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The CMS experiment
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Pushing the boundaries  
of physics across multiple frontiers 

This is only made possible by the versatility of CMS 
and the outstanding performance of the LHC

Precision physics 

Searches  

top quark physics  

Higgs boson physics 

Flavour physics 

Heavy Ions physics 
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The CMS experiment

Multiple data-taking strategies   

Heterogeneous computing  

Artificial Intelligence 
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A key technology driver
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Developing advanced techniques for science

Precision physics 

Searches  

top quark physics  

Higgs boson physics 

Flavour physics 

Heavy Ions physics Big computing infrastructure 
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Developing advanced techniques for science

Precision physics 

Searches  

top quark physics  

Higgs boson physics 

Flavour physics 

Heavy Ions physics Big computing infrastructure 

A key technology driver

Pushing the boundaries  
of physics across multiple frontiers 



EPS-HEP2025  Roberto Salerno EPS-HEP2025  Roberto Salerno 6

The CMS collaboration  

246 institutes from 58 regions ~2300 authors
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Midway through a three-decade endeavour
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…2040

High-Luminosity LHC

The Phase2 Upgrade of CMS
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on-going

 A remarkable breadth of physics results

Observation of VBS 

Study of Yukawa coupling  
    Observation 3rd generation 
    Evidence 2nd generation 

Heavy flavour physics 
    Ultra-rare decay Bs→μ⁺μ-

Shift to precision physics  
   mW, mtop, sin2θWProbing QGP

Higgs boson discovering 

Natural SUSY searches  
  Exclude large part of parameter space
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2017

Outline
2017

Recent highlights  

Performance in 2025 

Towards the HL-LHC Precision physics 

Searches  
top quark physics  

Higgs boson physics 

Flavour physics 
Heavy Ions physics 
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Cross-Section measurements of selected processes as of May 2024 

From millibarns to femtobarns

10

Physics Report 1115 (2025) 3

Precision physics 

https://www.sciencedirect.com/science/article/pii/S0370157324003867?via=ihub
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Cross-Section measurements of selected processes as of May 2024 

From millibarns to femtobarns
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Physics Report 1115 (2025) 3

We are continuing the exploration of these processes using
Precision physics 

https://www.sciencedirect.com/science/article/pii/S0370157324003867?via=ihub


EPS-HEP2025  Roberto Salerno 

Adding  
results 

Adding  
results 

Adding  
results 

Adding  
results 

Re
ce

nt
 H

ig
hl

ig
ht

s

From millibarns to femtobarns

12

Physics Report 1115 (2025) 3

W and Z cross-section 
Refinement of PDF’s description 

Precision physics 
We are continuing the exploration of these processes using

arXiv:2503.09742 

Submitted to JHEP

https://www.sciencedirect.com/science/article/pii/S0370157324003867?via=ihub
https://arxiv.org/abs/2503.09742
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Physics Report 1115 (2025) 3

W and Z cross-section 
Refinement of PDF’s description 

WZ cross-section 
Using improved lepton identification  

Precision physics 
We are continuing the exploration of these processes using

JHEP 04 (2025) 115 

https://www.sciencedirect.com/science/article/pii/S0370157324003867?via=ihub
https://link.springer.com/article/10.1007/JHEP04(2025)115
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Physics Report 1115 (2025) 3

W and Z cross-section 
Refinement of PDF’s description 

WZ cross-section 
Using improved lepton identification  
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10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination
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The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
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The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
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width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

68%CL intervals on ki coupling modifiers 

10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

c

?

First search in  production channel  
• Graph convolutional NN for simultaneous ID of 

b- and c-jets (PNet)   

• Multiclass event classifier-based (ParT)

ttH

In combination with VH most 
stringent constraint to date  

 

 obs. (exp.) |yc/ySM
c | ≤ 3.0 (3.3)

combination

First ttH search 
HIG-24-018 

PRL 131 (2023) 061801

Probing for H → cc̄

HIG-24-018

Higgs boson physics 

Re
ce

nt
 H

ig
hl

ig
ht

s

4013.05.25 | Sebastian Wuchterl

Conclusions

39

Ex
pe

ct
ed

 u
pp

er
 li

m
it 

on
 μ

(H
→

)
cc

1

10

100

1000
ATLAS 36 fb-1 

μ < 150

CMS 36 fb-1 
μ < 37

CMS 138 fb-1  

μ < 7.6

ATLAS 139 fb-1  

μ < 31

20202015 2025 HL-LHC

LHCb 1.98 fb-1 

μ < 7900

ATLAS 3000 fb-1  

μ < O(2)
CMS 3000 fb-1  

μ < O(1)

A first evidence 
at HL-LHC?

With Run 2 performanceWith more improvements?

LHCb 300 fb-1 

μ < O(10)
ATLAS 140 fb-1  

μ < 10.6

CMS 138 fb-1  

(VH + ttH) 
μ < 5.6

2030

● Compared to old ATLAS VH(cc) projections 
■ 18 years of progress in 3 years! 

→ We have a charming future ahead of us!

ATL-PH
YS-PU

B-2021-039

2022:

Expected | | < 3.0κc

CMS 36 fb-1 

μ < 37
CMS 138 fb-1 

μ < 7.6 CMS 138 fb-1 
(VH+ttH) 

μ < 5.6

Incredible progresses in the last years  
We have a charming future ahead of us!  

With Run-2 performanceWith more improvements ?

High-Luminosity LHC

μ < O(1)

It opens the possibility 
of evidence at HL-LHC 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html
https://arxiv.org/abs/1902.08570
https://arxiv.org/abs/2202.03772
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html


EPS-HEP2025  Roberto Salerno 

10. Interpretation of measurements in the k-framework 47

Figure 12: Profile likelhood scans as a function of kl for the observed data (solid lines). The
expected results assuming a SM Higgs boson derived using an Asimov data set with kl = 1
are shown by the dashed lines. The blue lines represent the case where kF and kV are fixed to
1. The orange lines represent the case where kF and kV are profiled.
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30 Chapter 1. Higgs boson pair production theoretical motivation

Feynman diagrams make explicit the usual jargon used to address them as triangle and box
diagrams. The calculation of the cross section of this process has considerably improved
over the past years, including higher order contributions and shrinking the uncertainty
bands (cf. Reference [64–66]), arriving at the present predicted value [67] of
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22 Chapter 1. Higgs boson pair production

• gluon fusion production gg � HH. It involves either the production of a Higgs
boson pair through the trilinear Higgs boson self-coupling, or the radiation of two
on-shell Higgs bosons from a heavy quark loop. The cross section consequently
depends on �HHH and on the top quark Yukawa couplings yt . The contribution
from b quarks is smaller than 1% at leading order and can be neglected given the
current accuracy of the theoretical computations and the experimental sensitivity.
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = �
ŝ
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ŝ

!
, (5)
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ŝ
⌥

r
1 �

4M
2

H

ŝ
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Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Hŝ

!
,

(5
)

w
ith

ŝ
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form

factors F4, F⇤ and G⇤ approach constant values in the infinite top quark mass limit,

F4 !
2

3
, F⇤ ! �

2

3
, G⇤ ! 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found

in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process

6

(a) gg double-Higgs fusion: gg ! HH
H

H

Hg

g

Q

H

H

g

g

Q

(b) WW/ZZ
double-Higgs fusion: qq 0

! HHqq 0
q

q 0

q

q 0
V ⇤

V ⇤ H
H(c) Double Higgs-strahlung: qq̄ 0

! ZHH/WHH

q

q̄ 0

V ⇤

V

H

H

g

g

t̄

t

H
H

q

q̄

g

(d) Associated production with top-quarks: qq̄/gg ! tt̄HHFigure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron

colliders.
where

t̂± = � ŝ
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contains the t̄thh coupling, while those in the second line involve contact interactions between the

Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
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ŝ = mhh � mt, mh. We
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The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form

factors F4, F⇤ and G⇤ approach constant values in the infinite top quark mass limit,

F4 !
2

3
, F⇤ ! �

2

3
, G⇤ ! 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found

in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process

6

(a) gg double-Higgs fusion: gg ! HH
H

H

Hg

g

Q

H

H

g

g

Q

(b) WW/ZZ
double-Higgs fusion: qq 0

! HHqq 0
q

q 0

q

q 0
V ⇤

V ⇤ H
H(c) Double Higgs-strahlung: qq̄ 0

! ZHH/WHH

q

q̄ 0

V ⇤

V

H

H

g

g

t̄

t

H
H

q

q̄

g

(d) Associated production with top-quarks: qq̄/gg ! tt̄HHFigure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron

colliders.
where

t̂± = � ŝ
2

 

1 � 2
M 2

H
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ŝ
2

 
1 � 2

M
2

H

ŝ
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ŝ
2  

1
�

2 M
2Hŝ
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ŝ

! ,

(5
)

w
it
h
ŝ
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ŝ
⌥

r
1 �

4M
2

H

ŝ
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form

factors F4, F⇤ and G⇤ approach constant values in the infinite top quark mass limit,

F4 !
2

3
, F⇤ ! �

2

3
, G⇤ ! 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found

in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process

6

(a) gg double-Higgs fusion: gg ! HH
H

H

Hg

g

Q

H

H

g

g

Q

(b) WW/ZZ
double-Higgs fusion: qq 0

! HHqq 0
q

q 0

q

q 0
V ⇤

V ⇤ H
H(c) Double Higgs-strahlung: qq̄ 0

! ZHH/WHH

q

q̄ 0

V ⇤

V

H

H

g

g

t̄

t

H
H

q

q̄

g

(d) Associated production with top-quarks: qq̄/gg ! tt̄HHFigure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron

colliders.
where

t̂± = � ŝ
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ŝ
⌥

r
1 �

4M
2

H

ŝ
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contains the t̄thh coupling, while those in the second line involve contact interactions between the
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derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
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ŝ

2

 
1 � 2

M2

H

ŝ
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The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].
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ŝ
a
n
d
t̂ d

en
o
ti
n
g
th

e
p
a
rt
o
n
ic

M
a
n
d
el
st
a
m

va
ri
a
b
le
s.

T
h
e
tr
ia
n
g
u
la
r
a
n
d
b
ox

fo
rm

fa
ct
o
rs

F4
,
F⇤

a
n
d
G⇤

a
p
p
ro
a
ch

co
n
st
a
n
t
va

lu
es

in
th

e
in
fi
n
it
e
to
p
q
u
a
rk

m
a
ss

li
m
it
,

F4
!

2

3

,
F⇤

!

�

2

3

,
G⇤

!

0
.

(6
)

T
h
e
ex

p
re
ss
io
n
s
w
it
h
th

e
co

m
p
le
te

m
a
ss

d
ep

en
d
en

ce
a
re

ra
th

er
le
n
g
th
y
a
n
d
ca

n
b
e
fo
u
n
d

in
R
ef
.
[1
1]

a
s
w
el
l
a
s
th

e
N
L
O

Q
C
D

co
rr
ec
ti
o
n
s
in

th
e
L
E
T

a
p
p
ro
x
im

a
ti
o
n
in

R
ef
.
[1
8]
.

T
h
e
fu
ll

L
O

ex
p
re
ss
io
n
s
fo
r
F4

, F
⇤
a
n
d

G⇤
a
re

u
se
d

w
h
er
ev

er
th

ey
a
p
p
ea

r
in

th
e

N
L
O

co
rr
ec
ti
o
n
s
in

o
rd

er
to

im
p
ro
ve

th
e
p
er
tu

rb
a
ti
ve

re
su

lt
s,

si
m
il
a
r
to

w
h
a
t
h
a
s
b
ee
n

d
o
n
e
in

th
e
si
n
g
le

H
ig
g
s
p
ro
d
u
ct
io
n
ca

se
w
h
er
e
u
si
n
g
th

e
ex

a
ct

L
O

ex
p
re
ss
io
n
re
d
u
ce
s
th

e

d
is
a
g
re
em

en
t
b
et
w
ee
n
th

e
fu
ll
N
L
O

re
su

lt
a
n
d
th

e
L
E
T

re
su

lt
[7
, 1
9]
.

F
o
r
th

e
n
u
m
er
ic
a
l
ev
a
lu
a
ti
o
n

w
e
h
av

e
u
se
d

th
e
p
u
b
li
cl
y
av

a
il
a
b
le

co
d
e
HP
AI
R
[4
4
]
in

w
h
ic
h

th
e
k
n
ow

n
N
L
O

co
rr
ec
ti
o
n
s
a
re

im
p
le
m
en

te
d
.
A
s
a
ce
n
tr
a
l
sc
a
le

fo
r
th

is
p
ro
ce
ss

6

(a
) gg

do
ub

le-
Hig

gs
fu

sio
n:

gg
!

HH

H

H
H

g

g Q

H

H

g

g Q

(b
) WW/Z

Z do
ub

le-
Hig

gs
fu

sio
n:

qq
0 !

HHqq
0

q

q
0 q

q
0

V
⇤

V
⇤

H
H

(c
) D

ou
bl

e
Hig

gs
-st

ra
hl

un
g:

qq̄
0 !

ZHH/W
HH

q

q̄
0

V
⇤

V

H

H

g

g t̄

t
H
H q

q̄
g

(d
) Ass

oc
ia

te
d

pr
od

uc
tio

n
with

to
p-

qu
ar

ks
: qq̄/

gg
!

t̄tH
H

Figu
re 1:

Som
e gen

eric
Fey

nm
an

dia
gra

ms con
trib

utin
g to Higg

s pai
r pro

duc
tion

at h
adr

on

col
lide

rs.

whe
re

t̂±
=

�

ŝ
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ŝ

2

 
1 � 2

M2

H

ŝ
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in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process
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by an analysis including only dimension-6 operators (in white). No sensible e�ective field theory

description is possible in the gray area (� < gmin), while exploration of the light blue region
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g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution comes from the crossing of the box diagram). The last diagram on the first line

contains the t̄thh coupling, while those in the second line involve contact interactions between the

Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
p

ŝ = mhh � mt, mh. We
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A fundamental remark needs to be made regarding the triangle and box diagrams: while
their amplitude is of similar magnitude, they interfere destructively. This effect, combined
with the two H bosons’ restricted production phase space, yields the very small cross section
reported above. Nonetheless, this destructive interference can be exploited to probe BSM
scenarios, which can largely modify the interference behaviour.

• Vector Boson Fusion (VBF)
The vector boson fusion mechanism can be seen as the double elastic scattering of two
quarks with two HH radiated off the weak bosons that fuse. At LO, three Feynman
diagrams can be drawn and are reported below. The one on the left involves the tri-
linear coupling �HHH , whereas the one in the middle and the one on the right involve the
coupling of a H boson with one vector boson (cV) and the coupling of a HH with two
vector bosons (c2V), respectively. The two final state jets are generally produced with a
very large separation angle and constitute a clean signature for the rejection of background.
The calculation of the cross section of this process has also considerably improved during
the past years, including higher order contributions and shrinking the uncertainty bands
(cf. Ref. [68–72]), arriving at the present predicted value [73] of

�
VBF
N3LO QCD(

p
s = 13 TeV, mH = 125 GeV) = 1.739

+0.03%

�0.04%
(scale) ± 2.1%(PDF + ↵s) fb

(1.55)

22 Chapter 1. Higgs boson pair production

• gluon fusion production gg � HH. It involves either the production of a Higgs
boson pair through the trilinear Higgs boson self-coupling, or the radiation of two
on-shell Higgs bosons from a heavy quark loop. The cross section consequently
depends on �HHH and on the top quark Yukawa couplings yt . The contribution
from b quarks is smaller than 1% at leading order and can be neglected given the
current accuracy of the theoretical computations and the experimental sensitivity.
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The expressions with the complete mass dependence are rather lengthy and can be found

in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process
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2

 

1 � 2
M 2

H
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which the known NLO corrections are implemented. As a central scale for this process
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ŝ

!
,

(5)

with
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution comes from the crossing of the box diagram). The last diagram on the first line

contains the t̄thh coupling, while those in the second line involve contact interactions between the

Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
p

ŝ = mhh � mt, mh. We

10

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤, �/g⇤), defined by Eqs. (13),(14), that can be probed

by an analysis including only dimension-6 operators (in white). No sensible e�ective field theory

description is possible in the gray area (� < gmin), while exploration of the light blue region

(gmin < � <
p

g⇤gmin) requires including the dimension-8 operators.

g

g h

h

t

g

g h

h

t
h

g

g h

h

t

g

g h

h

h

g

g h

h

FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution comes from the crossing of the box diagram). The last diagram on the first line

contains the t̄thh coupling, while those in the second line involve contact interactions between the

Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
p
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with ŝ and t̂ denoting the partonic Mandelstam
variables. The triangular and box form

factors F4 , F⇤ and G⇤ approach constant values in the infinite top quark mass limit,

F4 ! 2

3
, F⇤ !

� 2

3
,

G⇤ !
0 .

(6)

The expressions with the complete mass dependence are rather lengthy and can be found

in Ref. [11] as well as the NLO
QCD

corrections in the LET approximation in Ref. [18].

The full LO
expressions for F4 , F⇤ and G⇤ are used wherever they appear in the

NLO
corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO
expression reduces the

disagreement between the full NLO
result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO
corrections are implemented. As a central scale for this process

6

(a)
gg double-H

igg
s fusio

n: gg !
HH

H

H
H

g

g Q

H

H

g

g Q

(b) WW/ZZ double-H
igg

s fusio
n: qq

0 !
HHqq

0

q

q0

q

q0

V
⇤

V
⇤

H
H

(c)
Double Higg

s-s
tra

hlung:
qq̄

0 !
ZHH/WHH

q

q̄0
V

⇤

V

H

H

g

g
t̄

t
H
H q

q̄ g

(d) Asso
cia

ted
producti

on
with

top
-qu

ark
s:

qq̄/g
g !

t̄tHH

Figur
e 1: Som

e gene
ric Feynm

an diag
ram

s cont
ribu

ting
to Higgs

pair
prod

uctio
n at hadr

on

colli
ders

.

where

t̂± =
�

ŝ
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by an analysis including only dimension-6 operators (in white). No sensible e�ective field theory
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution comes from the crossing of the box diagram). The last diagram on the first line

contains the t̄thh coupling, while those in the second line involve contact interactions between the

Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
p

ŝ = mhh � mt, mh. We
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ŝ

2

 
1 � 2

M2

H

ŝ
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form

factors F4, F⇤ and G⇤ approach constant values in the infinite top quark mass limit,

F4 !
2

3
, F⇤ ! �

2

3
, G⇤ ! 0 . (6)
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The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
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ŝ
2

 
1 � 2

M
2

H

ŝ
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disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process
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ŝ

!
,

(5
)

with
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NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
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ŝ and t̂ denoti

ng the part
onic

Mandels
tam

var
iab

les
. The tria

ngular
and box

for
m

fac
tor

s F4, F⇤ and G⇤ approa
ch

con
sta

nt
val

ues
in

the infinite
top

qu
ark

mass
lim

it,

F4 !

2

3
,

F⇤ !
�

2

3
,

G⇤ !
0 .

(6)

The exp
res

sio
ns with

the com
plet

e mass
dependence

are
rat

her
len

gth
y and can

be fou
nd

in
Ref.

[11
] as

well
as

the NLO
QCD

cor
rec

tio
ns in

the LET approx
im

ati
on

in
Ref.

[18
].

The full LO
exp

res
sio

ns for
F4, F⇤ and G⇤ are

used
where

ver
they

appear
in

the

NLO
cor

rec
tio

ns in
ord

er
to

im
prov

e the pert
urbati

ve
res

ults,
sim

ilar
to

what
has

been

done in
the sin

gle
Higg

s producti
on

cas
e where

usin
g the exa

ct
LO

exp
res

sio
n red

uces
the

disa
gre

em
ent

betw
een

the full NLO
res

ult and the LET res
ult [7,

19]
.

For
the nu

meri
cal

eva
luati

on
we have

used
the publicl

y ava
ilab

le
code HPA

IR [44
] in

which
the kn

ow
n NLO

cor
rec

tio
ns are

im
plem

ent
ed. As a cen

tra
l sca

le
for

this
proces

s

6

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin
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by an analysis including only dimension-6 operators (in white). No sensible e�ective field theory
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g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution comes from the crossing of the box diagram). The last diagram on the first line

contains the t̄thh coupling, while those in the second line involve contact interactions between the

Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
p

ŝ = mhh � mt, mh. We
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form

factors F4, F⇤ and G⇤ approach constant values in the infinite top quark mass limit,

F4 !
2

3
, F⇤ ! �

2

3
, G⇤ ! 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found

in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process
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ŝ

!
, (5)
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disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process
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(a) gg double-Higgs fusion: gg ! HH
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(d) Associated production with top-quarks: qq̄/gg ! tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form

factors F4, F⇤ and G⇤ approach constant values in the infinite top quark mass limit,

F4 !
2

3
, F⇤ ! �

2

3
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The expressions with the complete mass dependence are rather lengthy and can be found

in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F4, F⇤ and G⇤ are used wherever they appear in the

NLO corrections in order to improve the perturbative results, similar to what has been

done in the single Higgs production case where using the exact LO expression reduces the

disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in

which the known NLO corrections are implemented. As a central scale for this process
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ŝ

!

,

(5)
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FIG. 1: Cartoon of the region in the plane (g⇤, �/g⇤), defined by Eqs. (13),(14), that can be probed

by an analysis including only dimension-6 operators (in white). No sensible e�ective field theory

description is possible in the gray area (� < gmin), while exploration of the light blue region

(gmin < � <
p

g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution comes from the crossing of the box diagram). The last diagram on the first line

contains the t̄thh coupling, while those in the second line involve contact interactions between the

Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e�ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di�erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di�erent scaling at large energies
p

ŝ = mhh � mt, mh. We
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• Double Higgs-strahlung (VHH)
In the double Higgs-strahlung mechanism, a quark interacts with an antiquark to produce
a massive vector boson (W± or Z), which radiates the HH. At LO, three Feynman dia-
grams can be drawn and are reported below. The one on the left involves the tri-linear
coupling �HHH , while the remaining two include the same couplings discussed for the VBF
production. The current predicted cross section for this mechanism is decomposed based
on the vector boson considered, with values [62] of

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html
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 pbσ(ηt) = 8.8+1.2
−1.4
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ar
 →

psesudo-scalar →

Excess compatible with  
pseudo-scalar hypothesis 

arXiv:2503.22382

In the search for H/A resonances into  
observed an excess of data at threshold 

tt̄

Observation of a NRQCD effect is a great triumph. 

Modelling of the  threshold region is challenging and requires further theoretical investigation tt̄
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Submitted to ROPP

top quark physics  

Compatible with NRQCD prediction  pb 
arXiv:2102.11281 arXiv:2401.08751 

σ(ηt) = 6.4

Measured cross section of a quasi-bound 

https://arxiv.org/abs/2503.22382
https://arxiv.org/abs/2102.11281
https://www.arxiv.org/abs/2401.08751
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Experimental data has sign of large part of the natural SUSY parameter space from  
stops and gluinos searches  
Extend searches to natural models with light higgsino and light wino and bino super partners so they can 
reproduce the measured relic density.

Searches  
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Experimental data has sign of large part of the natural SUSY parameter space from  
stops and gluinos searches  

Experimental challenging analyses 
with soft lepton and tracks 

Searches  

Extend searches to natural models with light higgsino and light wino and bino super partners so they can 
reproduce the measured relic density.
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Experimental data has sign of large part of the natural SUSY parameter space from  
stops and gluinos searches  

Experimental challenging analyses 
with soft lepton and tracks 

Closing the gap in Δm( , ) χ0
1 χ±

1

EXO-23-017 

SUS-24-003 PRD 109 (2024) 072007

SUS-24-012

Searches  

Extend searches to natural models with light higgsino and light wino and bino super partners so they can 
reproduce the measured relic density.

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-003/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072007
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-012/index.html
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Experimental data has sign of large part of the natural SUSY parameter space from  
stops and gluinos searches  
Extend searches to natural models with light higgsino and light wino and bino super partners so they can 
reproduce the measured relic density.

Experimental challenging analyses 
with soft lepton and tracks 

Closing the gap in Δm( , ) χ0
1 χ±

1

EXO-23-017 

SUS-24-003 PRD 109 (2024) 072007

SUS-24-012

Searches  
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arXiv:2309.16823
Disappearing Track

EXO-23-017
Soft 2l and 3l

SUS-24-012
Isolated Soft Track

95% CL Upper Limit
)-1Observed (138 fb

95% CL Upper Limit
)-1Expected (138 fb

)-1Expected (400 fb

)-1Expected (3000 fb

Radiative corrections

July 2025

with Run 2 syst. uncert.CMSPreliminary

Towards a partial exclusion of relic Higgsino

High-Luminosity LHC projections 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-003/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072007
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-012/index.html
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Successful R&D effort to run the High-Level Trigger 
reconstruction on heterogeneous hardware in 
production since the start of Run-3

+50% event processing throughput  
+15-25% performance per kW 

Faster and more power-e$icient HLT reconstruction

Portable heterogeneous software (Alpaka) deployed
same code base can run seamlessly on CPUs and GPUs

CMS-DP-2024-082
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Heterogeneous computing   

https://cds.cern.ch/record/2914421
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Successful R&D effort to run the High-Level Trigger 
reconstruction on heterogeneous hardware in 
production since the start of Run-3

+50% event processing throughput  
+15-25% performance per kW 

Faster and more power-e$icient HLT reconstruction

“Standard", "Parking" and “Scouting" pushing CMS trigger coverage far 
beyond Phase-1 design values

HLT scouting runs at ~30 kHz 
(1/3 of accepted L1T events)

Parking is now integral to the core 
physics program (Higgs, searches, 
etc.), and opens large phase space for 
flavour physics.

Portable heterogeneous software (Alpaka) deployed
same code base can run seamlessly on CPUs and GPUs

Using HLT objects for physics analyses 
in an even wider phase space

CMS-DP-2024-082

CMS-DP-2025-034

Multiple data-taking strategies   
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Evolution of HLT rate from 2012 to early 2025

3

Average output rates of selected HLT streams (standard, 
parking, and scouting) during one representative fill of 
proton-proton collisions for each data-taking year from 2012 to 
early 2025. The average instantaneous luminosity delivered by 
the LHC during each fill is also shown.

This plot is an updated version of the one presented in [1] ,  [2] 
and [3].

The fills shown for 2012–2024 were selected according to the 
representative criteria described in [3], ensuring typical 
data-taking conditions for each year.

For 2025, the fill used corresponds to the early 2025 run 
period and is presented as a special case, reflecting 
preliminary conditions prior to full-year optimization.
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Heterogeneous computing   Multiple data-taking strategies   

https://cds.cern.ch/record/2914421
https://cds.cern.ch/record/2914421
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Successful R&D effort to run the High-Level Trigger 
reconstruction on heterogeneous hardware in 
production since the start of Run-3

+50% event processing throughput  
+15-25% performance per kW 

Faster and more power-e$icient HLT reconstruction

“Standard", "Parking" and “Scouting" pushing CMS trigger coverage far 
beyond Phase-1 design values

HLT scouting runs at ~30 kHz 
(1/3 of accepted L1T events)

Parking is now integral to the core 
physics program (Higgs, searches, 
etc.), and opens large phase space for 
flavour physics.

Portable heterogeneous software (Alpaka) deployed
same code base can run seamlessly on CPUs and GPUs

Using HLT objects for physics analyses 
in an even wider phase space
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parking, and scouting) during one representative fill of 
proton-proton collisions for each data-taking year from 2012 to 
early 2025. The average instantaneous luminosity delivered by 
the LHC during each fill is also shown.
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Big computing infrastructure 

Heterogeneous computing   Multiple data-taking strategies   

Opportunistic resources, as High-
Performance Computing (HPC) 
facilities, are used for MC production.

In 2024, CMS can generate 1.5B events per week.

Parking data is processed 
quickly without delaying, using 
also the Run-2 HLT Farm and 
European Tier-1 for prompt 
reconstruction

EU Tier-1 
Run-2 HLT Farm 
CERN Tier-0

C
P

U
s 

us
ed

Date

https://cds.cern.ch/record/2914421
https://cds.cern.ch/record/2914421


EPS-HEP2025  Roberto Salerno 34

EXO-24-016

Re
ce

nt
 H

ig
hl

ig
ht

s

Low mass searches  resonances μμ

Going beyond the designed trigger constraints with the 
scouting data set. Record reduced information at high rates, 
opening up otherwise inaccessible low-mass phase space

Searches  
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Caption: Dimuon spectrum reconstructed with pair of online (Vtx) muons with a shared displaced vertex and a matching offline 
muon within a radius of 0.2, compared to the invariant mass distribution obtained from pairs of offline muons for events with 
exactly two muons (OS). The number of events in each bin is normalized by the bin width.
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Caption: Dimuon spectrum reconstructed with pair of online (Vtx) muons with a shared displaced vertex and a matching offline 
muon within a radius of 0.2, compared to the invariant mass distribution obtained from pairs of offline muons for events with 
exactly two muons (OS). The number of events in each bin is normalized by the bin width.
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1 Introduction1

The origin of dark matter remains one of the outstanding issues in particle physics and cos-2

mology, in spite of the cosmological evidence of its existence [1–4]. Dark matter is expected to3

interact very weakly, if at all, with standard model (SM) particles, beyond gravitational inter-4

actions. This introduces the possibility of a hidden (dark) sector of matter [5, 6]. Particles in the5

dark sector would interact with the SM particles only via weakly interacting mediators.6

One dark matter scenario involves a spontaneously broken dark U(1)D gauge symmetry, me-7

diated by a dark photon, ZD [6]. In this scenario, the only renormalizable interaction with SM8

particles is through kinetic mixing of the dark photon with the hypercharge gauge boson. In9

addition, if a dark Higgs mechanism is responsible for the spontaneous breaking of the U(1)D10

gauge symmetry, then the dark Higgs boson (HD) has a renormalizable coupling to the 125 GeV11

SM-like Higgs boson (H), resulting in mixing between the two physical scalar states. Thus, the12

hidden sector may interact with the SM either through the hypercharge portal via the kinetic13

mixing coupling (denoted as e), or through the Higgs portal via the Higgs mixing (denoted14

as k). The dark photon ZD may also mix with the SM photon (g) and the Z boson through15

the hypercharge portal. In the absence of hidden-sector states below the ZD mass, this mixing16

causes the ZD to decay exclusively to SM particles, with a sizable branching fraction to leptons,17

with the coupling of the SM fermions to ZD being proportional to e. The ZD boson is expected18

to be long-lived if e . 10�4. In this case, the decays H ! ZZD and H ! ZDZD through the19

hypercharge portal have negligible branching fractions. Diagrams in Fig. 1 illustrate the pro-20

duction of two ZD bosons from a Higgs boson. This model is referred to as Hidden Abelian21

Higgs Model (HAHM).22

H

✏Z ✏

ZD

✏
Z

✏

ZD

`

`

`

`

H


HD

ZD

ZD

`

`

`

`

Figure 1: Diagrams illustrating an SM-like Higgs boson (H) decay to four leptons (`) via two
intermediate dark photons, ZD [6]: (left) through the hypercharge portal; (right) through the
Higgs portal, via a dark Higgs boson (HD).

In other hidden valley models [7], a new, confining dark gauge group is introduced that can23

produce events with multiple nonisolated dark particles, called dark showers, similarly to what24

occurs in the quantum chromodynamics sector of the SM. A spontaneously broken U(1) sym-25

metry is added to the SM, mediated by a dark photon A
0 which couples to the SM photon.26

The confining dark gauge group dynamically breaks the hidden sector SU(2)⇥ SU(2) flavor27

symmetry, adding a set of three pseudo-Goldstone bosons p1, p2 and p3 and a dark meson28

h. Within this extension, the SM Higgs boson could decay to a pair of dark quarks Y, which29

will later undergo showering and hadronization within the dark sector. The phenomenology30

of the processes will depend on the masses of the dark particles involved. Specifically, when31

mh > 3mp3
, the prompt channel h ! 3p3 becomes open with the subsequent p3 ! A

0
A
0 de-32

H decays to long lived dark particles 
with muons in the final state 

HADH model with LL dark photons 
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Figure 2: The pT and d0 coverage of the 2016 Run 2 triggers (light blue), 2018 Run 2 triggers
(blue), and newly designed 2022 Run 3 triggers described in the text (red). The two values of
the pT refer to the trigger thresholds for the muons.

bination as a function of ct is shown in Fig. 3 for the simulated HAHM signal events with214

m(ZD) = 20 GeV. Because the Run 2 triggers (dashed black) have no restrictions on d0, they215

continue to have the highest efficiency (15%) at ct < 0.02 cm. The addition of the Run 3 (2022,216

L3) paths (blue) increases the overall efficiency (black) by more than a factor of 2 for ct = 0.1–217

1 cm. The efficiency of this trigger starts to drop at ct & 5 cm, when dimuons are produced218

beyond the innermost tracker layers and the L3 muon reconstruction efficiency decreases. At219

larger ct values, the addition of the Run 3 (2022, L2) paths (red) strongly contributes to the220

improvement of the signal efficiency, e.g., by more than a factor of 3 at ct = 1 m. The decline221

of the efficiencies at the largest ct is driven by the increased fraction of dimuons produced222

outside the CMS detector. Overall, the addition of new L1 and HLT paths improves the trigger223

efficiency for ZD with m(ZD) > 10 GeV and ct & 0.1 cm by a factor of 2 to 4, depending on ct224

and mass. The performance of the trigger was validated using data as described in Section 6.225

4.3 Muon reconstruction and event selection226

Optimal performance for the wide range of displacements of secondary vertices considered227

in the analysis cannot be achieved by a single muon reconstruction algorithm. To accurately228

reconstruct muons produced near the IP, commonly used algorithms developed for prompt229

muons are employed. These algorithms combine measurements from both the tracker and the230

muon system. Two such TMS algorithms are the global muon and tracker muon reconstruction231

algorithms [13, 33]. The global muon algorithm reconstructs muons by fitting hits in the tracker232

and segments in the muon system into a common track. The tracker muon algorithm, on the233

other hand, builds muons by extrapolating tracks in the inner tracker to the muon system and234

requiring loose geometric matching to DT or CSC segments. However, the efficiency of these235

algorithms decreases rapidly as the distance between the IP and the muon origin increases. In236

contrast, algorithms that rely solely on information from the muon system can still efficiently237
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Observation of 3  states in the  final state  X J/ψJ/ψ
Mass spacings following a radial Regge trajectory plus interference pattern  
→ the 3  particles form a family of cccc states with same quantum numbers X
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Figure 1: Candidates for all-charm tetraquarks. The J/yJ/y ! µ+µ�µ+µ� invariant mass m4µ

spectrum shows the three exotic states, X(6600), X(6900), and X(7100). Parameterizations of
these states are displayed both individually and as a combined signal that includes quantum-
mechanical interference (denoted by “Signal”). The full model [37] incorporates both signal and
background components, with the background originating from di-J/y production, including
contributions from nonresonant production and an enhancement near the kinematic threshold
of 6.2 GeV.

they serve as the building blocks of the tetraquark state illustrated in Fig. 2. The quarks in-46

side a hadron can carry three different colour charges, associated with the strong interaction,47

conventionally referred to as blue, green, and red. Antiquarks carry corresponding anticolour48

charges (antiblue, antigreen, and antired), which are depicted as yellow, magenta, and cyan in49

Fig. 2. Quarks and antiquarks are held together through the exchange of gluons, which are the50

mediators of the strong interaction. The hadron as a whole is colour-charge-neutral.51

A tightly-bound tetraquark state X is illustrated in Fig. 2 (upper). Two identical charm quarks52

form an antisymmetric colour state for attraction, leading to symmetric spatial and spin states53

with total spin 1 [30]. The two charm antiquarks do the same. Each pair carries a colour54

charge as well, and the two pairs attract each other, forming a strongly-bound tetraquark state55

that is colour-charge-neutral, similar to a quark-antiquark bound state in a meson. The orbital56

angular momentum L between the quark pair and the antiquark pair can take non-negative57

integer values. The corresponding parity of the system is then given by P = (�1)L. The lowest58

and most probable energy state is spatially symmetric, with L = 0 and P = +1. The spins of59

the two systems combine in a symmetric configuration to yield a total spin J = 0 or 2. For an60

antisymmetric spatial state with L = 1 and P = �1, the spins combine to 1 in an antisymmetric61

configuration, resulting in possible total spins J = 0, 1, or 2. States with L = 2 are also possible,62

resulting in P = +1 and allowing J values up to 4 when the spins combine to 0 or 2. However,63

the high orbital angular momentum requires additional energy, making such states less likely.64
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Figure 2: Internal structure models for the particle X. The particle X, composed of cccc,
is shown at rest. Two models of the internal structure of X are presented: a tightly-bound
tetraquark (upper) and a loosely-bound molecule of two mesons (lower). The colours assigned
to individual quarks or quark pairs denote possible colour charge assignments in strong in-
teractions, where attractive forces are mediated by gluon exchange (shown as wavy lines) and
meson exchange (shown as solid arrows). The X decays into two J/y mesons with spin projec-
tions li along their respective directions; each meson then decays into a µ+µ� pair. The polar
and azimuthal angles Wi = (qi, Fi) describe the direction of the µ� relative to the zi axis, which
is defined to point opposite to the X direction in the centre-of-mass frame of the corresponding
J/y meson, for i = 1 and 2.

An alternative model, shown in Fig. 2 (lower), is a loosely-bound molecule of two cc mesons.65

The lowest-energy configuration corresponds to an orbital angular momentum L = 0 between66

the two mesons, resulting in P = +1. A key distinction is that, unlike in a tightly-bound67

tetraquark, the two constituent cc mesons are not restricted to form spin-1 states. Conse-68

quently, lower total spin values such as J = 0 or 1 are more likely, although higher spin states69

cannot be excluded. Another difference is the weaker interaction between the cc mesons. Simi-70

lar to how a deuteron is a bound state of a proton and a neutron, the two colour-charge-neutral71

systems are bound through the exchange of a meson via the Yukawa interaction [39]. However,72

unlike the deuteron, in an all-charm tetraquark molecule, the exchanged meson must contain73

charm quarks. A heavier exchange meson significantly suppresses the Yukawa interaction,74

making the formation of bound states less likely. However, alternative empirical models for75

these interactions have also been explored [15, 16, 19, 40].76

The three X states under investigation have invariant masses ranging between 6.2 and 8.0 GeV77

(gigaelectronvolts), as shown in Fig. 1, mean lifetimes between 10�24 and 10�23 seconds [37],78

and they decay into either two J/y mesons, or potentially several other, yet unobserved, final79

states. The J/y meson has a mass of 3.1 GeV, spin 1, a mean lifetime of approximately 7 ⇥80

10�21 seconds, and in 6% of the cases, the cc pair in the J/y annihilates into a µ+µ� pair [7],81

which is ideal for detection of the final states and for performing an angular analysis.82
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is shown at rest. Two models of the internal structure of X are presented: a tightly-bound
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to individual quarks or quark pairs denote possible colour charge assignments in strong in-
teractions, where attractive forces are mediated by gluon exchange (shown as wavy lines) and
meson exchange (shown as solid arrows). The X decays into two J/y mesons with spin projec-
tions li along their respective directions; each meson then decays into a µ+µ� pair. The polar
and azimuthal angles Wi = (qi, Fi) describe the direction of the µ� relative to the zi axis, which
is defined to point opposite to the X direction in the centre-of-mass frame of the corresponding
J/y meson, for i = 1 and 2.

An alternative model, shown in Fig. 2 (lower), is a loosely-bound molecule of two cc mesons.65

The lowest-energy configuration corresponds to an orbital angular momentum L = 0 between66

the two mesons, resulting in P = +1. A key distinction is that, unlike in a tightly-bound67

tetraquark, the two constituent cc mesons are not restricted to form spin-1 states. Conse-68

quently, lower total spin values such as J = 0 or 1 are more likely, although higher spin states69

cannot be excluded. Another difference is the weaker interaction between the cc mesons. Simi-70

lar to how a deuteron is a bound state of a proton and a neutron, the two colour-charge-neutral71

systems are bound through the exchange of a meson via the Yukawa interaction [39]. However,72

unlike the deuteron, in an all-charm tetraquark molecule, the exchanged meson must contain73

charm quarks. A heavier exchange meson significantly suppresses the Yukawa interaction,74

making the formation of bound states less likely. However, alternative empirical models for75

these interactions have also been explored [15, 16, 19, 40].76

The three X states under investigation have invariant masses ranging between 6.2 and 8.0 GeV77

(gigaelectronvolts), as shown in Fig. 1, mean lifetimes between 10�24 and 10�23 seconds [37],78

and they decay into either two J/y mesons, or potentially several other, yet unobserved, final79

states. The J/y meson has a mass of 3.1 GeV, spin 1, a mean lifetime of approximately 7 ⇥80

10�21 seconds, and in 6% of the cases, the cc pair in the J/y annihilates into a µ+µ� pair [7],81

which is ideal for detection of the final states and for performing an angular analysis.82
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Figure 1: Candidates for all-charm tetraquarks. The J/yJ/y ! µ+µ�µ+µ� invariant mass m4µ

spectrum shows the three exotic states, X(6600), X(6900), and X(7100). Parameterizations of
these states are displayed both individually and as a combined signal that includes quantum-
mechanical interference (denoted by “Signal”). The full model [37] incorporates both signal and
background components, with the background originating from di-J/y production, including
contributions from nonresonant production and an enhancement near the kinematic threshold
of 6.2 GeV.

they serve as the building blocks of the tetraquark state illustrated in Fig. 2. The quarks in-46

side a hadron can carry three different colour charges, associated with the strong interaction,47

conventionally referred to as blue, green, and red. Antiquarks carry corresponding anticolour48

charges (antiblue, antigreen, and antired), which are depicted as yellow, magenta, and cyan in49

Fig. 2. Quarks and antiquarks are held together through the exchange of gluons, which are the50

mediators of the strong interaction. The hadron as a whole is colour-charge-neutral.51

A tightly-bound tetraquark state X is illustrated in Fig. 2 (upper). Two identical charm quarks52

form an antisymmetric colour state for attraction, leading to symmetric spatial and spin states53

with total spin 1 [30]. The two charm antiquarks do the same. Each pair carries a colour54

charge as well, and the two pairs attract each other, forming a strongly-bound tetraquark state55

that is colour-charge-neutral, similar to a quark-antiquark bound state in a meson. The orbital56

angular momentum L between the quark pair and the antiquark pair can take non-negative57

integer values. The corresponding parity of the system is then given by P = (�1)L. The lowest58

and most probable energy state is spatially symmetric, with L = 0 and P = +1. The spins of59

the two systems combine in a symmetric configuration to yield a total spin J = 0 or 2. For an60

antisymmetric spatial state with L = 1 and P = �1, the spins combine to 1 in an antisymmetric61

configuration, resulting in possible total spins J = 0, 1, or 2. States with L = 2 are also possible,62
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An alternative model, shown in Fig. 2 (lower), is a loosely-bound molecule of two cc mesons.65
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the two mesons, resulting in P = +1. A key distinction is that, unlike in a tightly-bound67
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cannot be excluded. Another difference is the weaker interaction between the cc mesons. Simi-70
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systems are bound through the exchange of a meson via the Yukawa interaction [39]. However,72

unlike the deuteron, in an all-charm tetraquark molecule, the exchanged meson must contain73

charm quarks. A heavier exchange meson significantly suppresses the Yukawa interaction,74

making the formation of bound states less likely. However, alternative empirical models for75

these interactions have also been explored [15, 16, 19, 40].76
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10�21 seconds, and in 6% of the cases, the cc pair in the J/y annihilates into a µ+µ� pair [7],81

which is ideal for detection of the final states and for performing an angular analysis.82
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Figure 1: Candidates for all-charm tetraquarks. The J/yJ/y ! µ+µ�µ+µ� invariant mass m4µ

spectrum shows the three exotic states, X(6600), X(6900), and X(7100). Parameterizations of
these states are displayed both individually and as a combined signal that includes quantum-
mechanical interference (denoted by “Signal”). The full model [37] incorporates both signal and
background components, with the background originating from di-J/y production, including
contributions from nonresonant production and an enhancement near the kinematic threshold
of 6.2 GeV.

they serve as the building blocks of the tetraquark state illustrated in Fig. 2. The quarks in-46

side a hadron can carry three different colour charges, associated with the strong interaction,47

conventionally referred to as blue, green, and red. Antiquarks carry corresponding anticolour48

charges (antiblue, antigreen, and antired), which are depicted as yellow, magenta, and cyan in49

Fig. 2. Quarks and antiquarks are held together through the exchange of gluons, which are the50

mediators of the strong interaction. The hadron as a whole is colour-charge-neutral.51

A tightly-bound tetraquark state X is illustrated in Fig. 2 (upper). Two identical charm quarks52

form an antisymmetric colour state for attraction, leading to symmetric spatial and spin states53

with total spin 1 [30]. The two charm antiquarks do the same. Each pair carries a colour54

charge as well, and the two pairs attract each other, forming a strongly-bound tetraquark state55

that is colour-charge-neutral, similar to a quark-antiquark bound state in a meson. The orbital56

angular momentum L between the quark pair and the antiquark pair can take non-negative57

integer values. The corresponding parity of the system is then given by P = (�1)L. The lowest58

and most probable energy state is spatially symmetric, with L = 0 and P = +1. The spins of59

the two systems combine in a symmetric configuration to yield a total spin J = 0 or 2. For an60

antisymmetric spatial state with L = 1 and P = �1, the spins combine to 1 in an antisymmetric61

configuration, resulting in possible total spins J = 0, 1, or 2. States with L = 2 are also possible,62

resulting in P = +1 and allowing J values up to 4 when the spins combine to 0 or 2. However,63

the high orbital angular momentum requires additional energy, making such states less likely.64
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to individual quarks or quark pairs denote possible colour charge assignments in strong in-
teractions, where attractive forces are mediated by gluon exchange (shown as wavy lines) and
meson exchange (shown as solid arrows). The X decays into two J/y mesons with spin projec-
tions li along their respective directions; each meson then decays into a µ+µ� pair. The polar
and azimuthal angles Wi = (qi, Fi) describe the direction of the µ� relative to the zi axis, which
is defined to point opposite to the X direction in the centre-of-mass frame of the corresponding
J/y meson, for i = 1 and 2.

An alternative model, shown in Fig. 2 (lower), is a loosely-bound molecule of two cc mesons.65

The lowest-energy configuration corresponds to an orbital angular momentum L = 0 between66

the two mesons, resulting in P = +1. A key distinction is that, unlike in a tightly-bound67

tetraquark, the two constituent cc mesons are not restricted to form spin-1 states. Conse-68

quently, lower total spin values such as J = 0 or 1 are more likely, although higher spin states69

cannot be excluded. Another difference is the weaker interaction between the cc mesons. Simi-70

lar to how a deuteron is a bound state of a proton and a neutron, the two colour-charge-neutral71

systems are bound through the exchange of a meson via the Yukawa interaction [39]. However,72

unlike the deuteron, in an all-charm tetraquark molecule, the exchanged meson must contain73

charm quarks. A heavier exchange meson significantly suppresses the Yukawa interaction,74

making the formation of bound states less likely. However, alternative empirical models for75

these interactions have also been explored [15, 16, 19, 40].76

The three X states under investigation have invariant masses ranging between 6.2 and 8.0 GeV77

(gigaelectronvolts), as shown in Fig. 1, mean lifetimes between 10�24 and 10�23 seconds [37],78

and they decay into either two J/y mesons, or potentially several other, yet unobserved, final79

states. The J/y meson has a mass of 3.1 GeV, spin 1, a mean lifetime of approximately 7 ⇥80

10�21 seconds, and in 6% of the cases, the cc pair in the J/y annihilates into a µ+µ� pair [7],81

which is ideal for detection of the final states and for performing an angular analysis.82
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quently, lower total spin values such as J = 0 or 1 are more likely, although higher spin states69

cannot be excluded. Another difference is the weaker interaction between the cc mesons. Simi-70

lar to how a deuteron is a bound state of a proton and a neutron, the two colour-charge-neutral71
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Figure 4: Summary of statistical tests. Distributions of the test statistic q for various J
P

i
hy-

potheses tested against the 2+m model. The observed qobs values are indicated by the black
dots. The expected median and the 68.3%, 95.4%, and 99.7% confidence level regions for the
2+m model (blue/left) and for each of the alternative J

P

i
hypotheses (orange/right) are shown.

The first entry corresponding to 0� reflects the information shown in Fig. 3 (right). For 0+
and 2� models, eleven points correspond to varying fractions in the mixture of the two tensor
structures of interaction.

2+m model is again preferred. In each case, one of the mixed models shown in Fig. 4, denoted230

as 0+mix or 2�mix, represents the mixed scenario with the least separation from 2+m and is listed in231

Table 2. A mixture of 2�m and 2�
h

contributions does not produce interference. We examine both232

constructive and destructive interference between the 0+m and 0+
h

models, by considering both233

positive and negative relative signs between their contributing amplitudes. Constructive inter-234

ference results in the smallest deviation from the 2+m model, except in the first 0+mix step shown235

in Fig. 4, where the sign-induced model differences are minimal and destructive interference236

yields a slightly smaller separation.237

Based on the results presented in Fig. 4 and Table 2, the tests for the J
PC = 0�+ and 1�+ sce-238

narios reject these hypotheses with a significance level exceeding 5 standard deviations when239

compared to a 2+m model. The 2�+ scenario, along with higher spin values that have the same240

P and C quantum numbers, is excluded at a significance level of 3 standard deviations. This241

establishes the quantum numbers P = +1 and C = +1, as shown by the decay final-state242

particles and their distributions.243

The 1++ scenario is excluded at more than 99% confidence level, when compared to the 2+m244

model. The J
PC = 0++ scenario, when considering a combination of possible amplitudes, is245

excluded at more than 95% confidence level, when compared to the 2+m model. It is important to246

emphasize that the selected 2+m model represents just one possible realization of the J
PC = 2++

247

scenario, and an admixture of other amplitudes could lead to angular distributions resembling248

those of the 0++ or 1++ scenarios. The J � 3 quantum numbers are still possible, but J = 2 is249

more likely, due to the additional energy needed to achieve a higher angular excitation of the250

hadronic states with L � 2. This makes the J
PC = 2++ interpretation preferred for the fully251

charmed tetraquark states X(6600), X(6900), and X(7100).252
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Figure 1: Candidates for all-charm tetraquarks. The J/yJ/y ! µ+µ�µ+µ� invariant mass m4µ

spectrum shows the three exotic states, X(6600), X(6900), and X(7100). Parameterizations of
these states are displayed both individually and as a combined signal that includes quantum-
mechanical interference (denoted by “Signal”). The full model [37] incorporates both signal and
background components, with the background originating from di-J/y production, including
contributions from nonresonant production and an enhancement near the kinematic threshold
of 6.2 GeV.

they serve as the building blocks of the tetraquark state illustrated in Fig. 2. The quarks in-46

side a hadron can carry three different colour charges, associated with the strong interaction,47

conventionally referred to as blue, green, and red. Antiquarks carry corresponding anticolour48

charges (antiblue, antigreen, and antired), which are depicted as yellow, magenta, and cyan in49

Fig. 2. Quarks and antiquarks are held together through the exchange of gluons, which are the50

mediators of the strong interaction. The hadron as a whole is colour-charge-neutral.51

A tightly-bound tetraquark state X is illustrated in Fig. 2 (upper). Two identical charm quarks52

form an antisymmetric colour state for attraction, leading to symmetric spatial and spin states53

with total spin 1 [30]. The two charm antiquarks do the same. Each pair carries a colour54

charge as well, and the two pairs attract each other, forming a strongly-bound tetraquark state55

that is colour-charge-neutral, similar to a quark-antiquark bound state in a meson. The orbital56

angular momentum L between the quark pair and the antiquark pair can take non-negative57

integer values. The corresponding parity of the system is then given by P = (�1)L. The lowest58

and most probable energy state is spatially symmetric, with L = 0 and P = +1. The spins of59

the two systems combine in a symmetric configuration to yield a total spin J = 0 or 2. For an60

antisymmetric spatial state with L = 1 and P = �1, the spins combine to 1 in an antisymmetric61

configuration, resulting in possible total spins J = 0, 1, or 2. States with L = 2 are also possible,62

resulting in P = +1 and allowing J values up to 4 when the spins combine to 0 or 2. However,63

the high orbital angular momentum requires additional energy, making such states less likely.64
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Figure 2: Internal structure models for the particle X. The particle X, composed of cccc,
is shown at rest. Two models of the internal structure of X are presented: a tightly-bound
tetraquark (upper) and a loosely-bound molecule of two mesons (lower). The colours assigned
to individual quarks or quark pairs denote possible colour charge assignments in strong in-
teractions, where attractive forces are mediated by gluon exchange (shown as wavy lines) and
meson exchange (shown as solid arrows). The X decays into two J/y mesons with spin projec-
tions li along their respective directions; each meson then decays into a µ+µ� pair. The polar
and azimuthal angles Wi = (qi, Fi) describe the direction of the µ� relative to the zi axis, which
is defined to point opposite to the X direction in the centre-of-mass frame of the corresponding
J/y meson, for i = 1 and 2.

An alternative model, shown in Fig. 2 (lower), is a loosely-bound molecule of two cc mesons.65

The lowest-energy configuration corresponds to an orbital angular momentum L = 0 between66

the two mesons, resulting in P = +1. A key distinction is that, unlike in a tightly-bound67

tetraquark, the two constituent cc mesons are not restricted to form spin-1 states. Conse-68

quently, lower total spin values such as J = 0 or 1 are more likely, although higher spin states69

cannot be excluded. Another difference is the weaker interaction between the cc mesons. Simi-70

lar to how a deuteron is a bound state of a proton and a neutron, the two colour-charge-neutral71

systems are bound through the exchange of a meson via the Yukawa interaction [39]. However,72

unlike the deuteron, in an all-charm tetraquark molecule, the exchanged meson must contain73

charm quarks. A heavier exchange meson significantly suppresses the Yukawa interaction,74

making the formation of bound states less likely. However, alternative empirical models for75

these interactions have also been explored [15, 16, 19, 40].76

The three X states under investigation have invariant masses ranging between 6.2 and 8.0 GeV77

(gigaelectronvolts), as shown in Fig. 1, mean lifetimes between 10�24 and 10�23 seconds [37],78

and they decay into either two J/y mesons, or potentially several other, yet unobserved, final79

states. The J/y meson has a mass of 3.1 GeV, spin 1, a mean lifetime of approximately 7 ⇥80

10�21 seconds, and in 6% of the cases, the cc pair in the J/y annihilates into a µ+µ� pair [7],81

which is ideal for detection of the final states and for performing an angular analysis.82
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Figure 4: Summary of statistical tests. Distributions of the test statistic q for various J
P

i
hy-

potheses tested against the 2+m model. The observed qobs values are indicated by the black
dots. The expected median and the 68.3%, 95.4%, and 99.7% confidence level regions for the
2+m model (blue/left) and for each of the alternative J

P

i
hypotheses (orange/right) are shown.

The first entry corresponding to 0� reflects the information shown in Fig. 3 (right). For 0+
and 2� models, eleven points correspond to varying fractions in the mixture of the two tensor
structures of interaction.

2+m model is again preferred. In each case, one of the mixed models shown in Fig. 4, denoted230

as 0+mix or 2�mix, represents the mixed scenario with the least separation from 2+m and is listed in231

Table 2. A mixture of 2�m and 2�
h

contributions does not produce interference. We examine both232

constructive and destructive interference between the 0+m and 0+
h

models, by considering both233

positive and negative relative signs between their contributing amplitudes. Constructive inter-234

ference results in the smallest deviation from the 2+m model, except in the first 0+mix step shown235

in Fig. 4, where the sign-induced model differences are minimal and destructive interference236

yields a slightly smaller separation.237

Based on the results presented in Fig. 4 and Table 2, the tests for the J
PC = 0�+ and 1�+ sce-238

narios reject these hypotheses with a significance level exceeding 5 standard deviations when239

compared to a 2+m model. The 2�+ scenario, along with higher spin values that have the same240

P and C quantum numbers, is excluded at a significance level of 3 standard deviations. This241

establishes the quantum numbers P = +1 and C = +1, as shown by the decay final-state242

particles and their distributions.243

The 1++ scenario is excluded at more than 99% confidence level, when compared to the 2+m244

model. The J
PC = 0++ scenario, when considering a combination of possible amplitudes, is245

excluded at more than 95% confidence level, when compared to the 2+m model. It is important to246

emphasize that the selected 2+m model represents just one possible realization of the J
PC = 2++

247

scenario, and an admixture of other amplitudes could lead to angular distributions resembling248

those of the 0++ or 1++ scenarios. The J � 3 quantum numbers are still possible, but J = 2 is249

more likely, due to the additional energy needed to achieve a higher angular excitation of the250

hadronic states with L � 2. This makes the J
PC = 2++ interpretation preferred for the fully251

charmed tetraquark states X(6600), X(6900), and X(7100).252
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Figure 2: The distributions of mµµ (left) and Dm (right) of the fit with the requirements 0.145 <
Dm < 0.146 GeV and 1.84 < mµµ < 1.89 GeV, respectively, along with the associated projections
of the full fit (solid curve), signal contribution (hatched area), and background contributions
(other curves). The D0 meson components are scaled up by 20 in the upper panel. The lower
panel shows the data and the fit result after subtracting the total background component of
the fit. The gray error band represents the statistical and systematic uncertainties in the total
background component.

incorporated into the UML fit as nuisance parameters. The dimuon trigger efficiencies are mea-165

sured with respect to high-efficiency reference triggers and yield a data-to-simulation ratio of166

0.943, with an uncertainty of 0.7%, determined from the statistical uncertainties and ratio varia-167

tions across different data-taking periods and reference triggers. The muon reconstruction and168

identification efficiency correction is measured using the “tag-and-probe” method [45] with169

J/y ! µ+µ� decays and found to be consistent with unity. As such, no correction is applied170

but the corresponding 1% uncertainty is included for each muon. The track reconstruction ef-171

ficiency has a 2.3% uncertainty per track [46]. The difference in pileup between the zero bias172

and dimuon triggers introduces a 1% uncertainty in the selection efficiency ratio. The statis-173

tical uncertainty in the yield of D0 ! p+p� events contributes as a systematic uncertainty174

for the normalization of the signal (Eq. (1)) and the two D0 backgrounds. The limited number175

of simulated events results in an efficiency uncertainty. The dMVA selection efficiencies for the176

signal and normalization channels differ by 1%. This correction is made and uncertainties of177

1.2% and 2% are assigned for the D0 ! µ+µ� signal and D0 ! p+p� background, respec-178

tively, accounting for the deviation from unity and the statistical uncertainty from the limited179

number of simulated events. A disagreement of similar size is found for the D0 ! p�µ+n180

background but no correction or uncertainty is applied as it is much smaller than the efficiency181

uncertainty of 12%. The muon misidentification rate systematic uncertainty of 14% includes182

statistical and systematic uncertainties related to the measurement in K0
S ! p+p� decays as183

well as the treatment of decay-in-flight and non-decay-in-flight sources in simulation. The fit184

bias uncertainty is 1%, determined by the difference between the input and output of UML185

fits using pseudo-experiments with an injected D0 ! µ+µ� signal. The variation from using186

alternative modeling for signal and background components is examined and found to be neg-187

ligible. Table 1 presents a summary of all systematic uncertainties, including the D0 ! p+p�
188
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are extracted using an unbinned maximum likelihood fit to the invariant mass distributions97

in the range 1.68 < mKp < 2.05 GeV. The yields are determined separately for the Xn0n and98

0nXn event categories. In Xn0n events, the incoming photon-emitting nucleus originates from99

negative rapidities (gN), whereas in 0nXn events it comes from positive rapidities (Ng). An ex-100

ample of the D0 invariant mass distribution is shown in Fig. 1. The combinatorial background,
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Figure 1: Invariant mass distribution of D0 mesons with 5 < pT < 8 GeV and 0.0 < y < 1.0.
The description of the fit template is provided in the text.

101

arising from track pairs not related to genuine D0 meson decays, is modeled with an exponen-102

tial function in which slope and yield are determined from the fit. The signal shape consists103

of a superposition of two Gaussian functions sharing the same mean but differing in width, a104

choice made in earlier CMS publications that models the mass peak well [31]. An additional105

Gaussian function models the invariant mass of D0 candidates with swapped mass assignment,106

for which the mass hypothesis for the pion and kaon are interchanged. The widths of the Gaus-107

sian functions for both the D0 signal and the swapped mass candidates are constrained via MC108

simulation. A floating multiplicative scaling factor for the width of the distribution is included109

in the fit to account for potential discrepancies in the signal resolution between data and MC.110

The ratio of the signal yield to the yield of D0 candidates with swapped mass assignments is111

fixed based on MC simulation. A Crystal Ball function is used to describe the peaking back-112

grounds from the decays D0 ! K+K� and D0 ! p+p� [33], with its parameters and the ratio113

of its integral to the D0 ! K�p+ yield also fixed according to MC simulations. Of the eighteen114

fits for each D0
pT and y bin in Xn0n and 0nXn events, seventeen result in p-values greater than115

0.05, and one has p-value of ⇠0.01. This distribution of p-values is consistent with statistical116

expectations.117

The yields extracted from the fit are corrected for the average trigger prescale factor (deployed118

to reduce the data rate from the high instantaneous luminosity of the LHC), the trigger effi-119

ciency, and the efficiency of the offline event selection. The jet trigger efficiency correction is120

evaluated in intervals of D0
pT and rapidity with a two-step procedure. First, the efficiency of121

the L1 jet selection is evaluated as a function of the leading-track pT and h with a sample of in-122

clusive photonuclear events. The efficiency map is then used to reweight, on an event-by-event123

basis, the uncorrected distributions of D0 meson candidates obtained via the triggered sample124

in intervals of D0
pT and y. The resulting jet trigger efficiency ranges from 21 to 28%, depending125

on the rapidity, for D0 mesons in the transverse momentum range 5 < pT < 8 GeV, to 46–54%126

in the 8 < pT < 12 GeV range (no jet trigger is used for 2 < pT < 5 GeV). The event selec-127

tion efficiency (accounting for losses due to rapidity gap selection, primary vertex selection,128

etc.) exceeds 98% across all rapidity and pT intervals and is roughly equal for the case of direct129
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Figure 2: Cross sections for D0 production in gN events (Xn0n + 0nXn) in three pT intervals.
Vertical bars (brackets) indicate statistical (systematic) uncertainties. Sub-panels show theory-
over-data ratios: the middle panel compares GgA-FONLL with EPPS21 lead nPDFs and a CGC
calculation [16], while the bottom panel shows GgA-FONLL with CT18NLO proton PDFs.
Light-shaded bands reflect scale variations, and hatched bands represent PDF and nPDF un-
certainties.

To summarize, this Letter presented the first measurement of the inclusive (prompt and non-226

prompt) photonuclear D0 meson cross section as a function of its transverse momentum and227

rapidity in ultraperipheral heavy-ion collisions. Exploiting the clean environment of photonu-228

clear interactions, where final state and hadronization effects are largely reduced, this measure-229

ment provides novel constraints on nuclear matter over a wide range of parton momentum230

fraction x and interaction energy scale Q
2. Comparisons with theory already provide discrim-231

ination among parton distribution function parametrizations and challenge calculations based232

on nonlinear quantum chromodynamics evolution at high Q
2. Demonstrating both experi-233

mental feasibility and theoretical impact, this study establishes open heavy-flavor production234

in ultraperipheral LHC collisions as a powerful probe of parton dynamics in nuclei.235
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proton-Oxygen and Oxygen-Oxygen collisions

The DAQ system allows CMS to collect data during HI  
collisions with ~100% HLT e$iciency (throughput of up to 32 GB/s)
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Events used as prompt 
feedback to monitor the laser 
calibrations

ECAL  monitoring  π0

0 10 20 30 40 50 60
 [GeV]

T
,offlineµp

0

0.2

0.4

0.6

0.8

1

1.2

Ef
fic

ie
nc

y

 2.4≤| η|

 0.83≤| η|

 1.24≤| η0.83 < |

 2.4≤| η1.24 < |

 (13.6 TeV)-122.9 fb

 12≥L1T Quality 
 22 GeV≥ 

T
,L1µp

CMS
Preliminary

2024

early 2025 data

ECAL performanceMuon trigger performance 



EPS-HEP2025  Roberto Salerno 

0 10 20 30 40 50 60
 [GeV]

T
,offlineµp

0

0.2

0.4

0.6

0.8

1

1.2

Ef
fic

ie
nc

y

 2.4≤| η|

 0.83≤| η|

 1.24≤| η0.83 < |

 2.4≤| η1.24 < |

 (13.6 TeV)-1109 fb

 12≥L1 quality 
 22 GeV≥ 

T
,L1µp

CMS
Preliminary

Performance in 2025

49

Pe
rf

or
m

an
ce

 in
 2

02
5

Similar L1 muon e$iciencies in 2024 
as in early 2025 data

2

 

Events used as prompt 
feedback to monitor the laser 
calibrations

ECAL  monitoring  π0

Jet reconstruction performance

First L2L3Res results 2025

Bettina Lehtelä, Helsinki Institute of Physics 1203.07.2025

Relative JES data/MC 2024I
Absolute response 2025

Rel. JES data/MC 2025C

• Improvements in L2Residuals can be seen from the Relative Jet Energy Scale plot (left plots), where the data 
vs MC ratio is displayed. The comparison of the '25 closure plot to 2024I reveals how some features get fixed, 
and others improve in the 2025 data vs Winter25 ratio. These improvements can be attributed to adjusting the 
hadron forward (HF) scale, switching from HCAL depth-dependent to depth-independent response 
corrections, updating the PF hadron calibration, and scaling |iη|28 by 0.5.

• When combining the input channels, the pT-dependent absolute response, seen in the right plot,  is derived.

To do: Add '24I (V9M)  for 
comparison... 

Should I drop this plot?
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early 2025 data

Reduced jet energy scale variations 
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CMS Upgrade Projects

5028LHCC Open Session: CMS Status Report

CMS Upgrade Projects

L1-Trigger
https://cds.cern.ch/record/2714892 
• Tracks in L1-Trigger at 40 MHz
• Particle Flow selection
• 750 kHz L1 output
• 40 MHz data scouting
 

DAQ & High-Level Trigger
https://cds.cern.ch/record/2759072
• Full optical readout
• Heterogenous architecture
• 60 TB/s event network
• 7.5 kHz HLT output

 

Tracker
https://cds.cern.ch/record/2272264 
• Si-Strip and Pixels increased granularity
• Design for tracking in L1T
• Extended coverage to 3 ≃ 3.8

MIP Timing Detector
https://cds.cern.ch/record/2667167
Precision timing with:
• Barrel layer: Crystals + SiPMs
• Endcap layer: Low Gain 
Avalanche Diodes

Muon systems
https://cds.cern.ch/record/2283189
• DT & CSC new FE/BE readout
• RPC back-end electronics
• New GEM/RPC 1.6 < 3 < 2.4
• Extended coverage  to 3 ≃ 3

Beam Radiation Instr. and Luminosity
http://cds.cern.ch/record/2759074
• Beam abort & timing
• Beam-induced background
• Bunch-by-bunch lumi: 1% offline, 2% online
• Neutron and mixed-field radiation monitors

Calorimeter Endcap (HGCal)
https://cds.cern.ch/record/2293646
• 3D showers and precise timing
• Si, Scint+SiPM in Pb/W-SS

Barrel Calorimeters
https://cds.cern.ch/record/2283187 
• ECAL crystal granularity readout at 40 
MHz with precise timing for e/5 at 30 GeV
• ECAL and HCAL new Back-End boards
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All projects on track!  

Majority of ingredients 
in production, several 

finished, several 
procurements to finish  
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A flood of new public results…
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… and today just a few recent highlights have been shown
In first half of 2025  
    92 New Physics Results  
    22 New Physics Briefings  
    35 New DPS notes  
    39 New Publications submitted 
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… and today just a few recent highlights have been shown
In first half of 2025  
    92 New Physics Results  
    22 New Physics Briefings  
    35 New DPS notes  
    39 New Publications submitted 

of which the results 
 premiering at EPS 

TRK-20-002 Operation and performance of the CMS silicon strip tracker Jindrich Lidryc link to 
parallel talk

EGM-24-002 Highly boosted dielectron identification RaffaellaTramontano link to 
parallel talk

EXO-23-016 Long-lived particle triggers at CMS: Strategy and performance during early LHC (Run 3) Eric Chabert,  
Celia Fernandez 

link to 
parallel talk

SMP-22-003 Simultaneous measurements of a basis of N-subjettiness observables in boosted hadronic top quark and W boson decays, and in light jets Patrick Connor link to 
parallel talk

SMP-24-012 Measurement of jet mass distributions of boosted W bosons Patrick Connor link to 
parallel talk

SMP-24-019 Measurement of the photon-induced production of a pair of W bosons Zongsheng He link to 
parallel talk

TOP-24-011 Measurement of the t-channel single top quark cross section at √s = 5.02 TeV Enrique Palencia link to 
parallel talk

HIG-24-006 Constraints on anomalous Higgs boson couplings to vector bosons and fermions in the γγ final state Dermot Moran link to 
parallel talk

HIG-24-019 Measurement of the charge asymmetry in WH production in the H → ττ decay channel Ralf Schmieder link to 
parallel talk

HIG-24-003 Search for associated production of a Higgs boson and of two vector bosons via vector boson scattering Ralf Schmieder link to 
parallel talk

HIG-24-015 Search for triple Higgs production using 4b2γ final state Jin Wang link to 
parallel talk

B2G-23-007 Search for a heavy scalar resonance X decaying to a Higgs and Higgs-like boson in the Lorentz-boosted H → bb and Y → 4q final state Ilias Zisopoulos link to 
parallel talk

EXO-24-016 Search for long-lived particles decaying into muons using the scouting data sets (Run3) Celia Fernandez link to 
parallel talk

EXO-24-033 Search for long-lived particles using displaced vertices with low-momentum tracks and missing transverse momentum Eric Chabert link to 
parallel talk

EXO-24-034 Search for light scalar particles from Higgs boson decay in exclusive final states with two muons and two hadrons Eric Chabert link to 
parallel talk

EXO-24-020 Search for the pair production of long-lived supersymmetric partners of the tau lepton Eric Chabert link to 
parallel talk

EXO-24-025 Search for H decaying to two pseudoscalars (A) with one merged and one resolved diphoton final state Abhirami Harilal link to 
parallel talk

SUS-23-013 Search for dark matter produced in association with a resonant bottom quark pair Sushil Chauhan link to 
parallel talk

SUS-21-005 Search for new physics using single-lepton events with large jet and b-jet multiplicities Sezen Sekmen link to 
parallel talk

Additionally many more CMS results in 
plenary talks of Timothy Gershon, 
Emanuele Di Marco, Josh Bendavid, 
Francesco Prino, Tamara Vazquez 
Schröder 

https://indico.in2p3.fr/event/33627/contributions/155287/
https://indico.in2p3.fr/event/33627/contributions/155364/
https://indico.in2p3.fr/event/33627/contributions/154481/
https://indico.in2p3.fr/event/33627/contributions/155049/
https://indico.in2p3.fr/event/33627/contributions/155049/
https://indico.in2p3.fr/event/33627/contributions/156327/
https://indico.in2p3.fr/event/33627/contributions/154944/
https://indico.in2p3.fr/event/33627/timetable/?view=standard#247-higgs-anomalous-couplings
https://indico.in2p3.fr/event/33627/timetable/?view=standard#243-higgs-boson-cross-sections
https://indico.in2p3.fr/event/33627/timetable/?view=standard#243-higgs-boson-cross-sections
https://indico.in2p3.fr/event/33627/timetable/?view=standard#251-di-higgs-searches-at-cms
https://indico.in2p3.fr/event/33627/contributions/154480/
https://indico.in2p3.fr/event/33627/contributions/154474/
https://indico.in2p3.fr/event/33627/contributions/154481/
https://indico.in2p3.fr/event/33627/contributions/154481/
https://indico.in2p3.fr/event/33627/contributions/154481/
https://indico.in2p3.fr/event/33627/contributions/154479/
https://indico.in2p3.fr/event/33627/timetable/?view=standard#275-searches-for-dark-matter-w
https://indico.in2p3.fr/event/33627/timetable/?view=standard#274-recent-searches-for-susy-p
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 CMS is continuously pushing the boundaries of physics, exploring new 
frontiers and driving technological innovation.
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 CMS is continuously pushing the boundaries of physics, exploring new 
frontiers and driving technological innovation. Thanks  

for listening,  
enjoy our  

results!
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