBTU UXP KFUT XJUI pT � �� (F7 	+75 � ���� GPS KFUT XJUI �� � pT � �� (F7 BOE |η| � ���


ا ∆φ � ��� CFUXFFO UIF UXP MFBEJOH KFUT

ا 5XP MFBEJOH KFUT CBMBODFE JO pT 		p1T � p2T 
�	p1T � p2T 
 � ���


ا 1SJNBSZ WFSUFY

ا 4JOHMF KFU USJHHFS

"���� 'ঊঔ঎�&গছ঒ঌ঑঎঍ 4ঊখঙক঎

5IF GBLF KFU SFHJPO DBQUVSFT B TDFOBSJP XIFSF B KFU JT VOCBMBODFE PS PVU PG UJNF
 UXP LFZ DIBSBDUFSJT�

UJDT PG KFUT UIBU DPNF GSPN DPIFSFOU OPJTF PS OPO�DPMMJTJPO CBDLHSPVOE� 5IF SFRVJSFNFOU UIBU UIF

KFU CF PVU PG UJNF BMTP IFMQT SFEVDF DPOUBNJOBUJPO JO UIJT TBNQMF GSPN QIZTJDT QSPDFTTFT TVDI BT

Z → νν � KFUT�

5IF JNCBMBODF JT DIBSBDUFSJ[FE CZ UIF NJTTJOH USBOTWFSTF FOFSHZ GSPN IBESPOJD BDUJWJUZ� Hmiss
T

�−Σjetsp⃗T 
 XIFSF BMM KFUT XJUI pT � �� (F7 BSF DPOTJEFSFE� 5IF UJNJOH PG B KFU tjet JT EF୮ୢOFE BT

UIF EJ୭GFSFODF CFUXFFO UIF DBMPSJNFUFS UJNF 	BT NFBTVSFE CZ UIF USJHHFS
 BOE UIF FOFSHZ�TRVBSFE

XFJHIUFE BWFSBHF PG UIF TJHOBM UJNJOH JO FBDI DBMPSJNFUFS DFMM� tjet = ΣE2
celltcell/ΣE

2
cell
 XIFSF
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Figure A.1: The distribution of tjet is shown for 2017 release 21 data for good (blue) and fake (red) EM jet samples.

2016 release 20 data is superimposed as a reference (yellow).

BMM DFMMT XJUI FOFSHZ GSPN UIF KFU PG JOUFSFTU BSF DPOTJEFSFE� 8IJMF HPPE KFUT BSF FYQFDUFE UP BSSJWF BU

B UJNF DPOTJTUFOU XJUI UIF QSJNBSZ JOUFSBDUJPO 	tjet = 0

 JO QSBDUJDF HPPE KFUT DBO BMTP BSSJWF JO

BEKBDFOU CVODI DSPTTJOHT
 MFBEJOH UP QPQVMBUJPOT PG HPPE KFUT BU tjet �± �� OT� 'JHVSF "�� TIPXT UIF

EJTUSJCVUJPO PG tjet VTJOH EBUB DPMMFDUFE CZ "5-"4 JO �����

5IF GBLF�FOSJDIFE SFHJPO JT EF୮ୢOFE BT GPMMPXT�

ا "U MFBTU � KFU XJUI pT � ��� (F7 BOE |η| � ��� 	+75 � ���� GPS KFUT XJUI �� � pT � �� (F7 BOE
|η| � ���


ا Hmiss
T � ��� (F7

ا ∆φ � ��� CFUXFFO UIF MFBEJOH KFU BOEHmiss
T

ا ]tjet] � � OT

ا Emiss
T USJHHFS
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"�� &. +঎ঝ ,঒গ঎খঊঝ঒ঌ 7ঊছ঒ঊঋক঎জ

'JHVSF "�� TIPXT LJOFNBUJD EJTUSJCVUJPOT PG CPUI HPPE BOE GBLF KFUT� 5IFSF JT OP TJHOJ୮ୢDBOU TIBQF

EJ୭GFSFODF JO UIF pT TQFDUSVN PG HPPE BOE GBLF KFUT
 TP UIF GBLF KFU EJTUSJCVUJPO JT OPU TIPXO
 CVU

DPNQBSJTPO PG HPPE BOE GBLF KFUT JO η BOE φ SFWFBM VTFGVM EJTDSFQBODJFT� 'PS FYBNQMF
 GBLF KFUT BD�

DVNVMBUF BU φ � � BOE±φ BT B SFTVMU PG NBUFSJBM HBQT JO UIF DBWFSO UIBU BMMPX NPSF CFBN�JOEVDFE

CBDLHSPVOE PS DPTNJD NVPOT UP SFBDI UIF DBMPSJNFUFS� "EEJUJPOBMMZ
 UIF CFBN�JOEVDFE CBDLHSPVOE

QFBLT BU MPX ]η] WBMVFT EVF UP UIF SFRVJSFNFOUT PO UIF KFU USBOTWFSTF NPNFOUVN BOE UIF KFU UJNJOH

BT QSPWJEFE JO UIF GBLF�FOSJDIFE TBNQMF EF୮ୢOUJPO <��>�

'JHVSF "�� TIPXT DPSSFMBUJPOT CFUXFFO LJOFNBUJD WBSJBCMFT JO &. KFUT
 BT XFMM BT UJNJOH� 0WFS

UIF DPVSTF PG 3VO **
 JODSFBTJOH QPQVMBUJPOT PG IBSE�TDBUUFS KFUT XFSF OPUJDFE JO BEKBDFOU CVODI

DSPTTJOHT
 UIBU JT
 BU± �� OT� 5IJT DBO CF PCTFSWFE JO UIF �% QMPU PG MFBEJOH KFU UJNJOH WT� TVCMFBEJOH

KFU UJNJOH� 5IFTF KFUT XFSF TUVEJFE BOE DPODMVEFE UP CF HPPE KFUT GSPN UIF DMFBOJOH QFSTQFDUJWF�

"�� -$8 +঎ঝ 2ঞঊক঒ঝঢ 7ঊছ঒ঊঋক঎জ

"OBMZTFT UIBU VTF -$8 KFUT 	EJTDVTTFE JO 4FDUJPO ���
 BSF TJNJMBSMZ B୭GFDUFE CZ DPIFSFOU DBMPSJNFUFS

OPJTF BOE OPO�DPMMJTJPO CBDLHSPVOET� *OWFTUJHBUJPO PG UIF KFU RVBMJUZ WBSJBCMFT DBMDVMBUFE GPS -$8

KFUT BOE UBH�BOE�QSPCF F୭୮ୢDJFODZ FTUJNBUFT JOEJDBUF UIBU UIF 3VO � DMFBOJOH QSPDFEVSF BT EF୮ୢOFE GPS

&. TDBMF KFUT JT TV୭୮ୢDJFOU GPS VTF JO -$8�CBTFE BOBMZTFT�

'JHVSFT "�� BOE "�� TIPX BMM KFU RVBMJUZ WBSJBCMF EJTUSJCVUJPOT
 DPNQBSJOH &. UP -$8 KFUT� /P

TJHOJ୮ୢDBOU EJTDSFQBODJFT BSF PCTFSWFE� 'JHVSF "�� TIPXT UIF UBH�BOE�QSPCF F୭୮ୢDJFODJFT GPS -$8 KFUT
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Figure A.2: Distributions of pT , η, andφ are shown for 2017 release 21 data for good (blue) EM jet selections, with

fake (red) jets superimposed for η, andφ. 2016 release 20 data is superimposed as a reference (yellow).
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Figure A.3: 2D histograms showing correlations between key jet quality variables in good jet data.
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Figure A.4: Distributions of fem, fHEC , fch, and fmax are shown in 2016 data for both LC and EM jets.

GPS CPUI -PPTF BOE 5JHIU DMFBOJOH XPSLJOH QPJOUT
 BT B GVODUJPO PG pT BOE η� #PUI XPSLJOH QPJOU

F୭୮ୢDJFODJFT BSF TJNJMBS UP UIPTF DBMDVMBUFE GPS &. KFUT�
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Figure A.5: Distributions of ⟨Q⟩, fQ
LAr , f

Q
HEC , andEneg are shown in 2016 data for both LC and EM jets.

Figure A.6: EM jet quality selection efficiency for anti-kT LCW jets measuredwith a tag-and-probe technique as a

function of pT and η (pT > 100GeV), for the Loose and Tight selection criteria. Only statistical uncertainties are

shown.
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B
'PS &MFDUSPXFBL 464:� "EEJUJPOBM .BUFSJBM

#�� -ঘঠ�Emiss
T )঒ঐঐজ঒গঘ 3঎ঐ঒ঘগজ

5IF MPX�Emiss
T QIBTF TQBDF PG UIF IJHHTJOP TFBSDI JT BEEFE UP HBJO TFOTJUJWJUZ UP TMJHIUMZ IJHIFS NBTT

TQMJUUJOH TJHOBMT� 5IFTF FWFOUT IBWFEmiss
T CFUXFFO ��� BOE ��� (F7� 4JODF UIFZ BSF TUJMM TFMFDUFE

VTJOH UIF JODMVTJWFEmiss
T USJHHFST
 TDBMF GBDUPST BSF EFSJWFE UP DPSSFDU GPS NJT�NPEFMJOH EVF UP UIF

USJHHFS UVSO PO� 5XP EJ୭GFSFOU MPX�Emiss
T SFHJPOT XFSF TFQBSBUFMZ PQUJNJ[FE GPS IJHI BOE MPX NBTT
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7BSJBCMF 4FMFDUJPO 3FRVJSFNFOU
Emiss

T <(F7> 
ޏޑސ> <ޏޏޑ
Emiss

T /H lep
T <(F7> � ޏސ

MS
T <(F7> � ޏޔ

F.--BB F.--BC F.--C F.--D F.--E F.--F
m(ee) <(F7> � � <ޔ
ޑ�ޒ> <ޏސ
ޔ> 
ޏސ> <ޏޑ <ޏޒ
ޏޑ>
m(µµ) <(F7> <ޑ
ސ> <ޒ
ޑ> <ޔ
ޑ�ޒ> <ޏސ
ޔ> 
ޏސ> <ޏޑ <ޏޒ
ޏޑ>

J.--BB J.--BC J.--C J.--D J.--E J.--F
mll <(F7> � ޑ � ޒ � ޔ � ޏސ � ޏޑ � ޏޒ

Table B.1: Table of common event selection criteria for the low-Emiss
T low-∆mhiggsino signal regions; ee andµµ

channels are statistically independent and fit separately.

TQMJUUJOH TBNQMFT
 EFOPUFE BT IJHI�∆N BOE MPX�∆N SFTQFDUJWFMZ
 XIJDI BSF PSUIPHPOBM BOE TJNVM�

UBOFPVTMZ VTFE JO UIF ୮ୢU� 5IF PQUJNJ[BUJPO QSPDFEVSF XBT UIF TBNF BT GPS UIF IJHI�Emiss
T SFHJPOT


VTJOH /�� QMPUT PG LFZ BOBMZTJT WBSJBCMFT UP EFUFSNJOF PQUJNBM DVU QMBDFNFOU�

5IF QSFTFMFDUJPO DSJUFSJB GPS BMM MPX�Emiss
T SFHJPOT JT UIF TBNF BT UIBU GPS UIF IJHI�Emiss

T SFHJPOT


GPVOE JO 5BCMF ����� 4JHOBM SFHJPO TFMFDUJPO DBO CF TFFO GPS UIF MPX�Emiss
T MPX�∆N JO 5BCMF #���

UIF CJOOJOH JOmll JT DPOTJTUFOU XJUI UIF IJHI�Emiss
T FYDFQU GPS UIF SFNPWBM PG UIF UXP IJHIFTU CJOT�

4FMFDUJPO GPS UIF MPX�Emiss
T IJHI�∆N TJHOBM SFHJPOT DBO CF GPVOE JO 5BCMF #���

5IF TBNF UISFF DPOUSPM BOE UXP WBMJEBUJPO SFHJPOT BSF CVJMU GPS BMM MPX�Emiss
T SFHJPOT
 EF୮ୢOFE JO

5BCMF #���

'JHVSF #�� TIPXT VOCMJOEFE EJTUSJCVUJPOT PGmll
MS
T 
 BOE pℓ2T JO UIF MPX�Emiss

T IJHHTJOP 43�

1MPUT BSF TIPXO /�� TUZMF XJUI UIF DVU PO UIF EJTQMBZFE WBSJBCMF OPU BQQMJFE� TJOHMF DVUT BSF TIPXO

WJB BSSPXT
 XIJMF TMJEJOH DVUT BSF OPU JOEJDBUFE�

���



7B
SJB

CM
F

4F
MFD

UJP
O
3
FR

VJ
SF
N

FO
U

E
m
is
s

T
<(

F7
>

ސ>
ޏޑ


ޑ
ޏޏ

>
E

m
is
s

T
/H

le
p

T
<(

F7
>

�
ޏސ

m
ℓ1 T

<(
F7

>
ސ>


ޏ
ޏޕ

>
pℓ

2 T
<(

F7
>

�
�ޔ

�ޏ
ޔޑ

·m
ll

R
I
S
R

ޏ>
ޗ�

ސ

ޏ�
>

F.
--

BB
F.

--
BC

F.
--

C
F.

--
D

F.
--

E
F.

--
F

F.
--

G
F.

--
H

m
(e
e)

<(
F7

>
�

�
ޒ>

ޑ�

ޔ
>

ޔ>

ސ
<ޏ

ސ>

ޏ

ޏޑ
>

ޑ>

ޏ
ޏޒ

>
ޒ>


ޏ
ޏޓ

>
ޓ>


ޏ
ޏޕ

>
m
(µ
µ
)
<(

F7
>

ސ>

ޑ
>

ޑ>

ޒ
>

ޒ>
ޑ�

ޔ
>

ޔ>

ސ
<ޏ

ސ>

ޏ

ޏޑ
>

ޑ>

ޏ
ޏޒ

>
ޒ>


ޏ
ޏޓ

>
ޓ>


ޏ
ޏޕ

>
J.

--
BB

J.
--

BC
J.

--
C

J.
--

D
J.

--
E

J.
--

F
J.

--
G

J.
--

H
m

ll
<(

F7
>

�
ޑ

�
ޒ

�
ޔ

�
ޏސ

�
ޏޑ

�
ޏޒ

�
ޏޓ

�
ޏޕ

Ta
b
le
B
.2
:T
ab
le
o
fc
o
m
m
o
n
ev
en
t
se
le
ct
io
n
cr
it
er
ia
fo
r
th
e
lo
w
-E

m
is
s

T
h
ig
h
-∆

m
h
ig
gs
in
o
si
gn
al
re
gi
o
n
s;
ee

an
d
µ
µ
ch
an
n
el
s
ar
e
st
at
is
ti
ca
lly

in
d
ep
en
d
en
t
an
d

fi
t
se
p
ar
at
el
y.

���



3
FH

JP
O

43
0
SUI

PH
PO

BMJ
UZ

"
EE

JUJ
PO

BM
3
FR

VJ
SF
N

FO
UT

'M
BW

PS
$3

�UP
Q

/
VN

CF
SP

Gb
�KF

UT
≥

ސ
/
P
DV

UP
O
E

m
is
s

T
/H

le
p

T
PS

m
ℓ1 T

ee
�
µ
µ

�
eµ

�
µ
e

$3
�UB

V
ޏޕ

�
m
τ
τ
�

ޑސ
)ޏ

F7
�ޏ
�ޕ

R
I
S
R

�
�ސ

ޏ

OP
DV

UP
O
m
ℓ1 T

ee
�
µ
µ

�
eµ

�
µ
e

$3
ୖ7

7
�ޏ
�ޕ

R
I
S
R

�
�ޏ
ޗ

/
P
DV

UP
O
E

m
is
s

T
/H

le
p

T

m

ℓ1 T
�

ޏޒ
(
F7


N
je
ts

�
ޑ

ee
�
µ
µ

�
eµ

�
µ
e

73
ୖ%

'
eµ

�
µ
e

�
eµ

�
µ
e

73
ୖ4
4

4B
N

F�T
JHO

ℓ±
ℓ±

/
P
DV

UP
O
E

m
is
s

T
/H

le
p

T

m

ℓ1 T

P

Sp
T
(ℓ

2
)

ee
+
µ
e

µ
µ
+
eµ

Ta
b
le
B
.3
:T
ab
le
o
fc
ri
te
ri
a
fo
r
th
e
lo
w
-E

m
is
s

T
h
ig
gs
in
o
co
n
tr
o
la
n
d
va
lid
at
io
n
re
gi
o
n
s,
p
ro
vi
d
ed

as
d
if
fe
re
n
ce
s
fr
o
m
th
e
si
gn
al
re
gi
o
n
d
efi
n
it
io
n
s.
A
ll
re
gi
o
n
s

al
so

in
cl
u
d
e
th
e
p
re
se
le
ct
io
n
re
q
u
ir
em

en
ts
lis
te
d
in
Ta
b
le
1
0
.2
.

���



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS DRAFT
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Figure 10: Examples of kinematic distributions after the background-only fits showing the data as well as the expected
background in the signal regions sensitive to electroweakinos recoiling against ISR. The full event selection of the
corresponding regions is applied, except for the requirement that is imposed on the variable being plotted. This
requirement is indicated by blue arrows in the distributions. The uncertainty bands plotted include all statistical and
systematic uncertainties.
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Figure B.1: UnblindedN-1 distributions in the low-Emiss
T higgsino SR, with arrows indicating the requirement. Uncer-

tainty bands indicate all statistical and systematic uncertainties.
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UJOH SFHJPO� %VF UP UIF DPSSFMBUJPO CFUXFFO χ̃0
2�χ̃0

1 NBTT TQMJUUJOH BOE MFQUPO pT 
 BOE UIF NJOJNVN

MFQUPO pT SFRVJSFNFOUT GPS SFDPOTUSVDUJPO
 UIF TPG୴ MFQUPO IJHHTJOP TJHOBM SFHJPOT GBJM UP QSPCF UIF

SFHJPO CFMPX NBTT TQMJUUJOHT BSPVOE � (F7� *O UIF DBTF PG TVDI B TNBMM NBTT TQMJUUJOH TJHOBM
 UIF TVC�

MFBEJOH ୮ୢOBM TUBUF MFQUPO DBO CF TPG୴ FOPVHI UIBU JT CFMPX SFDPOTUSVDUJPO UISFTIPMET
 CVU DBO JOTUFBE

CF TFMFDUFE CZ UIF USBDL MFG୴ JO UIF JOOFS EFUFDUPS� 5IJT TVCTFRVFOUMZ ZJFMET B ୮ୢOBM TUBUF XJUI POF TPG୴
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Table B.4: Table of common event selection criteria for the 1L+track higgsino signal regions.
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Figure 10: Examples of kinematic distributions after the background-only fits showing the data as well as the expected
background in the signal regions sensitive to electroweakinos recoiling against ISR. The full event selection of the
corresponding regions is applied, except for the requirement that is imposed on the variable being plotted. This
requirement is indicated by blue arrows in the distributions. The uncertainty bands plotted include all statistical and
systematic uncertainties.
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Figure B.2: UnblindedN-1 distributions in the 1L+track higgsino SR, with arrows indicating the requirement. Uncer-

tainty bands indicate all statistical and systematic uncertainties.
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