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Flavour anomalies

In recent years, tensions with the Standard Model (SM) have been observed in the
flavour sector. If confirmed, would be clear indication of physics beyond the SM

Already touched upon in previous talks
® Carla Gobel
® Avital Dery
® Roger Jones

"flavor anomaly” interpreted by Stable
Diffusion

Flavour anomalies in tree- and loop-level b-hadron decays
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https://indico.cern.ch/event/1198609/contributions/5325934/
https://indico.cern.ch/event/1198609/contributions/5316844/
https://indico.cern.ch/event/1198609/contributions/5316846/

Flavour anomalies

Flavour changing neutral current

'y,Z l+

® rare penguin decays
® branching fraction < 10~°

» suppressed in SM
» mediated via loops
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® tree-level semileptonic decays

® branching fraction ~ 10%
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Flavour anomalies

Anomalies seen in different kinds of measurements

e differential branching fractions increasing precision in theory

® angular distributions predictions
\

® relative branching fractions

Tests of lepton flavour universality (LFU) particularly appealing

B(B— Xutp~) B(H,— Hcror)
B(B — Xe+e*) ' B(Hb% Hcgﬁz)

® relative BFs with different lepton flavours
® small theoretical uncertainties

® some systematic uncertainties cancel in ratio measurement
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b— sutp~ differential branching fractions

Various b— su™u~ differential branching fractions measured by LHCb
e differential BF in g = m?(u* ™) bins
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® measurements tend to lie below SM

® |arge theory uncertainties from form factors and

charm loops
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https://arxiv.org/abs/1403.8044v3
https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/1606.04731

b— sutp~ differential branching fractions

Latest LHCb measurement using A9 — A(1520)u" i~ decays (9fb™ 1)
[arXiv:2302.08262]
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[arXiv:2302.08262]

® good agreement between measurement and theory in highest g® bin
> better understanding of predictions needed at lower g?

First-time measurement with excited A. Could help to refine predictions
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https://arxiv.org/abs/2302.08262
https://arxiv.org/abs/2302.08262

b— sut ™ angular measurements

Angular analyses allows access to various observables

® forward-backward asymmetry Agg

® |ongitudinal polarisation F;
° 'Dt’/>
> optimised to cancel hadronic uncertainty [JHEP 01 (2013) 048]
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Tension seen in P} angular observable in some ¢ bins

® real effect or contribution from charm loops?
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https://link.springer.com/article/10.1007/JHEP01(2013)048
https://arxiv.org/abs/2107.13428
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2003.04831

b— sy~ angular measurements
g

Angular analyses performed by ATLAS and CMS
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Complementary measurements by ATLAS and CMS
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https://arxiv.org/abs/2010.13968

LFU tests with rare decays
Test LFU by measuring ratio in g region q,zn,-n < q? < G2

GPox dB(Hy—Hp ™)

R(H) = Gorin da” TH=K$, KT K KO pK,...q? = m*(£707)

G20x dB(Hy—Hete™)
Do dq?
Experimental challenges at LHCb:

® corrections to simulation

® background modelling

® clectrons and muons behave differently in detector

Narrow B signal window

Wide B signal
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LFU tests with rare decays

Various measurements by LHCb of complementary final states

B K&¢t0—, BY — K*Tete~ (9fb™)

T
R, Belle

1.1 < g2 <60 GeV¥/ct

Ry Belle
0.045 < g2 < 1.1 GeV¥/c*

Ry Belle
10< g2 <60 GeV¥/c*

Ry LHCb 9 fb!
0.045 < g2 < 6.0 GeV/c*

R, LHCb 9 fb!
1.1 < g2 <60 GeV¥/ct
!
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[PRL 128 (2022) 191802]
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A)— pK=T 0~ (4.7f071)

[JHEP 2020, 40 (2020)]
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Recent combined LHCb measurements of R(K) and R(K*)
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https://arxiv.org/abs/2110.09501
https://arxiv.org/abs/1912.08139

LFU tests with rare decays

Test of lepton universality in b— s¢T ¢~

(9fb

[arXiv:2212.09152]
Measure double-ratio using resonant mode

B(B — Xutu~)
Rx =

B(B — XJ/(— ete”

1 [arXiv:2212.09153]

)) X — K+, K*O

B(B — Xete™)

B(B — XJ(— phu~

))

r(Jp)—1

measured in two g2 = m?(¢+4~) bins

® systematic uncertainties related to efficiencies cancel in double-ratio
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compatibility of r(J/i)) with unity for validation
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https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152

LFU tests with rare decays
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Both Rk and Rk+ in agreement with Standard Model

Improvements to previous publications [Nature Physics 18 (2022) 277]

® improved understanding of misidentified hadronic backgrounds in ete™

» tighter electron particle identification requirements
» improved modelling of residual hadronic background
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https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152
https://www.nature.com/articles/s41567-021-01478-8

LFU tests with semileptonic decays

Test LFU by measuring ratio

B(Hp— H.17.)
RIHY=="2""<"7/. H =p* p° Dt DF Af ..
( ) B(Hb_> Hcﬁ[) b b b s Cc

Semileptonic decays challenging at hadron colliders
® missing neutrino(s)
® many background sources
® signal yield needs to be extracted with template fits
® large and precisely calibrated simulated samples required

But profit from large sample sizes and production of various b-hadron species

Tests of LFU with complementary final states
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LFU tests with semileptonic decays

Two ways of reconstructing 7 at LHCb:
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Recent LHCb measurements of R(D*)) using muonic and hadronic modes

More details in talk by Rizwaan Mohammed tomorrow
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https://arxiv.org/abs/2201.03497
https://arxiv.org/abs/1711.05623
https://indico.cern.ch/event/1198609/contributions/5363374/

LFU tests with semileptonic decays

Measurement of R(D*~) with hadronic 7 decay at LHCb (2fb™t)
[arXiv:2305.01463]

B(B®— D*~7tv,)

B(B— D*=putv,)

R(D*™) =

® use hadronic 7 decay 7+ — 7t~ 7T (70)v,
» use displaced 37 vertex to suppress prompt background
® measure w.r.t normalisation channel B — D*~ntr—n ™
R(D*) = B(B°— D_*_T+_VT) ] y [B(BO—> D*_iT+7T_7T+
B(B®— D*—qmtp—xt) B(B°— D*~putv,)

K(D*~),measured external
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https://arxiv.org/abs/2305.01463

LFU tests with semileptonic decays
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® extract signal yield using 3D template fit
> ¢ = m*(r7v,), 7" decay time t.+, output of BDT against B® — D*~ D

R(D*~) = 0.247 £ 0.015 (stat) = 0.015 (syst) & 0.012(ext)

® in agreement W|th Standard Model and world average
24.05.2023 Flavour Anomalies Florian Reiss 15


https://arxiv.org/abs/2305.01463

LFU tests with semileptonic decays

Simultaneous measurement of R(D*) and R(D°) with muonic 7 decay at LHCb
(3fb™1) [arXiv:2302.02886]

® signal and normalisation sample same final state
» no need for external BFs

® backgrounds from B— D**uv,, B— DD(X)

e D*tp~ (vetoed in Dy~ sample)
» B'— D*'r v,
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https://arxiv.org/abs/2302.02886

LFU tests with semileptonic decays
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[arXiv:2302.02886]

® extract signal yield using 3D template fit
> q2 = m2(7'+l/7—), E.Ud ml2niss

R(D*) = 0.281 £+ 0.018 £+ 0.024
R(D°) = 0.441 + 0.060 + 0.066
correlation p = —0.43

® in agreement with Standard Model at 1.90
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https://arxiv.org/abs/2302.02886

LFU tests with semileptonic decays
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® tension between

world average and SM prediction > 30

LHCb can make competitive measurements
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Interpretation of anomalies

® tension with SM in R(K) and R(K™) not confirmed in latest measurement
® several anomalies still persist
» differential branching fraction
» angular observables
» relative branching fractions of semileptonic decays to 7 and light leptons
How to interpret them?
e Effective Field Theory interpretation (see talk by Patrick Owen)
® specific new models

7!

o

BO

® charged Higgs?
® new heavy gauge bosons?
® leptoquarks (LQ)?

» coupling quarks and leptons

24.05.2023 LHCP 2023 Flavour Anomalies Florian Reiss 19


https://indico.cern.ch/event/1198609/timetable/?view=standardz#285-experimental-aspects-from

Search for leptoquarks

A lot of theory interest in leptoquarks (arbitrary selection)

Leptoquarks@LHCP
® Ben Stefanek
® Giovanni Padovano
® Halil Saka
® Nejc Kosnik

Can leptoquarks explain flavour anomalies?
e difficult to accommodate all measurements

® constrained by limits on lepton flavour violating decays (talk by Lex Greeven)

Leptoquarks with mass around TeV scale and preferential coupling to third
generation well-motivated

24.05.2023 LHCP 2023 Flavour Anomalies Florian Reiss 20


https://indico.cern.ch/event/1198609/contributions/5366315/
https://indico.cern.ch/event/1198609/contributions/5366330/
https://indico.cern.ch/event/1198609/contributions/5366333/
https://indico.cern.ch/event/1198609/contributions/5363383/
https://indico.cern.ch/event/1198609/contributions/5363382/

Search for leptoquarks
ATLAS + CMS can directly search for leptoquarks

® included in searches for new phenomena

B(LQ — br)
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https://arxiv.org/abs/2303.01294

Search for leptoquarks

Search for NP in 7 + missing energy final state by CMS (138fb™!)
[arXiv:2212.12604]
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® first time upper limits on the cross section of t-channel leptoquark exchange
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Limits on LQ interpretation of flavour anomalies
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https://arxiv.org/abs/2212.12604
https://arxiv.org/abs/2212.12604

Outlook

Additional measurements needed to paint definite picture!

Total uncertainty [%]

more LHCb measurements ongoing using full Run 1+2 data
Run 3 will further improve sensitivity
» many measurements statistically limited
Run 2 Run 3 Run4 Run5 Run6 0.30 T T T T
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[Rev. Mod. Phys. 94, 015003 (2022)]

[J. Phys. G: Nucl. Part. Phys. 46 023001]

Novel approaches to reconstruction and triggering will allow ATLAS and CMS to
make LFU measurements as well (talk by Keith Ulmer)
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e.g. CMS B-parking
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https://arxiv.org/abs/2101.08326
https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de
https://indico.cern.ch/event/1198609/contributions/5363377/

Summary

LHCb

e differential and angular measurements of b— syt~ decays
® tests of lepton flavour universality

> b— clv: R(JAp), R(D*), R(D), R(AY)

> b— stTe7: R(K™), R(pK), R(K3), R(K*T), R(K™)

® more measurements using full Run 142 dataset in preparation

® LHCb Upgrade for Run 3 to take even more data
ATLAS + CMS

® angular measurements of b— syt~ decays

® gearing up to perform LFU tests with taus and electrons

® direct and indirect searches for leptoquarks constrain NP scenarios
The future will remain flavourful!

Thanks for your attention!
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Backup
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Lepton flavour universality
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description of hadronic current more difficult
® bound state
® non-perturbative QCD

— absorbed into 'form factors’
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Lepton flavour universality

24.05.2023

Test of lepton universality in b— s¢™ ¢~
[arXiv:2212.09153] [arXiv:2212.09152] [LHCb-PAPER-2022-046] |
LHCb-PAPER-2022-045]

(K= po) [MeV/e?)

T Ry low-? T Ry low-q?
r i e b L
120 [t R
j \ = I
! L
5200 5400 5600 5800 5200 5400 5600 5800

(K7 o) [MeV/e?)

SRl

* - K e )

5000 5500
m(K*ete™) [MeV/e

6000

taly Reconstrcted |

LHCh
9!

5000

5500
m(K ' ee

Ry low?

sifoton ]
Iy Reconstretod

6000
) [MeV/e?]

LHCh
9t

Dt

P central¢°
+ ]

el
Canbinstarial

LHCh
91"

R ummlq
+

5200

5100
m(K )

5600
[MeV/e?]

100

5800

) 5200 5400 5600

m(K*a it ) [MeV/e?]

5800

x10°

Ry contralg?
i

+ Data
T

5500

LHCh
o’

- )

i comral? ]

+* D

atoial
MisidentiScation
Pl o

Lll('h

A 9i!

I

Ry J fi-contol

LHCH

P 9!

By Ji-conisl

B200  5A00 3600500
m(K* ) [MeV/e)

6000

4
5200 5400 5600 5800 6000
m(K* ) MoV /)
LHCP 2023

5000 6000 5000 5500 6000
m(K*ete) Mev/e m(Ktrete) Mev/e]
ot
T Ry 3 econtrol o "Ry ol ]
+ ] St e e

mm ol
—

5000
m(Kete

5500
) Mev/

6000

Flavour Anomalies

5000

m(K et

5500

6000
) Mev/e?)

Florian Reiss

27


https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152

LHCb detector (Run 1+2)

i
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[JINST 3 (2008) S08005]

Major upgrade of LHCb detector for Run 3
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005

LFUGLHCb
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Ratios measured at LHCb:
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https://cds.cern.ch/record/1129809?ln=en

Lepton flavour universality

Lepton flavour universality in weak coupling well established
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® tensions with SM seen in LEP measurement resolved by LHC
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https://www.sciencedirect.com/science/article/abs/pii/S0370157305005119?via%3Dihub
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-29/

Flavour anomalies

Interpretation of flavour anomalies with Effective Field Theory
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Factorise into
® |epton current

® hadronic current
» non-perturbative QCD described by form factors

4
Heff(b—> Cf_ﬁg) = \fgvcbZC;O;,

® C; Wilson coefficients
® (O, operator
® in SM OVL = (E’}/MP/_b) (7_")/“PLI/), CVL =1
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LFU tests with semileptonic decays

® use D*D control sample to constrain B— D*DJ(X) background
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LFU tests with semileptonic decays
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[arXiv:2302.02886]

® control backgrounds using control sample with additional pions and kaons
® enriched in B— DDX and B— D**uv

® fit simultaneously with signal sample
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