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Introduction

Over the past decade we have observed a coherent set of tensions with SM predictions

e In b — sll transitions (FCNC)
e Lepton flavour universality (LFU) ratios such as Rx = %
e Branching fractions of several b — (s)/l decays.
e Angular observables from B — K(*),LL+;L_, Ny — /\;ﬁ',u_, etc.

e In b — clv transitions (Tree level),
: . . _ BB =DM tr—7)
e Lepton flavour universality (LFU) ratios such as Ry = ES D)

Any discrepancy seen in well calculable B-decay measurements is a promising sign of new

physics.
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b — (s)/l Decays

e Proceed via Flavour Changing Neutral Current (FCNC) loop processes.
e Have a small SM contribution (10 % to 10°).

e Measurements done in different regions of dilepton invariant mass squared (m3 = ¢?)
owing to different amplitudes which dominate in different regions.

Z°/y
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Hadronic Effects

e Hadronic effects largest contributor to the theoretical uncertainties.

e BF and angular observables potentially suffer from underestimated hadronic effects.

Z°/ I+ 7%/ I+
w /- c I~
b 5 b < 5
B+ K+ B+ K+
u u u u
Local contributions Non-local contributions
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Effective Field T

SM Lagrangian rewritten using the Operator Product Expansion method.

E(/\) _ Z,’CIOI Operator O; Byay = V@b ™ Bya)y = T By = V@)Y
O7 EM v v
Oy Vector dilepton v
O10 Axial-vector dilepton v v
Os,p (Pseudo-)Scalar dilepton V) v

e C; Wilson Coefficients (perturbative short distance part)

e Integrates out the heavy physics that can’t resolve at some scale A.

e O; Operators (non-perturbative long-distance part)

e Accounts for the strong interactions, difficult to calculate reliably.

Forms a complete basis and accounts for SM and NP effects.
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Lepton Flavour Universality Tests [b — s// ]

In the SM, coupling of gauge bosons to leptons are independent of lepton flavour.

e Branching fractions differ only by phase space and helicity-suppression (differences also very
tiny).

Ratios of the form:

B(B — K®putu~)
B(B — Kete)

IRg

RK(*) = 1

e In SM free from QCD uncertainties affecting other observables O(10~*) uncertainty
[JHEP 12 (2007) 040]

Up to O(1%) QED correction. [EPJC 76 (2016) 8,440]

Any significant deviation is a smoking gun for New Physics!!

lakshan.madhan@cern.ch 5/18


https://doi.org/10.1088/1126-6708/2007/12/040
https://doi.org/10.1140/epjc/s10052-016-4274-7

Lepton Flavour Universality Tests [b — s// ]

At LHCb, Rk and Rk« measurements done using a double ratio to cancel out most

experimental systematics.

B(B — KWyt pu~) / B(B — KMete™)
RK(*) =

B(B — K& J/p(— ptp))/ B(B— K®J/)p(— ete))

Yields calculated from fits to invariant mass of final state particles.

Detector efficiencies from simulation are calibrated with control channels in data.

e Overall effect of calibrations is a relative shift of Rx by (+3%1)%.
[would be 20% without the double ratio method]
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LFU Electr VS muons

e Electrons loose a large fraction of their energy through Bremsstrahlung in the detector

material.
Magnet ECAL
Y ‘
E,
Upstream e ~ Downstream
brem = brem
p
e ! |

E, W\

Air E,

e Most electrons will emit one energetic photon before the magnet.
e Look for photon clusters in the calorimeter (Er > 7 MeV) compatible with electron direction
before magnet.

e Recover brem energy loss by “adding” the cluster energy back to the electron momentum.
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Lepton Flavour Universality Tests [b — s// ]

e Rk extracted as a parameter from unbinned maximum likelihood fit to m(K*u*p™) and
m(Ktete ) in Bt — KTIT|~ and B — K*J/¢(— IT17) decays. [arXiv:2103.11769]

ko LHCb & 600F LHCb
1 F 1
3 — Datag.fb 3 s00F- —+ Datag_fb
S — Total fit S o — Total fit
S 0B Mgt B'- K'e'e” Sa0F L B"~ K'uyr
= BB - JyEe)K" T@ F Combinatorial
8 [ Part. Reco. 300F
8 Combinatorial -g E
S T 200
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L e B o < ’ 0 :+ 1 Cv——
5000 5500 6000 5200 5300 5400 5500 5600
m(K*e*e”) [MeV/c?] m(K*ut ) [Mev/cg

Dominant Systematic (~ 1%): Fit model choice and statistics of calibration sample

Total relative systematic of 1.5% == Resulting error statistically dominated.
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https://arxiv.org/abs/2103.11769

Lepton Flavour Universality Tests [b — s// ]

Measurement of ¢)(2S) double ratio as a cross-check,
R :B(B+—>K+('(25)( »utup™)) /B(BT — KTy(2S)(— ete™))
Y T B(BY — KF[d(= ptp)) [ B(BY — KT J[d(— ete))

Fit to new B" — (25)(¢* ¢~ )K" data

g LHCb
220000 —— Datad !
< —— Toul fit
215000— s B y(28) (K
. . - % ‘Combinatorial
e Independent validation of double-ratio at g away "™
5000
from J /4
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Z1o000- LHCb
2
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Lepton Flavour Universality Tests [b — s// ]

BaBar
0.1<q?<812Gevict

.+ Bdle
10< ?2<6.0Gevct

LHCb3fb?

10< q2<6.0Gev¥ct

LHCb5fb?
11<2<6.0Gevict

ot LHCb 9 fb?

11<?2<6.0Gevct

05 1 15
RK

Rk(1.1 < ¢% < 6.0 GeV2/ct) = 0.84670 %2 (stat ) TG U (syst.)

Evidence of LFU violation at 3.10
[BaBar - PRD86 03 2012]
[Belle - JHEP 03 (2021) 105]

[LHCb - arXiv:2103.11769]
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Tensions up to 2.50

Ryx0(0-045 < g% < 1.1 GevZ/c?)
0.667% 1L (stat.) + 0.03(syst.)
Rix0(L:1 < g% < 1.1 GeV2/c?)

0.6970; 1 (stat.) & 0.05(syst.)

Rl;Kl(o.m < ¢? < 6.0Gev2/cd)

1177918 (stat.) & 0.07(syst.)
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https://doi.org/10.1103/PhysRevD.86.032012
https://doi.org/10.1007/JHEP03(2021)105
https://arxiv.org/abs/2103.11769
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP05(2020)040

Branching Fractions of b — sy Processes

Several measurements show tension with SM predictions at low g° (~ 1 to 7 GeV?/c?).
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lakshan.madhan@cern.ch SM predictions limited by large hadronic uncertainties 11/18


https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP06(2014)133
https://arxiv.org/abs/2105.14007
https://doi.org/10.1007/JHEP06(2015)115
https://doi.org/10.1007/JHEP11(2016)047

New BY) — y* i~ measurement

Even rarer that b — s/l as additionally helicity suppressed.
Recent updated measurement of B(OS) = /L+/L_ using full LHCb data (9 fb_l) [LHCb-PAPER-2021-007 8]

& T ] x107°
O [ — ] ~ 0.7 T
; E LHCb Data E 5 [ T T T T ]
o 0F 9 — Tod E 506 LHCb |
ok BDT 205 == B ] PN L want
N . % 051 o'
N NEW g ] = 04f ]
8 E 41 ]
g L ! ] L |
g PNl ] 031 ]
8 10 —: 02l B
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' ' I Ix107
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m,.,- [Mev/c? B(B' i)
B(Bs0 — ;L+/_L_) = 3,09t%?3(stat.)t%_llsl(syst,): B0 — ut ™ and B0 — 1t i compatible with background at 1.7¢ and 1.50-

Combine with ATLAS, CMS data- compatible with SM at 20.

Results constrain possible NP contributions to scalar, pseudoscalar or axial-vector currents, and thus

limit the parameter space of NP models.
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Angular Analyses

e For B — Vyu*p~, differential decay rate (see backup) can be K“\B e 6/"‘
. 2 " Ko
described by 3 angles (0, 0 and ¢) and ¢°. \ = /
T "
e Construct,
+ w4 — 0 *0, + -
e 2 form factor dependent B = K pl BES
1.5 aAw = T T T =
observables (F; and Arg) ) LHCh n lm l|_:v|-|CbRunl+2016 1
= ata 9 fb e SM from DHMV ]
N SM from DHMV 0.5 |
e 6 form factor |ndependet\t (at K,G% € rom A ﬁ [PRL 125, 011802 (2020
LO) observables (the P\ w2y o T + ]
series) eg: Pl = ——25 s _j—T I s B f o
FL(1—FL) i 1 - —+ 1
[JHEP 1204 (2012) 104] y [PRL 126, 161802 (2021)] ) 5 10 15
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e Wilson fits to all 8 CP averaged | ‘ o . ‘ ‘ ‘
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https://doi.org/10.1007/JHEP04(2012)104
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1103/PhysRevLett.125.011802
https://arxiv.org/abs/2107.13428

Lepton Flavour Universality Tests [b — c/v |

e A further anomaly is seen in LFU ratios in b — cl/v decays

e Good theoretical control due to factorisation of hadronic and leptonic parts.
e In addition theoretically clean by using ratios such as,

R = B(B" — D" 1) Ry = BB = J/ir)
B(B® — D)t ;~1) Y B(BS = J/putv)

Tree-level processes in SM = a huge NP effect, comparable to SM needed to be visible.

IF NP effect is hierarchical, expect large contribution in 7; smaller x; and negligible in e
modes.

e Possible to make a NP explanantion, coherent with b — suu [EPJC 79 714 (2019)].
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https://doi.org/10.1140/epjc/s10052-019-7216-3

Lepton Flavour Universality Tests [b — clv ]

e Combination of Rp, Rp+ plane from LHCb, Babar and Belle. World average at 3.1c
tension with SM.

e Also have recent updates to Lattice QCD form factors for SM prediction. (axiv210s 1401]
e Ry =0.71 4 0.17(stat.) & 0.18(syst.) at 20 away from SM (3 fb~* LHCb data)

[PRL 120, 121801 (2018)]

. . . . . 036 HFLAV Average
é E SN G el 4~ Lattice-QCD form factors
g .k [ HFLAY average %’ = 1.0 contours ] ~§~ Joint it form factors
TF | 0.34 .
E . [arXiv:2105.14019]
F BaBarl2 g
035 B = 032
[ LHCBTR ] -~
e § = g
03[ ‘Q_/ ml & 030
025 F ety ~—— = Bellel5 = 0.8
F Bellel? 9
02 +Average of SM predictions | LA | 0.26
F R(D)=10.299 £0.003 [_Spring 2019 ]
- R(D*)=0.258 +0.005 B -
C 1 1 I 1
03 0.4 021

e
X}

0.250 0.275 0.300 0.325 0.350 0.375 0.400 0.425 0.450

HFLAV average
Rp = 0.349 4 0.027(stat.) & 0.015(syst.)
Rp+ = 0.298 = 0.011(stat.) & 0.007(syst.)
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https://arxiv.org/abs/2105.14019
https://doi.org/10.1103/PhysRevLett.120.121801
https://arxiv.org/abs/2105.14019

Global Fits

e Global fits performed with different 10]

hypotheses of NP models, influencing 55 UV MRS S s s |

Many alternatives

different Wilson coefficients. 0 " in the market:
[arXiv:2012.12207,
e Measured values of LFU tests 2011.01212,
precisely what is expected of 1904.08399,
NPe _ NPy . 1903.09578,
G 0, G —Lie. could : 1903.10086,
account for data, BFs and Ry by 20 CDMN2 1903.10932 ... ]
. . -1.0 —0.5 0.0
just changing C§'. =

e Cherry picking observables neglects the look elsewhere effect.

e An attempt to include all observables with sensitivity to b — s/l and conservative theory
treatment [arXiv:2104.05631]

e 3.90 global significance with respect to any form of heavy NP.
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https://arxiv.org/abs/2104.08921

(] RK*, R¢ RD, RD*, RJ/@Z’ LHCb
update coming soon.

e Full angular analysis of B — K*eTe™
coming — measure ratio of Pi(e) and
Pi(p) to get Qs.

e Measure the effect of cc¢ loops with
full LHCb data.

e Updating searches for effects expected
from b — s77 and possibility of
seeing LFU violating b — sTpu
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[ SM from DHMV
1 NP Example

[PRL 118, 111801 (2017)] |
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https://doi.org/10.1103/PhysRevLett.118.111801
https://doi.org/10.1140/epjc/s10052-017-4703-2

Conclusions

e Discrepancies seen in the behaviour of leptons in B decays

Anomalies studied in 3 ways: LFU tests, BF measurement and angular analysis.

Evidence of LFU violation at 3.1¢ in b — s/l decays.

BF measurements in b — s lower than SM prediction.

e Tensions seen in observables with form factor uncertainites minimised (PZ).

Discrepancies also seen in b — clv decays.

LHCb Run3 will start very soon and expect to collect 25 fb~!.
Belle Il also expected to start soon.
Exciting time as upcoming results will shed more light at the problem.
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Backup
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Rk efficiency systematics

total

finite size

kinematic weighting
model

smearing
occupancy

tracking

trigger

PID

ECAL constants
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Run 1
hTOS!
3.28
2.16
1.85
0.22
0.42
0.56
0.62
1.31
0.17
0.00

TIS!
2.07
1.70
0.33
0.12
0.42
0.69
0.09
0.77
0.14
0.00

eTOS
1.50
0.95
0.72
0.43
0.23
0.49
0.47
0.26
0.10
0.22

Run 2.1
hTOS!
7.90
1.78
0.11
0.24
0.23
0.33
0.02
1.64
0.16
7.50

Rk
TIS!  eTOS
2.20 1.28
1.77 1.02
0.47 0.54
0.37 0.47
0.23 0.14
0.37 0.14
0.35 0.14
0.43 0.13
0.11 0.09
0.91 0.00

2017
hTOS!
2.79
2.43
1.09
0.26
0.14
0.33
0.05
0.63

0.00

TIS!
2.36
2.09
0.83
0.25
0.14
0.33
0.13
0.53
0.23
0.00

eTOS
1.33
1.02
0.56
0.43
0.34
0.25
0.16
0.12
0.06
0.00

2018
hTOS!
2.73
2.08
1.21
0.23
0.34
0.45
0.48
0.98
0.24
0.00

TIS!
2.20
1.95
0.79
0.38
0.34
0.28
0.12
0.27
0.07
0.00



Angular distribution

1 d*(T+T)
d(F+T)/dg?® dq? dd

9

- 327

[%(1 — FL)sin2 Ok + Fi, cos? O

+:(1- FL)sin2 Ok cos 20,

Bl

—F1, cos? O cos 20, + Sssin Ok sin? 6, cos 2¢
+S4 sin 26‘;( sin 29/ Ccos (]5 + 55 sin 29;{ sin 9/ Cos QZ5
+%AFB sin? O cos B + Sy sin 20 sin 6, sin 1)

+Sg sin 20 sin 20, sin ¢ + Sg sin? Ok sin® 0, sin 26| ,
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