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Stringent test of the standard model

Has been tested by many experiments since its formulation

Perform measurements across a broad range of observables and compare them to SM predictions.
The intensity frontier The energy frontier

* High-flux beams colliding at
low energies

» Particle beams colliding at high
energies

 Uncover new particles
indirectly

» Direct production of new
particles

« E.g. could alter the lepton
flavour universality

 E.g.is the Higgs boson at
125 GeV the SM Higgs?

Significant deviations from the SM predictions can indicate the presence of physics beyond the SM.
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ATLAS, CMS and Belle ll

Main players at DESY

Rich harvest of data:
. LHC delivered 140 fb~! at Run2, and already 196 fb~! in Run3

« Belle Il collected same amount of data as the first generation
B-factories

Key contributions to operations and calibration.
Examples:

« Alignment of CMS and Belle Il detectors with Millipede |l
(program developed by UHH and DESY scientists)

« Unprecedented precision of luminosity measurement
(ATLAS 0.83% full Run 2, CMS 1.2% in 2016)

« Neutral and charged particle reconstructions at Belle Il
(DESY scientists holding leading positions)
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ATLAS: Nature 607 52 (2022)

Higgs boson couplings to bosons and fermions  cus: natre 607 60 2022)

Only interaction that distinguishes the generations of fermions
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* Precision of 6-8% on couplings to bosons and 7-12% 10-1 1 10 102
on couplings to third-generation fermions

Particle mass [GeV]
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Characterising the Higgs boson production

Studying the kinematics for individual production processes

ATLAS: ttH( — bb):

ATLAS: arXiv:2407.10904
EPJ C83 (2023) 562
arXiv:1906.02754

CMS:

STXS:

\ \ \ \ \ \
. . . . . . ATLAS el Total Unc.  mm Syst. only Stat. only SM + Theory
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ATLAS: JHEP 05 (2023) 028

i : 7 : EPJ. C 84 (2024) 78
Higgs total and differential cross sections Theory: PRL 27 (o0
Excellent resolution channels H—yy and H—-ZZ*—4l g 100p

=" 90E ATLAS — SMo (pp—H, m,, = 125.09 GeV)
E g Y Hoyy A H—ZZ*—4 QCD scale un.certainty ]
o 805— ¢ Combined H—yy + H—41 Total uncertainty (scale ® PDF+c:) _E
70 First ATLAS physics 3
602— paper with Run 3 data _
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The differential cross-section affected by the modifications of the i E
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« Highest order prediction achieved at a hadron collider
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CMS: JHEP 06 (2022) 012
Theory: EPJ C82 (2022) 604

The CP properties of Higgs boson

First measurement of the CP structure of the Higgs coupling to T leptons

CMS 137 b (13 TeV)

. . R A L L L
Exploit the angular correlations between decay planes S 1,4;2 g:s - Bkg. PP + 7P + up + €p
o g. unc. ]

of the 1 leptons 8 12— =0 =
2 1:7—<1H"=90° . E

« a phase shift between different mixing scenarios £ b 1 i E
L = 1T anEE

é 0.4i —— o j

. : @t ]

« Constraints on the ratio of the CP-odd and the CP-even < o2 LA
components e =
07 — 6‘0 — ‘12‘0 18‘0 ‘ 24‘10 3(‘)0 ‘ ‘3760

Global analysis of the CP structure - joint activity theory/experiment: LS e (CT@ freeg BE Rt
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electron dipole moment measurements .
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ATLAS: PRL 133, 101801 (2024)

nggs self coupling Theory: PRL 129, 231802 (2022)

. - - —e— QObserved limit (95% CL)
Important for the understanding of the evolution of the universe ATLAS . Expected mit (95%CL)
Vs =13 TeV, 126—140 fb~' (MHH=0 h){pétheSIS)
g . . . . . . Ogor + ver(HH) =32.8 fo g Eig:it:g ::::: i;Z
The most sensitive test of Higgs boson self-interaction from di-Higgs production e Exo
bbiL + EfMiss |- } 10 14
g . H Multileptonf— | * 17 11
K¢ R\ H
,,,,,, o bbbb|- * 53 8.
H N N i
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« Direct probe of trilinear self-coupling and quartic coupling between two Higgs

95% CL upper limit on H H signal strength
bosons and two vector bosons

2HDM type I, a = 8 — /2, ma = my+, M = myg = 600 GeV, tan§ = 2

—=== K

20+ Excluded by the experimental
bounc 1on ky:

f{(;) > k3P = 6.3 (current)

— H(/\Q) > k3P = 6.3 (current)

= HL-LHC projection
151 r;&z) > p;,IAIL’LHC = 2.3 (projection)
Excluded by NLO pert. unitarity
g
Probe the extensions of the SM 10

RSP = 6.3 (current)

« Example: the two Higgs doublets model in so far unconstrained parameter regions e  atiovid eirenty A0

ot

1 . .
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CMS: arXiv:2408.07622

Effective electroweak mixing angle sin” 6,

Drives the strength of the neutral component of the weak interaction.

< |

sin” 0. is measured from the forward-backward asymmetry of | w ;

utoret (gg — Z/ly — £7¢7) with respect to the direction of Z

CMS 138 fb™' (2016-2018, 13 TeV)

< | T [ | ]
<T [ - Fit(CT182) ]
1——- Data —

full phase space before FSR

T I 1T T T
| | | I

: 1 App =318 A,
boson motion S E I
lY1-M bin
LEP AZy I L 0.23099 + 0.00053
- Unfolded as an angular coefficient A4 PRl 1 _| 02158+ 000041
LEP AZY — 0.23221 + 0.00029
LEPAZ | S | 0.23220 + 0.00081
LEP Q% . 0.2324 = 0.0012
SIDA’ | —.— 1 0.23098 = 0.00026
CDF 1.96 TeV —— 0.23221 = 0.00046
DO 1.96 TeV — 0.23095 = 0.00040
. . .y ATLAS 7 TeV 0.2308 = 0.0012
* Result in perfect agreement with SM prediction LHOb 748TeV | 1 0.23142 . 000106
CMS8TeV | ——t 1 0.23101 + 0.00053
CMS 13 TeV s 0.23157 = 0.00031
0.229 0.23 0.231 » !0.232 0.233 0.234
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W boson mass

Drives the strength of the charged component of the weak interaction

W — uv:

« myy is directly sensitive to p distribution of the muon but
strongly dependent on the theoretical modelling

« State-of-the-art theory predictions at N3LL+NNLO with novel
“theory nuisance parameters” approach developed by DESY
theory group

« Agreement with the expectation from the SM

« Precision approaching the one of the Z boson mass
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CMS: Submitted to Nature
ATLAS: Submitted to EPJC
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T-lepton mass measurement

Fundamental parameter of SM

The tau lepton mass is known with the least
precision compared to other leptons.

» Exploit the sharp threshold behaviour in the region
close to the nominal value of the T mass

« Slightly higher world average value including Belle Il
recent measurement

Important input to lepton-flavour-universality tests

« The relation between B'(t — evv) and the lifetime
T, very sensitive to the value of the 7 mass

» Slight tension decreased further
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and the value predicted from B(t — pvv) assuming

10°

Belle Il: PRD 108 (2023) 032006
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- . . Belle II: JHEP 08 (2024) 205
Test of lepton flavour universality in T decays

The coupling of leptons to W bosons is flavour-independent
: R:M=0.9726

e wo T
e P N ¥ CLEO (1997)
y | 0.9777 = 0.0063 = 0.0087
Ve Yy v, :

BaBar (2010)
H = H 0.9796 £ 0.0016 = 0.0036
Test of ;4 — e universality by measuring gﬂ/ge
HFLAV fit (2021)
- BSM physics could enter in a variety of ways 0.976220.0028

Belle Il (2024)
0.9675 + 0.0007 = 0.0036

T%<uw) 096 098 100 102 104
i R
Vr(w) H

« Measured from the leptonic branching fraction ratio Iu= e

L CLEO (1997)
- iy 2 2 . +0.
| BG - uhw) g <g) FOR2im?) sy

= 0.9726 xR, X Fom2imd) BaBar (2010)
H T 1.0036 £ 0.0020

" OB(rm - e D)

HFLAV fit (2021)
1.0019 = 0.0014

Belle Il (2024)
0.9974 + 0.0019

« Consistent with SM expectation at the level of 1.40

099 1.00 1.0l 1.02 1.03 1.04 105
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Belle: PRL 131, 211801 (2023)

Long-standing “V  -puzzie”

Important probe of the CKM matrix elements

Constraint on unitarity triangle from V , measurements

« Discrepancy between exclusive and inclusive determinations with 48 ———————— ——

o . o Bomty :A'_II Clonlwbl r;o'*lfitl sm: 2 Vel = 1
3.7 standard deviations from unity sg b o B o oGO0V g wrmye ooy -
« Exclusive: B —» nfv, B — pluv, etc o a4f ]
— | 1
« Inclusive: B - X £v iQ a2F - .‘.x.\ ................................. ]
= 40 - '\l i
© [ A v I
<€ 38 / .
[ /
i /
3.6 [ » // =
[Vexd| = (378 +0.23 £ 0.16 + 0.14) x 1073 B4l A
3.00 325 350 375 400 425 450 475 5.00
. 3
Vinel| = (3.88 £ 0.20 & 0.31 £ 0.09) x 10~ Excl [Vip| x 10

HELMHOLTZ Higgs and fundamental interactions at high precision | Ami Rostomyan | 10.12.2024 13



CMS: JHEP 08 (2023) 204
PLB 844 (2023) 138076

Top physics

Selected highlights of a huge program

I T T T I T T T I T T T I T T T I T T T I T T T
o uuleeley/i+jets 13.6 TeV (L=1.21b"

X I+ets 13 TeV (L = 137 fb™)

% ew13TeV (L=359fb") C M S

L ¢ t+e/n13TeV(L=359fb")

0 eudTeV(L=197M1") Very first measurement of Run 3

1 03 |_a I+jets8TeV(L=1961")
0 alljets 8 TeV (L=18.4fb™)

m eu7TeV(L=5"

O MHets 7 TeV (L=2.31")

Cross section of top-quark pair production

* Provide important checks of perturbative QCD

Inclusive tt cross section (pb)
T T TTTTIT

v alljets 7 TeV (L =3.54 fb™) o T T ]
o ey/l+jets 5.02 TeV (L = 27.4-302 pb'1) [ 1 4
102 ¥ — 1
; o Y E
: E=— NNLO+NNLL e BT ——13% E'(Te;,_; :
10 | PRL 110 (2013) 252004 _|
Production of four top quarks E L e ]
2 4 6 8 10 12 14
(s (TeV)
t
g g ‘ CMS 138 b1 (13 TeV)
t I Expected Exp. sig. Obs. sig.
Bl Observed (s.d.) (s.d.)
t t
g g Single-lepton 1.2 1.4
£ £
OSDL 0.8 1.5
« Constrain the top quark Yukawa coupling, CP-related parameters, and _— o s
effective field theory operators
SSDL&ML 27 26
EPJC 80 (2020) 75
Combination 3.2 4.0
|

0 1 2 3 4 5 6
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ATLAS: EPJ C 84 (2024) 315
arXiv:2309.12986

The strong coupling constant a_s

CMS: JHEP 02 (2022) 142
The least precisely determined coupling among the fundamental couplings in nature
New experimental methodology to extract DY cross section
q e, 1
T T T T
ATLAS -@ Hadron Colliders
-@- Category Averages PDG 2022
—-@- Lattice Average FLAG 2021
a e ut -@- World Average PDG 2022
_ _ _ 8- ATLAS Zp_8TeV
« First py(Z) cross section measured in full-lepton phase space ATLAS ATEEG v 01185 0.0021
L ) . L CMS jets — T 0.1170 = 0.0019
* %o level precision in the central region, sub-% uncertainties up to H1 jets . 0.1147 + 0.0025
HERA jets — 0.1178 = 0.0026
ly| <3.6 :
CMS ttinclusive ® 0.1145 = 0.0034
. ti | ibiliti f h logical int tati Tevatron+LHC tt inclusive —@— 0.1177 = 0.0034
exceptional possibilities for phenomenological interpretations COF Zp, 1l o 0.1191 = 0.0015
Tevatron+LHC W, Zinclusive | | SO 0.1188+0.0016_
— 0.08 A R AR AR RS RS t decays and low Q° 0.1178 = 0.0019
E [ ATLAS i QQ bound states I 0.1181+ 0.0037
=0 i PDF fits —e— 0.1162 = 0.0020
g|g 0.06 -e- Data - s
oo - .- stat. @ syst. . e*e jets and shapes — T 0.1171 = 0.0031
© . ] Electroweak fit | [ & _0.1208+0.0028 _
0.041 - 7] lattice ____________ | ________ B R 0.1184 2 0.0008_ _
o- . ] Worldaverage | &= 0.1179+ 0.0009 _
002l . B ATLAS Zp_8 TeV 0.1183 = 0.0009
i o ] | | | |
(PP =2, Jy[<16 ~ - o ] 0.115 0.120 0.125 0.130
[ {s=8TeV, 202" g S ay(m.)
0 5 10 15 20 25 30 35 40
p, [GeV]
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https://doi.org/10.1007/JHEP02%282022%29142

Outlook

Very interesting times ahead!
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