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Where do we stand w.r.t Higgs Boson @ Run II

• Mass known to a precision of 0.11% 
( )


• Width measured to be  =  
MeV (including off-shell and on-shell 
modes)

mH = 125.38 ± 0.14 GeV
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The Higgs Boson as predicted in the Standard Model
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• -framework: coupling strength modifiersκ
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The Higgs Boson as predicted in the Standard Model
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DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
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We are here

The LHC upgrade schedule
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The upgraded CMS Detector

Endcaps to be replaced by 
the new High Granularity 
Calorimeter, HGCAL 
(2024-2026)

Pixel detectors will 
be replaced 

Hadron Calorimeter: upgraded 
readout electronics Beam pipe: closer to the 

interaction pipe ⇒  
pixel detectors closer to interaction 

point

Muon system capable 
of detecting muons 
which scatter at 100 

https://home.cern/news/news/experiments/whats-store-
cms-detector-over-next-two-years
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The upgraded ATLAS Detector

New tracking detector 

|η| up to 4.0

New muon chambers in 
the inner barrel region

• High granularity timing detector

• High-η muon tagger

• Upgraded trigger and data 
acquisition system:
• Improved high-level trigger

• Electronics update:
• Liquid argon calorimeter
• Tile calorimeter
• Muon system



• Projection of the Higgs boson mass and on-shell width measurements


• 


• 


• Prospects for 


• Study of 


• Projection of ,  


• Prospects for 


• Prospects for non resonant  in ,  and  and 


• Search for rare Higgs boson with mesons


• Search for high-mass resonances decaying to 

H → ZZ → 4ℓ
H → γγ

H → τ+τ−

H → μ+μ−

VH, H → cc̄ H → bb̄
tt̄H, H → bb̄

HH W+W−γγ τ+τ−γγ bbγγ tt̄HH, H → bb̄

W+W−

Outline of the talk

💡

🎯

🎯
🎯

💡
🎯

💡

Targeting precision

Novel ML based 
methodology

🎯

💡

💡
🎯

8
All new results summarized in white paper: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/

PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf


HIGGS
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🎯📽

• Expect order of magnitude reduction in Higgs Mass uncertainty (in 4l final state): 
 [0.022 (stat.)  0.020 (syst.)] GeV


• Width ( ) < 0.09 (0.18) GeV at 68 (95)% C.L.


• Uncertainties associated with mass resolution and lepton identification

mH = 125.38 ± 0.03 GeV ±

ΓH

CMS-PAS-FTR-21-007

99

https://cds.cern.ch/record/2804004?ln=en
https://cds.cern.ch/record/2804004?ln=en


H → γγ
W g
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Stat. Only
Stat. + Syst.

Preliminary Phase-2 Projection CMS -13000 fb

 0.02 stat.) GeV± 0.07 (± = 125.38 Hm
γγ→H

σ1

σ2

Sources of systematic 
uncertainty Contribution [GeV]

Residual pT dependence 
of the photon and 

electron energy scale
0.06-0.05

Modeling of the material 
budget 0.02

Statistical uncertainty 0.02

CMS-PAS-FTR-21-008

🎯📽• Mass computation:


• 

• Improvement by a factor of 3 compared to current measurement, due to,

• Factor of ~10 luminosity 

• Improved tracker with lower material budget

• Precision of the HGCAL

• Pileup suppression with timing detectors

• New algorithms for improved electromagnetic object reconstruction and 

calibration

mH = 125.38 ± 0.02 (stat.) ± 0.07 (syst.)

1010

https://cds.cern.ch/record/2804042?ln=en


e μ τ
HIGGS

• Most precise mode for 
studying : 

• vector boson fusion (7% 

uncertainty)

• Uncertainties:

• theoretical uncertainty on the 

signal


• hadronic  decay 


H → τ+τ−

τ

🎯

0 1 2 3 4 5
SMB)×σ / (expB)×σ(

0.20−
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0.07−
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+0.07                                           (                )         

0.23−
+0.251.00  0.17−

+0.17                             0.15−
+0.18                                           (                )         

Tot.  Stat., Syst.                 (                )         

ATLAS Preliminary
Projection from Run 2 data
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/


CP structure of the Yukawa coupling between 
the Higgs and the tau leptons

HIGGS

e μ τ

 is the angle 
between the decay 

planes of two  leptons 
decaying to a single 

charged pion

ΦCP

τ
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CMS Supplementary  (13 TeV)-1Projection, 3 ab

° 5± = 0 exp.
ττ

αWith YR18 syst. uncert. : 

° 5± = 0 exp.
ττ

αWith YR18 syst. uncert. + bin-by-bin : 

° 5± = 0 exp.
ττ

αWith Stat. uncert. only : 

° 5± = 0 exp.
ττH

αWith Run 2 syst. uncert. : 

📽

• SM Higgs is even under 
charge-parity (CP) 
inversion 


• Deviation from pure 
CP-even state ⇒ new 
physics!


•  
and mixing angle 
defined in terms of 
the coupling strength 

as 


• Pure scalar:  = 0


• Pseudo scalar:  = 

ℒΥ = −
mτ

v
H(κττ̄τ + κ̃ττ̄iγ5τ)

tan(αHττ) =
κ̃τ

κτ

αHττ

αHττ 90∘

HIG-20-006 
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/


H → μ+μ−

CMS-PAS-FTR-21-006

e μ τ
HIGGS

0 200 400 600 800 1000 1200
L [fb−1]

0

2

4

6

8

10

Ex
pe

ct
ed

 s
ig

ni
fic

an
ce

3000 fb−1(14 TeV)

CMS
Phase-2 Projection Preliminary

Snowmass 2021 projection
with Run 2 syst. uncert. (S1)
with HL-LHC syst. uncert. (S2)

0 500 1000 1500 2000 2500 3000
L [fb−1]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

σ(
rµµ

)/r
µµ

3000 fb−1(14 TeV)

CMS
Phase-2 Projection Preliminary

with Run 2 syst. uncert. (S1):
Snowmass 2013
Yellow Report 2018
Snowmass 2021

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

💡
📽

•  branching fraction low 
( )


• Observed significance of 3.0 𝜎 possible due to  excellent muon 
momentum resolution of the CMS detector


• Expect improved performance at the HL-LHC

• Muon |η| = 2.8 ⇒ 10% increase in signal acceptance


• Mass resolution expected to improve by 30%

H → μ+μ−

ℬSM(H → μμ) = 2.18 × 10−4
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CMS-PAS-FTR-21-006

https://cds.cern.ch/record/2804002?ln=en
https://cds.cern.ch/record/2804002?ln=en


H → bb̄ HIGGS

u c t
d s b

0.8 1 1.2 1.4 1.6 1.8 2
 normalised to SMB × σ

 > 250 GeVZ,t
T

ZH, p

 < 250 GeVZ,t
T

ZH, 150 < p

 < 150 GeVZ,t
T

ZH, 75 < p

 > 250 GeVW,t
T

WH, p

 < 250 GeVW,t
T

WH, 150 < p

ATLAS Preliminary

-1=14 TeV, 3000 fbs  b b→VH, H 
Projection from Run 2 data

Exp. Tot. unc. Stat. unc. Theo. unc.
            Tot.                        ( Stat.,  Syst. )

0.07−
0.08+1.00   0.06−

0.06+   0.05−
0.05+             (            )         ,

0.08−
0.08+1.00   0.05−

0.05+   0.06−
0.06+             (            )         ,

0.18−
0.18+1.00   0.10−

0.10+   0.15−
0.15+             (            )         ,

0.08−
0.09+1.00   0.06−

0.06+   0.06−
0.06+             (            )         ,

0.16−
0.16+1.00   0.07−

0.07+   0.14−
0.14+             (            )         ,

ATL-PHYS-PUB-2021-039

Sources of 
systematic 
uncertainty

Total 0.070 0.081

Statistical 0.034 0.039

Systematic 0.063 0.070

Δμbb̄
ZH Δμbb̄

WH

Systematic uncertainties arise from 
theoretical and modeling uncertainties, 

experimental uncertainties and flavor tagging 

🎯📽
• Higgs production in association with a vector boson → most sensitive channel for studying 




• ,  observed (expected) 5.3 (5.1) 𝜎 at Run II


• At the HL-LHC: 


• 


•

H → bb̄

ZH H → bb̄

μbb̄
WH = 1.00 ± 0.04 (stat.) ± 0.07 (syst.)

μbb̄
ZH = 1.00 ± 0.03 (stat.) ± 0.06 (syst.)
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https://cds.cern.ch/record/2788490/files/ATL-PHYS-PUB-2021-039.pdf


H → cc̄ HIGGS

u c t
d s b

5− 0 5 10 15 20
cc
VH
µ

Comb.

2L 

1L 

0L 

3.2−
+3.2  1.0    , 2.0−

+2.0                             2.5−
+2.6                                      (           )         

5.3−
+5.3  1.0    , 3.7−

+3.7                             3.7−
+3.8                                      (           )         

5.6−
+5.7  1.0    , 3.4−

+3.4                             4.4−
+4.5                                      (           )         

4.1−
+4.1  1.0    , 2.7−

+2.7                             3.0−
+3.1                                      (           )         

( Tot. ) ( Stat., Syst. )Total Stat.

ATLAS Preliminary c c→VH, H 
Projection from Run 2 data

-1=14 TeV, 3000 fbs•  
branching 
fraction is low

• 


•  
not observed yet


• Expected 
significance at 
the HL-LHC: 6.4 
X SM 

H → cc̄

ℬSM(H → cc̄) = 2.89 × 10−2

VH, H → cc̄

ATL-PHYS-PUB-2021-039

• : 0 leptons

• : 1 lepton

• : 2 leptons

ZH, H → ννbb̄
WH, H → ℓνbb̄
ZH, H → ℓℓbb̄ 0 5 10 15 20

)cVH(c
µ95% C.L. limit on 

σ 1±
σ 2±

Expected

ATLAS Preliminary
-1=14 TeV, 3000 fbs

Projection from Run 2 data

c c→VH, H 

0 lepton
 SM×Exp.= 8.1 

1 lepton
 SM×Exp.= 11.2 

2 lepton
 SM×Exp.= 10.5 

Combination
 SM×Exp.= 6.4 

📽
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ATL-PHYS-PUB-2021-039

https://cds.cern.ch/record/2788490/files/ATL-PHYS-PUB-2021-039.pdf
https://cds.cern.ch/record/2788490/files/ATL-PHYS-PUB-2021-039.pdf


H → cc̄ HIGGS

u c t
d s b

• Advanced tagging algorithms used to identify  
c-quark jets

• Leading uncertainty due to misidentification


• Best fit signal value: 


• 


• Interpretation in terms of the -framework

μVH = 1.0 ± 0.6 (stat.) ± 0.5 (syst.)
κ

HIG-21-008
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bb
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→
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(H
µ

SM
σ 1 ±
σ 2 ±

CMS Phase-2 Projection Preliminary  (14 TeV)-13000 fb

📽HIG-21-008
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https://cds.cern.ch/record/2802742/files/HIG-21-008-pas.pdf
https://cds.cern.ch/record/2802742/files/HIG-21-008-pas.pdf
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Anomalous contributions to Higgs couplings
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Interpretation with a

Expected

68% CL

95% CL

CMS Supplementary  (14 TeV)-1Projection, 3 ab
•  decay where the Higgs is produced by gluon 

fusion or associated production can be used to look for 
anomalous couplings


• Scattering amplitude can be parametrized as a function 
of coupling coefficients 


•  = 


• Under custodial symmetry, assume  = 


• Anomalous contributions expressed as a function of 
effective fractional contributions ( )


• Alternate scenario takes possible CP-violation into 
account also explored


• Improvement by three orders of magnitude w.r.t Run II at 
the HL-LHC

H → τ+τ−

aVV
i

aVV
i

kVV
i

(ΛVV
i )2

aWW
i aZZ

i

fa3

CMS-PAS-HIG-20-007

📽

https://arxiv.org/pdf/2205.05120.pdf


HIGGS

u c t
d s b

The Higgs and the topg

g

t

t

b

b

H 💡

 event in Run II  
 observed with 5.2 

 significance

tt̄H
tt̄H

σ📽
+ Delphes

• Evidence for  at 3.9 (3.5) 
observed (expected) 𝜎 at Run II


• Projection studies performed with the 
use of a neural network discriminator to 
suppress  background


• Discovery with dilepton channel possible 
with 1/3rd of the HL-LHC integrated 
luminosity

tt̄H, H → bb̄

tt̄ + bb̄

18
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CMS-PAS-FTR-21-002

https://cds.cern.ch/record/2804006?ln=en


Higgs self interaction as a probe for new physics
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Di-Higgs
💡

•  and 



• Events further categorized after requiring diphoton 
pair based on # of leptons


• Deep neural network used to suppress backgrounds


• Uncertainty arises from jet energy scale,  
resolution, PDF +  associated with  and 
single  processes


• Expected significance: 0.22

HH, H → WW, H → γγ
HH, H → ττ, H → γγ

mγγ
αs ggHH

H
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https://cds.cern.ch/record/2804003?ln=en


Di-Higgs

• 


• Uncertainty arises from  and  
mass resolution


• Expected significance: 


• 2.16 

HH, H → bb̄, H → γγ
mγγ mbb

σ

💡
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Di-Higgs
 and 



Uncertainty arises from photon efficiency,  and 
 tagging efficiency  


Expected significance: 


4.6  (without systematic uncertainty)


3.2  (with systematic uncertainty)

HH, H → bb̄, H → ττ
HH, H → bb̄, H → γγ

b
c

σ
σ
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The DiHiggs and the top
💡

• Cross section of  is 0.948 fb


• Topology under exploration:


• , 


• Deep neural network based discriminators used to 
separate signal from background


• Systematic uncertainties associated with jet energy scale, 
resolution and b-tagging


• Combined production : 0.84 X SM 
at 95% C.L. at HL-LHC 

tt̄HH

H → bb̄ t → Wb, (W → lν, qq̄′ )

tt̄ZZ + tt̄ZH + tt̄HH

Delphes 
based
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Search for rare Higgs boson with mesons
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CMS Phase-2 Projection Preliminary   3000 fb-1 (14 TeV)

pp → ΥΥ → 4 µ
Pseudodata
Sig + bkg fit
H → Υ(nS)Υ(mS)   0.2 x BSM

 and  studied


Uncertainty arises from PDF + 

H → Z J/ψ H → ΥΥ
αs

Channel 3000 fb-1 4500 fb-1

2.9 X 10-4 2.7 X 10-4

1.3 X 10-5 8.5 X 10-6

H → Z J/ψ

H → ΥΥ

📽
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Search for high mass resonances decaying to W+W−

• Fully leptonic modes of the -boson 


• Mass range: 115 GeV - 5 TeV considered


• Classification of signal categories and backgrounds done using a deep neural network


• DNN trained with kinematic variables


• MSSM scenarios: sensitive to low values of mA and 

W
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CMS-PAS-HIG-20-016

💡

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html


Conclusion
New projections for HL-LHC presented


Analysis target precision in computation of the Higgs mass, width and coupling


Advanced ML methods explored to suppress backgrounds providing access to previously 
unexplored processes


White paper: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-
PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
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Additional Material



HIGGS

CMS-PAS-FTR-21-002

u c t
d s b

The Higgs and the topg

g

t

t

b

b

H 💡

📽
+ Delphes

• Evidence for  at 3.9 (3.5) 
observed (expected) 𝜎 at Run II


• Projection studies performed with the use 
of a neural network discriminator to 
suppress  background


• Discovery with dilepton channel possible 
with 1/3rd of the HL-LHC integrated 
luminosity

tt̄H, H → bb̄

tt̄ + bb̄

28
28

 event in Run II  
 observed with 5.2 

 significance

tt̄H
tt̄H

σ

https://cds.cern.ch/record/2804006?ln=en
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H → ZZ → 4ℓ
• Conditions for projection:

• The performance of the trigger system is considered to be the same as in the 2018 data taking 

period.

• Detector performance such as acceptance, efficiency and resolution are considered to have the 

same values as for Run 2, even with an expected pile-up (number of interaction per bunch crossing) 
up to 200


• Signal cross sections are scaled to 14 TeV

• Background cross sections are scaled according to the parton luminosity ratio (1.13 for 

 and 1.10 for )


•  and 
gg → ZZ → 4ℓ qq̄ → ZZ → 4ℓ

ημ < 2.4 ηe < 2.5
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