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Remember . . .

I’m just a poor theorist!

I work on Higgs physics and on multi-loop calculations come say hi in 2a/308!

I will present just a small selection mostly related to what I (should) understand better

My talk mainly focuses on experimental results

Heavy flavor was a hot topic . . . wait for Matthias’ talk, and for LHCb results on Apr 18 @ CERN

Many interesting presentations left out of this review check the slides!

I shamelessly ripped off the original slides
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h → ZZ ∗ → 4` by CMS: overview [talk by Oda, CMS-PAS-HIG-16-041]

𝐻 → 𝑍𝑍∗ → 4ℓ by CMS
CMS-PAS-HIG-16-041

• Probing 4 (ggH, VBF, VH, ttH) production 
modes with 7 event categories.

• Make kinematic discriminants using matrix 
elements with inputs of kinematic 
properties to reject background events 
and categorize signal events.

NEW

18/29
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h → ZZ ∗ → 4` by CMS: Signal strengths [talk by Oda, CMS-PAS-HIG-16-041]

𝐻 → 𝑍𝑍∗ → 4ℓ by CMS
CMS-PAS-HIG-16-041

• 𝜇 = 1.05−0.14
+0.15 stat. −0.09

+0.11 syst.
• Combined signal strength at mH=125.09 GeV.

• Simplified template cross sections for |yH|<2.5. 

NEW
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h → ZZ ∗ → 4` by CMS: dσ/dpT [talk by Oda, CMS-PAS-HIG-16-041]

𝐻 → 𝑍𝑍∗ → 4ℓ by CMS
CMS-PAS-HIG-16-041

• Differential cross-section with respect to pT(H) and the 
number of jets. 

• Consistent with the SM expectations within uncertainty.

NEW

20/29
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h → ZZ ∗ → 4` by CMS: Higgs mass [talk by Mei, CMS-PAS-HIG-16-041]

March 19, 2017 Hualin Mei (University of Florida) 3

Observables  

● 4 lepton invariant mass : m4l

● Event-by-event mass uncertainty :                                            , propagated from 
individual lepton pT resolution (Corrected in data/MC using Z  ll events)→

● Matrix element kinematic discriminant:

Dmass=σ m4 l
/m4 l

Mass is determined by 3D measurement with m(Z1) constraint
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h → ZZ ∗ → 4` by CMS: Higgs mass [talk by Mei, CMS-PAS-HIG-16-041]

sgnl

bckd

March 19, 2017 Hualin Mei (University of Florida) 3

Observables  

● 4 lepton invariant mass : m4l

● Event-by-event mass uncertainty :                                            , propagated from 
individual lepton pT resolution (Corrected in data/MC using Z  ll events)→

● Matrix element kinematic discriminant:

Dmass=σ m4 l
/m4 l

Mass is determined by 3D measurement with m(Z1) constraint
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h → ZZ ∗ → 4` by CMS: Higgs mass [talk by Mei, CMS-PAS-HIG-16-041]

March 19, 2017 Hualin Mei (University of Florida) 5

Results 

125.26 ± 0.20 (stat.) ± 0.08 (sys.) GeV
Use per event mass uncertainty + ME-based kinematic discriminant + Z

1
 mass constraint:

Run 1 ATLAS+CMS (4l, ) combination: 125.09 γγ ± 0.21(stat.)± 0.11(sys.) GeV

Precision gain in mass measurement:

Use m4l alone:  

+ per-event mass uncertainty: 

+ ME-based kinematic discriminant       
(CMS Run1 style):

+ Z
1
 mass constraint: 

9.8%

3.1%

8.1%

21.0%

L(m4 l)

L(m4 l , Dmass)

L(m4 l , Dmass , Dbkg
kin )

L(m '4 l , D 'mass , Dbkg
kin )

Result and precision gain
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h → ZZ ∗ → 4` by CMS: Higgs width [talk by Oda, CMS-PAS-HIG-16-{041,033}]

Width by CMS
CMS-PAS-HIG-16-041
CMS-PAS-HIG-16-033

• Mass width is measured with two very 
different methods.

• Γ𝐻 = 0.00−0.00
+0.41 GeV with only on-shell

• Tighter limit than Run 1

• Γ𝐻 = 10−10
+14 MeV with both on-shell and off-

shell
• With strong theory assumptions 
• With only 12.9 fb-1

JHEP 09 (2016) 051

EPJC 75 (2015) 212 

NEW
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Fiducial cross-section [talk by Oda, ATL-CONF-2016-081; CMS-PAS-HIG-16-{020,041}]

Total/fiducial cross section
• Total (ATLAS) and fiducial 

(CMS) cross sections are 
consistent with N3LO QCD 
calculation with NLO 
electroweak corrections. 

ATLAS-CONF-2016-081
CMS-PAS-HIG-16-020
CMS-PAS-HIG-16-041

NEW

26/29
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Higgs couplings @ Run-1: κV , κF [talk by Gaycken]

Introduction

Couplings to fermions and bosons strongly constrained by Run I
measurements.

f
Vκ

0 0.5 1 1.5 2

f Fκ

2−

1−

0

1

2

Combined γγ→H

ZZ→H WW→H

ττ→H bb→H

68% CL

95% CL

Best fit

SM expected

Run 1 LHC
CMS and ATLAS

JHEP 08 (2016) 045 In combination, search for
H→ τ+τ− exceeds 5σ.
But, despite being the
dominant decay mode,
coupling to bb not yet
observed.

Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

Run 1LHC
CMSand ATLAS ATLAS+CMS

ATLAS
CMS

σ1±
σ2±

G. Gaycken Toward the observation of 2nd and 3rd generation BEH couplings with 13 TeV data La Thuile, March 19, 2017 2
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Search for h → µ+µ− by ATLAS [talk by Gaycken]

H→ µ+µ−

mll

En
tri
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background:
exponential
+ BW ⊗ Gaussian (Z)

ATLAS-CONF-2017-014

G. Gaycken Toward the observation of 2nd and 3rd generation BEH couplings with 13 TeV data La Thuile, March 19, 2017 18
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Higgs couplings to 2nd & 3rd gen: recap [talk by Gaycken]

NEW

2nd, 3rd generation couplings
Measured signal strength µ and 95% CL limit on σ × Br relative to
the SM expectation for mH = 125 GeV:

CMS H→ µµ 7 + 8 TeV
[Phys. Lett. B 744 (2015) 184]

ATLAS+CMS H→µµ 7+8 TeV
[JHEP08(2016)045]

ATLAS H→µµ 7 + 8 + 13 TeV
[ATLAS-CONF-2017-014]

0.8+3.5
−3.4

0.1± 2.5

−0.13± 1.4

< 7.4

< 2.8

ATLAS H→ ττ 7 + 8 TeV
[JHEP 04 (2015) 117]

CMS H→ ττ 7 + 8 TeV
[JHEP 05 (2014) 104]

ATLAS+CMS H→ττ 7+8 TeV
[JHEP08(2016)045]

1.43+0.42
−0.37

0.78± 0.27

1.11+0.24
−0.22

ATLAS VH H→ bb 7 + 8 TeV
[JHEP01(2015)069]

CMS VH H→ bb 7 + 8 TeV
[Phys. Rev. D 89, 012003 (2014)]

ATLAS VBF H→ bb 8 TeV
[JHEP 11 (2016) 112]

ATLAS+CMS H→bb 7+8 TeV
[JHEP08(2016)045]

ATLAS VH H→ bb 13 TeV
[ATLAS-CONF-2016-091]

ATLAS VBFγ H→ bb 13 TeV
[ATLAS-CONF-2016-063]

CMS VBF H→ bb 8 + 13 TeV
[CMS-PAS-HIG-16-003]

0.52± 0.4

1.0± 0.5

−0.8± 2.3

0.7+0.29
−0.27

0.21± 0.50

−3.9+2.8
−2.7

1.3+1.2
−1.1

0 0.5 1 1.5 2 3 5 7
µ

< 1.4

< 1.89

< 4.4

< 1.2

< 4.0

< 3.4

G. Gaycken Toward the observation of 2nd and 3rd generation BEH couplings with 13 TeV data La Thuile, March 19, 2017 20
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Towards evidence for ttH at Run-2 [talk by Petrucciani]

ttH production 

•  ttH production is the best direct way to probe the 
coupling between top quark and Higgs boson 
–  tree-level process, cross section prop. to λt

2 

–  complementary evidence to loop-induced ggH,   
which in the SM is also dominated by the λt

2  
contribution from the top quark loop 

•  SM ttH cross section at 13 TeV: 507 fb: ~1/96th of ggH 
–  small, but top quarks in the final state provide  

good handles to trigger and select the events 

Moriond EWK, 2017 G. Petrucciani (CERN) 2 

λq λt 

overview
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Towards evidence for ttH at Run-2 [talk by Petrucciani]

Searches for ttH @ LHC 

Searches can be approximately grouped in: 

•  Hadronic  
H→bb, H→τhτh 

•  Leptonic  
H→WW, H→τℓτany 

•  Bosonic:  
H→γγ, H→ZZ*→4ℓ 

Moriond EWK, 2017 G. Petrucciani (CERN) 3 

higher purity 

higher yield 
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Towards evidence for ttH at Run-2 [talk by Petrucciani]

results 
Moriond EWK, 2017 G. Petrucciani (CERN) 6 

μ σ(all) σ(stat) σ(syst) 

ATLAS γγ 
CONF-2016-068, 13.3 fb−1 

−0.3 +1.2 +1.2 +0.2 
−1.0 −1.0 −0.2 

CMS γγ 
PAS HIG-16-020, 12.9 fb−1 

1.9 +1.5 
−1.2 

CMS 4ℓ 
PAS HIG-16-041, 35.9 fb−1 

0.0 +1.2* 

−0.0* 
* 

m4ℓ  [118, 130] 
signal 0.5 

bkg. 0.3 
data 0 

(*)  −2ΔlnL = 1 interval 
with μ ≥ 0 constraint  

γγ
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Towards evidence for ttH at Run-2 [talk by Petrucciani]

ttH → bb: results 

•  Sensitivity on μ: ~1·SM, limited by systematics 
–  dominated by those on tt+(b-)jets background 

Moriond EWK, 2017 G. Petrucciani (CERN) 13 

bb̄
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Towards evidence for ttH at Run-2 [talk by Petrucciani]

multilepton results 

•  Both results compatible with SM within about 1σ. 
•  Significance wrt μ(ttH) = 0 hypothesis: 

–  ATLAS:  2.2 σ (expected for SM ttH: 1.0 σ ) 
–  CMS:  3.3 σ (expected for SM ttH: 2.5 σ ) 

Moriond EWK, 2017 G. Petrucciani (CERN) 21 

multilepton
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Towards evidence for ttH at Run-2 [talk by Petrucciani]

all results 

Moriond EWK, 2017 G. Petrucciani (CERN) 23 

[ATLAS-CONF-2016-080]

[CMS-PAS-HIG-16-038]

[ATLAS-CONF-2016-058]

[CMS-PAS-HIG-17-004]

[ATLAS-CONF-2016-067]

[CMS-PAS-HIG-16-020]

[CMS-PAS-HIG-16-041]
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Towards evidence for ttH at Run-2 [talk by Petrucciani]

Conclusions 

•  Q: “Evidence for ttH production?” 
A: “Statistically, …”  

 A combination of ATLAS & CMS ttH results would 
likely be incompatible with μ = 0 

 “… but …” 
 there’s not yet a single analysis with a strong & 
unambiguous ttH signal, and it will take time and 
effort to get there. 

Moriond EWK, 2017 G. Petrucciani (CERN) 25 

Conclusion
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Double Higgs production [talk by Cadamuro]

           Luca Cadamuro (LLR)                                19/03/2017       Search and prospects for HH production

Non-resonant HH production

￭ σHH : main way to extract Higgs 
trilinear coupling λHHH 
□ direct information on the shape of 

the scalar Higgs potential 
□ dominated by gg fusion, other 

production modes out of reach 
with current data 

￭ Destructive interference of the 
two diagrams → small σHH 

￭ Effective lagrangian used to 
model BSM effects: anomalous 
λHHH and yt couplings and three 
new contact interactions 
□ large modification of σHH

2
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pp→HH (EFT loop-improved)
pp→HHjj (VBF)

pp→ttHH
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pp→ZHH pp→tjHH

HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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ra
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5_
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

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

Grant Agreement numbers PITN-GA-2010-264564 (LHCPhe-
noNet) and PITN-GA-2012-315877 (MCNet). The work of
FM and OM is supported by the IISN “MadGraph” con-
vention 4.4511.10, by the IISN “Fundamental interactions”
convention 4.4517.08, and in part by the Belgian Federal
Science Policy Office through the Interuniversity Attrac-
tion Pole P7/37. OM is "Chercheur scientifique logistique
postdoctoral F.R.S.-FNRS".
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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

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

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]

Phys.Lett. B732 (2014) 142-149

H

H

H

HλHHH

H

Non-resonant
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Double Higgs production [talk by Cadamuro]

           Luca Cadamuro (LLR)                                19/03/2017       Search and prospects for HH production

￭ Non-resonant search excludes 28 times the SM 
□ anomalous λHHH and yt couplings tested 
□ sensitive to the sign of yt 

￭ Resonant production tested up to mX = 900 GeV, 
and interpreted in the hMSSM

11
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new results!CMS-PAS-HIG-17-002
NEW: bbττ by CMS [CMS-PAS-HIG-17-002]
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Double Higgs production [talk by Cadamuro]

           Luca Cadamuro (LLR)                                19/03/2017       Search and prospects for HH production

Results overview

￭ Complementarity in 
different mass ranges 
□ much to gain from a 

combination!
14

Chan.

Obs. (exp.) 95% C.L. limit on σ/σSM

bbbb 29 (38) 342 (308)

bbWW - 410 (227)

bb𝜏𝜏 - 28 (25)

bb𝛾𝛾 117 (161) 91 (90)

WW𝛾𝛾 747 (386) -

: Test of anomalous HH couplings⊡

⊡

⊡
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H
H
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fb

]
→X

→
(p

p
σ

 9
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lim
it 

on
 

10

210

310

410
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610

Obs. Exp.

NOTE: ATLAS bbbb limit is for spin-2, other limits are for spin-0, 
but expect very similar sensitivity in the two spin hypotheses

PAS-HIG-17-002

ATLAS CMS

CONF-2016-049 PAS-HIG-16-002
13.3 2.3/2.7

CONF-2016-004 PAS-HIG-16-032

bbbb

bb𝛾𝛾

WW𝛾𝛾

bbWW

bb𝜏𝜏

3.2 2.7

13.3
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35.9

CONF-2016-071

PAS-HIG-16-011

  L [fb-1]   L [fb-1]

PAS-B2G-16-008

1000300 500 50003000

13 TeV

2.3-3.2 fb-1 13.3 fb-1 35.9 fb-1

“Analyses doing better than expected: Projections too conservative?”
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Double Higgs production & the Higgs self-coupling [talk by Haisch]

Anatomy of hh production
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R = 1 =� �1,2 = {�SM, 3.8�SM}

µ as a function of the Higgs self-coupling λ
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Double Higgs production & BSM [talk by Cadamuro]

           Luca Cadamuro (LLR)                                19/03/2017       Search and prospects for HH production

Effective Lagrangian parametrization
￭ Effective Lagrangian obtained by adding dim-6 operators to the SM 

Lagrangian 
￭ Results in a modification of the SM λHHH and yt couplings and 

introduces three new contact interactions 
□ changing these 5 couplings affect σHH and the HH kinematics 

￭ Analyses are exploring the 5-dimensional space of these couplings 
□ a parametrization of σHH(λHHH, yt, c2, cg, c2g) is used

19

4 2 Phenomenology

Channel BR [%] Exp. # events Exp. # events
L = 5 fb�1 L = 300 fb�1

bbtt 7.3 13.6145 272.29
bbgg 0.26 0.4849 9.698
bbWW ! bbjj`n 7.3 13.6145 272.29
bbWW ! bb`n`n 1.2 2.238 44.76
bbZZ ! bb```` 0.014 0.02611 0.5222
bbZZ ! bbjj`` 0.29 0.54085 10.817
bbZZ ! bbjjjj 1.49 2.77885 55.577

Table 1: Decay channels for the h pair production, relative branching ratio, and the inclusive
expected number of events at 13 TeV for two benchmark integrate luminosity scenari, 5 fb�1

and 300 fb�1. The symbol ` refers to an electron or a muon.

1. New particles responsible for additional loops could in principle be enhanced by a factor78

up to 1000, like in the color-octet scalars model [8].79

2. A modification of the value of the Higgs self coupling [9–11]. There are many models that80

could be in agreement with other Higgs measurement but differ in the value of lhhh.81

An inclusive measurement of shh could not distinguish between this two options. The shape of82

the differential cross section could be in principle sensitive to this effect, but such measurement83

would depend on the number of expected events. Anyway, a deviation of shh from the SM84

prediction would be an indication of the presence of New Physics (NP).85

At Run 2 we do not have sensitivity to perform a direct lSM
hhh measurement but the available86

data allow to constrain BSM models which enhance the non-resonant Higgs boson pair produc-87

tion. The BSM physics can modelled with the Effective Field Theory (EFT) approach adding88

dimension-6 operators to the SM Lagrangian yielding two consequences:89

• anomalous yt and lhhh coupling strengths;90

• additional BMS diagrams enter in the game.91

The different BSM processes contributing to the Higgs boson pair production in pp collisions92

at leading order (LO) are schematized in Figure 2. Three more couplings have been introduced:
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Figure 2: Feynman diagrams of processes that contribute to Higgs boson pair production by
gluon-gluon fusion at leading order. Diagrams corresponds to pure BSM effects.

93

c2, c2g, and cg. To be noted that for linear EFT we identity c2g = cg and c2 = �(3mt/2v)yt. Then94

the combination of cg and yt is fixed by the requirement that single Higgs production must95

agree with the experimentally observed value ( s(gg!h)
s(gg!h)SM

⇠ |cg + yt|2). The couplings c2g, and96

lhhh cannot be probed in single Higgs production, but require measurement of the di-Higgs97

rate and distributions.98

Finally, at LO the gg ! hh process is completely determined by two variables (as the invariant99

mass of the system, mhh and the scattering angle, Hq), all the SM and BSM effects can be de-100

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

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

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

JHEP04 (2015) 167  ,  LHCHXSWG-2016-001

More general (and motivated): EFT approach see also [PRD92 (2015) 035001]
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λ from single-Higgs production [talk by Haisch]

Limits on λ from hh production

�

�SM
�

=3

[-8.4, 13.4]LHC Run II, 13.3 fb-1  
4b, ATLAS-CONF-2016-049

=3

[-1.3, 8.7]
�

�SM
�HL-LHC, 3 ab-1

2γ2b, ATL-PHYS-PUB-2017-001

=3

[-14.5, 19.1]
�

�SM
�LHC Run I, 20.3 fb-1

2γ2b, 1406.5053; 
4b, 1506.00285; 
2b2τ, 2γ2W, 1509.04670  

  

  

0.8, 7.7
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λ from single-Higgs production [talk by Haisch]

Anatomy of O6 corrections
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write

��(h ! ff̄) =
Nf

c GF mhm2
f

4
p

2⇡

 

1 � 4m2
f

m2
h

!3/2

�f , (4.1)

where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain

�f =
� c̄6

(4⇡)2
Re
⇣

� 12m2
f (C0 � C1 � C2) � 9m2

h (c̄6 + 2) B0
0

⌘

, (4.2)

with
C0 = C0

�

m2
h, m

2
f , m

2
f , m

2
h, m

2
h, m

2
f

�

, (4.3)

and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]

��(h ! V V ) =
1

⇡2

Z m2
h

0

dq21 mV �V

(q21 � m2
V )2 + m2

V �2
V

Z (mh�q1)2

0

dq22 mV �V

(q22 � m2
V )2 + m2

V �2
V

IV , (4.4)

and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as

IV =
GF m3

h

8
p

2⇡
NV

q

↵(q21, q
2
2, m

2
h) �(q21, q

2
2, m

2
h) �V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣

1 � x

z
� y

z

⌘2 � 4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy

z2
. (4.6)

– 6 –

All production & decays channels receive two types 
of contributions: i) a process dependent one, which 
is linear in c6; ii) a universal one associated to Higgs 
wave function renormalization, which contains a 
piece quadratic in c6 

Gorbahn & UH, 1607.03773; Degrassi et al., 1607.04251; Bizoń, et al., 1610.05771

Switch on 1 operator: c̄6
Λ2 (H

†H)3 ⇒ loop-suppressed effect
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DV, Grojean, Panico, Riembau, Vantalon [1704.01953] [Maybe a slide from Moriond EW 2018? :)]

Warning: a global EFT analysis (w/ 10 unconstrained Higgs-deformations)
@ HL-LHC 14 TeV with 3 ab−1 shows less optimistic prospects for

single-Higgs determinations of λhhh ≡ λSM
hhh(1 + δκλ)
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MW measurement by ATLAS [talk by Andari]

31

In a traditional template fit analysis, Mw can be extracted from:  

➢ Lepton transverse momentum: 

- insensitive to recoil  
- sensitive to pTW modelling, higher order QCD,  
PDF, W polarisation, charm mass  

➢ Neutrino transverse mass 

pT
l

pT
ν

mT = 2pT
l pT

ν (1− cosΔφ(l,ν )

u: the recoil measured as the sum of the 
energies in topoclusters excluding the 
lepton itself -->sensitive to pile-up, UE 

➢ W transverse mass  

- low sensitivity to pTW, smaller pdf 
uncertainties 

- smaller non-pQCD uncertainties 
- Recoil modelling crucial, sensitivity to 

pile-up, UE

Mass-sensitive distributions
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MW measurement by ATLAS [talk by Andari]

Physics modelling corrections  

Electroweak corrections  

QCD corrections  
- pT distribution 
- polarisation 
- rapidity 

No single generator able to describe all observed distributions. 

Start from the Powheg+Pythia8 and apply corrections. Use ancillary 
measurements of Drell-Yan processes to validate (and tune) the model 
and assess systematic uncertainties. 

- QED FSR and ISR (included)
- missing higher order effects 

and FSR pair production 
(uncertainties) 

Physics Modelling

14

Physics modeling
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MW measurement by ATLAS [talk by Andari]

EW

QCD

Summary of physics modelling uncertainties

21

Fixed-order PDF uncertainties are dominant: 
- PDF variations (25 error eigenvectors) of CT10nnlo applied simultaneously to the boson 

rapidity, Ai, and pT distributions.
- Envelope taken from CT14 and MMHT2014~3.8 MeV
The PDF uncertainties very similar between pTl and mT but strongly anti-correlated between 
W+ and W-

Physics modeling uncertainties
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MW measurement by ATLAS [talk by Andari]

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results

25
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sin2 θefflept [talk by Han]

6 Moriond	EW	2017 L.Han:	EW	measurements	@	Tevatron 

The effective weak mixing angle 
Ø  The most precise results, LEP b-quark A0,b

fb and SLD beam LR-polarization Alr, differ 3.2σ 

90GeV 
@LEP 

-µµ+−+ →ee

BF

BF
FB σσ

σσA
+

−
=

The LEP/SLD Average  
0.23153 ± 0.00016 

dcosθ
dcosθ
dσ1/0

10/
F/B ∫

+

−

=σ
θ 	

 
'f

f
e- 

e+ 

f f̄ → Z → `+`−: sin2 θefflept ≡ Re[κ`(MZ )] sin
2 θ ≡ 1

4|Q`|

(
1− Re[g`

V ]

Re[g`
A]

)
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sin2 θefflept in Drell-Yan by D0 [talk by Han]

12 Moriond	EW	2017 L.Han:	EW	measurements	@	Tevatron 

The weak mixing angle @ D0 Zµµ preliminary 
l  Result: 

* The D0 Zàee/µµ channels differ ~1.4 σ 
New! D0 Note 6497-CONF 

at Tevatron: reconstruct from Pythia’s sin θB(orn) ↔ FB charge

asymmetry in the distribution of the emission angle of p`
−

T rela-

tive to the incoming q momentum (in the Collins-Soper frame)
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Why the top mass? A matter of life and death :)
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[Degrassi, DV, Elias-Miró, Espinosa, Giudice, Isidori, Strumia 12]

Higgs pole mass Mh now
known with per mille
accuracy ⇒ λ(µ)

Top pole mass
Mt −MMC

t ∼ 1 GeV

New estimates of
renormalon ambiguities,
∼ 70 MeV [Beneke et al 16]

Actually the important
quantity is the running
Top Yukawa yt(µ)

Also αs(µ) plays a role
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Top Mass combination by D0 [talk by Han, 1703.06994]

Top Quark Mass (GeV)
150 160 170 180 190 200

Tevatron average *          (July 2016)  0.54 GeV  0.35  174.30 
 0.64 GeV             

 cross sectiontRun II t -1         9.7 fb   3.3 GeV 172.8  

D0 combined *          (July 2016)  0.64 GeV  0.40  174.95 
 0.75 GeV             

         
 stat totaltm  syst  stat    tm

Run I Dileptons -1         0.1 fb  3.6 GeV  12.3   168.4   
 12.8 GeV             

Run I Lepton+jets -1         0.1 fb  3.9 GeV  3.6   180.1   
 5.3 GeV             

Run II Dileptons * -1         9.7 fb  0.84 GeV  1.31  173.50 
 1.56 GeV             

Run II Lepton+jets -1         9.7 fb  0.63 GeV  0.41  174.98 
 0.75 GeV             

D0 *=preliminary July 2016

16 Moriond	EW	2017 L.Han:	EW	measurements	@	Tevatron 

The top mass @ D0  
Ø  Full D0 combination of Run1 0.1 fb-1and Run2 9.7 fb-1results 

Ø  Systematic uncertainties and correlations among channels have been taken into account 

174.95 ± 0.75 GeV 

D0 Note 6485-CONF   

Recall world avg 2014: Mt = 173.34 ±0.76 GeV

S. Di Vita (DESY) Moriond EW summary 34 / 1



Outline



Resonances in VH (W ′,Z ′) [talk by Li]

Hengne Li,  21 March 2017, Diboson Resonance Search 52nd Rencontres de Moriond EW 2017

VH, all hadronic, ATLAS
❖ Exclusion of HVT Model B(A) mass window 1.10 – 2.5(2.4) TeV for WH, and 1.10 – 2.6(2.3) TeV for ZH.
❖ Largest excess at ∼ 3.0 TeV with a local significance of 3.3 σ and a global significance of 2.2 σ. 

9

New 
Results!

ATLAS-CONF-2017-018
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VH ! qq̄(0)(bb̄ + cc̄))3 are set in the range of 83 fb to 1.6 fb and 77 fb to 1.1 fb in the WH and ZH signal
regions, respectively. These cross-section limits are translated into excluded Model B signal mass ranges
of 1100 – 2500 GeV for WH resonances and 1100 – 2600 GeV for ZH resonances. The corresponding
excluded mass ranges for Model A are 1100 – 2400 GeV for WH resonances, and 1100 – 1480 GeV and
1700 – 2350 GeV for ZH resonances.
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Figure 4: The observed and expected cross-section upper limits at the 95% confidence level for pp! V 0 ! VH !
qq̄(0)(bb̄ + cc̄) in Model A and Model B in the (left) ZH and (right) WH signal regions. The red and magenta curves
show the predicted cross-sections as a function of resonance mass for the models considered.

9 Summary

A search for resonances decaying to a W or Z boson and a Higgs boson has been carried out in the qq̄(0)bb̄
channel with 36.1 fb�1 of pp collision data collected by ATLAS during the 2015 and 2016 runs of the
LHC at

p
s = 13 TeV. Both the vector boson and Higgs boson candidates are reconstructed using large

radius jets, and jet mass and substructure observables are used tag W, Z and Higgs boson candidates and
suppress the dominant multijet background. In addition, small radius b-tagged track jets ghost-associated
to the large-R jets are exploited to select the Higgs boson candidate jet. The data are in agreement with the
Standard Model expectations, with the largest excess observed at mJJ ⇠ 3.0 TeV with a local significance
of 3.3 �. The global significance of this excess is 2.2 �. Upper limits on the production cross-section
times branching ratio to the qq̄(0)bb̄ final state are set for resonance masses in the range between 1.1
and 3.8 TeV with values ranging from 83 fb to 1.6 fb and 77 fb to 1.1 fb (at 95% CL) for WH and ZH
resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.

3 The signal samples contain Higgs boson decays to bb̄ and cc̄, but due to the branching ratios and b-tagging requirements the
sensitivity is dominated by H ! bb̄.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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Figure 6: Signal acceptance ⇥ e�ciency as a function of resonance mass.
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local significance: 3.3 σ
global significance: 2.2 σ

W’->WH
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VH ! qq̄(0)(bb̄ + cc̄))3 are set in the range of 83 fb to 1.6 fb and 77 fb to 1.1 fb in the WH and ZH signal
regions, respectively. These cross-section limits are translated into excluded Model B signal mass ranges
of 1100 – 2500 GeV for WH resonances and 1100 – 2600 GeV for ZH resonances. The corresponding
excluded mass ranges for Model A are 1100 – 2400 GeV for WH resonances, and 1100 – 1480 GeV and
1700 – 2350 GeV for ZH resonances.
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Figure 4: The observed and expected cross-section upper limits at the 95% confidence level for pp! V 0 ! VH !
qq̄(0)(bb̄ + cc̄) in Model A and Model B in the (left) ZH and (right) WH signal regions. The red and magenta curves
show the predicted cross-sections as a function of resonance mass for the models considered.

9 Summary

A search for resonances decaying to a W or Z boson and a Higgs boson has been carried out in the qq̄(0)bb̄
channel with 36.1 fb�1 of pp collision data collected by ATLAS during the 2015 and 2016 runs of the
LHC at

p
s = 13 TeV. Both the vector boson and Higgs boson candidates are reconstructed using large

radius jets, and jet mass and substructure observables are used tag W, Z and Higgs boson candidates and
suppress the dominant multijet background. In addition, small radius b-tagged track jets ghost-associated
to the large-R jets are exploited to select the Higgs boson candidate jet. The data are in agreement with the
Standard Model expectations, with the largest excess observed at mJJ ⇠ 3.0 TeV with a local significance
of 3.3 �. The global significance of this excess is 2.2 �. Upper limits on the production cross-section
times branching ratio to the qq̄(0)bb̄ final state are set for resonance masses in the range between 1.1
and 3.8 TeV with values ranging from 83 fb to 1.6 fb and 77 fb to 1.1 fb (at 95% CL) for WH and ZH
resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.

3 The signal samples contain Higgs boson decays to bb̄ and cc̄, but due to the branching ratios and b-tagging requirements the
sensitivity is dominated by H ! bb̄.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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Figure 6: Signal acceptance ⇥ e�ciency as a function of resonance mass.
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local significance: 3.3 σ
global significance: 2.2 σ

Z’->ZH
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VH, all hadronic, CMS

11

New 
Results!

CMS-PAS-B2G-17-002

❖ Excluded HVT Model B(A) for mass regions 1.0-2.54(2.46) and 2.76(2.82)-3.3(3.1) TeV for WH, and 1.0-2.41(2.31) TeV for ZH. 
❖ The excess observed by ATLAS with a local significance of 3.3 σ at ~3.0 TeV is not observed at CMS.  
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Summary

Many interesting new results and nice presentations

Unique atmosphere, promotes interaction between exp and th

Precision Higgs physics is now an established, flourishing field. I am
eagerly awaiting for new Run-2 results (and for the HL-LHC!)

LHC becoming competitive with Tevatron for Top and W mass
measurements

Underfluctuation of juicy, unexplained excesses (3TeV in ZH by ATLAS? not by CMS)

Check out LHCb for news on flavor anomalies!

The BSM graveyard meanwhile grows . . .

Thanks!
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