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LHC: Focus on Run-2 (and the next 20 years)
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All results at: http://cern.ch/go/pNj7
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CMS:  a bird’s-eye view on the W/Z, top, H
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full Run-2 H→4ℓ 
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ATLAS:  a bird’s-eye view on the W/Z, top, H
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Origin of Space-Time (?)

Dark Matter? +

General Relativity Electro-Weak

Weak

Gravity

StrongE&M

Electricity Magnetism

Dark Energy? H, W, Z,γ?

May 6, 2019

H,W/Z, top: the big picture view

top

Cosmology (SM) Particle Physics (SM)
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Quantum Gravity

Unified Theory (?)
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— mass
— width / lifetime
— quantum numbers
— coupling strength

May 6, 2019

H0,W/Z, top: the PDG view
pdg.lbl.gov (2018)

http://pdg.lbl.gov
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H,W/Z, top: the mass
the heaviest fundamental

— fundamental parameters
— over-constrain SM

SM particles: mH, mW, mt
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mW = 80370 ±7 (stat.) ±11 (exp. syst.) ±14 (mod. syst.) MeV
ATLAS arXiv:1701.07240
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H: the mass

H(125) mass (PDG-2018):

H→4ℓ CMS 2016 arXiv:1706.09936
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Top: the mass

direct mt reconstruction (match to MC) 
pole mass mt from theory σ(mtpole; PDF, αs; μF, μR,…) t
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Top: the mass
pole mass mt from theory σ(mtpole; PDF, αs; μF, μR,…) t

triple-differential [M(tt̄ ), y(tt̄ ), N0,1,+
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H,W/Z, top: the width / lifetime

very short lived, yet relatively small width 
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(<< spin de-correlation)
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H: the width (offshell H*)

 12

H→ZZ* (onshell) vs. H*→ZZ (offshell)   

offshell “enhancement”
(1) larger width ΓH

(2) new resonance X 
(3) anomalous couplings

http://spin.pha.jhu.edu
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~ 10% in SM, but: 

CMS (H→4ℓ)  

CMS: arXiv:1901.00174 

ATLAS: arXiv:1808.01191
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~2σ excess
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CMS arXiv:1804.01939
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Top: the width

expected Γt ~1.32 GeV (~ ±0.08 GeV)

ATLAS arXiv:1709.04207CMS-PAS-TOP-16-019
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H,W/Z, top: spin correlations 
Access to spin, parity, anomalous couplings  

H→VV

V*V*→H

V*→VH

arXiv:1309.4819

in kinematics 

Run-1 legacy: if H has certain JPC then 
 JPC=0++ (vacuum quantum numbers)

 possible small anomalous scalar couplings

)

R R

R R

�
;
ϡ

�
;
ϡ8

8


;
ϡ


;
ϡ

)R

R

8

8

H

W,Z

W,Z ,γ

,γ

 CMS arXiv:1411.3441
ATLAS arXiv:1506.05669 



1− 0.8− 0.6− 0.4− 0.2−
0

5

10

68% CL95% CL

)a3φ cos(a3f
0.02− 0 0.02

68% CL95% CL

0.2 0.4 0.6 0.8 1

68% CL

95% CL

210
Observed
Expected
Observed, H →�4 
Expected, H →�4 
Observed, H →�ττ�
Expected, H →�ττ

 (13 TeV)-1 (8 TeV) + 80.2 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS

ln
 L

Δ
2 −

 l
 l

Andrei Gritsan, JHU  15

production

decay

fraction of
anomalous effects
(e.g. CP-violation)

 CMS arXiv:1903.06973
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H: spin correlations 
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Z/γ*: spin correlations (weak mixing angle θW) 

ATLAS-CONF-2018-037

CMS: arXiv:1806.00863

expect HL-LHC 3000 fb-1 
ATL-PHYS-PUB-2018-037

ATLAS: 0.23140 ± 0.00021 (stat.) ± 0.00024 (PDF) ± 0.00016 (syst.)
CMS: 0.23101 ± 0.00036 (stat.) ± 0.00031 (PDF) ± 0.00018 (syst.) ± 0.00016 (theo.)

sin2θeff l 
(LHeC collider) 

CV,CA(θw)CV,CA(θw)

ATLAS: forward e, yee up to 3.6
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Top: spin correlations 

ATLAS: arXiv:1903.07570
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Top: spin correlations 

    CMS: 15+ coefficients 
     spin 
structure 

Spin correlation
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 (13 TeV)-135.9 fb

 (syst)± (stat) ±result 
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lab
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Preliminary CMS

Data

NLO calculation
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CMS-PAS-TOP-18-006 

    15+ differential distributions  
    describe R density matrix  
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ZZ: couplings / cross sections (full Run2) 
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STXS s1.1: a new standard to communicate H data from LHC to Pheno colleagues 

H: couplings (full Run2)
full Run2
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H: couplings (full Run2)
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STXS s1.1: a new standard to communicate H data from LHC to Pheno colleagues 
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full Run2

and combine, analyze across LHC
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H: couplings (full Run2)
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     next:

     — most power in combination 
     — detailed property measurements 

H: couplings

Z→ 4ℓ (“rare”) 
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H: couplings
gg→H 
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T
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gg→H, 1-jet, p
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T

V < 250 GeV 

gg/qq→ H��, p
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qq → Hqq, VH topo

Parameter normalized to SM value
10− 5− 0 5 10 15

Total Stat.
Syst. SM

 PreliminaryATLAS
-1 = 13 TeV, 36.1 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 89%

SM
p

           Total    Stat.    Syst.

ZZB ×, 0-jet H→gg )0.08−
0.09+ ,  0.15−

0.16+   (0.17−
0.18+  1.29  

ZZB × < 60 GeV H
T

p, 1-jet, H→gg )0.22−
0.23+ ,  0.35−

0.37+   (0.41−
0.43+  0.57  

ZZB × < 120 GeV H
T

p ≤, 1-jet, 60 H→gg )0.15−
0.18+ ,  0.31−

0.33+   (0.34−
0.38+  0.87  

ZZB × < 200 GeV H
T

p ≤, 1-jet, 120 H→gg )0.30−
0.39+ ,  0.65−

0.71+   (0.72−
0.81+  1.30  

ZZB × 200 GeV ≥ H
T

p 1-jet, ≥, H→gg )0.32−
0.43+ ,  0.64−

0.73+   (0.72−
0.84+  2.05  

ZZB × < 200 GeV H
T

p 2-jet, ≥, H→gg )0.26−
0.32+ ,  0.44−

0.46+   (0.51−
0.56+  1.11  

ZZB ×, VBF topo + Rest Hqq→qq )0.21−
0.27+ ,  0.32−

0.36+   (0.38−
0.45+  1.57  

ZZB ×, VH topo Hqq→qq )0.24−
0.32+ ,  1.11−

1.31+   (1.13−
1.35+ -0.12  

ZZB × 200 GeV ≥ j
T

p, Hqq→qq )0.72−
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T
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     ATLAS combination 2015+2016+(2017) data:

ATLAS-CONF-2019-005

Cross-section normalized to SM value
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Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs
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p             Total     Stat.    Syst.
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H: couplings

coupling    mF or mV ∝ 2
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H: couplings to b and τ
H→ ττ H→ bb 
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ttH: couplings (including full Run2)
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ttH: couplings (including full Run2)

λt

g

g

H

g

g

t, b

t, b

H

λtσth=43.9pb

σth=0.5pb

ATLAS arXiv:1806.00425
Htt

µ
1− 0 1 2 3 4 5 6 7

Combined

13 TeV

7+8 TeV

)bH(btt

)-τ+τH(tt

)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed
 syst)⊕ (stat σ1±

 (syst)σ1±
 syst)⊕ (stat σ2±

     5.2σ

arXiv:1804.02610

     5.8σ

ATLAS-CONF-2019-004
     4.9(4.2)σ  ttH(γγ)

7 BDT Lep/ Had categories

 μttH=1.38-0.36
+0.41

2015-2017

full Run2

(4.2σ)

(4.9σ)

    ttH(γγ)

γ
q

b

    candidate



 [TeV]s
2 4 6 8 10 12 14

 c
ro

ss
 s

ec
tio

n 
[p

b]
t

In
cl

us
iv

e 
t

10

210

310
WGtopLHC

WGtopLHC

ATLAS+CMS Preliminary Sept 2018

* Preliminary

)-1 8.8 fb≤Tevatron combined 1.96 TeV (L 
)-1CMS dilepton,l+jets 5.02 TeV (L = 27.4 pb

)-1 7 TeV (L = 4.6 fbµATLAS e
)-1 7 TeV (L = 5 fbµCMS e

)-1 8 TeV (L = 20.2 fbµATLAS e
)-1 8 TeV (L = 19.7 fbµCMS e

)-1 8 TeV (L = 5.3-20.3 fbµLHC combined e
)-1 13 TeV (L = 3.2 fbµATLAS e

)-1 13 TeV (L = 2.2 fbµCMS e
)-1* 13 TeV (L = 35.6 fbµCMS e

)-1* 13 TeV (L = 85 pbµµATLAS ee/
)-1ATLAS l+jets* 13 TeV (L = 85 pb

)-1CMS l+jets 13 TeV (L = 2.2 fb
)-1CMS all-jets* 13 TeV (L = 2.53 fb

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 0.001±) = 0.118 

Z
(Msα = 172.5 GeV, topNNPDF3.0, m

 [TeV]s13

700

800

900

]2 [GeV/cttm

Ev
en

ts

10000

20000

30000
Data tt single top V+jets QCDCMS

Preliminary

 (13 TeV)-135.8 fb

 3 jets≥+jets, µe/

0-0.6 0.6-1.2 >1.2
3 jets

0-0.6 0.6-1.2 >1.2
4 jets

0-0.6 0.6-1.2 >1.2
5 jets≥

]2 [GeV/cttm

0-
30

0
30

0-
32

0
32

0-
34

0
34

0-
36

0
36

0-
40

0
40

0-
44

0
44

0-
50

0
50

0-
20

00
0-

34
0

34
0-

38
0

38
0-

42
0

42
0-

46
0

46
0-

52
0

52
0-

20
00

0-
40

0
40

0-
44

0
44

0-
48

0
48

0-
52

0
52

0-
58

0
58

0-
66

0
66

0-
20

00
0-

36
0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0
40

0-
44

0
44

0-
48

0
48

0-
52

0
52

0-
58

0
58

0-
20

00
0-

50
0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

0-
36

0
36

0-
40

0
40

0-
44

0
44

0-
48

0
48

0-
54

0
54

0-
20

00
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0
50

0-
56

0
56

0-
62

0
62

0-
70

0
70

0-
20

00

D
at

a/
Pr

ed
.

0.98

1

1.02

May 6, 2019Andrei Gritsan, JHU  30

tt: couplings / cross sections
LHC is the top factory

constrain ttH coupling Yt
in virtual effects (Yt=1 in SM):
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tttt: couplings / cross sections (full Run2)

CMS-PAS-TOP-18-003

|Yt | < 1.7 at 95 % CL

tttt rare process ~10 fb at 13 TeV ATLAS arXiv:1811.02305
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top: rare/exotic processes
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W/Z:  Triliniear Gauge Couplings and more…
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W/Z:  Quartic Gauge Couplings and more…
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qqW  0.18± 0.08 ±0.84 -119.3 fb
qqW  0.09± 0.02 ±0.91 -135.9 fb
qqZ  0.32± 0.14 ±0.93 -15.0 fb
qqZ  0.19± 0.07 ±0.84 -119.7 fb
qqZ  0.10± 0.04 ±0.98 -135.9 fb

WW→γγ  0.74± 0.00 ±1.74 -119.7 fb
γqqW  0.56± 0.67 ±1.77 -119.7 fb

ss WW  0.18± 0.38 ±0.69 -119.4 fb
ss WW  0.08± 0.16 ±0.90 -135.9 fb

γqqZ  0.48± 0.65 ±1.48 -119.7 fb
qqWZ  0.47±0.82 -135.9 fb
qqZZ  0.38± 0.64 ±1.38 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

13 TeV CMS measurement (stat,stat+sys) 

CMS EWK measurements vs.
Theory ATLAS-CONF-2018-030 (earlier: CMS arXiv:1709.05822)

e±e±, e±μ±, μ±μ±

6.9σW±W±jj 5.5σ

(2.5σ)
(3.2σ)

(5.7σ)
(4.6σ)
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W/Z:  Multiboson VVV

R
L dt

[fb
�1
]

Reference

WZjj EWK
� = 0.29 + 0.14 � 0.12 + 0.09 � 0.1 fb (data)

VBFNLO (theory) 20.3 PRD 93, 092004 (2016)

� = 0.57 + 0.14 � 0.13 + 0.07 � 0.05 fb (data)
Sherpa 2.2.2 (theory) 36.1 arXiv: 1812.09740 [hep-ex]

W
±
W
±
jj EWK

� = 1.5 ± 0.5 ± 0.2 fb (data)
PowhegBox (theory) 20.3 PRD 96, 012007 (2017)

� = 2.95 ± 0.49 ± 0.23 fb (data)
Sherpa 2.2.2 (theory) 36.1 ATLAS-CONF-2018-030

Z�jj EWK � = 1.1 ± 0.5 ± 0.4 fb (data)
VBFNLO (theory) 20.3 JHEP 07 (2017) 107

�� ! WW � = 6.9 ± 2.2 ± 1.4 fb (data)
HERWIG++ (theory) 20.2 PRD 94 (2016) 032011

Zjj EWK
� = 10.7 ± 0.9 ± 1.9 fb (data)

PowhegBox (NLO) (theory) 20.3 JHEP 04, 031 (2014)

� = 34.2 ± 5.8 ± 5.5 fb (data)
Powheg+Pythia8 NLO (theory) 3.2 PLB 775 (2017) 206

– M(jj) > 500 GeV
� = 144 ± 23 ± 26 fb (data)

Powheg+Pythia8 NLO (theory) 4.7 EPJC 77 (2017) 474

� = 159 ± 10 ± 26 fb (data)
Powheg+Pythia8 NLO (theory) 20.2 EPJC 77 (2017) 474

Wjj EWK (M(jj) > 1 TeV) � = 43.5 ± 6 ± 9 fb (data)
Powheg+Pythia8 NLO (theory) 20.2 EPJC 77 (2017) 474

– H(!��)jj EWK (|y|<2.5) � = 11.2 + 2.6 � 2.4 + 2.3 � 1.6 fb (data)
LHC-HXSWG (theory) 79.8 ATLAS-CONF-2018-028

– H(!WW)jj EWK
� = 0.51 + 0.17 � 0.15 + 0.13 � 0.08 pb (data)

LHC-HXSWG (theory) 20.3 PRD 92, 012006 (2015)

� = 500 + 240 � 220 ± 170 fb (data)
NNLO QCD and NLO EW (LHC-HXSWG) (theory) 36.1 PLB 789 (2019) 508

Hjj EWK, (tot.)
� = 2.43 + 0.5 � 0.49 + 0.33 � 0.26 pb (data)

LHC-HXSWG YR4 (theory) 20.3 EPJC 76, 6 (2016)

� = 4.57 + 0.68 � 0.65 + 0.6 � 0.52 pb (data)
LHC-HXSWG (theory) 79.8 HIGG-2018-57

WWZ, (tot.) � = 0.49 ± 0.14 + 0.14 � 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 STDM-2017-22

– WWW!`⌫`⌫`⌫ � = 0.31 + 0.35 � 0.33 + 0.32 � 0.35 fb (data)
Madgraph5 + aMCNLO (theory) 20.3 EPJC 77, 141 (2017)

– WWW!`⌫`⌫jj � = 0.24 + 0.39 � 0.33 ± 0.19 fb (data)
Madgraph5 + aMCNLO (theory) 20.3 EPJC 77, 141 (2017)

WWW, (tot.)
� = 230 ± 200 + 150 � 160 fb (data)

Madgraph5 + aMCNLO (theory) 20.3 EPJC 77, 141 (2017)

� = 0.68 + 0.16 � 0.15 + 0.16 � 0.15 pb (data)
Sherpa 2.2.2 (theory) 79.8 STDM-2017-22

WW�!e⌫µ⌫� � = 1.5 ± 0.9 ± 0.5 fb (data)
VBFNLO+CT14 (NLO) (theory) 20.2 EPJC 77, 646 (2017)

– [njet = 0] � = 2.9 + 0.8 � 0.7 + 1 � 0.9 fb (data)
MCFM NLO (theory) 20.3 PRL 115, 031802 (2015)

W��!`⌫�� � = 6.1 + 1.1 � 1 ± 1.2 fb (data)
MCFM NLO (theory) 20.3 PRL 115, 031802 (2015)

– [njet = 0] � = 3.48 + 0.61 � 0.56 + 0.3 � 0.26 fb (data)
MCFM NLO (theory) 20.3 PRD 93, 112002 (2016)

Z��!``�� � = 5.07 + 0.73 � 0.68 + 0.42 � 0.39 fb (data)
MCFM NLO (theory) 20.3 PRD 93, 112002 (2016)

��� � = 72.6 ± 6.5 ± 9.2 fb (data)
MG5 aMCNLO (theory) 20.2 PLB 781 (2018) 55
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(1.8σ)

(3.1σ)
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.
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Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.
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Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

kλ=λhhh/λhhh
kt=λt/λtSM SM

kt

kt ktkλ

H: rare/exotic processes
H(125) → Zγ, μμ, μτ, J/ψJ/ψ, ΥΥ, cc, a1a1, … 
extended H sector…  

May 6, 2019

H(125)H(125) — rare process:  

SMλ/HHHλ=λk
20− 15− 10− 5− 0 5 10 15 20

H
H

) [
fb

]
→
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CMS  (13 TeV)-135.9 fb

95% CL upper limits
Observed
Median expected
68% expected
95% expected

Theoretical Prediction

SM

Higgs self-coupling (φ4)

HH→bb+(bb/γγ/ττ/WW/ZZ)
σ/σSM < 22.2 (exp. <12.8)

-11.8 < κλ < 18.8

CMS arXiv:1811.09689

HL-HLC and indirect

(kt=1)

ATLAS-CONF-2018-043
HH→bb+(bb/γγ/ττ)
σ/σSM < 6.7 (exp. <10.4)

-5.0 < κλ < 12.1

(see backup)
see parallel sessions

 and next talk for more!
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H,W/Z, top: pre-view of the parallel sessions
Higgs boson
- BSM Higgs results from ATLAS
- Searches for Higgs boson exotic decays at CMS
- Searches for rare decays of the Higgs boson at CMS
- ATLAS Searches for VH/HH Resonances
- Combined Higgs boson measurements at the ATLAS experiment
- Measurement of differential and production mode cross sections and the Higgs mass in Higgs boson in decays to bosons using the ATLAS detector
- Measurements and searches of Higgs boson decays to two fermions and of Higgs boson production in association with a ttbar pair at ATLAS 

W/Z bosons
- Electroweak physics with multibosons at CMS
- Measurements of multiboson production using the ATLAS detector
- Electroweak physics with single and diboson final states at CMS
- Observation and measurements of vector-boson scattering with ATLAS
- Precision electroweak measurements with ATLAS
- Probing perturbative QCD using electroweak bosons at ATLAS

Top quark
- Measurements of ttbar pairs produced in association with electroweak gauge bosons using the ATLAS detector
- Top quark pair property measurements using the ATLAS detector at the LHC
- Top-quark pair production cross-section measurements with the ATLAS detector

16 talks at the parallel sessions:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

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

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

Higgs boson LHC links:

W/Z boson LHC links:

Top quark LHC links:
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All results at: http://cern.ch/go/pNj7

W

n jet(s)≥

Z

n jet(s)≥

γW γZ WW WZ ZZ
µll, l=e,→, Zνl→EW: W

qqW
EW qqZ

EW
WW
→γγ

γqqW
EW

ssWW
 EW

γqqZ
EW

qqWZ
EW

qqZZ
EW WWW γWV γγZ γγW tt

=n jet(s)

t-cht tW s-cht γtt tZq ttZ γt ttW tttt
σΔ in exp. HσΔTh. 

ggHqqH
VBF VH WH ZH ttH tH HH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction
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Summary (H,W/Z, top: view from the speaker)

LHC is the H,W/Z, top factory  
even more so at HL-LHC

ATLAS and CMS
progress beyond just      umi ℒ

Exploring full Run-2 dataset

determine fundamental parameters 

closing on / excluding rare modes
sensitive to virtual effects 

established all major processes

Ultimately trying to establish the big picture… 

Electro-WeakH, W, Z,γ top

+ψiyijψjφ +h.c.
-V(φ)

+|Dμφ|2
…

?

?

..φ1..φ2..



H,W/Z, top: some HL-LHC projections



eff
lθ2sin

0.23 0.231 0.232
 0.00008±0.23153 HL-LHC ATLAS PDFLHeC: 14 TeV

 0.00015±0.23153 : 14 TeVHL-LHCHL-LHC ATLAS PDF4LHC15

 0.00018±0.23153 HL-LHC ATLAS CT14: 14 TeV

 0.00036±0.23140 ATLAS Preliminary: 8 TeV

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole average
ATLAS Simulation Preliminary
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Z/γ*: spin correlations (weak mixing angle θW) 

ATLAS-CONF-2018-037

CMS: arXiv:1806.00863

expect HL-LHC 3000 fb-1 
ATL-PHYS-PUB-2018-037

CMS: 0.23101 ± 0.00036 (stat.) ± 0.00031 (PDF) ± 0.00018 (syst.) ± 0.00016 (theo.)

sin2θeff l 
(LHeC collider) 

ATLAS: 0.23140 ± 0.00021 (stat.) ± 0.00024 (PDF) ± 0.00016 (syst.)

CV,CA(θw) CV,CA(θw)
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MCFM+JHUGen+HNNLO
LHC, s=13 TeV
gg→2l2l'

X(450), Γ=46.8 GeV 
H(125), Γ=0.0041 GeV 
bkg gg→2l2l'
X(450)+H(125)+I
X(450)+bkg+I
X(450)+H(125)+bkg+I
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H→ZZ* (onshell) vs. H*→ZZ (offshell)   

offshell “enhancement”
(1) larger width ΓH

(2) new resonance X 
(3) anomalous couplings

May 6, 2019
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~ 10% in SM, but: 

ATLAS+CMS

CMS: arXiv:1901.00174 

ΓH = 4.1 ± 0.8 MeV

HL-LHC expect

arXiv:1902.00134

H: the width (offshell H*)

3000 fb-1

arXiv:1902.00134

from onshell
ΓH < 1.1 GeV

expected uncertainty

HL-LHC expected

CMS arXiv:1804.01939

http://spin.pha.jhu.edu

expected in SM
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H: couplings

     offshell width

     κZ, κW <1

κs=κb
κc=κt

     H→invisible

HL-LHC expect 3000 fb-1

arXiv:1902.00134

—reaching 2-4% precision 
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H: self-coupling 

May 6, 2019

target of HL-LHC and HE-LHC:  

arXiv:1902.00134

—indirect constraints

(14 TeV, 3/ab)    (27 TeV, 15/ab) 
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H self-coupling:  —direct constraints
best expected now -5.8 < κλ < 12.0

-3.2 < κλ < 11.9  (exp. -6.2 < κλ < 14.4)

STXS


