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Abstract

This study investigates the rare decay B — K*{T{~, a process sensitive to new
physics. We compute the branching ratios for ¢ = p, e, incorporating state-of-the-art
form factors and uncertainties. Our predictions are compared with LHCb experimental
results, revealing a notable discrepancy quantified through the Wilson coefficient Cy.

Using 2018 ATLAS data, we extract the S-wave fraction of the K7 system in the decay
BY — K*(892).J/v(— eTe™). This work underscores the complexity of this decay and
their potential for probing new physics, while highlighting the importance of considering
the K system’s intricate dynamics in future rare B-meson decay analyses.
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1 Introduction

In the Standard Model (SM), the weak charged current is the only flavour-violating interaction.
The probability of changes between the quarks flavours is controlled by the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix, that is almost flavour diagonal. Flavour-Changing-Neutral-
Current (FCNC) processes, which involve the transformation of a quark into another one of
the same type but with a different flavour, are suppressed by the Glashow-Iliopoulos-Maiani
mechanism and require at least one off-diagonal element in the CKM matrix. Hence, these
processes are forbidden at tree level making them rare. The FCNC transitions b — s are among
the most valuable probes of flavour physics and they are highly sensitive to new physics(NP): if
new heavy particles exist, they could contribute to FCNC decay amplitudes and consequently
affect the measurement of some observables. [1]
In this report, we focus on the semileptonic exclusive decay B — K*((~.

2 Theoretical framework

Rare B decays are challenging due to the multiple physical scales involved. FCNCs are a multi-
scale problem. The heavier scale is the electroweak one, My, ~ 80 GeV, that is set by the heavy
particle exchange in the loop. The scale set by the external particles is m;, ~ 4 GeV, while
the hadrons dynamics is characterised by Agep =~ 0.2GeV (where QCD is non-perturbative).
Hence, there is a large energy gap Mw > my, > Aqcep [2]. Therefore, effective field theory
(EFT) methods can help us to deal with this multi-scale problem.

At dimension 6, the effective Hamiltonian for b — s¢*¢~ transitions can be written as [3]
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where G is the Fermi constant, V;; denote the elements of the CKM matrix, C; are the
Wilson coefficients and O; the effective operators. In the SM, semileptonic decays b — sf* ¢~
are mediated by O7 g 10:
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where 0, = %['Yw 7] and F),, is the field strength of the photon. In generic NP scenarios, we
also have the additional operators Oy g, where we exchange left- with right-handed fields in
the quark current.

In order to compute the branching ratio of B — K*{T¢~, we need to

e Separate short-distance effects (QCD, weak interaction and NP) from long-distance QCD,

e Compute the hadronic matrix element for B — K™ in terms of the K* transversity
amplitudes,

e Write the hadronic matrix element for B — K in terms of the K* transversity ampli-
tudes,



e Find the differential decay distribution for B — Km/t(™,
e Integrate over the angles and find the total decay distribution,

e Integrate over the ¢? range we are interested in to find the branching ratio.

2.1 Form Factors

Given g" = p* — k*, where p* and k" are the momenta of B and K* respectively, the B — K*
matrix elements can be expressed in terms of eight form factors Ag23(¢%), V(¢?) and Ty 23(¢?).
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where €, is the polarisation vector of K*. The form factor A3 can be expressed as
mp + Mg~ mp — Mg~
A3(P) = —=—A1(¢?) - ———— A (¢ 2.4
3(a”) o, @) = () (2.4)

and remains with 7 independent form factors, where A¢(0) = A3(0) and 77 (0) = 75(0).

2.2 Transversity Amplitudes

It can be useful to express the hadronic matrix element in terms of the K* transversity ampli-
tudes A, A, Ag and A,;. First, the matrix element of the B meson decaying into an on-shell
K* and a virtual gauge boson with momentum ¢, which subsequently decays into a dilepton
pair, can be computed as

M(B — K*V*) = ¢¥(m)H,, L,g"" (2.5)
where ex(m) is the polarisation vector of K* with m = 0,+, —, H,, is the hadronic part of

the squared amplitude and L, is the leptonic one. Since V* is a vector boson, it will have
polarisation n = 0, +, —.

However, we will consider the subsequent V* — ¢*/~ decay, which introduces a fourth polari-
sation state n =t.

In the B-rest frame, ¢* = (E,,0,0,p) and k* = (Ek~,0,0,—p) and the polarisation vectors
read
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and they satisfy the orthonormality and completeness relations

6;“(n)eqvu(n’) = Gnn'» Z e;“(n)eg(n')gm/ = g, (2.6)
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By substituting these relations in eq.2.5 and introducing the helicity amplitudes H,,, for m =
07 +7 -
Hyy = M) (B — K*V*) = e (m)e” (m) M, (2.7)

we get
M(B = K*'V*) = gunLyeh(n)H,, . (2.8)

The transversity amplitudes are defined as
Apy=(H  FH)/N2,  Aj=H (2.9)
and, since V* is virtual, we also have an additional amplitude
Ay = M y(B = K*q) (2.10)

By contracting ;. H,, and comparing the result with eq.2.3, we can find the explicit form of
the 7 transversity amplitudes Ai’R, Aﬁ’R, Ag Hand A4, 2
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where
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A =mp+mi. +q* —2myq® — 2mEmi.. — 2mi.q” .

2L,R refer to the chirality of the leptonic current. Since g, (£4*¢) = 0 from current conservation, 4; doesn’t
have separate components



2.3 Angular Coefficients

In experiments the actual observed decay is B — K*(— Km)¢{*¢~, which involves a 4-body
decay amplitude, and the B — K7 matrix element must be expressed in terms of the B — K*
form factors. From [4], the 4-body decay rate can be written as

IM* VA

dl’ = o TBKﬁéded cos Bpd cos O+ d cos pdg? (2.13)
where ) is defined as in eq.2.12, g = 1/1 — A‘,T—;B, Be=1/1— Zlqu, 0, is the angle of ¢ in q-rest

frame w.r.t. q direction of flight and - is the angle of 7 in K*-rest frame w.r.t. K™ direction
of flight and ¢ is the angle between (K7)—(¢¢) plane in B rest frame (see fig.2.1).
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Figure 2.1: Graphical representation of the angular basis from [5]

Assuming that K™ decays resonantly, in the narrow width approximation we can replace in the
squared K* propagator

1 FK*<<7’TLK*\ T

S(k* —m3.). (2.14)

If we use this and the transversity amplitudes we found before, the differential decay width
becomes
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(2.16)
Integrating the decay amplitude over cos 8, cos0x € [—1,1] and ¢ € [0, 27, we get
‘T 1



where I775 are non-trivial functions of the transversity amplitudes
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2.4 Branching Ratio

If we integrate eq.2.17 over ¢> € [1.1,6] GeV? that we find the theoretical prediction for the
branching ratio in the bin of interest.

Since we are dealing with rare decays, it is essential to consider the theoretical uncertainties of
the B — K* form factors and the correlations among them [6]. We can introduce the complex
variable

to —tg—/te — 1t
2(t) = Vi Zh = Vi (2.19)
Vi =T+l — ¢
where t, = (mp + mg=)?, to = (mp — mg-)?, t = ¢%, and write the seven form factors F; as

23"l [2(¢?) — 2(0)]" (2.20)

where P;(¢%) = (1— )_1 is a simple pole corresponding to the first resonance in the spectrum
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Since |z|? < 0.1 for B — K* and ), |ag|* < 1, the series can be truncated at z* and there will

be three fit parameters for each of the seven F;. Exploiting the relations Ag(0) = A3(0) and

T1(0) = T3(0), we can reduce the number of independent fit parameters from 21 to 19. Using

these results®, we can compute the error as

0BR . .. OBR

5 (4,7) :
a; Oa;

0*(BR) = (2.21)

The theoretical predictions of the branching ratio for different lepton families are

| (| BR-10" | BR[1.1,6] - 10 "GeV |
e [243+£0.30 0.50 % 0.06
] 2.424+0.30 0.49 £ 0.06

Table 2.1: Branching ratios and differential branching ratios in bin ¢? € [1.1,6]GeV?

where
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3See ancillary file ”BKstar_LCSR-Lattice.json” of [6] for the a6,1,2 parameters and their correlation matrices
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2.5 Comparison with Experimental Results
2.5.1 LHCb

If we compare the theoretical prediction for £ = y with the experimental result from the LHCb
experiment [7]

BRy,[1.1,6] = (0.494 4+ 0.062) - 10~ GeV 2,
BRpucs[1.1,6] = (0.34215517 4+ 0.009 £ 0.023) - 10~ GeV 2

where the first experimental uncertainty is statistical, the second systematic and the third due
to the uncertainty on the B® — J/¢K* and J/v — ppu~ branching fractions.

We notice that there is a discrepancy. This difference can be attributed to two possible
explanations. The first possibility is the existence of new physics beyond the Standard Model,
that would modify the Wilson coefficient Cy such that Cyev = C5™ + CHF | where C5™ repre-
sents the Standard Model contribution and C]f,v P the new physics one. The second possibility
is that the effects of charm loops, which have not been considered so far, play a significant role.

In either scenarios, we can compute the BR keeping Cy as a free parameter and minimize

= (BRpicy — BRsaranp(Cy))’ (2.23)

2 2
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finding
Cy =197+ 1.79.

In order to quantify the deviation from the Standard Model, we can compare this result with
CsM = 4.273 £0.251 [§]

SM new
Gy —Cy

/ 2 2
Osm + O new

ACHAC = = 1.295 4 0.990 . (2.24)

2.5.2 ATLAS

Since the ATLAS collaboration has started studies on rare decays such as B — K*(892)¢+(~,
we can apply a similar analysis to the one performed for the LHCb data. Given that ATLAS
anticipates an experimental uncertainty of approximately 25% in the muon channel, we assume
that the branching ratio for this decay will be consistent with that measured by LHCb. Under
this assumption, the expected differential branching ratio is

dBR srpas/dq* = (0.342 4 0.086) - 10 "GeV 2.
Using this estimate, we perform a fit for the Wilson coefficient Cy and find
Cye =1.97+2.74
with deviation from the Standard Model prediction

ACHTEAS — (.848 4 0.996 . (2.25)



While the precision of the ATLAS measurement is expected to be lower than that of LHCb
due to the larger uncertainty, it remains a valuable independent probe of potential new physics
contributions to the B — K*(892)¢*/~ decay process.
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e 2] l | SM || 4.273+0.251
LHCb || 1.97+1.79
1 ATLAS | 1.97+2.74
N 1
— SM 4
_1 T T T
SM LHCb ATLAS

Figure 2.2: Comparison of extracted Cy values

Although the observed discrepancies are intriguing, they are not yet conclusive evidence for
new physics. Future research efforts in this area could focus on several key approaches:

e Improving the treatment of charm loop effects;

Including the contribution of the resonances;

Extending the analysis to other ¢ ranges;

Incorporating data from other experiments and decay channels to perform global fits;

Awaiting more precise measurements from LHCb and ATLAS to clarify the significance
of these discrepancies.



3 S—wave Fraction Extraction

Using data from pp collision recorded by the ATLAS detector at /s = 11 TeV in 2018, we study
the resonant decay B® — K*(892)J/¢(— £t¢7) in order to determine the S-wave fraction of
the K™n~ system. The K* decay products can be found in P-wave (B® — K*7x~J/¢) or
S-wave (B? — K*J/1) states.

3.1 Fit Studies for Signal Modelling

To determine the signal shape, we analyze Monte Carlo(MC) signal samples B® — J /W K* (P
wave) and J/Y K7 (S-wave). First, the fits are performed separately for the B® mass and the
K* mass to determine their individual shapes in the S— and P—wave components. Subsequently,
a two-dimensional (2D) fit of both masses is performed to extract the S—wave fraction.

3.1.1 B° mass Fit
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Figure 3.1: BY mass Fit on MC signal samples

3.1.2 K™* mass Fit

Due to the inability of the ATLAS detector to distinguish between kaon and pion tracks, each
set of four tracks corresponds two mass hypotheses: B — K+x=¢+¢~ or BO — gt K~ (+(~.
In order to select the best candidate between 7K and K (where the first meson has positive
charge and the second one negative), we used two algorithms

e Best mK: selects the best mass hypothesis based on the track information,

e Selected mK:if K7 is outside the baseline selection (K7 = —999) selects 7K, if 7K =
—999 selected K, if both are valid, a random selection is made.
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Figure 3.2: K* mass Fits on MC signal samples

3.1.3 2D Fit

The 2D distribution of the B® mass as a function of the K* one is presented in fig.3.3. They
can be considered uncorrelated, therefore the product of S— and P—wave PDFs can be used.
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Figure 3.3: 2D Plot of B® mass vs Best K* mass



Merging the two MC signal samples and using the shapes previously determined, a 2D
simultaneous fit of BY and K* masses was performed, first fixing K* parameters in both waves,
then fixing both B and K* parameters only in S-wave.

Figure 3.4: 2d Fit on MC signal samples—Best 7K
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Table 3.1: 2D Fit Results—Best 7K
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From fit : 1350.39 + 228.2

= Signal tot
S signal
""" P signal
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1600 MLksle 0915000 #events Tot: 17200.0 |
alphalyst,: 1.21 + 0.00 S wave fraction: i
1400 SigRsty : 27.07 + 0.00 From data: 1259.0 —:
NRystp 1 0.76 £ 0.00 From fit : 1165.01 = 122.57]
12007 alphaRgst, 1 1.00 + 0.00 —:
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Table 3.2: 2D Fit Results—Selected 7K

K* fixed

S fixed

# of events

Fit Yield

# of events

Fit Yield

Tot

17200

17200.2

17200

17201.1

P wave 15941 | 16035 + 169 15941 | 15851 + 258
S wave 1259 1165 + 123 1259 1350 & 228
| S fraction | 0.073 | 0067 [ 0073 [ 0078 |
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3.2 Fit Studies for Background Modelling
3.2.1 K™ mass background

For the K* mass background, I studied the Same Sign mesons data and the Low & High B°
mass side-bands of the J/¢¥K* resonant data:

e Low side-band: mpg € [4000,4700]MeV,
e High side-band: mp € [5700, 6500]MeV .

In both cases I applied the ¢ veto, that filters the data excluding myx € [1001.09, 1038.49] M eV .

o 3500 ! ! ! il I~ F T T T T T T S 7000+ T T T T ; 4
z Number of events: 64386.0 3 s Number of events: 90809.0 A A ! st Number of events: 96842.0 e ]
e SigVield : 64386.0 = 31.1 B = 6000 2:99.99.+97.90 i - a:97.8990.85 B
N g E = mu:885022076 = 6000 mu: 884732079 |
@ 3000  mir 20705+ 146641 2 ] 2 1
I 2:50.82+54.45 | 13 SigYield : 0809.0 = 850.0 sig :32.17 £1.13 - I SigVYield : 96840.4 = 27.9 sig :32.13 £ 1.61 |
¢ 57051 <540 ] ® 5000 miz szrsszes ] g | aE el
: 1 L s L 1 " i L
H o500 swiasseie 3 o E s ra0ssetss ] 4 5000 i 75 ras |
5152 56024 556 ] C 5ig3 : 29.89 = 1.56 | C sig3: 25.00 = 1.88 1
; 1 4000~ 4 E 1
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= o ] £ ] E ]
+ 1000/ E 2000}~ ] 2000 B
wn —_ E ] £ ]
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2 - 2 ! -
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r ! £ 5
—2f +* + 4 4 4 ul E e[ ++ 4 ++ ++ 4 1
-4 - E -4F 4 .
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£ sgzirsiTazee e 0370 12020 ] £ sova:soorsasz27 shiemasiom £ 4000 v ss0770 200 spizsssioe
5 c7s3sts 5 muo 929074518 5 i 9%618-003 ]
3 2000] seaidwpsszoe amzssiaz o 5 3500— sig2: 7870162 — & 3500 o2 75412002 ]
E EA T mis 70097026 ]
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(a) Same Sign (b) Low sideband (c) Low+High sidebands
Figure 3.6: Same Sign vs J/¢K* B® mass sidebands Fit

After comparing them, I chose to model the background with the shape of the side-bands,
beacsue these are the events we have in our full fit as well.

3.2.2 BY mass background

For the B® mass, the background shape was determined doing a 1D fit of the data, using the
shapes from the Monte Carlo to model the signal and a double crystal ball for the J/¢K*
resonance, as in fig.3.7, where the shape of the S—wave and the one of the J/¢K* are fixed as
shown in tab.3.3.

12



Table 3.3: S wave and J/¢K* shapes

) oy, oy, nr OR QR ngr
S wave | 5257.04 11.81 0.12 1.46 67.95 1.05 2.16
J/YWK=* | 5427.1 12022 215 84 056 4.2
Fit param | Error
;;4007—“‘\““\“"\“““““”"“\““\‘”W“'i .
o ° E ATLAS Internal 7|I;ﬁta = S Yield 7410 2398
2 % - taTev, i ‘\—/375 """ §L§§j‘,‘eound E P Yield 20515 724
8 osoo O < streev TGRS 7 5280.87 | 1.02
30001 E orL 54.99 7.93
2500;— E or, 0.94 1.12
2000~ ! 3 nr, 2.99 1.46
1500 ' = OR 35.25 5.02
1000; H é QR 0.89 0.35
500 ; < ng 2.01 0.99
e P Bkgr Yield 52006 884
o ARV R TN IR SRR pErs 5061.97 | 12.84
g *+H ARAAAFRRET! AAEM ' + ! it E kerf 2.64 0.71
e 4800 5000 5200 5400 5600 - )‘EW -0.00227 0.00006
JIy-Constrained m(Ke'%e™) [MeV] fE:rp/ET‘f 088 001
) J/p K= Yield 2951 94
. RO .
Figure 3.7: B” mass fit on 2018 data 1T of vents =501 —

3.3 2D Fit of BY and K* mass

Using the shapes previously determined, a 2D simultaneous fit of the B® and K* masses was
performed on the J/¢K* resonant data.

3.4 Best 1K

B° mass K* mass Extracted Yield | Err

P wave DCB fixed from MC DCB fixed from MC 14428 1239

S wave DCB fixed from MC LHCD fixed from MC 1969 1571

Background Exp+ErF fixed from data LHCb + 3 Gauss 52761 323
fixed from sidebands

J/YK* resonance DCB fixed - 3301 205

The S—wave fraction was then extracted from this fit, as shown in tab.3.4
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Table 3.4: S wave fraction—Best 7K

| SYield [ TotSignal Yield [ %S |
| 1969 £1571 | 16397 £2000 || 0.12+0.09 |

Figure 3.8: 2D fit of B® vs K* mass in two different ranges of m g~

my- € [690,1100]MeV

my- € [796,996]MeV
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Similarly, a restricted 2D fit in mg~ € [796,996]MeV was performed.

Extracted Yield | Err

P wave 13723 250

S wave 1024 304
Background 33346 296

J /¢ K* resonance 1936 142
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Table 3.5: S wave fraction—Best wK restricted range

| S Yield

\ Tot Signal Yield H

%S |

| 1024 £304 | 14744393

| 0.069 & 0.021 |

3.4.1 Selected 7K

The same analysis was performed using the Selected mK for my-.

mx- € [690,1100]MeV

my- € [796,996]MeV

Figure 3.9: 2D fit of B? vs K*-Selected mK
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mx- € 690, 1100]MeV

My € [796,996]MeV

Extracted Yield | Err || Extracted Yield | Err

P wave 12815 529 10384 459

S wave 3502 578 2598 543
Background 52059 681 26634 591

J /¢ K= resonance 3577 439 2044 279
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Table 3.6: S wave fraction—Selected 7K

| M= | SYield | Tot Signal Yield || % S |

(690, 1100]MeV | 3502 £ 578 16317 £ 784 0.21 £ 0.04
[796,996]MeV | 2598 + 543 12982 + 711 0.20 £ 0.04

4 Conclusion

This comprehensive study of the decay BY — K*¢T¢~ has provided valuable insights into both
the theoretical aspects and experimental measurements of this rare process, which serves as a
sensitive probe for physics beyond the Standard Model.

In the theoretical analysis, we:

1. Derived a detailed framework for calculating the branching ratio, encompassing the ef-
fective Hamiltonian, form factors, transversity amplitudes, and angular coefficients.

2. Predicted branching ratios for electron and muon channels in the range ¢* € [1.1,6] GeV?,
incorporating state-of-the-art form factor calculations and theoretical uncertainties.

3. Identified a notable discrepancy between our theoretical predictions and LHCb experi-
mental results, potentially indicating new physics effects or underestimated charm loop
contributions.

4. Quantified the deviation from the Standard Model by treating the Wilson coefficient Cy
as a free parameter, finding ACH7¢ = 1.295 and anticipating AC3TEA5 = (.848.

Complementing this theoretical work, our experimental analysis using 2018 ATLAS data
focused on extracting the S-wave fraction of the K7 system. We

1. Analyzed MC signal samples in order to find the shape of the signal.

2. Successfully modelled the background studying the same sign and J/¥K* BY mass side—
bands.

3. Successfully extracted the S-wave fraction using both Best and Selected 7K methods:

e For mp~ € [690,1100] MeV, we found an S-wave fraction of (12+9)% and (21 +4)%
respectively.

e For my~ € [796,996]MeV, we obtained (6.9 + 2.1)% and (20 4 4)% respectivey.

These results underscore the complexity of BY — K*¢T¢~ decays and their potential for probing
new physics. The non-negligible S-wave component highlights the intricate dynamics of the
K7 system, which must be considered in future analyses of rare B-meson decays involving
vector mesons. Future directions for this research could include:

e Expanding the theoretical analysis to more ¢? bin;
e Refining our theoretical calculations to include resonances and charm loops effects;
e Extending the experimental analysis to all the data recorded by ATLAS during Run 2;

e Improving background modeling techniques to further reduce systematic uncertainties.
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In conclusion, the study of B® — K*¢*{~ continues to be a rich field for probing the limits
of the Standard Model and searching for new physics. Our combined theoretical and exper-
imental approach has provided valuable insights into the decay dynamics and potential new
physics contributions. As experimental precision improves and theoretical uncertainties are re-
duced, this decay mode will remain at the forefront of flavor physics research, offering exciting
prospects for future discoveries.
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