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ATLAS CMS preparation of future 
3 transparencies (== 3 topics)



The 3 topics are …

Precision Higgs boson physics  

Rare processes (HH …) 

BSM Higgs boson sector 
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Higgs boson coupling measurements
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Take 1: descriptive
160

Precision is needed to look for deviations:

SUSY (tanβ = 5)

Composite Higgs

Top partners

arXiv:1306.6352 
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Higgs boson coupling measurements extrapolation
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Projections in the same ballpark  
Theory uncertainties give a sizeable contribution to the expected total uncertainty, 
theory improvements beyond Run-II (tomorrow talk) ?  
Fiducial cross section measurements - Pseudo-observables - EFT ? 
… … … 

Scenario 1 :  uncertainties as in Run-I   
Scenario 2 :  theoretical uncertainties/2  

               experiment systematic/sqrt(L)

 3000/fb √s = 14 TeV  Scenario 2
  300/fb  √s = 14 TeV Scenario 2
  300/fb  √s = 14 TeV Scenario 1

  

● Run-1 Higgs coupling analyses have been extrapolated to future runs:

9Ben Smart

ATLAS Higgs Prospects – Higgs Couplings

(ATL-PHYS-PUB-2014-016)

(ATLASHiggsSummaryPlots)
(ATLAS-CONF-2017-045)
(ATLAS-CONF-2017-043)
(ATLAS-CONF-2016-112 *not all prod modes)
(ATLAS-CONF-2017-041)

Run-1

∆μ/μ = 0.21
∆μ/μ = 1.63*

∆μ/μ = 0.28
∆μ/μ = 0.16

∆μ/μ = 0.23
∆μ/μ = 0.14

∆μ/μ = 0.8
∆μ/μ = 0.35

∆μ/μ = 0.29

Run-1 ∆μ/μ
Run-2 ∆μ/μ

Dashed areas indicate ∆μ/μ
with current theory uncertainties.
 

Vertical blue lines are Run-1 values.
Vertical red lines are Run-2 values.

Run-3 and HL-LHC
Based on Run-I results

Run-II Run-I
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HH production 
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Extract  the Higgs boson trilinear coupling (𝝺HHH), probe EWSB, and measure 
the shape of the Higgs potential. 
Problem : to measure nH coupling need to measure (n-1)H production

3

2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams
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Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

σgg→HH = 33.49+4.3
-6.0 (scale) ± 2.1 (PDF) ± 2.3 (𝛼s) fb 

[13 TeV, NNLO + NNLL with top mass effects, HXSWG, arXiv:1610.07922]H

H

H

HλHHH

H

Paolo Meridiani

HH SUMMARY
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ATLAS CMS

bbbb <29 (38) <342 (308)

bbWW <79 (89)

bb!! <28 (25)

bbɣɣ <117 (161) <19 (17)

WWɣɣ <747 (386)

σ/σSM 95% CL (exp) 

13 fb-1 3 fb-1 36 fb-1 Run2

CMS leading both for non-resonant & resonant searches. Need to 
release our 4b results in the pipeline + combination

Limits on non-resonant HH productions

           Luca Cadamuro (LLR)                                25/11/2016       HH review for ATLAS and CMS

6−10

5−10

4−10

3−10

2−10

1−10

1

bb WW gg ττ ZZ γγ

γγ

ZZ

ττ

gg

WW

bb
hh production and decays are 
decoupled effects 
□ assume SM BRs in the analyses  

Require one h→bb or h→WW 
decay to keep BR sufficiently 
high 

Tradeoff between BR and 
background contamination in the 
choice of final state 
□ various channels are 

complementary 
□ different sensitivities in different 

mass ranges

4

BR hh→xxyy 
(mh = 125 GeV)

rarer
rarer

33.6%

0.26%

24.8%

7.3%

0.1%

How looking for HH?Tradeoff between BR and 
background contamination

Run-II upper limits of non-resonant 
HH production

<30(25)

bbVV
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 HH production : prospects

6

Two alternative approaches to estimate the sensitivity to HH production
parametric simulation of upgraded detector 
response

Diagrams contributing to 

the SM HH production

.

Experimental uncertainty on SM 
HH production

Projection of the sensitivity to the SM ggàHH production at 3 ab-1, based on 13 TeV 

preliminary analyses performed with data collected in 2015. The uncertainty on the signal 

modifier μ=σHH/σSMHH is provided assuming different scenarios on the systematic uncertainties. 

1.43σ

0.39σ

0.45σ

0.39σ

Significance

extrapolation of results from 13 TeV ~3fb-1 to HL-LHC 
(conservative: used results not optimal for high 
luminosity)

Analyses are evolving quickly, and we expect to do better! 

Are there other final states that we should explore? 

We should study all the production mechanics ttHH VBF(HH) 

Are we expecting improved theoretical calculations? Benchmarks? 

 … … … 

  

● ttHH, HH→bbbb 

● σ(ttHH) ≈ 1 fb (σ(HH) ≈ 40 fb) 
● Cut-based analysis 

aiming at final state:
HH→bbbb, tt→bblνqq

● Significance: 0.35 σ (no syst.)

● HH → ⇥⇥bb 

● All ⇥ decays used except ⇥
lep
⇥

lep
.

● Different triggers used, optimised 
for different ⇥ decay channels.

● Significance: 0.60 σ
● -4 < λ

HHH
/λ

SM
 < 12 (95% CL. with syst.)

8Ben Smart

ATLAS Higgs Prospects – Di-Higgs

(ATL-PHYS-PUB-2016-023)

(ATL-PHYS-PUB-2015-046)

6

  Significance: 0.35σ (no syst)
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BSM Higgs boson sector 
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Exotic Higgs boson decays 
Higgs boson and dark matter 
Additional Higgs-like particles (low/high mass)

7+8+13 TeV  
CMS combination

300 3000 

Many models,  main focus to show that 
they are passing current bounds (Higgs/
SUSY) less projections for HL-LHC (but 
FCC-hh)

Beyond SM Higgs Sectors 

Multi-Higgs
2Higgs-Doublet-Model

CompositeHiggs

NMSSM
Georgi-Machachek

CP-vio
lating 2HD

M

PortalHiggs

LittlestHiggs3HDMMSSM

Next-2HD
M

TwinHiggs Singlet Extensions

18
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Outline

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2024 2025

LHC

LS1 LS2 LS3

7TeV
8TeV

13TeV
14TeV 14TeV

75% nominal  
luminosity

2x nominal  
luminosity

5x nominal  
luminosity

nominal  
luminosity

2035

25fb-1 150fb-1 >300fb-1 3000fb-1

Run-I Run-II Run-III

Energy

instan. 
luminosity

integrated 
luminosity

Machine: 
HL-LHC  
installation

Exp: 
Upgrade 
Phase2

Exp.: 
Upgrade 
Phase1

Machine: 
Injector 
upgrade

Exp.: 
Beam pipe

Machine: 
Splice 
consolidation

High 
Luminosity 
LHC

2023

LHC and HL-LHC plans


