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Tests of Lepton Flavour Universality

Over the years LHCb has reported or confirmed intriguing LFU in the SM: universal
flavour anomalies, some of which hint at deviations from electroweak gauge interactions
Lepton Flavour Universality (LFU) to e, p and t leptons
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@ Test of LFU involving p/e ratios
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New Measurement of the LFU R(K) Ratio

LHCb 9 fb-1 (full Run-2) LHCh-PAPER-2021-004 ____ —————
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Theoretical Explanations?

B+ — K+€+¢- and related decays occur through b — s€+£-

NP example

B — D*€v occurs through b — cfv
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b — s€€ e/p anomalies suggest BSM at ©(10—30 TeV), e

® L’ (heavy Z-boson) connecting b to s

@ Leptoquark (LQ) coupling quarks to leptons

2.0

EFT analysis 7

1.0 1

bsyip
ACT,

0.5

Kriew
'.‘

PRELIMINARY
ald EW’21

0.04

Cbskbgg @ L®A

Cbspu g

: LoV 7

B

require very different

(-
KT
% I H 1 CC
\ Y =)
.8.: b — cfv t/py anomalies suggest BSM at O (1—3 TeV)

A single-particle

explanation would A viable BSM explanation for both

anomalies:
@ 3 generations of Vector LQ with non-

couplings . .
unitary LQ-qg-€ couplings

JHEP 12 (2019) 006

arXiv:2012.05883 Expect strong constraints from

B-meson and t-lepton decays
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News from BELLE-II
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BELLE-II will greatly improve sensitivities

Super-KEKB, next-generation B factory in many rare B and t decay channels

Target:
® &£ =6x103 cm-2s-1 (=30xKEKB) however still at a very early stage
€€ . . 3
© [ =50 ab-! (=50xKEKB) some res.u.lts ( .redlscoverles ), but not yet
, competitive with BABAR, BELLE and LHCDb
since 2019:
= -1 _
©JZ=0.1ab To be noted: a new method for B = Kvv :
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Test of t/u and t/e Universality in W Decays

@ Using tt events, ATLAS and CMS select relatively unbiased samples of on-shell W bosons
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CMS: Trailing lepton pr used to discriminate
between prompt W — e/p decays fromW — 1
— e/p decays in ee, yy, and ep events
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Universality of W Leptonic Decays

W Leptonic Branching Ratios

ALEPH < 10.78 + 0.29
DELPHI - 10.55 + 0.34
L3 o | 10.78 + 0.32
OPAL i | 10.71 + 0.27
LEP W—sev o 10.71+ 0.16
ALEPH e 10.87 + 0.26
DELPHI b 10.65 + 0.27
L3 e | 10.03 + 0.31
OPAL i 10.78 + 0.26
LEP Wiy o 10.63 + 0.1
ALEPH o 11.25 + 0.38
DELPHI  _m 11.46 + 0.43
L3 e 11.89 + 0.45
OPAL " 11.14 + 0.31
LEP W—stv o 11.38 + 0.21
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this is the end of a long-standing >2.50 “tension”
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0.130

CMS-PAS-SMP-18-011

recent ATLAS and CMS results are fully consistent

with universality of charged currents



A By-Product of FCC-ee Studies

Including corrections due to the beam-beam effect, and

A recent LEP
luminosity update
confirms Ny = 3

active neutrinos

Luminosity bias: -0.2%
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scattered electrons are focused by the field
of the opposite bunch

B

updating theoretical calcu

lation the Bhabha scattering cross-

section, the long-standing LEP 2¢ deficit is gone

from NV, = 2.9840 £ 0.0082
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£
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arXiv:1912.02067
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New results on BF(Bs 49 = p*u-)

Clean theory predictions (limited by |V ])

® BF(Bs" = pp) =
® BF(B4® — uy) = (1.1 £ 0.1) x 10-10
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0
B
LHCb 9 fb-1 (full Run-2)
LHCb-PAPER-2021-007 >
& L =
§ § LHCb Preliminary =~ —e— Data _
%) 40 e 9 fh! Total >1 OG—_
~  HIT BDT = 0.5 — Bi—utu .
: ' —— B'sutu -
Cl: 50 T E— B?—au uy -
E 1  (— B—h'h :
O I X,—~huv, —
.:C;é 20 _ ‘ ______ B"_, ﬂ0(4)‘u+‘u 7
= IR SS N B IE™ © B NCELT LD Combinatorial ]
E10f % | A0l =
Y o— RTINS S Nk ~ 11
E | . : I : : . i
5000 5500 6000
My, [MeV/c?]

BF(Bs® = ) =

(3.09 + 0.46 + 0.15) x 109

BF(B® — pp) < 2.6 x 10-10 at 95% CL

B

to the y+u- decay
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First meaningful measurement
of the Bs® = py*pu- mean decay
time:

(2.1 +0.3) ps

Tpp =
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10 15
Decay time [ps.

The T, result is compatible with
CP-odd (-even) at 1.50 (2.20)




Bs mixing and TD-CP violation

TD-analysis of
Bso — Ds_ mt

CMS Experiment at the LHC, CERN
Data recorded: 2018-Jun-11 17:23:0 01 ITGMTH
/ Run/ Event / LS: 317683/ 314645082 48

TD-analysis of

_ 0 -
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al PLB 816 (2021) 136188
2 4 6 3 - LHCb, J/wK'K™, 4.9 0" _ +«——SM -
LHCb-PAPER-2021-005 Ams =17.7656 + 0.0057 ps—1 t [pS] 0.08-— LHCb, all channels, 4.9 fb” 1
precision: 0.3%o ! LHCB-PAPER-2019-013 _
EPJC 79 (2019) 706
® sizeable difference in decay times 0.06 7 ATLAS, JIyKCKC, 997 167 ]
_ o L | L L L | N \ ! |
Al's/Ts = (12.9 £ 0.6)% ATLAS-BPHY-2018-01 0.2 0 0.2 5. lrad)
T(BsL) = 1.423 + 0.005 ps Eur. Phys. J. C 81 (2021) 342 s
T(Bsn) = 1.620 + 0.007 ps new results from ATLAS and CMS
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Charmless Two-Body B Decays

Two types of CP asymmetries are measured
® B = m*n- and B = K*K- : time-dependent

[arXiv:2012.05319]

0.4

Asymmetry
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® B9 = K+*m-and Bs® — m*K-: time-integrated
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- {.N\} S
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mixing-induced and direct CPV:
sensitivity to angles a and y of the
Unitarity Triangle

First observation of TD-CP asymmetry
in the Bs system!
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Direct CPV in B* = K+1m©

LACh ™ - &,4000F LHCb 3
- . ~— W 3 N
24071 >35001y AT
: - —— Data ]
= 2 3000k — Signal —
] % ~ -~ Combinatorial
E \\-/2500 TR U Partial Reco. E
- 3 £2000 - Peaking Partial Reco. -
| . % Y - B" > ]
A 9 i Is00F ‘ :
? ------- _ ....... | 8 1000 5_ - - _,_ A
; ‘ | 500F L ‘ .
C Z _ 0 . -

5000 5500 6000 4500 5000 5500

m(K*1’) [MeV/c?]

4500

PRL 126, 091802

Acp(BO = K*1-) = -0.082 + 0.003
Acp(B* = K*0) = +0.024 + 0.016

The “Km puzzle” deepens

The CP asymmetry difference
Acp(B* = K*m9) — Acp(BY9 — K*117)
is non-zero at the 8o level (was 5.50)

a violation of isospin relations
still to be explained

5500 6000
m(K 1) [MeV/c2]
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60 Particles Discovered at the LHC

The Higgs boson in 2012 + ...

59 hadrons discovered over the past 10 years
(mostly by LHCb, but also ATLAS and CMS)
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B

Date

LHCb-PAPER-2020-044
submitted to PRL
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CMS: New beauty strange baryon
observed at a mass of 6100.3 + 0.6 MeV

CMS 140 b (13 TeV)

% - =, = JWE, Ef = JWAK”
E 20:— ” { Data
> - — Fit
% 15:_ — Signal
B - Comb. bl CMS-BPH-20-004
S 1o submitted to PRL
5_
T
FaannRANAN SR AR Y T AN
0 20 40 60 80 100

M(Z; o ) — M(E;) - 2mPPe [MeV]

interpreted as lightest orbitally
excited =p~ baryon JP = 3/2-

LHCb: Four new X(—=J/wd) and Zest(—J/ywK¥)
states in the Dalitz analysis of B*—J/y¢dK*

eV?]

mf;, « |G

2.5}

interpreted as tetraquarks
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Confirma tion Of the Odderon CERN-EP-2020-236, FERMILAB-PUB-20-568-E, arXiv:2012.03981

@ at TeV energies pp/pp differential elastic cross-sections are dominated by Pomeron exchange

® Pomeron = colourless C-even 2-gluon state Previous 4.7c evidence for Odderon

T DEy e ® Odderon = colourless C-odd 3-gluon state by TOTEM from total cross section and
v D@ data
- BSW study of the CNI region (< 0.05 GeV?)
— Islam et al.

do/dt (mb/GeV?)
I

107 1
—~ 107" 7 ' | ' | ' | ' | ' ]
B - TOTEM-DO A : — .
102 - CRE /5= 196 TeV : TOTEM-DO: quantify pp & pp difference
) i \:\ e® pp measurement by DO i . . . s
sl E | j; op extzapolation by TOTEM: - due to C-odd exchange near the diffractive minimum
= § - \ A bandce.nteratDObins n m  NO “d.i & bum b} .in =
0_"2 o4 06 08 1'\‘ 5 IS i \\\\\+ — — band width (+1 o) | P P PP
iae VPP ey
100 ——T 1072 [ N //1””%\\ = From comparison of DO pp data at /s = 1.96 TeV
> E TOTEM-DY TOTEM /5 = 13 TeV - - pp\\\ - \\+\ -
@ N 5 =8 Te \ 2z~ L
AN €D romeMyviorTw ; $. Fe1.06TeV ] and TOTEM pp data extrapolated at the sam§
s oL 8 TOTEM Vs = 166 ToV _ e b energy, a 3.4c significance difference (dip in pp)

t| (GeV?) around -t = 0.65 GeV2

102 2

Combination of results excludes a model without C-odd exchange at > 5.20

0.4 0.5 0.6 0.7 0.8 0.9 1

i (GeV?) m claim for the observation of the Odderon
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Higgs Boson Physics

35.9-137 fb™' (13 TeV)

Zl> [T The only fundamental particle of the SM
& | CMS Supplementary wZ, LT discovered at the LHC is the Higgs boson
S . m, =125.38 GeV el
1,107 E p-value = 44% o =
s> EP +*" CMS-HIG-19-006 ATLAS and CMS
¥ ; 6 . JHEP 01 (2021) 148
107 £ Cpe 24 8M Higgs bosons produced per experiment in Run-2
_ L s Leptons and neutrinos Quarks
‘ -. .-. ® mass measurement at 1%o
107 3 ; . -. .n ® observat1.on of H_ — bb |
- Force carriers  Higgsboson @ observation of ttH production
104 L .E.. @ @ evidence for H — p*u-
:Ill | | | - IIlIl
c% 15 :||| 1 11 ||||
s 1:"% ______________ f} _________________ %__3__ Next targets for Run-3
% : @ observation and measurement of H = p*p-
m 0.5 .Illol_1 | | | 1 1 Ill‘lI ] | 1 | II.iIO | | | | II1I|02

particle mass (GeV) ® evidence for Zy

@ search for anomalous HH production
@ study of CP properties
@ search for rare and non-SM decays

Evidence for H = pp

® CMS: obs. (exp.) significance 3.00 (2.50)
@ ATLAS: obs. (exp.) significance 2.00 (1.70)

- May 3, 2021 Séminaire DPhP



Production Modes in H = yy and ttH Observation

CMS o Observed — 1o (stat ® syst)
H v, 137 b (13 TeV
- (13 TeV) L[] +1o (stat)
o my, = 125.38 GeV, p_ = 50%
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%) - ] ) - Parameter value
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40 . ATLAS Preliminary
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Fiducial Cross Sections in H -
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May 3, 2021
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Fiducial Cross Sections in H > WW*

@ an abundant decay, key for coupling measurements

ATLAS-CONF-2021-014

> 6000_ UL | 1T T 1 | : I .I I I | L | || I\ I | | L |
8 - ATLAS Preliminary4-Data  \ Uncertainty T
- Vs=13TeV, 139 fb” -

9 5000—_H - WW* > evuv .HggF . Flver ]
> [ goF SR Woter v wwr
-.qc__)' 4000_ . ww .Z/'y* ]
T i Mis-ild [l other vv
30001 - .
2000 -
1000f —

‘*FT

0,0,9:0,0/0,0,0;0;6]

150 200

Agreement with SM in the

250

mr [GeV]

ggH and VBF modes

B

rrr T rrrrp et AL BRI L B B
ATLAS Prellmlnar Fed Total
» y [ Statistical Unc.
Vs=13TeV, 139 fb Bl Systematic Unc.
H—-> WW*— evuv I’ SM Prediction
p-value = 52% Total ( Stat. Syst.) SM Unc.
4 120 2 (3%, 0k) | s00s
0.85 9% (0%, *0%) 1 sone
ggH 0.73 05 ( Zoa. 0w ) | £016
146 7% (0%, 0%) | soz
153 0% (04, %) L o
M Pl 217 0% (0% 0D sz
4 | = 020 8% (4. ) ¢ sons
- 050 3% (N 0% | som
107 05 (N8 %08 | om0
VBF 096 ST (3. 0 | oos
143 S (48,0 | oo
v PR S R T T T T N (NN T S N SR S ST N S N ST NN T ST SN SN NN ST SN S N T S SN S M SN
-1 0 1 2 3 4 ) 6 /
S N I 1 1 1 I 1 1 1 I 1 1 L] I I I—'
& [ ATLAS Preliminary — 68%CL 7
L 20— 1 — 95%CL  —
s [ Vs=13TeV, 139 fb * Bestfit .
Tk N —— SM68% CL
mI18_‘ H—- WW* - evuv + SM —
o ]
(@)} — -
o 16 —
I 1l ]
12F -
10F _
P I 1 1 1 I 1 1 1 I 1 1 1 I I 1 I_
0.4 0.6 0.8 1 1.2 1.4

VBF

Séminaire DPhP
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Evidence for H = €€y and Search for H > Zy

A very rare decay mode seen by ATLAS

H— €8y
@ signal strength: y=1.5+0.5

@ Obs. (exp.) significance: 3.20 (2.50)
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ATLAS-HIGG-2018-43
Submitted to PLB
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Z weights / GeV

H— Ly
@ Obs. (exp.) y < 3.2 (2.6) at 95%CL
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Search for Double Higgs Production

3 CMS 137 fb™ (13 TeV) , CMS 137 fb™' (13 TeV)
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A very active field S 10°F TpesaRe

ATLAS-HDBS-2018-18
still far from reaching sensitivity to SM double-Hlggs JHEP 07 (2020) 108 107

production, but getting closer ATLAS VBH HH — bbbb:

6/0sm < 840 (550) at 95% CL
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New Top Mass Measurements

X1l 031 I

—

With single top events

Events / bin
S
|

Different phase space, different i
kinematics, and separate -

measurements of top and anti-top:
© me=172.13 + 0.77 GeV

1 I 1 I I 1

I I 1 T 1 I 1 1

- CMS Preliminary
- 17,2017

AAAAAAAA

35.9 fb' (13 TeV)

tt, tW, s ch. -
BV +jets, VV -
QCD 7
555 stat @ syst

@ mi/m¢ =0.995 + 0.006
® mi—- mt = 0.830.77_4 51 GeV

100

With soft muons

Less dependance on top quark production
modelling

@ B-fragmentation from LEP and SLD

@ mt=174.48 + 0.40 (stat) + 0.67 (syst) GeV
@ precision 0.45%

— 50

@ main uncertainty: HF-hadron decay modelling
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Four-Top Production

ATLAS

EXPERIMENT

Run: 349114
Event: 1280053930
2018-04-29 10:53:24 CEST

Compatible within 20 with SM prediction

B

ATLAS-CONF-2021-013

Séminaire DPhP

First evidence of an ultra-rare process
(GSMtttt =12.0+ 2.4 fb)

ATLAS Preliminary \s=13TeV, 139 fb’
lllllllll]llll]llll]lllllllllllllllllll]lllllllll
— tot. titt
stat.

Tot. ( Stat., Syst.) Obs. Sig.

+1.6 +0.7 +1.5

1L/2LOS _ e — 2.2 1.2 ( 07 * -1.0 ) 19 ¢ DPhP
2L SS/3L @i 20 5% (3. %7) 430
Combined F o — 2.0 08 (0. 0s) 470

Best-fit 1 = ctm/ ot
Obs. (exp.) significance
® ATLAS: 4.70 (2.60)

® CMS:  2.60 (2.70)

Very high energy scale production
Sensitive to top-Higgs Yukawa coupling

22



B

Standard Model Production Cross Section Measurements

Cross-Section Measurements

Status: March 2021

H

'8_ 101 o jets ATLAS Preliminary
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Production cross-section for
many processes over more
than 10 orders of magnitude

Studying vector boson
scattering is a major goal of
Run-3 and beyond
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Vector Boson Scattering

VBS sighature: two jets with large rapidity separation and

dijet mass

Wy and Zy scattering observed with more than 50

significance
CMS-SMP-19-008
PLB 811 (2020) 135988
CMS _rpreliminary 137 fo' (13 TeV)
5 350 = 7/ Stat @ Syst WA U Ewk —
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Also evidence for Wyy (3.10) and

Lyy (4.80) CMS-PAS-SMP-19-013
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CMS-PAS-SMP-20-016

Triple gauge coupling
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Photon-induced WW production
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All VBS VV channels are observed

by ATLAS
® same-sigh WW (6.90)

® ZZ (5.50)
® WZ (5.30)
(similar results in CMS)
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Direct Searches for NP in ATLAS

Search for Leptoquarks (LQ)

LQ carry non-zero baryon and
lepton numbers, they can be

produced in pair and decay into

a quark and a lepton

ATLAS-EXOT-2019-015
Submitted to JHEP

LQ — tT

Limits on LQ in the range
1—2 TeV depending on
their spin and couplings
to leptons and quarks
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Still far from masses and couplings that could
explain the LFU p/e anomalies
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and CMS

Search for dilepton resonances

140 fb' (13 TeV)
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Most standard

searches have now
been completed.
Now consider for
new signatures and
models which have
not yet been
covered
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Unconventional Signatures of NP

Long-lived particles (LLP) are predicted in different models (incl.
SUSY models) and present several signatures

@ disappearing tacks

@ late photons

® emerging jets

@ displaced leptons

@ displaced multitrack vertices

Search for displaced multitrack vertices

CMS-PAS-EXO-19-013

] Moriond 2021
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Target decays in:
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Displaced jets (2012.01581) Tracker

Displaced vertices (EXO-19-013) Beam pipe
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Search for disappearing tracks
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Special triggers are being developed to improve
sensitivity to unconventional signatures in Run-3
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Gautier Hamel de Monchenault . = SM;-BSM and flavour
/a/a Sotiris Loucatos = neutrinos and astroparticles
CEA - Saclay

CEA - Saclay Maarten Boonekamp = precision-measurements
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tt+Z and tt+y

ATLAS+CMS Preliminary _
HCIoDWG Vs = 13 TeV, September 2020
G4, = 0.597);(scale) £0.01(PDF) pb ' i o, =0.86 5, (scale) + 0.02(PDF) pb : G, = 0.56 0.10(tot.) pb
Eur. Phys. J. C 80 (2020) 428 Eur. Phys. J. C 80 (2020) 428 Phys. Rev. D 83 (2011) 074013
NLO(QCD+EW)+NNLL : NLO(QCD+EW)+NNLL : NLO QCD
total  stat
Omeas. © (Stat ) (SYS'[ ) _ I ] ¥ { i
0.87 +0.13+ 0.14 pb . . — ATLAS, L _=36.1fb"
: Phys. Rev. D 99 (2019) 072009
ttw :
: -1
0.77 i 012 Pb F . — CMS, L= 36.11b
: JHEP 08 (2018) 011
1
1.05 + 0.05 + 0.09 pb ! ——a—— ATLAS, L =1391b
th ATLAS-CONF-2020-028
: -1
0.95 + 0.05 + 0.06 pb : —e—i— CMS, L, =77.51b
; JHEP 03 (2020) 056
) ATLAS, L =36.11fb",
ttY 0.59 +£0.01+ 0.03 pb HlH pT(Y) s 20 GeV
: Eur. Phys. J. C 79 (2019) 382
| | | | | | | l | | | | | | | I | | | I | | | I | | | I | | |

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
5., [pb]

in agreement with NLO+NNLL predictions
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