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• The summary and highlights of the recent and most interesting 
measurements are shown in following categories:

• Higgs boson physics;

• Top quark physics;

• Precise SM measurements;

• BSM searches;

• Heavy Ion physics.

• Prospects for the HL-LHC physics reach;
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7 TeV in 2011
8 TeV in 2012 

13 TeV in 2015, 2016 and 2017  
13.6 TeV in 2022, 2023 and 2024 

The Large Hadron Collider 
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The Large Hadron Collider 

• 40 times more collisions recorded 
than previously (2010-2018);
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• Over a decade after the discovery of the Higgs boson,  ATLAS and CMS have 
been performing extensive set of measurements to characterise its nature;

• Indirect probe of the BSM physics;

• We explore all accessible Higgs boson production and decay modes;

• bbH and tH are not yet discovered. 

• cc and μμ are still under searching. 

• Nature papers from ATLAS (Nature 607, 52 (2022)) and CMS (Nature 607 
(2022) 60-68) give an overview of the Higgs boson ten years after discovery.. 
ATLAS Higgs Run 2 report contains updated summary.

Single Higgs production
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Higgs decay
cc and µµ are still under
searching.

Z� is above 3� in the combination
of ATLAS and CMS.

a

t/b/c

t/b/c

t/b/c

g

g

H

b

W/Z

W/Z

q’

q

q’

H

q

c

W/Z

q’

q

H

W/Z

d

g

g

t/b

H

t/b

e

W

q

b

q’

H

t

f

H

W/Z

W/Z

g

W

W

W

g/Z

g

H

t/b/t

t/b/t

t/b/t

g/Z

g

H

h

H

b/c

b/c

i

H

t/µ

t/µ

 [GeV]HM
120 121 122 123 124 125 126 127 128 129 130

Br
an

ch
in

g 
R

at
io

-410

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

bb

ττ

µµ

cc

gg

γγ

ZZ

WW

γZ

3−10

2−10

1−10

1

B
ra

n
ch

in
g
 f
ra

ct
io

n

Data (Total uncertainty)

Syst. uncertainty

SM prediction

bb WW ττ ZZ γγ γZ µµ

Decay mode

0.8

1

1.2

R
a

tio
 t

o
 S

M
 

1

2

3

ATLAS� Run 2

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

γZµ

µµµ

bbµ

ττµ

WWµ

ZZµ

γγµ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

0.96−
1.07+2.59 0.93−

0.97+ 0.25−
0.45+ 

0.42−
0.45+1.21 0.38−

0.42+ 0.16−
0.17+ 

0.21−
0.22+1.05 0.15± 0.15−

0.16+ 

0.10± 0.85 0.06± 0.08±

0.09± 0.97 0.05± 0.08±

0.11−
0.12+0.97 0.07−

0.08+ 0.08−
0.09+ 

0.09± 1.13 0.06± 0.06−
0.07+ 

Stat Syst

CERN Yellow Report 4

Nature 607, 52 (2022)

Nature 607, 52 (2022)

Nature 607 (2022) 60-68

µi =
Bobs

BSM

WW
(⇤)/ZZ (⇤) ��/Z� bb/cc ⌧⌧/µµ

Yi-Lin Yang (SMU) La Thuile 2024 08.03.2024 5 / 26

https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-11/
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• Combination of measurements in all production and decay modes @13 TeV:

• Consider signal strengths per-production and per-decay mode.

Compatible with SM expectation within the uncertainties
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• The first evidence with a statistical 
significance of 3.4σ is presented by the 
combination of ATLAS and CMS results.

H ! Z�
The first evidence with a statistical significance of
3.4� is presented by the combination of ATLAS and
CMS results.

The signal strength is 2.2 ± 0.7 within 1.9� of the
deviations from the SM prediction.
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The first evidence with a statistical significance of
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CMS results.

The signal strength is 2.2 ± 0.7 within 1.9� of the
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The observed signal strength is 2.2 ± 0.7 within 1.9σ of 

the deviations from the SM prediction. 

Phys. Rev. Lett. 132, 021803 

https://link.aps.org/doi/10.1103/PhysRevLett.132.021803
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First limits on  
H → D∗γ and Z → KS0 γ!  

~500x on existing Z → D0 γ 
limit from LHCb.

arXiv:2402.18731

H→D∗γ & Z→︎D0/K0γH→ψ(nS)γExclusive radiative Higgs boson decays to charmonium 4
20

The decays H !  (nS) � are very rare in the SM, but provide a clean probe of
the charm quark Yukawa couplings at the LHC via  (nS) ! µ+µ�

Interference between direct (H ! cc̄) and
indirect (H ! ��⇤) contributions

Direct amplitude sensitive to magnitude and
sign of Hcc̄ coupling, enhancements possible
in BSM scenarios

Indirect amplitude largest contribution to
decay width, insensitive to Yukawa coupling

Analogous decays of the Z boson expected
to have branching fractions of O

�
10�8

�

SM Branching Fraction Predictions

B (H ! J/ �) = (2.95 ± 0.17) ⇥ 10�6 †
B (H !  (2S) �) = (1.03±0.06)⇥10�6 ‡

† JHEP 1508 (2015) 012 ‡ Phys. Rev. D 96, 116014 (2017)

H

�
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H
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�
Other (numerically similar) predictions include: Phys. Rev. D 100 (2019) 054038 and Chin. Phys. C 40 (2016) 123105
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Search for H/Z !  (nS) � at CMS [CMS-PAS-SMP-22-012]
6
20

Up to a factor of 2⇥
improvement on earlier CMS
limits [Eur. Phys. J. C 79 (2019) 94]

95% CL upper limit (obs.)

on branching fraction

H ! J/ � 2.6 ⇥ 10�4

H !  (2S) � 9.9 ⇥ 10�4

Z ! J/ � 0.6 ⇥ 10�6
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The fitted H ! J/ � signal strength is also interpreted in the context of the
-framework to derive constraints on the Hcc̄ coupling

The signal strength ratio µ(H ! J/ �)/µ(H ! ��) is sensitive to c/� (c.f.
interfering diagrams shown earlier) while avoiding assumptions on �H

With input from latest CMS H ! �� result [JHEP 07 (2021) 027], an observed 95% CL
interval of (�157 < c/� < 199) is obtained

Both branching fraction limits and c/� constraints are comparable to the
corresponding ATLAS results in this channel [Eur. Phys. J. C 83 (2023) 781]

Exclusive radiative Higgs boson decays to flavoured mesons 7
20

Analogously to the quarkonium case, decays to flavoured mesons can provide an
experimentally clean probe of potential flavour changing Yukawa interactions

Examples include H !
�
K

⇤0,D⇤0,B⇤0,B⇤0
s

 
�

D
⇤0 case particularly interesting since it’s the

rarest in the SM, with a branching fraction
estimated at O

�
10�27

�
! [arXiv:2312.11211]

Observation of this decay at any rate accessible
at the LHC would likely indicate the presence
of physics beyond the SM!
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Non SM diagram 
FCNC Hcu 
interaction 

~2x improvement w.r.t. previous result. 
Hcc interpretation in combination with 

H→γγ:−157 < κc /κγ < 199 GeV 
comparable with ATLAS result.

CMS-PAS-SMP-22-012

Table 2: Numbers of observed and expected background events for the <MW
ranges of interest. Each expected

background and the corresponding uncertainty is obtained by integrating the total pdf after a background-only fit to
the data, where the uncertainty does not take into account statistical fluctuations in each mass range. Expected Higgs
and / boson signal contributions, with their corresponding total systematic uncertainty, are shown for reference
branching fractions of 10�3 and 10�6, respectively. Entries are marked with a dash when there is no signal of that
type in the specified range.

Channel Mass range Observed (Expected) � signal / signal
[GeV] background B = 10�3 B = 10�6

� ! ⇡
⇤
W 116–126 203 (214.8 ± 5.5) 25.4 ± 2.0 –

/ ! ⇡
0
W 86–96 215 (206 ± 14) – 10.3 ± 0.7

/ !  
0
B
W 86–96 21 (19.5 ± 2.0) – 4.2 ± 0.4

/ boson production cross-section times branching fraction for each decay. The systematic uncertainties
in the signal normalisation and background shape described respectively in Sections 5 and 6 result in a
2% increase of the expected 95% CL upper limit on the branching fraction of the � ! ⇡

⇤
W decay, a 9%

increase for the / ! ⇡
0
W decay, and a 10% increase for the / !  

0
B
W decay, mostly due to the systematic

uncertainty in the background shape.

Table 3: Observed and expected (with the corresponding ±1f intervals) 95% CL upper limits on the branching
fractions for � ! ⇡

⇤
W, / ! ⇡

0
W and / !  

0
B
W. Standard Model production of the Higgs boson is assumed. The

corresponding upper limits on the production cross-section times branching fraction f ⇥ B are also shown.

95% CL upper limits
Branching Fraction f ⇥ B [fb]

Channel Observed Expected Observed Expected
� ! ⇡

⇤
W 1.0 ⇥ 10�3 1.2+0.5

�0.3 ⇥ 10�3 58 68+28
�19

/ ! ⇡
0
W 4.0 ⇥ 10�6 3.4+1.4

�1.0 ⇥ 10�6 235 200+82
�56

/ !  
0
B
W 3.1 ⇥ 10�6 3.0+1.3

�0.8 ⇥ 10�6 185 176+77
�49

9 Conclusions

Searches for the flavour-violating exclusive decays of the Higgs boson � ! ⇡
⇤
W, / ! ⇡

0
W and

/ !  
0
B
W were made using 136.3 fb�1 of ?? collision data at

p
B = 13 TeV collected with the ATLAS

detector at the LHC. Each of these decay channels involve a displaced vertex, either from the decay of
a ⇡0 meson or from a  0

B
meson. The observed data are compatible with the expected backgrounds.

The observed 95% CL upper limits are B(� ! ⇡
⇤
W) < 1.0 ⇥ 10�3, B(/ ! ⇡

0
W) < 4.0 ⇥ 10�6, and

B(/ !  
0
B
W) < 3.1⇥10�6. The corresponding expected 95% CL upper limits on the branching fractions of

each decay are B(� ! ⇡
⇤
W) < 1.2⇥ 10�3, B(/ ! ⇡

0
W) < 3.4⇥ 10�6, and B(/ !  

0
B
W) < 3.0⇥ 10�6,

where Standard Model Higgs boson production is assumed. These results represent the first limits set on
the decays � ! ⇡

⇤
W and / !  

0
B
W, and a factor of approximately 500 improvement on the / ! ⇡

0
W

limit set by LHCb.

13

https://arxiv.org/abs/2402.18731
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-012/index.html
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• Sensitivity estimated using combined coupling "modifiers" @13 TeV:
• Consider model(s) with the most important physics message: κt, κb, κτ, κμ, κW, κZ, (+ κg, κγ)'
• Present results assuming SM dependance between particle mass and its coupling to Higgs boson

Compatible with SM expectation within the uncertainties
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λWZ < 0 is excluded with significance much greater than 5σ. 
λWZ >0: μ = 0.9+2.3(stat.)+3.3(syst.) 

Dominant unc; stat, tt and W+jets modelling. 

DESY. Yajun He | Higgs Highlights at ATLAS | MoriondQCD 2024 20

arXiv:2402.00426

l
ν

b

b̄

• VBF  
• Robust cut-and-count method 
• 1 signal region for   

• 2 signal region for  to 
enhance the sensigvity to small 
SM signal 

WH, W → lν, H → bb̄

λWZ < 0
λWZ > 0

• The analysis is sensitive to the treatment of - . 
• Alternative fit using the DS scheme gives  close 

to 3, but compatible final predictions in the SRs.

tt̄ Wt
kWt

Highlight 3: relative sign of Higgs coupling to W and Z

 is 
excluded with 
significance much 
greater than 5 . 
(Also in R. Bouquet’s 
talk)

λWZ < 0

σ

: 

•   

• Leading uncertainties are : 
• statistical uncertainty 
•   modelling  
•  modelling

λWZ > 0
μ = 0.9+2.3

−2.6(stat.)+3.3
−3.4(syst.)

tt̄
W + jets

• Previously λWZ measured consistent with 1 (6% precision) using VBF +VH with 
H → WW* and H → ZZ* assuming κW and κZ positive; 

• New measurement: VBF WH, W → l ν , H → bb;

DESY. Yajun He | Higgs Highlights at ATLAS | MoriondQCD 2024 17

Highlight 3: relative sign of Higgs coupling to W and Z
• As you’ve seen from R. Bouquet’s talk, both ATLAS and CMS previously measured: 

•  measured consistent with 1 (6% precision) using VBF +VH with  and 

 assuming  and  positive.

λWZ H → WW*
H → ZZ* κW κZ

σH→ZZ* = κ2
ZσSM

H→ZZ*
How to determine the relative 
sign of  and ?κW κZ

σH→WW* = κ2
WσSM

H→WW*

arXiv:2402.00426 

https://arxiv.org/abs/2402.00426
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Higgs boson mass and width
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Width Γ(H) extracted assuming identical  
coupling in on-shell and off-shell 

productions.

Higgs boson mass Higgs boson width

 ATLAS combination : Most precise 
measurement of mH (0.09%) up to date!   

H→ZZ*→4l channel (CMS) : Most precise 
single-channel measurement !  

CMS-PAS-HIG-21-019

ATLAS-CONF-2023-037

CMS-PAS-HIG-21-019

https://cds.cern.ch/record/2871702?ln=en
https://cds.cern.ch/record/2865480/files/ATLAS-CONF-2023-037.pdf
https://cds.cern.ch/record/2871702?ln=en
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And many more results...
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• Differential measurements - no deviation from the SM within uncertainties.

• STXS with EFT interpretation;

• Exotic Higgs decays, LFV;

• Di-Higgs resonant and non-resonant searches;
STXS analysis with SMEFT interpretations

ATLAS performed the STXS analysis including ��, ZZ⇤, WW
⇤, ⌧⌧ , bb, Z� and µµ channels.

Wilson coe�cients are rotated to a new fit basis to maximize the sensitivities.

Sy
m

m
et

riz
ed

un
ce

rta
in

ty
(�

)

P
ro

be
d

S
ca

le
(⇤

/p
�

)[
Te

V
]

�4

�2

0

2

4

Best Fit
68 % CL
95 % CL

�4

�2

0

2

4

c
e
H,22

c
e
H,33

c (3)H
q

c
b
H

e [1]ggF

e [2]ggF

e [3]ggF

e [1]H
��,Z�

e [2]H
��,Z�

e [3]H
��,Z�

e [1]Z
H

e [2]Z
H

e [3]Z
H

e [4]Z
H

e [1]ttH
e [2]ttH

e [3]ttH
e [1]glob

e [1]H
llll

pSM = 98.2%

Pa
ra

m
et

er
va

lu
e

sc
al

ed
by

sy
m

m
et

riz
ed

un
ce

rta
in

ty
(c

0 /
�

)

ATLAS
SMEFT ⇤ = 1 TeV

p
s =13 TeV, 139 fb�1, mH = 125.09 GeV

10�3

10�2

10�1

100

101

32

10

3.2

1

0.32Linear+quad. (obs.)
Linear+quad. (exp.)

arXiv:2402.05742

Yi-Lin Yang (SMU) La Thuile 2024 08.03.2024 19 / 26

Search for lepton flavor violation
ATLAS and CMS performed the search for H ! e⌧ and
H ! µ⌧ .
I ATLAS found 2.1� of the deviation for the 2D scan of

B(H ! e⌧) and B(H ! µ⌧) and 2.5� for the symmetry
method of B(H ! µ⌧) � B(H ! e⌧).

CMS performed H ! eµ with the observed limit of
4.4 ⇥ 10�5. (6.2 ⇥ 10�5 for ATLAS)
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Highlight 5: non-resonant HH search

With H → WW*, ZZ*, ττ, γγ

Targegng ggF HH and VBF HH: 

Observed (expected) limits of 18 
(11) times the SM prediction are 
set on the HH signal strength.

Non-resonant HH using multiple lepton final states

ATLAS-CONF-2024-005

mulg-lepton mulg-leptonγγ+

arXiv:2402.05742

Phys. Rev. D 108, 072004

ATLAS-CONF-2024-005

https://arxiv.org/abs/2402.05742
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
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And many more results...
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• Differential measurements - no deviation from the SM within uncertainties.

• STXS with EFT interpretation;

• Exotic Higgs decays, LFV;

• Di-Higgs resonant and non-resonant searches;
STXS analysis with SMEFT interpretations

ATLAS performed the STXS analysis including ��, ZZ⇤, WW
⇤, ⌧⌧ , bb, Z� and µµ channels.

Wilson coe�cients are rotated to a new fit basis to maximize the sensitivities.
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Search for lepton flavor violation
ATLAS and CMS performed the search for H ! e⌧ and
H ! µ⌧ .
I ATLAS found 2.1� of the deviation for the 2D scan of

B(H ! e⌧) and B(H ! µ⌧) and 2.5� for the symmetry
method of B(H ! µ⌧) � B(H ! e⌧).

CMS performed H ! eµ with the observed limit of
4.4 ⇥ 10�5. (6.2 ⇥ 10�5 for ATLAS)
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Highlight 5: non-resonant HH search

With H → WW*, ZZ*, ττ, γγ

Targegng ggF HH and VBF HH: 

Observed (expected) limits of 18 
(11) times the SM prediction are 
set on the HH signal strength.

Non-resonant HH using multiple lepton final states

ATLAS-CONF-2024-005

mulg-lepton mulg-leptonγγ+

arXiv:2402.05742

Phys. Rev. D 108, 072004

ATLAS-CONF-2024-005

No hint yet of new physics within the precision.

https://arxiv.org/abs/2402.05742
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
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Top quark measurements
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• Showing a selection of recent results

• Vast number of measurements from ATLAS and CMS could 
be found on the ATLAS and CMS public results.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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Top quark mass
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• Important SM parameter (loop corrections, Yukawa coupling, EWSM,...);

arXiv:2402.08713

Precision below 2 permil! 
LHC top program milestone!

mt = 172.21 ± 0.80 TeV 
precise Run 2 single 

experiment results with new 
analysis methods. 

mt = 172.77 ± 0.37 TeV 

https://arxiv.org/abs/2402.08713
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tt cross-section
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CMS-PAS-TOP-23-005

To be updated with new CMS result

Low intensity 5 TeV run in 2017 
(<μ> = 2) using l+jets events;No significant deviation from the SM 

prediction at all measured CME.

13.6 TeV results @ 
 3.2% using 29 fb-1 (ATLAS)
3.5% using 1.21 fb-1(CMS)

13 TeV ATLAS 1.8% unc. !

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-005/index.html
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tt cross-section in heavy Ion collisions
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• First observed by CMS;

• Used both l+jets and dilepton;

• Observation: with 9% precision: 
58.1 ± 2.0 (stat.)+4.8-4.4(syst.) nb;
• Dominant uncertainties from JES, tt 

modelling and misidentified leptons.

• Constraint nPDFs in the high-𝑥 region
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arXiv:2405.05078 

45 ± 8 nb 

• Evidence for top quark production in Pb-Pb collisions (CMS) - PRL. 125, 222001  

https://arxiv.org/abs/2405.05078
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222001
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DESY. Page 3

Test of 𝒆/𝝁 lepton flavour universality in W decays
Introduction & measurement strategy

arXiv:2403.02133

|  Top physics highlights from ATLAS  |  Oliver Majersky  |  58th Rencontres de Moriond, QCD & High Energy Interactions | 2024

• SM predicts 𝑅 ൌ ஻ோሺௐ→ఓఔሻ
஻ோሺௐ→௘ఔሻ

ൎ 1

• 𝑡 ҧ𝑡 source of 𝑊 bosons, with large statistics in Run 2

• Dilepton channel: small background and small systematic uncertainties

• Can use the 𝑊s from tops for the measurement of R

Lepton flavour universality in W decays

20

arXiv:2403.02133

DESY. Page 3

Test of 𝒆/𝝁 lepton flavour universality in W decays
Introduction & measurement strategy

arXiv:2403.02133

|  Top physics highlights from ATLAS  |  Oliver Majersky  |  58th Rencontres de Moriond, QCD & High Energy Interactions | 2024

• SM predicts 𝑅 ൌ ஻ோሺௐ→ఓఔሻ
஻ோሺௐ→௘ఔሻ

ൎ 1

• 𝑡 ҧ𝑡 source of 𝑊 bosons, with large statistics in Run 2

• Dilepton channel: small background and small systematic uncertainties

• Can use the 𝑊s from tops for the measurement of R

DESY. Page 8

Test of ࣆ/ࢋ lepton flavour universality in W decays
Results

• ܴௐ
ఓ/௘ ൌ 0.ͻͻͻͷ േ 0.0022 stat. േ 0.003͸ syst. േ

0.001Ͷ extern. ൌ 0.ͻͻͻͷ േ 0.00Ͷ͸

• Most precise e/ࣆ universality test, improving on the 
previous PDG average

• No evidence of LFU violation

• Measurement dominated by systematic uncertainties:

• PDFs, t ҧt & ܼ modelling, uncertainties related to lepton 
identification and scale/resolution

|  Top physics highlights from ATLAS  |  Oliver Majersky  |  58th Rencontres de Moriond, QCD & High Energy Interactions | 2024

uncertainty on the ܴ௓,௅ா௉ାௌ௅஽
ఓ/௘

arXiv:2403.02133

• No evidence of LFU violation;

• Measurement dominated by systematic 
uncertainties (PDFs. tt * Z modelling, lepton 
ID and resolution)

Most precise e/𝝁 universality test, improving on the previous PDG average

𝑅𝜇/𝑒W= 0.9995 ± 0.0022 stat. ± 0.0036 syst. ±  
0.0014 extern. = 0.9995 ± 0.0046 

• Exploiting leptons from W decays 
in tt dilepton events;

• SM predicts R =1;

https://arxiv.org/abs/2403.02133
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Observation of quantum entanglement

21

• Entanglement explored the first time between a pair of quarks at relativistic 
energies.  In tt spin information is correlated and transferred to decay products. 

• Spin correlations at low m(tt) used as a proxy to estimate the entanglement. 

• Study two-qubit states at tt production threshold (system is spin-singlet, 
rotationally invariant), with well-specified fiducial phase-space. (ATLAS: particle 
level, CMS: parton level)
• Observable dependent on the angle between the leptons in rest frame of their parents.

1LOV�)DOWHUPDQQ���0RULRQG4&'�����

WW�HQWDQJOHPHQW�����7H9�SS

��

&06�3$6�723���������%ULHILQJ�Ǧ

)RU�$7/$
6�UHVXOW�V

HH�

WDON�E\�2
OLYHU�ODWH

U�WRGD\�

�DU;LY������������
�6XEPLWWHG�WR�1DWXUH�

�%ULHILQJ�

Ɣ '�H[WUDFWHG�IURP�SURILOH�OLNHOLKRRG
Ɣ (QWDQJOHPHQW�REVHUYHG�!�ı
Ɣ 7RSRQLXP�HIIHFW�LPSRUWDQW

ŪĞǒ͸

ƛĞƣƹşƱ

CMS PAS TOP-23-001

arXiv:2311.07288

���− ����− ����− ����− ����− ���− ����− ����− ����−

'HWHFWRU�OHYHO�'

���−

���−

���−

�

���

���

3
DU
WLF
OH
�OH
YH
O�'

ATLAS�
V� ����7H9������IE��

������PWW������*H9

7RWDO�8QFHUWDLQW\�
6WDWLVWLFDO�8QFHUWDLQW\�
'DWD
5HZHLJKWLQJ�SRLQWV�
3RZKHJ���3\WKLD�
(QWDQJOHPHQW�OLPLW

-

(a)

$7/$6�����������������
ŘV� ����7H9������IE

- - -

-1

/LPLW��3RZKHJ���+HUZLJ��
/LPLW��3RZKHJ���3\WKLD��
7KHRU\�8QFHUWDLQW\
'DWD
3RZKHJ���3\WKLD���KYT�
3RZKHJ���+HUZLJ���KYT�

3DUWLFOH�OHYHO�,QYDULDQW�0DVV�5DQJH�>*H9@�

������PWW������ PWW !����������PWW �����

(b)

Figure 2: (a): Calibration curve for the dependence between the particle-level value of ⇡ and the detector-level value
of ⇡, in the signal region. The yellow band represents the statistical uncertainty, while the grey band represents
the total uncertainty obtained by adding the statistical and systematic uncertainties in quadrature. The measured
values and expected values from Powheg + Pythia8 (hvq) are marked with black and red circles, respectively, and the
entanglement limit is shown as a dashed line. (b): The particle-level ⇡ results in the signal and validation regions
compared with various MC models. The entanglement limit shown is a conversion from its parton-level value of
⇡ = �1/3 to the corresponding value at particle level, and the uncertainties which are considered for the band are
described in the text.

absence of these effects in the MC simulation used to derive the calibration curve is expected to be minimal.
Additionally, the impact of the enhancement of the cross-section due to pseudo-bound-state effects on the
calibration curve and particle-level measurement has been assessed in a stress test, and found to be small
compared to the modelling uncertainties already included in the measurement.

In the signal region the P�����+P����� and P�����+H����� generators yield different predictions. The
size of the observed difference is consistent with changing the method of shower ordering and is discussed
in detail in Methods A.6.

In the signal region, the observed and expected significances with respect to the entanglement limit are
well beyond five standard deviations, independently of the MC model used to correct the entanglement
limit to account for the fiducial phase space of the measurement. This is illustrated in Figure 2(b), where
the hypothesis of no entanglement is shown. The observed result in the region with 340 < <

C C̄
< 380 GeV

establishes the formation of entangled CC̄ states. This constitutes the first observation of entanglement in a
quark–antiquark pair.

Apart from the fundamental interest in testing quantum entanglement in a new environment, this
measurement in top quarks paves the way to use high-energy colliders, such as the LHC, as a laboratory to
study quantum information and foundational problems in quantum mechanics. From a quantum information
perspective, high energy colliders are particularly interesting due to their relativistic nature, and the richness
of the interactions and symmetries that can be probed there. Furthermore, highly demanding measurements,
such as measuring quantum discord and reconstructing the steering ellipsoid, can be naturally implemented
at the LHC due to the vast number of available CC̄ events [45]. From a high-energy physics perspective,

10

https://cds.cern.ch/record/2893854/files/TOP-23-001-pas.pdf
https://arxiv.org/abs/2311.07288
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Observation of quantum entanglement
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• Entanglement explored the first time between a pair of quarks at relativistic 
energies.  In tt spin information is correlated and transferred to decay products. 

• Spin correlations at low m(tt) used as a proxy to estimate the entanglement. 

• Study two-qubit states at tt production threshold (system is spin-singlet, 
rotationally invariant), with well-specified fiducial phase-space. (ATLAS: particle 
level, CMS: parton level)
• Observable dependent on the angle between the leptons in rest frame of their parents.
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Figure 2: (a): Calibration curve for the dependence between the particle-level value of ⇡ and the detector-level value
of ⇡, in the signal region. The yellow band represents the statistical uncertainty, while the grey band represents
the total uncertainty obtained by adding the statistical and systematic uncertainties in quadrature. The measured
values and expected values from Powheg + Pythia8 (hvq) are marked with black and red circles, respectively, and the
entanglement limit is shown as a dashed line. (b): The particle-level ⇡ results in the signal and validation regions
compared with various MC models. The entanglement limit shown is a conversion from its parton-level value of
⇡ = �1/3 to the corresponding value at particle level, and the uncertainties which are considered for the band are
described in the text.

absence of these effects in the MC simulation used to derive the calibration curve is expected to be minimal.
Additionally, the impact of the enhancement of the cross-section due to pseudo-bound-state effects on the
calibration curve and particle-level measurement has been assessed in a stress test, and found to be small
compared to the modelling uncertainties already included in the measurement.

In the signal region the P�����+P����� and P�����+H����� generators yield different predictions. The
size of the observed difference is consistent with changing the method of shower ordering and is discussed
in detail in Methods A.6.

In the signal region, the observed and expected significances with respect to the entanglement limit are
well beyond five standard deviations, independently of the MC model used to correct the entanglement
limit to account for the fiducial phase space of the measurement. This is illustrated in Figure 2(b), where
the hypothesis of no entanglement is shown. The observed result in the region with 340 < <

C C̄
< 380 GeV

establishes the formation of entangled CC̄ states. This constitutes the first observation of entanglement in a
quark–antiquark pair.

Apart from the fundamental interest in testing quantum entanglement in a new environment, this
measurement in top quarks paves the way to use high-energy colliders, such as the LHC, as a laboratory to
study quantum information and foundational problems in quantum mechanics. From a quantum information
perspective, high energy colliders are particularly interesting due to their relativistic nature, and the richness
of the interactions and symmetries that can be probed there. Furthermore, highly demanding measurements,
such as measuring quantum discord and reconstructing the steering ellipsoid, can be naturally implemented
at the LHC due to the vast number of available CC̄ events [45]. From a high-energy physics perspective,

10

Entanglement observed >5σ in both ATLAS and CMS experiments; 
Degree of entanglement depends on tt kinematics 

https://cds.cern.ch/record/2893854/files/TOP-23-001-pas.pdf
https://arxiv.org/abs/2311.07288
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Higher order corrections 

SM precision measurements (EW and QCD)

23

• Test the consistency of the SM and probe beyond SM contributions 

• Tests of the state-of-the-art perturbative QCD calculations

• Constraints on Parton Distribution Functions (PDFs)

• Probe the mechanism of EW symmetry breaking 
Only few very recent measurements will be shown in this talk. the others can be 
found on ATLAS and CMS pyblic pages.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP


Jelena Jovicevic - Corfu 2024 24

W and Z cross-sections at 13.6 TeV• New ATLAS measurement of W and Z boson production cross section and 
ratios at 13.6 TeV  

• Data collected in 2022 with an integrated luminosity of 29 fb-1 

• Integrated luminosity uncertainty of 2.2% 

• Ratios of tt to W boson cross sections are measured as well 

• Compared to various PDF predictions

ATLAS W and Z cross sections: 13.6 TeV

605/17/24 Arxiv:2403.12902

• Data collected in 2022 with an integrated luminosity of 29 fb-1; 

• Integrated luminosity uncertainty of 2.2%

• Ratios of tt to W boson cross sections are measured as well;

• Compared to various PDF predictions 

In agreement with Standard-Model predictions calculated at NNLO in 𝛼𝑠, NNLL 
(qt-resummation) accuracy and NLO electroweak accuracy. 

arXiv:2403.12902

https://arxiv.org/pdf/2403.12902
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Effective weak mixing angle

• New CMS Run 2 measurement of the leptonic effective weak mixing angle; 

• Measurements of both  the forward-backward asymmetry and unfolded A4; 

• The measurement includes central-central μμ and ee channels as central-
forward ee using forward calorimeters (sensitivity to AFS);

CMS PAS SMP-22-010

Most precise hadron collider measurement! 
Precision comparable to LEP and SLD results. (PDF uncertainties dominate) 

Available on the CERN CDS information server CMS PAS SMP-22-010

CMS Physics Analysis Summary

Contact: cms-pag-conveners-smp@cern.ch 2024/03/27

Measurement of the Drell-Yan forward-backward
asymmetry and of the effective leptonic weak mixing angle

using proton-proton collisions at
p

s = 13 TeV

The CMS Collaboration

Abstract

The forward-backward asymmetry in Drell–Yan production and the effective leptonic
electroweak mixing angle are measured using a sample of proton-proton collisions atp

s = 13 TeV collected by the CMS experiment and corresponding to an integrated
luminosity of 137 fb�1. The measurement uses both dimuon and dielectron events,
and is performed as a function of the dilepton’s mass and rapidity. Using the CT18Z
set of parton distribution functions (PDF), we obtain

sin2 q`eff = 0.23157 ± 0.00010(stat)± 0.00015(syst)± 0.00009(theo)± 0.00027(PDF),

the total uncertainty being 0.00031. The measured value agrees with the standard
model prediction. The total uncertainty varies between 0.00024 and 0.00035, depend-
ing on the PDF set. This is the most precise sin2 q`eff measurement at a hadron collider,
with a precision comparable to the results obtained at LEP and SLD.

c� 2024 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

Available on the CERN CDS information server CMS PAS SMP-22-010
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1 Introduction
The electroweak mixing angle, sin2 qW = 1�m

2
W/m

2
Z, relates the masses of the W and Z bosons

(mW and mZ) and is a key parameter in the standard model (SM) of particle physics. It defines
the ratio between the vector (v) and axial-vector (a) couplings of the Z boson with fermions,
vf/af = 1 � 4|Qf| sin2 qW, where Qf is the charge of the fermion f. While electroweak radiative
corrections change this tree-level picture, the same relation between couplings can be kept for
all orders by introducing an effective mixing angle, sin2 q`eff, that depends on the fermion-flavor.

The mass of the W boson and the effective mixing angles for different fermions can be precisely
computed in the SM, using measurements at the mass of the Z boson at LEP and SLD [1], the
lifetime of the muon, the coupling strength of the electromagnetic interaction, and the masses
of the top quark and Higgs boson. The current predictions [2] are mW = 80 360 ± 6 MeV and
a leptonic sin2 q`eff = 0.23155 ± 0.00004, with uncertainties dominated by the parametric un-
certainties. Currently, the most precise sin2 q`eff measurements are 0.23221 ± 0.00029, from the
b-quark forward-backward asymmetry measurements at LEP and SLD, and 0.23098 ± 0.00026,
from the left-right asymmetry measurements at SLD, with central values differing by 3.2 stan-
dard deviations. This measurement exceeds the sensitivity of all previous hadron collider mea-
surement [3–15] and achieves equivalent precision to the LEP and SLD measurements.

Measurements of mW and sin2 q`eff provide an important test of the SM because, within the SM
but not in most theories that include physics beyond the SM (BSM), the two observables are
related to each other by: sin2 q`eff = k(1 � m

2
W/m

2
Z), with k ⇡ 1.037. Given that the radiative

corrections are precisely calculated in the SM, any significant deviation from this relation can
be seen as evidence for BSM contributions.

In proton-proton (pp) collisions at the LHC, Drell–Yan production is driven by the vector and
axial couplings of the Z boson to fermions. We measure sin2 q`eff using pp ! Z/g + X !
`+`� + X events, where ` is either a muon or an electron, profiting from the sensitivity to
sin2 q`eff of the asymmetry in the decay angle of the negatively charged lepton relative to the
incoming quark direction for dilepton invariant masses near the Z boson mass.

To reduce theoretical and experimental uncertainties, we use leptonic angular distributions in
the Collins–Sopper (CS) center-of-mass reference frame [16]. The cos qCS is computed, using
the y`` as a proxy for the valence quark direction, as

cos qCS =
2 (P

+
1 P

�
2 � P

�
1 P

+
2 )

q
m

2
``(m

2
`` + p

2
T,``)

y``

|y``|
, (1)

where m``, pT,``, and y`` are the mass, transverse momentum, and rapidity of the dilepton
system, respectively, and P

±
i
= (Ei ± pz,i)/

p
2, with E and pz being the energy and longitudinal

momenta, respectively, of the charged leptons.

The Drell–Yan differential cross section in the polar (cos q) and azimuthal (f) CS decay angles,
in the boson rest frame and before final-state radiation (FSR), can be described as

16p

3 s

ds

d cos q df
= 1 + cos2 q +

7

Â
i=0

Ai fi(q, f), (2)

where f0 = 0.5(1 � 3 cos2 q), f1 = sin 2q cos f, f2 = 0.5 sin2 q cos 2f, f3 = sin q cos f, f4 = cos q,
f5 = sin2 q sin 2f, f6 = sin 2q sin f, and f7 = sin q sin f.

The CMS Run-1 sin2 q`eff analysis [14] was based on the directly measured forward-backward
angular weighted asymmetry, A

w

FB, which approximately equals AFB = (sF � sB)/(sF + sB)
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Figure 10: Values of sin2 q`eff measured with the AFB and A4 fits, for seven alternative PDF sets,
combining the four detection channels and using the full Run 2 data sample. The orange line
and the yellow band correspond to the default result, obtained with the CT18Z PDFs. The green
open squares show the results obtained without profiling the corresponding PDF uncertainties.
For the AFB-based result, the violet error band represents the PDF uncertainty while the black
error bar represents the total uncertainty.
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Figure 11: Comparison of the sin2 q`eff values measured in this analysis with previous measure-
ments and the SM prediction.

the CT18Z set of parton densities, the result is

sin2 q`eff = 0.23157 ± 0.00010 (stat) ± 0.00015 (syst) ± 0.00009 (theo) ± 0.00027(PDF).

The total uncertainty, dominated by the PDF term, is 0.00031, accounting for correlated uncer-
tainties; it varies between 0.00024 and 0.00035, depending on the PDF set used. For the central
values of the CT18Z set, the combined statistical and experimental systematic uncertainty is
0.00014. The measured sin2 q`eff value is in good agreement with the standard model predic-
tion, 0.23155 ± 0.00004, and is the most precise among the hadron-collider measurements. The
precision is comparable to that of the two most precise measurements performed in e+e� col-
lisions at LEP and SLD, with respective uncertainties of 0.00026 and 0.00029. We have also
measured the A4 coefficient differentially, as a function of the dilepton’s mass and rapidity, a
result that can be used in combination with other LHC measurements and in improvements of
the sin2 q`eff measurement with future PDF sets.

https://cds.cern.ch/record/2893842/files/SMP-22-010-pas.pdf
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W boson width and mass

• The mW is compatible with the previous measurement with the same 7 
TeV data sample 

• Detailed studies of PDF dependence of the result are performed 

• Increased PDF priors lead to less PDF-model dependence 

ATLAS W boson width and mass

1105/17/24

Arxiv:2403.15085

• Extremely challenging at hadron colliders - prone to biases due to QCD effects;

• Use the lepton pT and the transverse mass mT to extract mW;

• 15% reduction in the uncertainty on mW w.r.t. 7 TeV data sample 

• First measurement of ΓW at the LHC and most precise from the single exp.

Table 4: Uncertainty components for the ?
✓

T, <T and combined <, measurements using the CT18 PDF set. The first
columns give the total, statistical and overall systematic uncertainty in the measurements. The following columns
show the contributions of modelling and experimental systematic uncertainties, grouped into categories.

Unc. [MeV ] Total Stat. Syst. PDF �8 Backg. EW 4 ` DT Lumi �, PS

?
✓

T 16.2 11.1 11.8 4.9 3.5 1.7 5.6 5.9 5.4 0.9 1.1 0.1 1.5
<T 24.4 11.4 21.6 11.7 4.7 4.1 4.9 6.7 6.0 11.4 2.5 0.2 7.0
Combined 15.9 9.8 12.5 5.7 3.7 2.0 5.4 6.0 5.4 2.3 1.3 0.1 2.3
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Figure 10: (a) Present measured value of <, , compared to SM prediction from the global electroweak fit [6], and to
the measurements of LEP [10], Tevatron [18, 19] and the LHC [12, 13]. (b) The 68% and 95% confidence level
contours of the <, and <C indirect determinations from the global electroweak fit [7], compared to the 68% and
95% confidence-level contours of the present ATLAS measurement of <, , the ATLAS measurement of <� [61]
and the LHC measurement of <C [60].

Standard Model electroweak fit are shown in Figure 10(b), and are compared to the present measurement
of <, and to the combined value of the LHC top-quark mass determinations at 7 and 8 TeV [60].

7 Measurement of the ]-boson width

7.1 Overview

The ?
✓

T and <T distributions are not only sensitive to <, but also to �, , as shown in Figure 1. In particular,
the high tails of the ?

✓

T and <T distributions are sensitive to changes of �, . The fit to the <T distribution
is expected to be more sensitive, because events with high <T are more likely to come from the tail of
the ,-boson Breit–Wigner distribution than events with high ?

✓

T. The measurement of �, relies on the
same statistical framework, the same calibration, and the same distributions as the previously presented
measurement of <, . However, �, is left free in the fit, while the ,-boson mass is treated as NP and
set to its SM expectation within the global electroweak fit, <SM

,
= 80355 ± 6 MeV [6]. The templates are

generated with different values of �, , centred around the reference value used in the Monte Carlo signal
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Figure 15: (a) Present measurement of �, , compared to the SM prediction from the global electroweak fit [6], and
to the measurements of LEP [10] and Tevatron [64]. (b) 68% and 95% CL uncertainty contours for the simultaneous
determination of <, and �, using the CT18 PDF set and combining results from the ?

✓

T and <T distributions. The
triangular marker represents the best fit, while the star corresponds to the SM prediction of Ref. [6].

�, = 2198 ± 49 MeV,

with a correlation of �30% that reflects the negative slope of the dependencies reported in Sections 6.4
and 7.2. The 68% and 95% CL uncertainty contours are shown in Figure 15(b).

9 Conclusion

This paper reports on a first measurement of the ,-boson width at the LHC as well as the reanalysis
of the data used in the published ,-boson mass measurement, using an improved fitting technique and
updated parton distribution functions. Both measurements are based on proton–proton collision data
at a centre-of-mass energy of

p
B = 7 TeV recorded by the ATLAS detector at the LHC in 2011, and

corresponding to an integrated luminosity of 4.6 fb�1 and 4.1 fb�1 in the electron and muon channels,
respectively.

The measurements of <, using the ?
✓

T and <T distributions are found to be consistent and their combination
yields

<, = 80366.5 ± 9.8 (stat.) ± 12.5 (syst.) MeV = 80366.5 ± 15.9 MeV.

The present result is compatible with and supersedes the previous measurement of <, at ATLAS using
the same data. No significant deviation from the SM expectation is observed. The PDF dependence of the
<, result is driven by the pre-fit PDF uncertainties, and is strongly reduced when allowing for enlarged
uncertainties. The final results are obtained using the CT18 PDF set, which is the most conservative PDF
set for these measurements and compatible with the fits using enlarged PDF uncertainties of other sets.
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Table 7: Uncertainty correlation between the ?
✓

T and <T fits, combination weights and combination results for �,
and the indicated PDF sets.

PDF set Correlation weight (<T) weight (?✓T) Combined �, [MeV ]

CT14 50.3% 88% 12% 2204 ± 47
CT18 51.5% 87% 13% 2202 ± 47
CT18A 50.0% 86% 14% 2184 ± 47
MMHT2014 50.8% 88% 13% 2182 ± 47
MSHT20 53.6% 89% 11% 2181 ± 47
ATLASpdf21 49.5% 84% 16% 2193 ± 46
NNPDF31 49.9% 86% 14% 2182 ± 46
NNPDF40 51.4% 85% 15% 2184 ± 46

PDF sets are presented in Table 7. The weight of the <T fit ranges from 84% to 89%, depending on the
PDF set, and dominates the final result. For CT18, the final result yields:

�, = 2202 ± 32 (stat.) ± 34 (syst.) MeV = 2202 ± 47 MeV,

where the first uncertainty component is statistical and the second corresponds to the total systematic
uncertainties. The compatibility of the measured value with the SM expectation is illustrated in Figure 15(a),
together with selected previous measurements.

8 Simultaneous determination of the ]-boson mass and width

The previously described determination of <, assumes for the,-boson width its SM value and uncertainty,
and similarly the �, measurement uses the SM prediction for <, . To further test the interplay between
the two observables, the PLH fit is also performed with both <, and �, free in the fit. This fit with
two parameters of interest relies on the same experimental calibrations and physics modelling. The fit
yields values of <, = 80351.8 ± 16.7 MeV and �, = 2216 ± 73 MeV for the ?

✓

T distributions and
<, = 80369.4 ± 26.8 MeV and �, = 2186 ± 53 MeV for the <T distributions using the CT18 PDF set.
Compared with the separate <, and �, fits, the decrease of <, by 10 MeV and 25 MeV for the ?

✓

T and
<T distributions, respectively, is consistent with the larger measured value of �, following the observed
anti-correlation of <, and �, . The increase in total uncertainty is due to the removal of the constraints
on �, and <, in the fit.

The combination of results obtained from ?
✓

T and <T distributions follows the procedure described in
Section 6.4. The ?

✓

T and <T results are fully compatible with each other.

For the CT18 PDF set, the combination yields values of

<, = 80354.8 ± 16.1 MeV

and
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• Central value of mW shifts down by 12 MeV; 

• ~30% correlation between mW and ΓW. 

https://arxiv.org/pdf/2403.15085
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Observation of γγ→ττ

• CMS observation of photon induced production of pair of ! leptons in pp 
collisions 
• Previously observed by ATLAS and CMS in PbPb collisions 
• Run 2 data sample at 13 TeV and integrated luminosity of 138 fb-1  
• Events with small number of tracks are close to the di-tau vertex are 

selected to isolate photon induced processes 
• Correct the number of tracks in simulation 

Observation of γγ -> !!

1805/17/24 CMS-PAS-SMP-23-005

CMS PAS SMP-23-005• Previously observed by ATLAS and CMS in PbPb 
collisions;

• CMS using 138 fb-1 data at 13 TeV;

• Events with small number of tracks are close to the di-tau 
vertex are selected to isolate photon induced processes;

• Correct the number of tracks in simulation 
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Figure 12: Measurements of at (left) and dt (right) performed in this analysis, compared with
previous results from the OPAL, L3, ARGUS, Belle, CMS, and ATLAS experiments [12, 13, 15–
18]. Confidence intervals at 68 and 95% CL are shown with thick black and thin green lines,
respectively.
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Figure 13: Expected and observed 95% CL constraints on the real (left) and imaginary (right)
parts of the Wilson coefficients Ct B and CtW divided by L2. The SM value is indicated with a
cross.

• Constrain the 
anomalous 
electromagnetic 
moments of 𝜏 
lepton using the 
visible mass 
distribution 5.3 (6.5) observed (expected) significance 

• CMS observation of photon induced production of pair of ! leptons in pp 
collisions  
• γγ -> !! in pp: 5.3 (6.5) observed (expected) standard deviations  

• Systematic and statistical uncertainties comparable in size 
• Constrain the anomalous electromagnetic moments of ! lepton using 

the visible mass distribution 

Observation of γγ -> !!

1905/17/24 CMS-PAS-SMP-23-005 CMS-PAS-SMP-23-005

https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf
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Summary of the measurements
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BSM searches 
Selected recent results with accent on searches that 

results in tension with SM predictions

29

Dark Matter 

dark sector 

Invisible decays 

heavy neutrinos  

compositeness 

Extra dimensions 

resonances 

Long Lived Particles 

contact interactions 

Highly ionising particles  

Supersymmetry WIMPS 

Axions 

vector like quarks 

Leptoquarks 
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Exclusion limits so far....

30

Link to the summary plots 

• No observation of BSM processes in 
direct searches yet. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/
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Exclusion limits so far....
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Diboson search  plots

Supersymmetry search summary  plots

• No observation of BSM processes in 
direct searches yet. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-007/fig_09.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-025/
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Low mass di-photon search

32

Motivation:
• Small excess of events (~2σ) at mH = 98 GeV in H(bb) at LEP  @ √s = 189 GeV;

• Previous CMS search @ √s = 8 and 13 TeV data from 2012+2016 that observed 
local (global) significance of 2.8 (1.3) σ (PLB 793 (2019) 320) at 95.3 GeV;

CMS-PAS-HIG-20-002CMS search:
• Analysis strategy: kinematic di-photon 

BDT used to select the signal;

• Main background is continuum γγ 
production, with additional contribution 
from Drell-Yan → e+e- with electrons 
faking photons;

• Excess previously seen in 2016 data 
persists, 2.9 (1.3) σ local (global) 
significance at 95.4 GeV;

https://www.sciencedirect.com/science/article/pii/S0370269319302904
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/
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Low mass diphoton search

33

Motivation:
• Small excess of events (~2σ) at mH = 98 GeV in H(bb) at LEP  @ √s = 189 GeV;

• Previous CMS search @ √s = 8 and 13 TeV data from 2012+2016 that observed 
local (global) significance of 2.8 (1.3) σ (PLB 793 (2019) 320) at 95.3 GeV;

CMS search:
• Analysis strategy: kinematic diphoton 

BDT used to select the signal;

• Main background is continuum γγ 
production, with additional contribution 
from Drell-Yan → e+e- with electrons 
faking photons;

• Excess previously seen in 2016 data 
persists, 2.9 (1.3) σ local (global) 
significance at 95.4 GeV;

• Limits set on σH x B(H→γγ) for 
additional SM-like Higgs boson. 

CMS-PAS-HIG-20-002

https://www.sciencedirect.com/science/article/pii/S0370269319302904
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/
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Low mass diphoton search
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ATLAS search:
• Search performed in range 66 < mγγ < 110 GeV 

• Categorisation of events based on whether photon converts to electron pair;

• Model-dependent search uses BDT for additional event categorisation;

• At 95.4 GeV, observe 1.7 σ (local) deviation;
ATLAS-CONF-2023-035

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/
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High mass di-photon search
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• ATLAS and CMS search for high mass di-photon resonance considering spin-0 
and spin-2 particles;

• The analysis strategy is based on fitting di-photon invariant mass spectrum;

PLB 882 (2021) 136551CMS-PAS-EXO-22-024

CMS: most significant excess at 1.3 
TeV: 2.6 (0.8) σ local (global).

ATLAS: most significant excess at 684 
GeV: 3.3 (1.3) σ local (global).

https://www.sciencedirect.com/science/article/pii/S0370269321005918#se0080
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-024/index.html
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Low mass di-τ search

36

• CMS searched for additional Higgs bosons in ττ final state;

• Categorisation of events based on b-tagged jets and pT(ττ). 

JHEP 07 (2023) 073
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Figure 9. Distributions of mττ in the (left) 100 < pττT < 200GeV and (right) pττT > 200GeV “no
b tag” categories for the (upper) eµ, (middle) eτh and µτh, and (lower) τhτh final states. The
solid histograms show the stacked background predictions after a signal-plus-background fit to the
data for mφ = 100GeV. The best fit ggφ signal is shown by the red line. The total background
prediction as estimated from a background-only fit to the data is shown by the dashed blue line for
comparison. For all histograms, the bin contents show the event yields divided by the bin widths.
The lower panel shows the ratio of the data to the background expectation after the signal-plus-
background fit to the data. The signal-plus-background and background-only fit predictions are
shown by the solid red and dashed blue lines, respectively, which are also shown relative to the
background expectation obtained from the signal-plus-background fit to the data.
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Figure 10. Expected and observed 95% CL upper limits on the product of the cross sections and
branching fraction for the decay into τ leptons for (left) ggφ and (right) bbφ production in a mass
range of 60 ≤ mφ ≤ 3500GeV, in addition to H(125). The expected median of the exclusion limit in
the absence of signal is shown by the dashed line. The dark green and bright yellow bands indicate
the central 68% and 95% intervals for the expected exclusion limit. The black dots correspond to
the observed limits. The peak in the expected ggφ limit emerges from the loss of sensitivity around
90GeV due to the background from Z/γ∗ → ττ events.

falling slope for increasing values of mφ. In general, the observation falls within the central
95% interval of the expectation. For the low-mass search, the largest deviation from the
expectation is observed for ggφ production at mφ = 100GeV with a local (global) p-value
equivalent to 3.1 (2.7) standard deviations (s.d.). To turn the local into a global p-value,
a number Ntrial of pseudo-data from the input distributions of the background model to
the maximum likelihood fit is created. For each mass hypothesis in consideration, a fit of
the signal model to these pseudo-data is performed and the fraction of cases, where the
outcome of these fits with the maximal significance exceeds the observed significance, with
respect to Ntrial is determined. Finally, the local p-value is reduced by this fraction. The
best fit value of the product of the cross section with the branching fraction for the decay
into τ leptons is σggφ B(φ → ττ) = (5.8 ± 2.5

2.0)pb. The excess at mφ = 100GeV exhibits
a p-value of 50% (58%) for the compatibility across ττ final states (data-taking years).
Within the resolution of mττ this coincides with a similar excess observed in a previous
search for low-mass resonances by the CMS Collaboration in the γγ final state, where the
smallest local p-value corresponds to a significance of 2.8 s.d. for a mass of 95.3GeV [161].
The local (global) significance for the ττ search evaluated at mφ = 95GeV is 2.6 (2.3) s.d.
and the best fit value of the product of the cross section with the branching fraction for
the decay into τ leptons is σggφ B(φ → ττ) = (7.8 ± 3.9

3.1)pb. For the high-mass search,
the largest deviation from the expectation is observed for ggφ production at mφ = 1.2TeV
with a local (global) p-value equivalent to 2.8 (2.2) s.d., where the best fit value of the
product of the cross section with the branching fraction for the decay into τ leptons is
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Largest deviation for ggΦ production at 
mΦ = 100 GeV with local (global) significance 

of 3.1 (2.7) σ 2.6 (2.3) σ at 95 GeV.

https://link.springer.com/article/10.1007/JHEP07(2023)073
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• Extensions of the SM such as 2HDM, MSSM predicts additional Higgs bosons;

• In the tt decay mode - dominant for small tan𝛽 * values;

• Looked into both boosted and resolved;

• Large interference with SM tt background;

• Reconstructed mass used as a final discriminant;
arXiv:2404.18986

No deviation from SM observed. Largest at 800 GeV at 2.3σ  local significance. 
2HDM (hMSSM) exclusion: tan𝛽 < 3.49 (3.16)  at 95% CL, for 𝑚𝐴 = 𝑚𝐻 = 400GeV,:  

mH < 1240 GeV for tan𝛽 = 0.4 (mH < 950  GeV for tan𝛽 = 1.0); 

ATLASp
s = 13 TeV, 140 fb-1

2HDM, A/H ! tt̄, cos(b - a) = 0

Observed 95% CL exclusion
Expected 95% CL exclusion
(±1s and ±2s)

(a) (b)

Figure 13: Observed and expected exclusion contours in the <
�/� � tan V plane for (a) a type-II 2HDM in the

alignment limit (cos(V�U) = 0) with mass-degenerate pseudo-scalar and scalar states, <� = <� and (b) the hMSSM.
The observed exclusion regions are indicated by the shaded area. The boundary of the expected exclusion region
under the background-only hypothesis is marked by the dashed line. The surrounding shaded bands correspond to
the ±1 and ±2 standard deviation (±1f,±2f) uncertainty.

(a) (b)

Figure 14: Observed and expected exclusion contours in the <0 � tan V plane for the 2HDM+0 with <� = <� =
600 GeV for (a) sin \ = 0.35 and (b) sin \ = 0.70. The model settings correspond to those of benchmark scenarios 2a
and 2b defined in Ref. [41], respectively. The observed exclusion regions are indicated by the shaded area. The
boundary of the expected exclusion region under the background-only hypothesis is marked by the dashed line. The
surrounding shaded bands correspond to the ±1 and ±2 standard deviation (±1f,±2f) uncertainty.
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Figure 13: Observed and expected exclusion contours in the <
�/� � tan V plane for (a) a type-II 2HDM in the

alignment limit (cos(V�U) = 0) with mass-degenerate pseudo-scalar and scalar states, <� = <� and (b) the hMSSM.
The observed exclusion regions are indicated by the shaded area. The boundary of the expected exclusion region
under the background-only hypothesis is marked by the dashed line. The surrounding shaded bands correspond to
the ±1 and ±2 standard deviation (±1f,±2f) uncertainty.
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Figure 14: Observed and expected exclusion contours in the <0 � tan V plane for the 2HDM+0 with <� = <� =
600 GeV for (a) sin \ = 0.35 and (b) sin \ = 0.70. The model settings correspond to those of benchmark scenarios 2a
and 2b defined in Ref. [41], respectively. The observed exclusion regions are indicated by the shaded area. The
boundary of the expected exclusion region under the background-only hypothesis is marked by the dashed line. The
surrounding shaded bands correspond to the ±1 and ±2 standard deviation (±1f,±2f) uncertainty.
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(a) (b)

Figure 1: Diagram for (a) the resonant production of a pseudo-scalar or scalar from gluon–gluon (66) initial states
via a fermion loop with subsequent decay into CC̄ at leading order, 66 ! �/� ! CC̄, and (b) the interfering diagram
for 66 induced CC̄ production via the strong force at tree level.

decay leptonically (2-lepton channel). Here, leptonic top-quark decays are defined as all top-quark decays
resulting in an electron (4) or muon (`) in the final state, either directly from the ,-boson decay or via
a , boson that decays into a leptonically decaying g-lepton. In the 1-lepton channel, separate analysis
strategies targeting resolved and merged hadronic top-quark decays are used. In the latter case, the merged
top-quark decay is reconstructed using large jets with a variable radius parameter ' that are re-clustered
from calibrated small-' jets. The dominant background in both channels arises from SM CC̄ production,
which is estimated using simulated events that are corrected to high-precision predictions calculated at
next-to-next-to-leading order (NNLO) in QCD and NLO in the electroweak (EW) interaction [35].

This paper is structured as follows. In Section 2, the benchmark models used for the interpretation of the
results of this search are introduced. In Sections 3 and 4, the ATLAS detector as well as the data and
simulated event samples are described. The event selection, categorisation, reconstruction of observables,
the estimation of background processes and systematic uncertainties are described in Sections 6 to 9. The
statistical model for the interference analysis is discussed in Section 10. Finally, the results are presented
and discussed in Section 11.

2 Theoretical framework

In this paper, a CP-conserving type-II 2HDM with a softly broken /2 symmetry [4] is considered as a
benchmark model. The alignment and decoupling limit are assumed, i.e. <⌘ = 125 GeV, E = 246 GeV,
and cos(V � U) = 0, where E denotes the electroweak vacuum expectation value. The parameter <12 of the
/2 breaking term of the potential is taken to be <

2
12 = <

2
�

tan V/(1 + tan V
2) [31, 36]. In this model, the

production cross-sections and widths of � and �, as well as their signal shapes, are uniquely determined
by tan V and the masses <� and <� . In the alignment limit, the scalar ⌘ is SM-like and the scalar � does
not couple to gauge bosons. The coupling relative to the SM Higgs coupling for the pseudo-scalar � is
multiplied by tan V for down type quarks and by 1/tan V for up-type quarks. For the scalar �, the coupling
to up-type quarks receives in addition a minus sign [37]. In this paper, the scalar and pseudo-scalar states
are assumed to be mass degenerate, i.e. <� = <�.

As a second benchmark model, the Higgs sector of the hMSSM [38] is considered, which constitutes a
special instance of a type-II 2HDM. In this specific parameterisation of the MSSM, the lighter scalar ⌘
is identified with the Higgs boson (<⌘ = 125 GeV) discovered in 2012. This choice fixes the dominant
radiative corrections that enter the MSSM [39]. As a result, the hMSSM can be fully described by only

3

* ratio of the vacuum expectation values of the two Higgs doublets,

https://arxiv.org/abs/2404.18986
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Light LLP with displaced vertices (DV)

38

• Per-jet BDTs to select 
displaced jets,  
BDTj0× BDTj1 as main 
discriminant;

• Displaced vertex 
reconstruction, search 
regions based on nDV;

arXiv:2403.15332

No deviation from SM observed.
10 times improvement in 

B( H→ss→4q) w.r.t. previous 
result!

<B < 40 GeV and 1 < 2gB < 100 mm. For � ! BB ! 41, branching ratios greater than 1% are excluded
for <B = 55 GeV and 6 < 2gB < 68 mm. The exclusion limits are stronger for light-quark final states,
with 4 < 2gB < 107 mm excluded for � ! BB ! 4D and <B = 55 GeV. For the first time at the LHC,
branching ratios beyond the limit of 12% imposed on Higgs boson decays to undetected states are probed
for <B < 16 GeV and 2gB < 100 mm, with BR(� ! BB ! 42) > 10% excluded for <B = 5 GeV and
3 < 2gB < 20 mm. The first limits on long-lived ALP models with suppressed coupling to photons are set,
excluding cross-sections for @@ ! +0 greater than 0.1 pb for <0 > 40 GeV and 1.2 < 2g0 < 192 mm.
Long-lived ALPs produced via C ! 0@ are probed for the first time, excluding C ! 0@ branching ratios
greater than 0.1% between 4 < 2g0 < 36 mm for <0 > 40 GeV.
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Figure 2: The 95% confidence level limits on (upper) the Higgs boson branching ratio � ! BB ! 4@, (middle)
@@ ! +0 cross-section where + = , or / , and (lower) C ! 0@ branching ratio shown as a function of the mean
proper decay length 2g of the long-lived particle. In the upper plot, the limits shown are on the Higgs boson branching
ratio � ! BB ! 41 for <B = 16, 40, 55 GeV, and � ! BB ! 42 for <B = 5 GeV. The observed limits are shown
with a solid line and the expected limit and ±1f uncertainty bands on this expectation are shown with dashed lines
and shaded bands, respectively. In the upper plot, the observed limits for the Higgs Portal model from the previous
ATLAS search [29] are shown with the dotted lines.
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B( H→ss→4q)  
H→ss→4b for ms = 16, 40, 55 GeV: 

H→ss→4c for ms = 5 GeV/

σ(qq→Va)

B(t→aq)• Two more interpretations for ALPs 
(first of their kind):

• ALP in association with W or Z; 

• Decay of top to ALP: t→aq.
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APPENDIX A: SIMULATED DATA SAMPLES

Samples of MC simulated events are used to study the three benchmark scenarios. Higgs boson production in
association with a vector boson and via vector-boson fusion (VBF) was simulated using P����� B�� v2 [61–
64] and interfaced with P����� 8.2 [65] to simulate the � ! BB decay and the subsequent decay of the
B. P����� 8.2 is also used for simulating parton shower and non-perturbative effects, with parameters
set according to the AZNLO tune [66]. The P����� B�� prediction is accurate to next-to-leading-order
(NLO) for +� boson plus one-jet production. The loop-induced 66 ! /� process was generated
separately at leading-order (LO). Samples of @@ ! +0 and 66 ! CC with C ! 02/0D were simulated
using M��G���� [67] v2.9.9 and interfaced with P����� 8.307. The effect of multiple ?? interactions
in the same or neighboring bunches (pileup) was modeled by overlaying the hard-scatter process with
simulated inelastic ?? scattering events. Feynman diagrams of the simulated signal processes are shown in
Figure 3.
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Figure 6: Feynman diagrams depicting the (a) /�, (b) ,�, and (c) VBF production modes.

6

6

⌘

/

(a) 66 ! /�

⌘

/

(b) 66 ! /�

Figure 7: Feynman diagrams depicting the 66 ! /� production mode.

�

@

@̄

@

@̄

B

B

Figure 8: Exotics higgs decay � ! 00 ! @@̄@@̄. In this search we simulate samples with @ = 1 or D.

26th February 2024 – 10:57 19

(a)

ATLAS DRAFT

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
RΔALP decay product 

0

0.05

0.1

0.15

0.2

0.25

Fr
ac

tio
n 

of
 E

ve
nt

s

 = [55,100]aτ,ca Za, m→qq 
 = [40,100]aτ,ca Za, m→qq 
 = [16,100]aτ,ca Za, m→qq 
 = [5,100]aτ,ca Za, m→qq 

 = [55,100]aτ,ca Za, m→qq 
 = [40,100]aτ,ca Za, m→qq 
 = [16,100]aτ,ca Za, m→qq 
 = [5,100]aτ,ca Za, m→qq 

 InternalATLAS
 = 13 TeVs

Figure 9: The �' between the decay products of the ALP in the @@ ! /0 model. For ALP masses below 40 GeV,
the �' tends to be below 0.4, meaning that the ALPs will be reconstructed as a single displaced jet.
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Figure 10: Feynman diagrams depicting the (a) /0, (b) ,0 ALP production modes. The ALP decays exclusively to
SM gluons.

Additional samples are generated to perform the interpretation in terms of axion-like particle production.400

Samples of ALP production in association with a vector boson (,//) are generated in AthGeneration401

21.6.98 using using M��G���� 2.9.9 + P����� 8.307 with the ALP_linear_UFO_WIDTHmodel. Feynman402

diagrams for the two “ALP-strahlung“ processes are shown in Figure 10. In this model the branching ratio403

of the ALP to gluons is set to 100%. ALP production via the exotic top decay C ! 20 is simulated in404

M��G���� 2.9.9 + P����� 8.307 using the Charming_ALP_UFO model. Only the CC process is considered.405

In this model, the ALP is allowed to decay to both gluons and charm quarks. The Feynman diagram for the406

exotic top decay is shown in Figure 11. Given that this analysis is chiefly tailored for the exotic Higgs407

decay benchmark which is characterized by the presence of multiple displaced jets in the final state, we408

focus solely on ALP masses of 40 and 55 GeV. This selection is made because the decay products of ALPs409

with lower masses have a tendency to combine into a single jet, thereby diminishing the sensitivity of the410

analysis strategy. This is shown in Figure 9. Each mass point is generated with four different values of411

proper lifetime: 2g 2 {1, 10, 100, 1000} mm.412

All generated events are processed using ATLAS Full Simulation.413
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Figure 11: Feynman diagrams depicting ALP production via the exotic top decay in CC events. In this diagram, the 0

can decay to either 66 or 22, and the , boson decays to ;a.
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Figure 12: Distributions of the ?T of the (a) ,// boson and (b) Higgs boson in truth signal MC samples with
2g = 10 mm.

Signal kinematics414

The ?T distributions of the vector boson, Higgs boson, leptons, and the long-lived 0 scalars are shown in415

Figures 12, 13, and 14 for signal samples with 2g = 10 mm. The proper lifetime (2g) of the 0 scalars are416

shown in Figure 15 for signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of417

the samples is arbitrary, but the relative normalization shows that the cross section is independent of the418

LLP mass or decay mode. Additional signal kinematic distributions are shown in Appendix A.419

The ?T distributions of the vector boson, leptons, and the long-lived ALP are shown in Figures 16, 17,420

and 18 for +0 signal samples with 2g = 10 mm. The proper lifetime (2g) of the ALPs are shown in421

Figure 19 for +0 signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of the422

samples is arbitrary, but the relative normalization shows that the cross section is dependent on the ALP423

mass for this model.424
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(c)

Figure 3: Feynman diagrams for (a) the exotic Higgs boson decay mode � ! BB ! 4@, (b) the @@ ! +0 ALP
production mode, where the ALP decays exclusively into gluons, and (c) the ALP production via the exotic top-quark
decay C ! @0 in CC̄ events, where the 0 can decay into either 66 or 22̄, and the , boson decays into ;a.

The production of CC̄ events was modeled using the P����� B�� v2 generator at NLO and interfaced with
P����� 8.230 with parameters set according to the A14 tune [68]. The production of ++jets was simulated
with the S����� 2.2.1 [69] generator using NLO matrix elements for up to two partons, and LO matrix
elements for up to four partons calculated with the Comix [70] and O���L���� [71–73] libraries. They
were matched with the S����� parton shower [74] using the MEPS@NLO prescription [75–78]. The
samples were normalized to a next-to-next-to-leading-order prediction [79].
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APPENDIX A: SIMULATED DATA SAMPLES

Samples of MC simulated events are used to study the three benchmark scenarios. Higgs boson production in
association with a vector boson and via vector-boson fusion (VBF) was simulated using P����� B�� v2 [61–
64] and interfaced with P����� 8.2 [65] to simulate the � ! BB decay and the subsequent decay of the
B. P����� 8.2 is also used for simulating parton shower and non-perturbative effects, with parameters
set according to the AZNLO tune [66]. The P����� B�� prediction is accurate to next-to-leading-order
(NLO) for +� boson plus one-jet production. The loop-induced 66 ! /� process was generated
separately at leading-order (LO). Samples of @@ ! +0 and 66 ! CC with C ! 02/0D were simulated
using M��G���� [67] v2.9.9 and interfaced with P����� 8.307. The effect of multiple ?? interactions
in the same or neighboring bunches (pileup) was modeled by overlaying the hard-scatter process with
simulated inelastic ?? scattering events. Feynman diagrams of the simulated signal processes are shown in
Figure 3.
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Figure 9: The �' between the decay products of the ALP in the @@ ! /0 model. For ALP masses below 40 GeV,
the �' tends to be below 0.4, meaning that the ALPs will be reconstructed as a single displaced jet.
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Additional samples are generated to perform the interpretation in terms of axion-like particle production.400

Samples of ALP production in association with a vector boson (,//) are generated in AthGeneration401

21.6.98 using using M��G���� 2.9.9 + P����� 8.307 with the ALP_linear_UFO_WIDTHmodel. Feynman402

diagrams for the two “ALP-strahlung“ processes are shown in Figure 10. In this model the branching ratio403

of the ALP to gluons is set to 100%. ALP production via the exotic top decay C ! 20 is simulated in404

M��G���� 2.9.9 + P����� 8.307 using the Charming_ALP_UFO model. Only the CC process is considered.405

In this model, the ALP is allowed to decay to both gluons and charm quarks. The Feynman diagram for the406

exotic top decay is shown in Figure 11. Given that this analysis is chiefly tailored for the exotic Higgs407

decay benchmark which is characterized by the presence of multiple displaced jets in the final state, we408

focus solely on ALP masses of 40 and 55 GeV. This selection is made because the decay products of ALPs409

with lower masses have a tendency to combine into a single jet, thereby diminishing the sensitivity of the410

analysis strategy. This is shown in Figure 9. Each mass point is generated with four different values of411

proper lifetime: 2g 2 {1, 10, 100, 1000} mm.412

All generated events are processed using ATLAS Full Simulation.413
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Figure 11: Feynman diagrams depicting ALP production via the exotic top decay in CC events. In this diagram, the 0

can decay to either 66 or 22, and the , boson decays to ;a.
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(b)

Figure 12: Distributions of the ?T of the (a) ,// boson and (b) Higgs boson in truth signal MC samples with
2g = 10 mm.

Signal kinematics414

The ?T distributions of the vector boson, Higgs boson, leptons, and the long-lived 0 scalars are shown in415

Figures 12, 13, and 14 for signal samples with 2g = 10 mm. The proper lifetime (2g) of the 0 scalars are416

shown in Figure 15 for signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of417

the samples is arbitrary, but the relative normalization shows that the cross section is independent of the418

LLP mass or decay mode. Additional signal kinematic distributions are shown in Appendix A.419

The ?T distributions of the vector boson, leptons, and the long-lived ALP are shown in Figures 16, 17,420

and 18 for +0 signal samples with 2g = 10 mm. The proper lifetime (2g) of the ALPs are shown in421

Figure 19 for +0 signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of the422

samples is arbitrary, but the relative normalization shows that the cross section is dependent on the ALP423

mass for this model.424

26th February 2024 – 10:57 21

(c)

Figure 3: Feynman diagrams for (a) the exotic Higgs boson decay mode � ! BB ! 4@, (b) the @@ ! +0 ALP
production mode, where the ALP decays exclusively into gluons, and (c) the ALP production via the exotic top-quark
decay C ! @0 in CC̄ events, where the 0 can decay into either 66 or 22̄, and the , boson decays into ;a.

The production of CC̄ events was modeled using the P����� B�� v2 generator at NLO and interfaced with
P����� 8.230 with parameters set according to the A14 tune [68]. The production of ++jets was simulated
with the S����� 2.2.1 [69] generator using NLO matrix elements for up to two partons, and LO matrix
elements for up to four partons calculated with the Comix [70] and O���L���� [71–73] libraries. They
were matched with the S����� parton shower [74] using the MEPS@NLO prescription [75–78]. The
samples were normalized to a next-to-next-to-leading-order prediction [79].
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APPENDIX A: SIMULATED DATA SAMPLES

Samples of MC simulated events are used to study the three benchmark scenarios. Higgs boson production in
association with a vector boson and via vector-boson fusion (VBF) was simulated using P����� B�� v2 [61–
64] and interfaced with P����� 8.2 [65] to simulate the � ! BB decay and the subsequent decay of the
B. P����� 8.2 is also used for simulating parton shower and non-perturbative effects, with parameters
set according to the AZNLO tune [66]. The P����� B�� prediction is accurate to next-to-leading-order
(NLO) for +� boson plus one-jet production. The loop-induced 66 ! /� process was generated
separately at leading-order (LO). Samples of @@ ! +0 and 66 ! CC with C ! 02/0D were simulated
using M��G���� [67] v2.9.9 and interfaced with P����� 8.307. The effect of multiple ?? interactions
in the same or neighboring bunches (pileup) was modeled by overlaying the hard-scatter process with
simulated inelastic ?? scattering events. Feynman diagrams of the simulated signal processes are shown in
Figure 3.
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Figure 9: The �' between the decay products of the ALP in the @@ ! /0 model. For ALP masses below 40 GeV,
the �' tends to be below 0.4, meaning that the ALPs will be reconstructed as a single displaced jet.
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Additional samples are generated to perform the interpretation in terms of axion-like particle production.400

Samples of ALP production in association with a vector boson (,//) are generated in AthGeneration401

21.6.98 using using M��G���� 2.9.9 + P����� 8.307 with the ALP_linear_UFO_WIDTHmodel. Feynman402

diagrams for the two “ALP-strahlung“ processes are shown in Figure 10. In this model the branching ratio403

of the ALP to gluons is set to 100%. ALP production via the exotic top decay C ! 20 is simulated in404

M��G���� 2.9.9 + P����� 8.307 using the Charming_ALP_UFO model. Only the CC process is considered.405

In this model, the ALP is allowed to decay to both gluons and charm quarks. The Feynman diagram for the406

exotic top decay is shown in Figure 11. Given that this analysis is chiefly tailored for the exotic Higgs407

decay benchmark which is characterized by the presence of multiple displaced jets in the final state, we408

focus solely on ALP masses of 40 and 55 GeV. This selection is made because the decay products of ALPs409

with lower masses have a tendency to combine into a single jet, thereby diminishing the sensitivity of the410

analysis strategy. This is shown in Figure 9. Each mass point is generated with four different values of411

proper lifetime: 2g 2 {1, 10, 100, 1000} mm.412

All generated events are processed using ATLAS Full Simulation.413
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Figure 11: Feynman diagrams depicting ALP production via the exotic top decay in CC events. In this diagram, the 0

can decay to either 66 or 22, and the , boson decays to ;a.
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Figure 12: Distributions of the ?T of the (a) ,// boson and (b) Higgs boson in truth signal MC samples with
2g = 10 mm.

Signal kinematics414

The ?T distributions of the vector boson, Higgs boson, leptons, and the long-lived 0 scalars are shown in415

Figures 12, 13, and 14 for signal samples with 2g = 10 mm. The proper lifetime (2g) of the 0 scalars are416

shown in Figure 15 for signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of417

the samples is arbitrary, but the relative normalization shows that the cross section is independent of the418

LLP mass or decay mode. Additional signal kinematic distributions are shown in Appendix A.419

The ?T distributions of the vector boson, leptons, and the long-lived ALP are shown in Figures 16, 17,420

and 18 for +0 signal samples with 2g = 10 mm. The proper lifetime (2g) of the ALPs are shown in421

Figure 19 for +0 signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of the422

samples is arbitrary, but the relative normalization shows that the cross section is dependent on the ALP423

mass for this model.424
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Figure 3: Feynman diagrams for (a) the exotic Higgs boson decay mode � ! BB ! 4@, (b) the @@ ! +0 ALP
production mode, where the ALP decays exclusively into gluons, and (c) the ALP production via the exotic top-quark
decay C ! @0 in CC̄ events, where the 0 can decay into either 66 or 22̄, and the , boson decays into ;a.

The production of CC̄ events was modeled using the P����� B�� v2 generator at NLO and interfaced with
P����� 8.230 with parameters set according to the A14 tune [68]. The production of ++jets was simulated
with the S����� 2.2.1 [69] generator using NLO matrix elements for up to two partons, and LO matrix
elements for up to four partons calculated with the Comix [70] and O���L���� [71–73] libraries. They
were matched with the S����� parton shower [74] using the MEPS@NLO prescription [75–78]. The
samples were normalized to a next-to-next-to-leading-order prediction [79].
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Search for heavy resonance X→YH

39

• Searches targeting resonance decaying to H and additional scalar Y;

• Motivated by NMSSM, TRSM (SM extended by two real singlet fields) .

CMS-PAS-HIG-22-012

15

100 120 140  
1−10

1

10 

 = 300 GeVXm

 = 300 GeVXm

100 120 140  
1−10

1

10 

 = 350 GeVXm

100 150 200 250  
1−10

1

10 

 = 400 GeVXm

100 150 200 250  
2−10

1−10

1

 

 = 450 GeVXm

100 150 200 250 300  
2−10

1−10

1

 

 = 500 GeVXm

100 150 200 250 300  
2−10

1−10

1

 

 = 550 GeVXm

100 150 200 250 300 350 400  
2−10

1−10

1

 

 = 600 GeVXm

100 150 200 250 300 350 400  
2−10

1−10

1

 

 = 650 GeVXm

100 200 300 400 500  
2−10

1−10

1

 

 = 700 GeVXm

100 200 300 400 500  
2−10

1−10

1

 

 = 750 GeVXm

100 200 300 400 500 600  
2−10

1−10

1

 

 = 800 GeVXm

100 200 300 400 500 600  
2−10

1−10

1

 

 = 850 GeVXm

100 200 300 400 500 600 700  
2−10

1−10

1

 

 = 900 GeVXm

100 200 300 400 500 600 700  
2−10

1−10

1

 

 = 950 GeVXm

100 200 300 400 500 600 700 800  
2−10

1−10

1

 

 = 1000 GeVXm

bbγγ → HY →(Spin-0) X 
σ1 ±Expected limit σ2 ±Expected limit 

Expected 95% upper limit Observed 95% upper limit

) [
fb

]
bbγγ 

→
 H

Y 
→

 (X
 

B
 X

) 
→

 (p
p 

σ

 [GeV]Ym

CMS  (13 TeV)-1138 fb

Figure 7: Expected and observed 95% CL exclusion limit on production cross section for pp !
X ! HY ! ggbb signal. The dashed and solid black lines represent expected and observed
limits, respectively. The green and yellow bands represent the ±1 and ±2 standard deviations
for the expected limit. The middle plot in the 3rd row shows the highest excess observed for
mX = 650 GeV and mY = 90 GeV.

arXiv:2310.0164

Most significant excess at  
mX = 650 GeV, mY = 90 GeV: 

3.8 (2.8) σ local (global) 
significance for Y(bb)H(γγ) 

Mild excess seen in Y(γγ)H(ττ) at 
mX =650 GeV,  mY = 95 GeV 

with 2.3 σ local significance 
 (but large LEE) 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html
https://arxiv.org/abs/2310.01643
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Search for heavy resonance X→YH

40

• Searches targeting resonance decaying to H and additional scalar Y;

• Motivated by NMSSM, TRSM (SM extended by two real singlet fields) .

arXiv:2404.12915

ATLAS X→Y(bb)H(γγ) search:  largest 
deviation at mX = 575 GeV,  mY= 200 GeV 
with 3.5 (2.0) σ local (global) significance. 

 No excess seen at same masses as CMS.
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Figure 3: Post-fit distributions of the PNN discriminant output in the (a) 2 1-tagged signal region for <- = 250 GeV
and <( = 100 GeV and (b) 1 1-tagged signal region for <- = 1000 GeV and <( = 70 GeV, after a background-only
fit to data. The signals corresponding to the two PNN parameterisations, normalised to a 1 fb cross section, are
illustrated for comparison. The WW+ jets category represents the sum of WW+ jets, W + jets and dĳet backgrounds.
The error band corresponds to the total systematic uncertainty after fit.

(a) (b)

Figure 4: (a) Expected and (b) observed 95% CL upper limits on the signal cross section times branching fraction
for the -! (� signal, in the (<-, <() plane. The points show where the limits were evaluated. The band at
<( = 125 GeV is not shown as those points are equivalent to those already probed in Ref. [19].
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High mass WW and ZZ search

41

• Search for heavy resonance decaying 
to W+W- in 115 < mWW < 5000 GeV 
in 2l2ν final states from CMS.

CMS-PAS-HIG-20-016

Largest local (global) significance of 3.8 (2.6) 
σ found for fVBF = 1 scenario at 650 GeV 
No significant excess seen by ATLAS in its 
eμ2ν search (ATLAS-CONF-2022-066).

EPJC 81 (2021) 332

• Search for heavy resonance decaying 
to ZZ in 200 < mZZ < 2000 GeV in 4l 
and 2l2ν final states from ATLAS. (in 
NWA, LWA and spin-2 resonance)

Largest local (global) significance 
of 2.4 (0.9) σ found for VBF 
mode scenario at 620 GeV 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/
https://link.springer.com/article/10.1140/epjc/s10052-021-09013-y
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Heavy resonant combination
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• Many combinations available: 2HDM+a, Heavy Resonance. 3rd Gen Leptoquark;
Heavy resonance combination: 
• Combine searches for di-boson, di-quark, di-lepton resonances;

• Set limits on couplings of HVT model (gq, gl, gH...);

• Consider benchmark coupling points, e.g. HVT model C (gH = 1, gf = 0), VBF production; 
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Figure 1: ?-value scan over HVT pole masses for the subcombinations and full combination. Scans are shown for (a)
the HVT model A and HVT model B, in which the scan for the full combination is slightly coarser than the individual
searches due to alignment of the tested pole masses, and (b) the HVT model C.
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Figure 2: Observed and expected 95% CL upper limits on the+ 0 cross-section versus pole mass for the subcombinations
and full combination, assuming the (a) HVT model A, or (b) HVT model B benchmark points, and @@̄ production
mode.

Figure 3 presents the 1D exclusion limits for the VBF production mode. The HVT model C benchmark
point is assumed by default, because there only bosonic channels contribute to the production and decay.
As well as HVT model C (6� = 1), two other points are shown to explore the bosonic coupling strength
with 6� = 3 and 6� = 6. The valid range of theory cross-sections is displayed; the model starts to break
down for low masses at 6� = 1 and 6� = 6. In cases where the observed limits do not quite cross the
theory cross-section curve, the mass limit is extrapolated. The observed and expected 95% CL lower limits
on the mass of + 0 resonances in the HVT model C are 0.4 TeV and 0.5 TeV, respectively. For 6� = 3 the
observed and expected 95% CL lower limits are 1.0 TeV and 1.1 TeV, respectively, while for 6� = 6 they
are 1.5 TeV and 1.8 TeV, respectively.
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Full combination of all channels yields stringent limits, improving on previous 
result by up to 60% depending on resonance mass & spec. coupling parameters;
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Figure 8: 95% CL observed and expected upper limit contours for the full combination in the 2D coupling plane for
{6@ , 6✓ } at a signal pole mass of (a) 3 TeV, and (b) 4 TeV, for the @@̄ production mode. The dashed grey line shows
the region where the resonance width is 5% of the pole mass.
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Figure 9: 95% CL observed and expected upper limit contours for the full combination in the 2D coupling plane for
{6� , 6@3} at a signal pole mass of (a) 2 TeV, (b) 3 TeV, and (c) 4 TeV for the @@̄ production mode. The dashed grey
lines show the region where the resonance width is either 5% or 10% of the pole mass.
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• Rich program of experimental searches for new physics at ATLAS and CMS;

• No observation of BSM physics yet 

• Some excesses seen at the 2-3 σ level worth following up:

• In extended Higgs sector: (low-mass γγ, ττ (90-95 GeV), high-mass dibosons 
(~650 GeV);

• Some excesses exist in one, but not another experiment (see also backup);

• More results with Run 2 and Run 3 data soon. 
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• Showing only most recent results;

• All results can be found on the ALICE public results page. 

https://twiki.cern.ch/twiki/bin/view/ALICEpublic/ALICEPublicResults
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also offers two predictions: with (MSS-fl) and without
nucleon substructure fluctuations (MSS). The model by
Guzey, Strikman, and Zhalov (GSZ) [29] expresses the
incoherent cross section as the sum of an elastic and a
dissociative part (GSZ-elþ diss), both parameterized from
HERA data, multiplied by a common factor representing
shadowing—the fact that the gluon distribution in nuclei is
not just the sum of gluon distributions in constituent
nucleons, see, e.g., Ref. [52]—computed within the lead-
ing-twist approximation [53]. The inclusion of the dis-
sociative component is interpreted by the authors within a
Good-Walker approach as due to quantum fluctuations of
the target. When the dissociative part is excluded (GSZ-el),
the differential cross section is suppressed in the region of
larger jtj. The uncertainty bands reflect the uncertainties on
the parameters of the leading-twist approximation.
When comparing the data with the model predictions, as

shown in Fig. 2, two aspects should be considered: the
normalization, mainly linked to the scaling from proton to
nuclear targets, and the jtj dependence, driven by the size of
the scattering object. None of the models describe both
aspects of data. With regards to the normalization, it is
worth noting that the same models must also describe the
coherent cross section [18], hence a global scaling factor,
such as what would be obtained by using a different

prescription for the wave function [54], would not neces-
sarily improve the agreement of the model with both the
coherent and incoherent cross sections. As for the jtj
dependence of the cross section, the predictions of the
three theory groups substantially improve after the inclu-
sion of subnucleon fluctuations, which modify the jtj
dependence by making it less steep. It is interesting to
compare the MS-p and MSS predictions. The latter shows a
flattening of the spectra at larger jtj. It originates from color
charge fluctuations which change the incoherent cross
section to a power-law-like behavior in this region [49].
This observation reinforces the importance of quantum
fluctuations at large jtj.
The cross section integrated over the interval 0.04 <

jtj < 1 GeV2, measured in the rapidity region jyj < 0.8, is
σγPb ¼ ð7.82$ 0.39$ 0.57Þ μb, where the listed uncer-
tainties are statistical and systematic, respectively. The
corresponding cross sections, in μb, for the models are
7.4, 11.8, 6.6, 9.8, 2.3$ 1.0, and 4.1$ 1.8 for MS-p, MS-
hs, MSS, MSS-fl, GSZ-el, and GSZ-elþ diss, respectively.
In summary, the first measurement of the incoherent

photonuclear production of J=ψ is presented in this Letter.
The measurement was carried out at midrapidity, in a range
corresponding to Bjorken-x within (0.3 − 1.4Þ × 10−3, in
Pb-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Cross sections for five
ranges in jtjwithin 0.04 < jtj < 1 GeV2 are reported. None
of the models describes both the absolute normalization
and the jtj dependence observed in the data. However, a
reasonably good description of the measured jtj-slope is
achieved when the predicted dependence is softened by the
inclusion of scattering structures at a subnucleon scale.
These results confirm the importance of subnucleon fluc-
tuations to describe the measured incoherent J=ψ process at
high energies, representing the first experimental step to
use the quantum fluctuations of the gluon field to search for
saturation effects in heavy nuclei. In addition, this meas-
urement, when confronted to models, demonstrates that
the contribution of the dissociative component to the total
incoherent cross section depends on jtj. Thus, future
analyses shall study the incoherent production of J=ψ as
a function of rapidity and jtj [55]. Finally, this analysis,
together with recent measurements [17,19], indicate that
new or improved theoretical models are needed to describe
simultaneously the energy and jtj dependence of both the
coherent and the incoherent processes of J=ψ photopro-
duction, to gain a better understanding of saturation effects
at a more fundamental level.

The ALICE Collaboration would like to thank all its
engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN
accelerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration gratefully
acknowledges the resources and support provided by all
Grid centers and the Worldwide LHC Computing Grid
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FIG. 2. Cross section for the incoherent photoproduction of
J=ψ vector mesons in ultraperipheral Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV measured at midrapidity. The uncorrelated
uncertainty (statistical and systematic added in quadrature) is
indicated with the vertical bar, while the correlated uncertainty
by the gray band. The width of each jtj range is given by the
horizontal bars. The lines show the predictions of the different
models described in the text. The bottom panel presents the
ratio of the integral of the predicted to that of the measured
cross section in each jtj range. The relative uncertainties on the
ratios calculated from GSZ are 45%.

PHYSICAL REVIEW LETTERS 132, 162302 (2024)

162302-5

• Gluonic subnucleon fluctuations needed to 
describe the data 

• First measurement of this kind ever! 

• Yet models fail to predict the normalisation 

Incoherent J/ψ t-dependence 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.162302
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• New measurement of the antimatter/matter imbalance at the LHC;

• Statistical Hadronisation Model fits the measurements 

10sarah.porteboeuf@clermont.in2p3.fr

Antimatter/matter imbalance at the LHC 
ALICE Status Report

Ø New measurement of the antimatter/matter 
imbalance at the LHC

Ø Statistical Hadronization Model fits the 
measurements
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Ø From the fits : new determination of the baryochemical 
potential at hadronization with unprecedent precision
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Ø Net-baryon free system at the LHC for|y|< 0.5

arXiv:2311.13332

"4 close to 0 at LHC

Measurements of chemical potentials in Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Figure 1: Upper panels: statistical hadronization model fits to the measured antiparticle-to-particle yield ratios
in different centrality intervals. Error bars show the sum in quadrature of statistical and centrality-uncorrelated
systematic uncertainties. When not visible, error bars are hidden by the marker. Lower panels: pull distribution,
defined as the difference between data and fit values, normalized to the uncertainty in the data.

The contribution of strongly-decaying resonances is accounted in the model predictions as it cannot be
directly disentangled in the data. For the c2 minimization, the quadratic sum of statistical and uncor-
related systematic uncertainty is considered. The effect of the centrality-correlated sources is evaluated
by repeating the fit to ratios coherently increased or decreased by their uncertainties. The uncertainty
assigned to µB and µQ is half of the deviation between the results obtained in the two cases.

In this Letter, yield ratios are analyzed within the GC statistical model also in the most peripheral events,
where canonical ensemble formulation is needed for an accurate description of hadron yields by requiring
exact conservation of charges over a finite volume [87, 88]. It is known, however, that effects connected
to the canonical conservation of charges cancel out when considering antiparticle-to-particle yield ratios,
and their values are well described by the GC ensemble [15, 89]. Indeed, good fit quality is obtained
across the 0-90% centrality range using the GC model to quantify these ratios. In addition, the yield
ratio W+

/W� is compatible with unity as expected in the SHM, where it is independent of µB and µS for
µB ⇠ 0 [16].

The chemical potentials obtained in different centrality intervals are shown in the left panel of Fig. 2. The
centrality dependence of µB and µQ is studied by fitting independently the centrality-differential µB and
µQ results with a constant function, taking into account the full correlation matrix of the measurements,
which are reported in appendix B. The c2 profiles of the fits are reported in appendix C.1. The fit
probability is P = 0.97 for µB and P = 0.64 for µQ: therefore, no evidence of centrality dependence is
found, even if a larger µB would be expected in more central collisions due to a potentially larger baryon
stopping [4]. The fit of the centrality-differential values yields chemical potentials µB = 0.71±0.45 MeV
and µQ = �0.18±0.90 MeV, which are compatible with zero within 1.6s and 0.2s , respectively. The
comparison with the previous data point of µB at the LHC [35–38] shows a significant improvement in the

5

μB - baryon chemical potential, the 
net-baryon density of the system  
 
μQ - electric charge potential, 
positive-negative charge imbalance 
of the gas 

T = 155 ± 2 MeV from LQCD 

https://arxiv.org/pdf/2311.13332
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CERN-EP-2023-268• New measurement of the antimatter/
matter imbalance at the LHC;

• Statistical Hadronisation Model fits the 
measurements 

• From the fits : new determination of 
the baryochemical potential at 
hadronization with unprecedent 
precision:

• Ø Net-baryon free system at the LHC 
for|y|< 0.5. 𝝁𝑩 close to 0 at LHC 
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Antimatter/matter imbalance at the LHC 
ALICE Status Report

Ø New measurement of the antimatter/matter 
imbalance at the LHC

Ø Statistical Hadronization Model fits the 
measurements
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"4 close to 0 at LHC

𝝁𝑩 =𝟎.𝟕𝟏±𝟎.𝟒𝟓𝐌𝐞𝐕 
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• High luminosity + PU conditions particularly challenging for data-taking: 
detector irradiation, higher occupancy, higher trigger rates 

• Require improvements for experiments in all areas:  detectors, trigger menu 
and hardware, particle identification, software and computing physics 
analysis techniques. 
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ATLAS LHCb

ALICE CMS
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ATLAS LHCb

ALICE CMS

Trigger/DAQ HLT: 10 kHz

Muons up to |η|<4.0  
Improved triggering Tracking up to |η|<4.0

High-granularity Timing Detector

Upgraded calorimeters

High-granularity Endcap Calorimeter

Trigger/DAQ HLT: 7.5 kHz

Tracking up to |η|<4.0

MIP Timing Layer 
(Barrel and Endcap)

Upgraded Barrel calorimeter

Muons up to |η|<4.0  
Improved triggering 

Reduced ageing effects

LS3 plan: Forward caloremeters 
Inner Tracking System 3. 
LS4: New apparatus: compact and 
lightweight all-silicon tracker, retractable 
vertex detector, large acceptance, 
superconducting magnet system, 
continuous read-out and online 
processing.

Full 40 MHz readout into CPU farm

 Fast tracking and vertexing
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HL-LHC projection results:
• Documented in 2018 Yellow Report [CERN-2019-007] with 

substantial update in the Snowmass2021 report [ATL-PHYS-
PUB-2022-018];

• Based on extrapolations of (partial/full) Run-2 results to HL-
LHC luminosity using parametric simulations of upgraded 
detectors;
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PROJECTION TO HL-LHC
HL-LHC projection results mainly based on: 

2018 Yellow Report [CERN-2019-007] 

substantial update in the Snowmass2021 report [cds:2805993] 

Strategies for the projection: 

extrapolations of (partial/full) Run-2 results to HL-LHC luminosity 

parametric simulations based on upgraded detectors 

Uncertainty schemes: 

YR18 systematics uncertainties (baseline): 

theoretical uncertainties: reduced by half 

most experimental uncertainties: scaled down with 1/sqrt(L) 

luminosity uncertainty: aiming at 1% 

uncertainties due to the limited number of simulated events are typically neglected 

alternatively, to understand the impacts of systematics 

Run-2 systematic uncertainties 

statistical-only uncertainties
6

ATL-PHYS-PUB-2022-018

ATLAS PUB Note
CMS PAS Note

CMS PAS FTR-22-001
17th March 2022

Snowmass White Paper Contribution:

Physics with the Phase-2 ATLAS and CMS

Detectors

The ATLAS and CMS Collaborations

The ATLAS and CMS Collaborations actively work on developing the physics program for
the High-Luminosity LHC. This document contains short summaries of physics contributions
to the Energy Frontier and to the Rare Processes and Precision Measurements groups of
Snowmass 2021. The summary is based on the physics potential estimates that were included
in the CERN Yellow Report “Physics at the HL-LHC, and Perspectives for the HE-LHC”, and
also contains a number of recent results.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Strategies for the projection: 

extrapolations of (partial/full) Run-2 results to HL-LHC luminosity 

parametric simulations based on upgraded detectors 

Uncertainty schemes: 

YR18 systematics uncertainties (baseline): 

theoretical uncertainties: reduced by half 

most experimental uncertainties: scaled down with 1/sqrt(L) 

luminosity uncertainty: aiming at 1% 

uncertainties due to the limited number of simulated events are typically neglected 

alternatively, to understand the impacts of systematics 

Run-2 systematic uncertainties 

statistical-only uncertainties
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ATLAS PUB Note
CMS PAS Note

CMS PAS FTR-22-001
17th March 2022

Snowmass White Paper Contribution:

Physics with the Phase-2 ATLAS and CMS

Detectors

The ATLAS and CMS Collaborations

The ATLAS and CMS Collaborations actively work on developing the physics program for
the High-Luminosity LHC. This document contains short summaries of physics contributions
to the Energy Frontier and to the Rare Processes and Precision Measurements groups of
Snowmass 2021. The summary is based on the physics potential estimates that were included
in the CERN Yellow Report “Physics at the HL-LHC, and Perspectives for the HE-LHC”, and
also contains a number of recent results.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

Extremely rich and exciting physics program ahead:
• Higgs physics: precise determination of Higgs properties, 

probing of small Higgs couplings; 

• Standard Model: ultimate precision measurement of 
fundamental SM parameters, constraints on  
new physics through EFT interpretations;

• Beyond Standard Model: direct improvement in mass reach 
for many models, new analysis techniques can help close gaps in 
unexplored regions of phase space; 

• HI physics: low-mass di-electrons (→ QGP temperature), 
gluon nPDF at low Bjorken-x, exotic charm nuclei; 

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
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substantial update in the Snowmass2021 report [ATL-PHYS-
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• Based on extrapolations of (partial/full) Run-2 results to HL-
LHC luminosity using parametric simulations of upgraded 
detectors;
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Extremely rich and exciting physics program ahead:
• Higgs physics: precise determination of Higgs properties, 

probing of small Higgs couplings; 

• Standard Model: ultimate precision measurement of 
fundamental SM parameters, constraints on  
new physics through EFT interpretations;

• Beyond Standard Model: direct improvement in mass reach 
for many models, new analysis techniques can help close gaps in 
unexplored regions of phase space; 

• HI physics: low-mass di-electrons (→ QGP temperature), 
gluon nPDF at low Bjorken-x.

Only selected results will be shown, with main accent on Higgs boson 
production and properties.

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
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CROSS SECTIONS AND COUPLINGS
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Production cross sections Coupling modifiers

• Expected precision reaching 2 - 5% at the end of HL-LHC (CMS+ATLAS) 
• Large impact of theory uncertainty in many cases (despite the /2)

CERN-2019-007CERN-2019-007

Production cross-sections Coupling modifiers
CERN-2019-007 CERN-2019-007

• Expected precision reaching 2 - 5% at the end of HL-LHC (CMS+ATLAS) 

• Large impact of theory uncertainty in many cases (despite being halved). 

https://cds.cern.ch/record/2703572
https://cds.cern.ch/record/2703572
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HIGGS BOSON MASS AND WIDTH
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• Total uncertainty on mH: 70 MeV 
• Limited by photon energy scale (~0.05%)

• Total uncertainty on mH: 25–30 MeV 
• comparable stat. and syst. unc. 

• Direct constraint on width: ΓH < 177 MeV 
• cf. indirect constraint (on-shell vs off-shell H→ZZ): 

•  MeV (CMS+ATLAS combined)ΓH = 4.1+0.7
−0.8
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DIFFERENTIAL MEASUREMENTS
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Fig. 16: Differential cross sections measured by ATLAS in the full phase space, extrapolated to the full
HL-LHC luminosity for the combination of the H ! �� and H ! ZZ⇤ ! 4` decay channels for (a)
Higgs boson transverse momentum pT

H, (b) Higgs boson rapidity |yH |, (c) number of jets Njets with
pT > 30 GeV, and (d) the transverse momentum of the leading pj1H . For each point both the statistical
(error bar) and total (shaded area) uncertainties are shown. Two scenarios are shown: one with the current
Run2 systematic uncertainty (S1) and one with scaled systematic uncertainties (S2).

In order to isolate the production of the Higgs boson in association with top quarks, the selection
requires all events to have at least one b�tagged jet. Such events are separated into two orthogonal
categories based on the decay products of the top quark, a hadronic category and a leptonic category. In
the hadronic category, events must contain at least 3 jets, clustered using the anti-kT algorithm with a
cone size of 0.4, separated by �R > 0.4 with respect to both photon candidates. The jets are required
to have pT > 25 GeV and |⌘| < 4. In the leptonic category, only 2 jets are required, however, in
addition, the events must contain at least one isolated muon or electron. The muons or electrons must
satisfy pT > 20 GeV and |⌘| < 2.4, excluding the region 1.44 < |⌘� | < 1.57 for electrons. The muons
must satisfy an isolation requirement that the sum of all reconstructed particles pT , inside a cone of
radius �R = 0.4, excluding the muon itself, is less than 0.25 times the transverse momentum of the
muon. In addition, for electrons, the invariant mass of pairs formed from the electron and either selected
photon, me� , is required to be greater than 95 GeV to reduce contamination from Z ! e+e� decays.
Events passing the leptonic category selection are excluded from the hadronic selection to maintain
orthogonality of the two categories. For the signal extraction, boosted decision tree (BDT) classifiers
are trained independently in each channel, which distinguish between signal-like and background-like
events, using input variables related to the kinematics of the events, such as the lepton and jet momenta
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H → γγ + ZZ
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• Expected to reach ~5% except the highest bin (> 350 GeV) 
• Powerful to constraint light quark Yukawa couplings

Variation of pT(H) shape 
as a function κc = yc/ycSM

pT(H) vs light 
quark couplings

(u, d, s)

Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.
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Mass in H→γγ Mass vs width in  
H→ZZ→4l 

Differential and STXS

• H→γγ: Total uncertainty on mH: 70 MeV  
Limited by photon energy scale (~0.05%) 

• H→ZZ: Total uncertainty on mH: ~30 MeV 
comparable stat. and syst. uncertainties

•  Direct constraint on width: ΓH < 177 MeV

CMS-PAS-FTR-21-008 CMS-PAS-FTR-21-00 • Expected to reach ~5% 
except in the highest 
pT(H) bin. Powerful to 
constraint light quark 
Yukawa couplings 

STXS
• Expected precision 

reaching 5 - 20% in most  
current STXS bins

CERN-2019-007

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-008/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-007/index.html
https://cds.cern.ch/record/2703572
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New projection based on the CMS full Run 2 analysis 

In addition: improvements from Phase-2 upgrades 

new tracker:  

~30% in dimuon mass resolution 

extended coverage (|η| < 2.8) of muon system: 

~10% increase in signal acceptance  

3—4% uncertainty on κµ at HL-LHC 

~30% improvement compared to YR18 

largely due to improved analysis strategy

PROSPECTS FOR H→μμ

14
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with HL-LHC syst. uncert. (S2):
Snowmass 2013
Yellow Report 2018
Snowmass 2021

Statistical Experimental Theoretical Total

S1
Snowmass 2013 - - - 8.0%

YR 2018 4.7% 2.7% 3.9% 6.7%
Snowmass 2021 3.2% 1.9% 2.2% 4.3%

S2
Snowmass 2013 - - - 7.5%

YR 2018 4.7% 1.5% 1.1% 5.0%
Snowmass 2021 3.2% 1.1% 0.8% 3.5%

Uncertainty on the coupling modifier κμ

CMS-PAS-FTR-21-006
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PROSPECTS FOR H→CC
Projection of the Run 2 analysis to HL-LHC 

CMS: merged-jet topology only, w/ large-R jet pT threshold lowered from 300 GeV to 200 GeV 

Simultaneous constraint of H → bb and H → cc

16
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)c,cb b→VH(

Expected sensitivity approaches the SM value for the Higgs-charm coupling.

CMS-HIG-21-008ATL-PHYS-PUB-2021-039Example from 
ATLAS

• 3 - 4% uncertainty on κμ at HL-LHC 

H→μμ  H→cc  

CMS-PAS-FTR-21-006 ATL-PHYS-PUB-2021-039

• small branching fraction (~3%) vs 
enormous hadronic backgrounds — 
charm tagging is the key;

• Simultaneous constraint of H → bb 
and H → cc;

• Expected sensitivity approaches the 
SM value for the Higgs-charm 
coupling.

• Evidence already at Run 2;

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/
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PROSPECTS FOR HH
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CERN-2019-007 ATL-PHYS-PUB-2022-053 

• YR18 (CMS+ATLAS) 
• 4.0σ with baseline systematics (4.5σ w/o syst.) 

• 0.5 < κλ < 1.5 [68% CL]

• 2022 update (ATLAS) 
• 3.4σ with baseline systematics (4.9σ w/o syst.) 

• 0.5 < κλ < 1.6 [68% CL] 

• CMS updated bbγγ result shows similar improvement
~20% (50%)  
improvement

g
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CERN-2019-007 ATL-PHYS-PUB-2022-053 

• YR18 (CMS+ATLAS) 
• 4.0σ with baseline systematics (4.5σ w/o syst.) 

• 0.5 < κλ < 1.5 [68% CL]

• 2022 update (ATLAS) 
• 3.4σ with baseline systematics (4.9σ w/o syst.) 

• 0.5 < κλ < 1.6 [68% CL] 

• CMS updated bbγγ result shows similar improvement
~20% (50%)  
improvement

g

g H

H

H

t �• one of the top priorities at the HL-LHC 
- crucial to probe the Higgs potential;

• 4.0σ w/ baseline systematics 
(4.5σ w/o syst.);

• 0.5 < κλ < 1.5 [68% CL].

• 3.4σ with baseline 
systematics (4.9σ w/o syst.) 

• 0.5 < κλ < 1.6 [68% CL];

• CMS updated bbγγ result - 
similar improvement.

YR 2022 
ATLAS

CERN-2019-007

ATL-PHYS-PUB-2022-053

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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HH production and Higgs self coupling
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HH: MORE CHANNELS
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γγ) νW(qq)W(l→HH→pp
Cat. 4

HH → WWγγ + ττγγ

CMS-PAS-FTR-21-003

Final State Significance (stat+exp+theory)
WWgg 0.21
ttgg 0.08
Combination 0.22

ttHH
R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

• tt(l+jets)+HH(4b):  
• µttHH < 3.14 

• More potential w/ 
extra channels 
• cf. PRD 101 (2020) 055043

CMS-PAS-FTR-21-010

PLB 732 (2014) 142
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HH: BETTER TOOLS
Advanced machine learning flavor taggers (GNN/Transformers) have become the standard in ATLAS & CMS 

significant performance improvement in H→bb/cc tagging, mass regression, etc. 

powerful handles for HH searches involving b-jet final states — further gains in Run 3

21

ATLAS-FTAG-2023-01

Jet flavor tagging with small-R jets H→bb tagging with large-R jets

CMS-PAS-BTV-22-001

better
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HH: BETTER TRIGGERS
Run 3 also sees these state-of-the-art taggers deployed at HLT for online event selection 

substantial improvement in trigger efficiency for e.g. HH→4b final states

22

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
b jet identification efficiency

4�10

3�10

2�10

1�10

1

lig
ht

-fl
av

or
 je

t m
is

id
en

tif
ic

at
io

n 
ra

te

CMS
Simulation Preliminary

 =s 13.6 TeV

CMS
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CMS
Simulation Preliminary

 =s 13.6 TeV

CMS
Simulation Preliminary

 =s 13.6 TeV

CMS
Simulation Preliminary

 =s 13.6 TeV

DeepCSV online 
DeepJet online
ParticleNet online 
DeepJet offline 
ParticleNet offline

CMS-PRF-21-001

better

ATLAS 
Twiki 

~20–80% more signal

With all these improvements 
— HH observation may arrive (much) sooner than expected!

b-tagging performance @ HLT Trigger efficiency for HH→4b

Further improvements:
• More channels: HH →WWγγ + ττγγ, ttHH

• Tools: significant performance improvement in 
H→bb/cc tagging (GNN/Transformers standard in 
ATLAS & CMS), mass regression, state-of-the-art 
taggers deployed at HLT for online event selection;

•  HH observation may arrive sooner than expected!
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W and top mass measurements
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• Top, W and Higgs masses connected through loop 
corrections: accurate measurements provide stringent 
of the SM

W and top mass measurements

• W mass measurement at low μ will benefit from:
- extended tracking coverage: -25% uncertainty
- improved PDF precision: -50% on PDF systematic
- larger dataset: 200 pb-1 per week at <μ>=2

=> with 200 pb-1 precision of 8.6 (stat) + 3.7 (PDF syst) 
= 9.3 MeV / 5 MeV with 1 fb-1

ATL-PHYS-PUB-2018-026

L a t e s t C M S 
result 0.38 GeV
C M S - P A S -
TOP-20-008

CMS-PAS-FTR-16-006

• Various techniques investigated for top mass 
measurements:

- l+jets expected to yield most precise 
result with 0.17 GeV uncertainty

- σ(tt) less precise but gives access to mt 
in a well-defined renormalisation scheme

- additional methods expected to improve 
further precision in a combination
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• Top, W and Higgs masses connected through loop 
corrections: accurate measurements provide stringent 
of the SM

W and top mass measurements

• W mass measurement at low μ will benefit from:
- extended tracking coverage: -25% uncertainty
- improved PDF precision: -50% on PDF systematic
- larger dataset: 200 pb-1 per week at <μ>=2

=> with 200 pb-1 precision of 8.6 (stat) + 3.7 (PDF syst) 
= 9.3 MeV / 5 MeV with 1 fb-1

ATL-PHYS-PUB-2018-026

L a t e s t C M S 
result 0.38 GeV
C M S - P A S -
TOP-20-008

CMS-PAS-FTR-16-006

• Various techniques investigated for top mass 
measurements:

- l+jets expected to yield most precise 
result with 0.17 GeV uncertainty

- σ(tt) less precise but gives access to mt 
in a well-defined renormalisation scheme

- additional methods expected to improve 
further precision in a combination

• Top, W and Higgs masses connected through loop 
corrections: accurate measurements one of the 
most important tests of the SM;

W mass:
• Measured at low μ and will benefit from: 

extended tracking coverage: -25% uncertainty, 
improved PDF precision: -50% on PDF systematic, 
arger dataset: 200 pb-1 per week at <μ>=2.

• With 200 pb-1, precision of 8.6 (stat) + 3.7 (PDF 
syst) = 9.3 MeV / 5 MeV with 1 fb-1 

Top mass:
• Most precise from tt l+jets production -  

0.17 GeV uncertainty;

• σ(tt) less precise but gives access to mt in a well-
defined renormalisation scheme;

• additional methods expected to improve further 
precision in a combination.
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BSM searches

60 16T. Strebler – LFC22

• Many BSM models predict heavy resonances 
manifesting as bump in tail of mass spectrum: heavy 
gauge bosons, excited leptons, Majorana neutrinos…

• Leptonic channels typically exhibit best sensitivity: 
often rely on dedicated lepton reco. / identification

• HL-LHC will increase reach of searches to weaker 
couplings and higher masses (≳ 6TeVs)

BSM resonance searches
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CMS Phase-2 Projection
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Exp. 95% CL limit, median
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Exp. (95%)
Exp. 95% CL limit, median (Run 2)
Exp. (68%) (Run 2)
Exp. (95%) (Run 2)

SSMZ'
ψZ'

 (13 TeV)SSMZ'
 (13 TeV)ψZ'

)µµ (14 TeV, ee + -13000 fb

Model Run-2 exclusion HL-LHC exclusion

Excited lepton  !!ɣ [1] 3.8-3.9 TeV 5.8 TeV

Heavy Majorana 
neutrino !!qq [2]

4.6-4.7 TeV 8 TeV

RS gluon tt [3] 4.5 TeV 6.6 TeV

W’R tb [4] 3.15 TeV 4.9 TeV

SSM W’ !+MET [5] 4.6 TeV 6.0 TeV

SSM W’ !+MET [4] 5.6 TeV 7.9 TeV

SSM Z’ !! [4-7] 5.1 TeV 6.8 TeV
[1] CMS-PAS-FTR-18-029 + [2] 18-006 + + [3] 
18-009 + [5] 18-030 + [7] 21-005
+ [4] ATL-PHYS-PUB-2018-044

[1] CMS-PAS-FTR-18-029  

[2] CMS-PAS-FTR-18-006 

[3] CMS-PAS-FTR-18-009 

[4] ATL-PHYS-PUB-2018-044 

[5] CMS-PAS-FTR-18-030 

[6] CMS-PAS-FTR-18-006 

[7] CMS-PAS-FTR-21-005 

• HL-LHC will increase reach of searches to weaker couplings and higher masses;

• SUSY: EWK production: larger benefit from HL dataset due to smaller cross-sections;

• LLP will benefit from improved trigger capabilities; 

• Heavy resonances - up to 8 TeV (table with projections):

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-029/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-044/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-030/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-005/index.html


Jelena Jovicevic - Corfu 2024

ALICE programme beyond Run 3 and 4
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Precision measurements of dileptons:
• evolution of the quark gluon plasma temperature;

• mechanisms of chiral symmetry restoration in the quark-gluon plasma 

Systematic measurementsof (multi-)heavy-flavoured hadrons:
• transport properties in QGP;

• mechanisms of hadronisation from the QGP;

Hadron correlations:
• hadron-hadron interaction potentials, net-baryon and net-charm fluctuations,...

Multi-charm baryons:
• New technique: strangeness tracking with Ξ baryon 
→ high selectivity; �
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Multi-charm baryons vs 
system size 

→ new insights in 
thermalisation and 

hadronisation dynamics 
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T. Strebler – LFC22

• More and more models predict LLP
• Standard reco. algo. tailored for reconstruction of 

prompt particles but new algo. developed during Run 

2-3: can be successfully adapted for HL-LHC 

detectors
• Phase-2 upgrades (MTD, muon triggers) also 

opportunities to exploit new capabilities for trigger 

and reco.

LLP searches
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• Significant increase in reach of differential QCD 
measurements expected with HL-LHC dataset:

- single-jet pT 3.5 → 5 TeV
- dijet mjj 9 → 11.5 TeV
- ɣ+jet ET(ɣ), pT(jet) 1.5→ 3.5 TeV, m(ɣ+jet) 3.3→ 7 TeV

• Large differences between various PDF predictions at high 
pT => strong impact of HL-LHC measurements 
improve determination of proton PDFs

QCD physics

• High-pT jet measurements also considered separately for 
various boosted object flavours: strongly relying on b-
tagging + boosted W-top tagging performance
=> expected reach up to pT ~ 3 / 2.5 / 2 TeV for b / W / top

• Angular correlations also sensitive to colour connection 
=> measurements can help improving computations of 
soft gluon resummation

ATL-PHYS-PUB-2018-051 CMS-PAS-FTR-18-032

And many more....
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• Strong SUSY production: many scenarios already 
excluded up to 1 TeV

• EWK SUSY production: larger benefit from HL dataset 
due to smaller cross-sections
=> many final states to be probed, sensitivity extended 
by ~500 GeV for light LSP

• Scenarios with compressed mass spectra also 
particularly challenging but use of dedicated analysis 
techniques (top spin correlation, disappearing tracks…) 
can significantly boost existing limits

SUSY searches
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• Search for associated production of DM with 

SM detectable particles (e.g. mono-X, X=Z/H/top): 

look for excess in tail of MET or mT distributions

• Most interpretations in simplified (ɸ→χχ
) or 

2HDM+a models: more than two parameters 

involved

Dark matter searches
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• Sizeable improvements wrt Run 2 possible thanks to increased dataset + improved systematics: 

complementary to direct detection experiments
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• sin2θeff precision measurement to be performed using forward-backward asymmetry in Drell-Yan 

dilepton events: benefits from improved forward lepton reconstruction + statistics

=> better precision than individual LEP-1 and SLD measurements (3σ discrepancy)

Electroweak physics
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• Vector Boson Scattering (VBS) observations recently reported 

by ATLAS and CMS
• Processes quite sensitive to BSM effects, in particular for 

longitudinally polarised VLVL scattering unitarised by Higgs 

diagrams in SM (6-7% of inclusive cross-section)
• Projection studies for various final states (multilepton channels 

most sensitive):  5σ observation of VLVL scattering expected with 

ATLAS-CMS combination
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• Differential cross-section 

fine-binned measurements

• D i r e c t i m p r o v e m e n t o n  

precision of gluon PDFs

Top physics
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• Study of rare processes w/ 

cross-sections down to O(10) fb: 

tt+V, 4-tops

• Can be exploited to constrain 

EFT operators

CMS-PAS-FTR-18-015

• All top measurements will directly benefit fro
m:

- improved JES + b-tagging experimental systematics

- extended η coverage

• Constrains on BSM FCNC 

operators through top decays: 

tqZ, tqg

B(t→uZ) < 4.6 x 10-5

B(t→cZ) < 5.5 x 10-5

B(t→ug) < 3.8 x 10-6

B(t→cg) < 3.2 x 10-5

• Improvements by 1 order of 

magnitude expected wrt current 

BSM branching ratios constraints

ATL-PHYS-PUB-2022-004 + 

CMS-PAS-FTR-18-031

CMS-PAS-FTR-18-004 +

ATL-PHYS-PUB-2019-001 
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T. Strebler – LFC22

• More and more models predict LLP
• Standard reco. algo. tailored for reconstruction of 

prompt particles but new algo. developed during Run 

2-3: can be successfully adapted for HL-LHC 

detectors
• Phase-2 upgrades (MTD, muon triggers) also 

opportunities to exploit new capabilities for trigger 

and reco.

LLP searches
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• Significant increase in reach of differential QCD 
measurements expected with HL-LHC dataset:

- single-jet pT 3.5 → 5 TeV
- dijet mjj 9 → 11.5 TeV
- ɣ+jet ET(ɣ), pT(jet) 1.5→ 3.5 TeV, m(ɣ+jet) 3.3→ 7 TeV

• Large differences between various PDF predictions at high 
pT => strong impact of HL-LHC measurements 
improve determination of proton PDFs

QCD physics

• High-pT jet measurements also considered separately for 
various boosted object flavours: strongly relying on b-
tagging + boosted W-top tagging performance
=> expected reach up to pT ~ 3 / 2.5 / 2 TeV for b / W / top

• Angular correlations also sensitive to colour connection 
=> measurements can help improving computations of 
soft gluon resummation

ATL-PHYS-PUB-2018-051 CMS-PAS-FTR-18-032

And many more....
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• Strong SUSY production: many scenarios already 
excluded up to 1 TeV

• EWK SUSY production: larger benefit from HL dataset 
due to smaller cross-sections
=> many final states to be probed, sensitivity extended 
by ~500 GeV for light LSP

• Scenarios with compressed mass spectra also 
particularly challenging but use of dedicated analysis 
techniques (top spin correlation, disappearing tracks…) 
can significantly boost existing limits

SUSY searches
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• Search for associated production of DM with 

SM detectable particles (e.g. mono-X, X=Z/H/top): 

look for excess in tail of MET or mT distributions

• Most interpretations in simplified (ɸ→χχ
) or 

2HDM+a models: more than two parameters 

involved

Dark matter searches
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• Sizeable improvements wrt Run 2 possible thanks to increased dataset + improved systematics: 

complementary to direct detection experiments
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• sin2θeff precision measurement to be performed using forward-backward asymmetry in Drell-Yan 

dilepton events: benefits from improved forward lepton reconstruction + statistics

=> better precision than individual LEP-1 and SLD measurements (3σ discrepancy)

Electroweak physics
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• Vector Boson Scattering (VBS) observations recently reported 

by ATLAS and CMS
• Processes quite sensitive to BSM effects, in particular for 

longitudinally polarised VLVL scattering unitarised by Higgs 

diagrams in SM (6-7% of inclusive cross-section)
• Projection studies for various final states (multilepton channels 

most sensitive):  5σ observation of VLVL scattering expected with 

ATLAS-CMS combination
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CMS-PAS-FTR-21-001History thought us that we can always do better than expected. 
Requires combined effort from theory, instrumentation, analysis techniques...
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• Differential cross-section 

fine-binned measurements

• D i r e c t i m p r o v e m e n t o n  

precision of gluon PDFs

Top physics
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• Study of rare processes w/ 

cross-sections down to O(10) fb: 

tt+V, 4-tops

• Can be exploited to constrain 

EFT operators

CMS-PAS-FTR-18-015

• All top measurements will directly benefit fro
m:

- improved JES + b-tagging experimental systematics

- extended η coverage

• Constrains on BSM FCNC 

operators through top decays: 

tqZ, tqg

B(t→uZ) < 4.6 x 10-5

B(t→cZ) < 5.5 x 10-5

B(t→ug) < 3.8 x 10-6

B(t→cg) < 3.2 x 10-5

• Improvements by 1 order of 

magnitude expected wrt current 

BSM branching ratios constraints

ATL-PHYS-PUB-2022-004 + 

CMS-PAS-FTR-18-031

CMS-PAS-FTR-18-004 +

ATL-PHYS-PUB-2019-001 



Jelena Jovicevic - Corfu 2024

1
10

210
310 [mm]τ

Dark photon c

2−10

1−10

1

10

210

+X
) [

pb
]

dγ
 2

→
BR

(H
×
σ

95
%

 C
L 

Li
m

it 
on

 

-1

 = 14 TeV, 3000 fb

s

 modeld
γ

FRVZ 2

 = 400 MeVd
γ

 = 125 GeV, m
Hm

L0_muon-scan included

ATLAS Simulation Preliminary

expected limit
σ 1 ±

expected 

σ 2 ±
expected 

+X) = 10%d
γ 2→BR(H

+X) = 1%d
γ 2→BR(H

0 50 100 150 200 250 300 350 400 450 500prod. R [mm]

0

0.2

0.4

0.6

0.8

1

1.2

Tr
ac

k 
m

at
ch

in
g 

ef
fic

ie
nc

y

|<2.4η
>5 GeV, |T

p
LLP decay products

Offl. track. + LRT

Fast trackingFast LRT
Fast track. + LRT

)=0.1 ns
0χ∼(τ

(50), 
0χ∼ qq→

(1600)
g~

=14 TeV, 
s

ATLAS Simulation Preliminary, 

O f f l i n e 
reconstruction= default + LRTTrigger reconstruction= default + LRT

A T L A S -TDR-029-ADD-1

18

T. Strebler – LFC22

• More and more models predict LLP
• Standard reco. algo. tailored for reconstruction of 

prompt particles but new algo. developed during Run 

2-3: can be successfully adapted for HL-LHC 

detectors
• Phase-2 upgrades (MTD, muon triggers) also 

opportunities to exploit new capabilities for trigger 

and reco.
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• Significant increase in reach of differential QCD 
measurements expected with HL-LHC dataset:

- single-jet pT 3.5 → 5 TeV
- dijet mjj 9 → 11.5 TeV
- ɣ+jet ET(ɣ), pT(jet) 1.5→ 3.5 TeV, m(ɣ+jet) 3.3→ 7 TeV

• Large differences between various PDF predictions at high 
pT => strong impact of HL-LHC measurements 
improve determination of proton PDFs

QCD physics

• High-pT jet measurements also considered separately for 
various boosted object flavours: strongly relying on b-
tagging + boosted W-top tagging performance
=> expected reach up to pT ~ 3 / 2.5 / 2 TeV for b / W / top

• Angular correlations also sensitive to colour connection 
=> measurements can help improving computations of 
soft gluon resummation

ATL-PHYS-PUB-2018-051 CMS-PAS-FTR-18-032
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• Strong SUSY production: many scenarios already 
excluded up to 1 TeV

• EWK SUSY production: larger benefit from HL dataset 
due to smaller cross-sections
=> many final states to be probed, sensitivity extended 
by ~500 GeV for light LSP

• Scenarios with compressed mass spectra also 
particularly challenging but use of dedicated analysis 
techniques (top spin correlation, disappearing tracks…) 
can significantly boost existing limits

SUSY searches
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• Search for associated production of DM with 

SM detectable particles (e.g. mono-X, X=Z/H/top): 

look for excess in tail of MET or mT distributions

• Most interpretations in simplified (ɸ→χχ
) or 

2HDM+a models: more than two parameters 

involved

Dark matter searches
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• Sizeable improvements wrt Run 2 possible thanks to increased dataset + improved systematics: 

complementary to direct detection experiments
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• sin2θeff precision measurement to be performed using forward-backward asymmetry in Drell-Yan 

dilepton events: benefits from improved forward lepton reconstruction + statistics

=> better precision than individual LEP-1 and SLD measurements (3σ discrepancy)

Electroweak physics
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• Vector Boson Scattering (VBS) observations recently reported 

by ATLAS and CMS
• Processes quite sensitive to BSM effects, in particular for 

longitudinally polarised VLVL scattering unitarised by Higgs 

diagrams in SM (6-7% of inclusive cross-section)
• Projection studies for various final states (multilepton channels 

most sensitive):  5σ observation of VLVL scattering expected with 

ATLAS-CMS combination
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• Differential cross-section 

fine-binned measurements

• D i r e c t i m p r o v e m e n t o n  

precision of gluon PDFs

Top physics
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• Study of rare processes w/ 

cross-sections down to O(10) fb: 

tt+V, 4-tops

• Can be exploited to constrain 

EFT operators

CMS-PAS-FTR-18-015

• All top measurements will directly benefit fro
m:

- improved JES + b-tagging experimental systematics

- extended η coverage

• Constrains on BSM FCNC 

operators through top decays: 

tqZ, tqg

B(t→uZ) < 4.6 x 10-5

B(t→cZ) < 5.5 x 10-5

B(t→ug) < 3.8 x 10-6

B(t→cg) < 3.2 x 10-5

• Improvements by 1 order of 

magnitude expected wrt current 

BSM branching ratios constraints

ATL-PHYS-PUB-2022-004 + 

CMS-PAS-FTR-18-031

CMS-PAS-FTR-18-004 +

ATL-PHYS-PUB-2019-001 

• Measurements @ 7, 8, and 13 TeV confirmed the immense potential of LHC

• Measurements compatible with the SM predictions within uncertainties;

• Many open questions remain;

• Near-term future measurements @ 13.6 TeV might provides us with some 
hints...

• HL-LHC: a unique opportunity to explore many of the open questions 

• Vast amount of data: ~20x more than what we have analysed;

• Next-generation accelerators & experiments are key to our understanding of 
the Nature!
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Backup
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Heavy neutral Higgs bosons A→Z(ll)H(tt) 
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• Search for CP-odd Higgs decaying to heavy CP-even Higgs and Z 

• Motivated by 2HDM, mA > mH favoured by EW baryogenesis models. 
 A→ZH dominates if mA - mH > 250 GeV.

• H→tt becomes dominant when mH > 2 mt.

• ATLAS search targets semi-leptonic tt decays, while CMS uses fullhad tt decay;

• Mass difference Δm = mAcandidate - mHcandidate as signal discriminant 

CMS-PAS-B2G-23-006

ATLAS most significant 
excess at mA = 650 GeV, 

mH = 450 GeV: 2.9 (2.4) σ 
local (global) significance - 
not confirmed with recent 

CMS result. 

JHEP 02 (2024) 197
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