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Before the LHC

 SM Higgs boson constraints

• m
H
>15 MeV (NA31, 1989)

• m
H
>114.4 GeV (LEP, 2000)

• m
H
<156 GeV OR 

m
H
>177 GeV 

(Tevatron, 2011)

arXiv:1107.5518

Higgs particle
❖ The Higgs particle is responsible for the masses 

of elementary particles, while was the missing 
corner stone of the SM before LHC.


❖ Great effects of both the theoretical and 
experimental HEP Higgs community before LHC


◆ precise predictions from the theory community (early 
days to LHCHXWG)


◆ excellent tools due to previous experiments (e.g. PDFs 
from HERA)


◆ restrictions on the mH phase space
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Introduction
• Higgs boson was the last undiscovered particle in the 
Standard Model of particle physics. 

• Couplings to the scalar (JP=0+) Higgs field determine the 
particle masses.
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Before LHC: 

mH > 15 GeV (NA31, 1989) 

mH > 114.4 GeV (LEP, 2000) 

mH < 156 GeV OR mH > 177 GeV (Tevatron, 2011)



LHC Timely Discovery
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The LHC Run 1 
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A'Textbook'and'Timely'
Discovery'

Summer#2011:#EPS#and#Lepton@Photon#
First#(and#last)#focus#on#limits#(scru?ny#of#the#p0)#
#
#

December#2011:#CERN#Council#
First#hints#

#
#

Summer#2012:#CERN#Council#and#ICHEP#
Discovery!#

 
 

December#2012:#CERN#Council#
Beginning#of#a#new#era#

The'LHC'and'the'experiments'have'
worked'remarkably'

✦ Summer 2011: EPS and Lepton-Photon
First (and last) focus on limits (scrutiny of the p0) 

✦ December 2011: CERN Council
First hint 

✦ Summer 2012: CERN Council and ICHEP
Discovery on 4th of July 2012: 

• Higgs-like boson at ~125GeV 
• 5.9σ @ATLAS, 5σ @CMS (PLB, 716, 2012) 

✦ December 2012: CERN Council
A new era of particle physics — measure the  
properties of the new particle

✦ October 2013: Nobel prize 
to Englert and Higgs



Higgs production and decay @ LHC
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Standard#Higgs#Decay#Modes#

- Dominant: bb  (57%) 

- ττ channel  (6.3%) 

- γγ channel  (0.2%) 

- WW channel  (22%) 

- ZZ channel  (3%) 

- µµ channel  (0.02%) 

- cc channel  (3%) 
Extremely difficult 

- Zγ channel  (0.2%) 
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Z to e or µ  (~3.4 %) 
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Higgs production at the LHC
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Higgs production at the LHC
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 = 8 TeVs

8 TeV pp collisions

~500k Higgs bosons  
produced at the LHC

~19 pb ~1.6 pb

~1.1 pb ~0.13 pb

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Higgs production at the LHC
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Higgs production at the LHC

7

Only one in ~1010 events will 
be a Higgs boson at the LHC = 8 TeVsLHC at 
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• ~500K Higgs bosons produced in the ATLAS detector


• only one in ~1010 events will be a Higgs boson.

(87%) (7%)

(5%) (1%)

W*,Z*

W*,Z*

S. Donato (UZH) SM Higgs boson 2

Introduction
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Swagato Banerjee !3

Higgs boson properties
Primary  
signature

W, Z

top+anti-top

Just 
H → bb

Production mode

• Huge multi-jet background 

• Triggering possible at high pT(H), but S/B  
expected to be ~ O(0.1%)

• Jet substructure analysis by CMS (pT(H)>450 GeV)

• Large multi-jet background

• Still a fully hadronic final state: trigger and  
background modeling is challenging

• Additional γ helps (~similar sensitivity, higher S/B)

• Exploit leptonic signatures for trigger, and  
suppression of multi-jet background.

• Main search channel for H → bb at the LHC!

• Leptonic signatures for trigger, but challenging  
due to combinatorics and tt+bb backgrounds

• But gives access also to top quark coupling!

2 VBF jets 
(+ γ)

Where to look for H → bb at the LHC 

13

Production Modes 
(rates @ 13 TeV)

Decay Modes

Alexander Tuna 4

Higgs at the LHC

many detectable productions many detectable decays

Rich experimental signature: lots to explore
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Tamara	Vázquez	Schröder

Higgs production modes: reminder
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→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

gluon fusion 
(ggF)

vector boson 
 fusion (VBF)

W, Z associated 
production (VH)

top associated 
 production (tt̄H)

Run-1 Run-2

3.9
2.1
2.0

2.4

2.3

Run-2(13TeV) 
Run-1(8TeV)

~4  
(missing WtH)

cross section calculation 
@ N3LO(QCD)+NLO(EW)

 Gluon fusion has the largest production rate, 
order of magnitude higher than VBF or VH 
 Large cross section increase from 8 to 13 TeV, 

especially for tt̄H and tH

Run2Run1 Run2
Run1Run-1 Run-2 Run-2/1

~48.6 pb (88%) ~3.8 pb (7%)

~2.3 pb (4%) ~0.5 pb (1%)



Panorama of Higgs analysis
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Channel 
ATLAS√ 

CMS√

γγ √ √ √ √ √ √ √ √
ZZ*(4l) √ √ √ √ √ √ √ √

WW*(lνlν) √ √ √ √ √ √ √ √
ττ √ √ √ √ √ √
bb √ √ √ √ √ √ √
Zγ √ √ √ √
γ*γ √ √
µµ √ √ √ √

invisible √ √ √ √ √ √
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Higgs Mass
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◈ Precise measurement with excellent detector performance : σ(mH)/mH ~ 0.17%.

◈ Single experiments are better/comparable w.r.t. ATLAS+CMS Run-1 combination

◈ Still dominated by statistical uncertainties, uncertainty on coupling ~ 0.5%
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DRAFT

measurements, as well as various combinations, along with the LHC Run 1 result, are summarised in504

Figure 4.505

123 124 125 126 127 128
 [GeV]

H
m

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

The combination of the four ATLAS measurements using the BLUE approach as an alternative method,506

assuming two uncorrelated channels,3 is found to be mH = 124.97 ± 0.23 GeV = 124.97 ± 0.19 (stat) ±507

0.13 (syst) GeV. The splitting of the errors takes into account the relative weight of the two channels in508

the combined measurement.509

510

10 Conclusion511

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of512

the decay channels H ! Z Z
⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision513

data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass514

energy of 13 TeV, corresponding to an integrated luminosity of 36.1 fb�1. The measurements are based on515

3 The combination of the two LHC run periods for each channel was used as input.

29th May 2018 – 16:33 19
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Figure 3: Distribution of the reconstructed four-lepton invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected signal and background distributions. The SM Higgs boson signal
with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM
expectation, whilst the Z+X background is normalized to the estimation from data. The order
in perturbation theory used for the normalization of the irreducible backgrounds is described
in Section 7.1. No events are observed with m4` > 1 TeV.

The number of candidates observed in data and the expected yields for the backgrounds and
the Higgs boson signal after the full event selection are reported in Table 1 for m4` > 70 GeV.
Table 2 shows the expected and observed yields for each of the seven event categories and their
total.

Table 1: The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each final state, for m4` > 70 GeV. The signal and
ZZ backgrounds are estimated from simulation, while the Z+X event yield is estimated from
data. Uncertainties include statistical and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq ! ZZ 193+19

�20 360+25
�27 471+33

�36 1024+69
�76

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 102+14
�13 212+29

�27
Z+X 21.1+8.5

�10.4 34+14
�13 60+27

�25 115+32
�30

Sum of backgrounds 255+24
�25 463+32

�34 633+44
�46 1351+86

�91
Signal 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267+25

�26 487+33
�35 663+46

�47 1417+89
�94

Observed 293 505 681 1479

The reconstructed dilepton invariant masses for the selected Z1 and Z2 candidates are shown
in Fig. 5 for 118 < m4` < 130 GeV, along with their correlation. Figure 6 shows the correlation
between the kinematic discriminant Dkin

bkg with the four-lepton invariant mass, the two variables
used in the likelihood fit to extract the results (see Section 10.1). The gray scale represents the
expected combined relative density of the ZZ background and the Higgs boson signal. The
points show the data and the measured four-lepton mass uncertainties Dmass as horizontal bars.
Different marker colors and styles are used to denote the final state and the categorization of
the events, respectively. This distribution shows that the two observed events around 125 GeV
in the VH-Emiss

T -tagged and ttH-tagged categories (empty star and square markers) have low

HIGG-2016-33
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ibility of the mH results from the three individual channels is tested using a likelihood ratio
with three masses in the numerator and a common mass in the denominator, and thus two
degrees of freedom. The signal strength is profiled in both the numerator and denominator.
The resulting compatibility, defined as the asymptotic p-value of the fit, is 2.5%. The tension
between the three individual channels is driven by the difference between the 4µ and 2e2µ
channels, where the compatibility of the 1D mass measurements without the m(Z1) constraint
is 8%. In the 1D mass measurement the main potential source of systematic bias is the lepton
momentum scale; this possibility is disfavored by the fact that the measured mass in the 2e2µ
channel is not in between the measurements in the 4e and 4µ channels. This bias has also been
checked by performing the 1D mass measurements without the m(Z1) constraint using Z ! 4`
events, and the resulting mass is measured to be m

4µ
Z = 90.85 ± 0.27 (stat) ± 0.04 (syst) GeV,

m
4e
Z = 90.85± 0.74 (stat)± 0.28 (syst) GeV, and m

2e2µ
Z = 90.61± 0.48 (stat)± 0.10 (syst) GeV lead-

ing to a combined value mZ = 90.84 ± 0.23 (stat) ± 0.07 (syst) GeV. The compatibility with the
nominal Z-boson mass from Ref. [57] is 14% and the mutual compatibility between the three
individual channels is 90%. The modelling of the event-by-event mass uncertainties is a pos-
sible source of systematic bias in the 2D and 3D measurements. It is checked by performing a
Kolmogorov-Smirnov compatibility test of the expected and observed distributions in an ex-
panded m4` range yielding p-values of 10% for the 2e2µ channel, 55% for the 4e channel, and
94% for the 4µ channel.
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Figure 11: Left: 1D likelihood scans as a function of the Higgs boson mass for the 1D, 2D,
and 3D measurement. Right: 1D likelihood scans as a function of mass for the different final
states and the combination of all final states for the 3D mass measurement. The likelihood
scans are shown for the mass measurement using the refitted mass distribution with the m(Z1)
constraint. Solid lines represent scans with all uncertainties included, dashed lines those with
only statistical uncertainties.

JHEP 11(2017)047

CMS :125.26±0.21(±0.20±0.08)GeV

Compatible with 12.3%

With Z-constraint0.84
5.1%



Implica?ons#(II)#:#EW'Precision'Fit##

 [GeV]tm
140 150 160 170 180 190

 [G
eV

]
W

M

80.25

80.3

80.35

80.4

80.45

80.5
68% and 95% CL contours

 measurementst and mWfit w/o M
 measurementsH and Mt, mWfit w/o M

 measurementst and mWdirect M

� 1± world comb. WM
 0.015 GeV± = 80.385 WM

� 1± world comb. tm
 = 173.34 GeVtm

 = 0.76 GeV�
 GeV theo 0.50� = 0.76 �

 = 125.14 GeV

HM
 = 50 GeV

HM
 = 300 GeV

HM
 = 600 GeV

HM G fitter SM

Jul ’14

 [GeV]WM
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 80.41

2 �
�

0

1

2

3

4

5

6

7

8

9

10

�1

�2

�3
 measurementWSM fit w/o M

 measurementH and MWSM fit w/o M
SM fit with minimal input

 world average [arXiv:1204.0042]WM

G fitter SM

Jul ’14

 [GeV]tm
160 165 170 175 180 185 190

2 �
�

0

1

2

3

4

5

6

7

8

9

10

�1

�2

�3 measurementstSM fit w/o m
 measurementsH and MtSM fit w/o m

 world average [arXiv:1403.4427]kin
tm

 D0 measurement [arXiv:1405.1756]kin
tm

 [arXiv:1207.0980]tt� from Tevatron pole
tm

 [arXiv:1307.1907v3]tt� from CMS  pole
tm

 [arXiv:1406.5375]tt� from ATLAS pole
tm

G fitter SM

Jul ’14

Eur.#Phys.#J.#C#74,#3046#(2014)##

Important#to#have#the#
Higgs#mass,#the#current#
uncertainty#is#
irrelevant#in#the#fit##

Mass Measurement: Applications

✦ More precise measurements become sensitive to other 
particles /NP in the loops


✦ More stringent requirement for the theoretical calculations.

�7

9

 (GeV)topm
171.5 172 172.5 173 173.5 174 174.5 175

 (G
eV

)
W

m

80.35

80.355

80.36

80.365

80.37 FCC-ee (Z pole)
FCC-ee (Direct)
LHC (Future)
Tevatron
Standard Model

No theory uncertainties 

LEP
	+	m

H
	@

	LH
C	

FCC-ee projections 

no	
mZ

	or	
no	
�QED

	

no	
mZ

	or	
no	
�QED

	

Today 

LHC ? 

SM with m H
 = 125 GeV 



Higgs Width
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on-shell cross section measurement  → Importance of ΓH measurement.
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10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]

mH = 125GeV → ΓH = 4.07MeV 
ΓH cannot be accessed directly due to the experiment resolution

Γ: obs.(exp.) 
@ 95% CL H→γγ H→ZZ

ATLAS 5.0 (6.2) GeV 2.6 (6.2) GeV
CMS 2.4 (3.1) GeV 3.4 (2.8) GeV

3 orders of magnitude larger than SM width
Latest CMS:                                     1.1 (1.6) GeV

Run-1 direct Higgs width measurement:



Indirect Higgs Width Measurement
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Indirect Higgs Width Measurement I

9

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and
WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,
the interference between them, VV production in association with two jets through VBF and VH-like
production modes pp! VV + 2 j (s-, t- and u-channel) and the qq̄! VV background. The LO Feynman
diagrams for the gg ! H⇤ ! VV signal, the continuum gg ! VV background and the dominant
irreducible qq̄! VV background are depicted in Fig. 1. The WW ! e⌫ µ⌫ channel also receives sizeable
background contributions from tt̄ and single-top production. In the following a Higgs boson mass of
mH = 125.5 GeV, close to the ATLAS-measured Higgs boson mass value of 125.36 GeV [11], is assumed
for the o↵-shell signal processes. This small di↵erence has a negligible impact on the predicted o↵-shell
production yields.

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-
cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ
processes after applying the event selections in the ZZ ! 4` channel (see Sect. 3) on generator-level
quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an
increased o↵-shell signal with µo↵-shell = 10. For low masses mZZ < 2mZ the o↵-shell signal is negligible,
while it becomes comparable to the continuum gg! ZZ background for masses above the 2mt threshold.
The interference between the gg ! H⇤ ! ZZ signal and the gg ! ZZ background is negative over
the whole mass range. A very similar relation between the gg ! H⇤ ! VV signal and the gg ! VV
background is also seen for the gg! (H⇤ !)ZZ ! 2`2⌫ and gg! (H⇤ !)WW ! e⌫ µ⌫ processes.
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Figure 2: (a) Di↵erential cross-sections as a function of the four-lepton invariant mass m4` in the range of
100 GeV < m4` < 1000 GeV for the gg ! (H⇤ !)ZZ ! 2e2µ channel at the parton level, for the gg ! H⇤ ! ZZ
signal (red solid line), gg! ZZ continuum background (thick brown dotted line), gg! (H⇤ !)ZZ with SM Higgs
coupling (magenta long-dashed line, including signal plus background plus interference) and gg ! (H⇤ !)ZZ
with µo↵-shell = 10 (blue long-dashed line). (b) Di↵erential cross-section as a function of m4` in the range of
130 GeV < m4` < 1000 GeV for the gg ! H⇤ ! ZZ ! 2e2µ signal (solid red line) and its interference with the
gg! ZZ ! 2e2µ continuum background (black dashed line).
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1. Introduction25

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,26

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-27

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical28

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which29

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS30

in Refs. [5, 6].31

The studies in Refs. [7–10] have shown that the high-mass o↵-peak regions beyond 2mV (V = Z,W), well32

above the measured resonance mass of about 125 GeV [4,11], in the H ! ZZ and H ! WW channels are33

sensitive to Higgs boson production through o↵-shell and background interference e↵ects. This presents34

a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell event yields,35

normalised to the SM prediction (referred to as signal strength µ), and the associated o↵-shell Higgs36

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the37

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used38

by the CMS Collaboration [19] to set an indirect limit on the total width. The analysis presented in this39

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints40

coming from the Higgs boson coupling tests [3, 4].41

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and WW !42

e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Sect. 2 discusses the key theoretical considerations43

and the simulation of the main signal and background processes. Sections 3, 4 and 5 give details for44

the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively. The dominant45

systematic uncertainties are discussed in Sect. 6. Finally the results of the individual analyses and their46

combination are presented in Sect. 7.47

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data48

corresponding to an integrated luminosity of 20.3 fb-1 at a collision energy of
p

s = 8 TeV.49

2. Theoretical predictions and simulated samples50

The cross-section�gg!H⇤!VV
o↵-shell for the o↵-shell Higgs boson production with subsequent decay into vector-51

boson pairs,1 as illustrated by the Feynman diagram in Fig. 1(a), is proportional to the product of the Higgs52

boson couplings squared for production and decay. However, unlike the on-shell Higgs boson production,53

�gg!H⇤!VV
o↵-shell is independent of the total Higgs boson decay width �H [7,8]. Using the framework for Higgs54

boson coupling deviations as described in Ref. [23], the o↵-shell signal strength in the high-mass region55

selected by the analysis described in this paper at an energy scale ŝ, µo↵-shell(ŝ), can be expressed as:56

µo↵-shell(ŝ) ⌘
�gg!H⇤!VV

o↵-shell (ŝ)

�gg!H⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V,o↵-shell(ŝ) , (1)

1 In the following the notation gg ! (H⇤ !)VV is used for the full signal+background process for VV = ZZ and WW
production, including the Higgs boson signal (S) gg ! H⇤ ! VV process, the continuum background (B) gg ! VV process
and their interference. For vector-boson fusion (VBF) production, the analogous notation VBF (H⇤ !)VV is used for the
full signal plus background process, with VBF H⇤ ! VV representing the Higgs boson signal and VBF VV denoting the
background.
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where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤57

production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,58

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent59

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated60

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The61

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.62

g

g

H
⇤

V

V

t, b

(a)

V

V

g

g

q

(b)

q̄

q V

V

(c)

Figure 1: The leading-order Feynman diagrams for (a) the gg ! H⇤ ! VV signal, (b) the continuum gg ! VV
background and (c) the qq̄! VV background.

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:63

64

µon-shell ⌘
�gg!H!VV

on-shell

�gg!H!VV
on-shell, SM

=
2g,on-shell · 

2
V,on-shell

�H/�SM
H

, (2)

which depends on the total width �H . Assuming the same on-shell and o↵-shell Higgs couplings, the ratio65

of µo↵-shell to µon-shell provides a measurement of the total width of the Higgs boson. This assumption is66

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production67

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-68

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current69

sensitivity of the analysis, only an upper limit on the total width �H can be determined, for which the70

weaker assumption71

2g,on-shell · 
2
V,on-shell  

2
g,o↵-shell · 

2
V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed72

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings73

i,o↵-shell does not modify the predictions for the backgrounds. Nor are there either sizeable kinematic74

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated75

to an enhanced o↵-shell signal strength [18, 24].76

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-77

order QCD calculations are available for the gg! VV background process, which is evaluated at leading78

order (LO). Therefore the results are given as a function of the unknown K-factor for the gg ! VV79

background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively in80

the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables and81

the event selections are designed to minimise the dependence on the boost of the VV system, which is82

sensitive to the jet multiplicity.83

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and84

WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,85
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µoffshell = µonshell × ΓH /ΓH (SM )

❖ With the combination between on-shell and off-shell analyses: 
✦ Assuming the on-shell couplings are the same as the off-shell couplings  
✦ Assuming NP modifying off-shell coupling without the modification of other 

background and signal expectation.          
❖ ATLAS :  4.2+1.5

-2.1 MeV at 3000 fb-1

Obs (Exp) @ 95% CL: 
CMS: ΓH < 22 (33)MeV 
ATLAS: ΓH < 14 (15)MeV

PLB 736 (2014) 64 
EPJC (2015) 71:335 
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❖ With the combination between on-shell and off-shell analyses: 
✦ Assuming the on-shell couplings are the same as the off-shell couplings  
✦ Assuming NP modifying off-shell coupling without the modification of other 

background and signal expectation.         

ATLAS @ 3000 fb-1:  
 4.2+1.5-2.1 MeV

5.2 Selection

This sensitivity study follows the assumptions made in the common H ! �� projections for 300 fb�1

of LHC data, and 3000 fb�1 of HL-LHC. The degradation of the photon identification e�ciency and
rejection are applied simply by appropriate scalings of the signal and background samples, as described
in Section 3 and shown in Table 3. The selection follows the recent analysis of di↵erential cross sections
in H ! �� [14]. Two isolated photons fulfilling the “tight” particle identification criterion are selected
and required to be within the the detector acceptance of |⌘| < 2.37 and the leading (subleading) photon
must have p�T/m

�� > 0.35 (0.25). The diphoton invariant mass is constructed from these photons.
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(a) Mass shift for 1 ⇥ �SM and pH
T < 30 GeV
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(b) Mass shift for 1 ⇥ �SM and pH
T � 30 GeV
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(c) Mass shift for 200 ⇥ �SM and pH
T < 30 GeV
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(d) Mass shift for 200 ⇥ �SM and pH
T � 30 GeV

Figure 11: The mass distributions for the low- and high-pH
T regions for 1 ⇥ �SM and 200 ⇥ �SM after

background subtraction are illustrated: the data points correspond to a randomized sample of 3000 fb�1,
the green dashed line corresponds to the BW without any interference, the magenta line shows the inter-
ference correction, and the solid yellow line the summed signal and interference contribution. The red
curve is a fit with a Gaussian signal PDF to illustrate the apparent mass shift.

5.3 Systematic uncertainties

This measurement benefits from extremely small systematic uncertainties as most of them, such as the
dominant photon energy scale (PES) uncertainty, are correlated between the subsets and hence cancel
to a very large degree when taking the mass di↵erence. In the low-pH

T sample, the leading and trailing
photons balance, so their momenta are fairly similar. At high-pH

T , the leading photon tends to be of

15

• Extract the Higgs width with the mass shift from the interference of the 
H→γγ w.r.t the continuum background (gg→γγ box diagrams)

ATLAS @ 3000 fb-1:  
 <160MeV @95%
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Observation of H→bb

�11

VH, H → bb
• VH production most sensitive mode for H → bb at the LHC

• 3 channels (0-, 1-, 2 charged leptons from V= W/Z boson)

• Select 2 b-tagged jets and pT(V) > 75 or 150 GeV

• Main discriminant variables m(bb), pT(V) and ΔR(bb)  
(combined into a Boosted Decision Tree)
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Significance: 4.9σ (4.3σ expected)

Fit result with 79.8 fb-1 of Run-2 data

Run-2 VH, H → bb results

NEW

NEW

µ = �meas/�SM = 1.16+0.27
�0.25

 

Combination with Run-1:

µ = 0.98± 0.14(stat.)+0.17
�0.16(syst.)

Significance: 4.9σ (5.1σ expected)

• Detailed validation of analysis:

• Fit to diboson VZ, Z → bb:                          (9.6σ)

• m(bb) fit for VH, H → bb:                            (3.6σ)

µ = 1.20+0.20
�0.18

µ = 1.06+0.36
�0.33
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Observation of H→bb

�12

VH, H → bb
• VH production most sensitive mode for H → bb at the LHC

• 3 channels (0-, 1-, 2 charged leptons from V= W/Z boson)

• Select 2 b-tagged jets and pT(V) > 75 or 150 GeV

• Main discriminant variables m(bb), pT(V) and ΔR(bb)  
(combined into a Boosted Decision Tree)
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Significance: 4.9σ (4.3σ expected)

Fit result with 79.8 fb-1 of Run-2 data

Run-2 VH, H → bb results

NEW

NEW

µ = �meas/�SM = 1.16+0.27
�0.25

 

Combination with Run-1:

µ = 0.98± 0.14(stat.)+0.17
�0.16(syst.)

Significance: 4.9σ (5.1σ expected)

• Detailed validation of analysis:

• Fit to diboson VZ, Z → bb:                          (9.6σ)

• m(bb) fit for VH, H → bb:                            (3.6σ)

µ = 1.20+0.20
�0.18

µ = 1.06+0.36
�0.33
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3.6σ

◈ More precise measurements in future?


✦ Differential / Fiducial cross section measurement (limited 
by the sensitivity)


✦ Branch ratio measurement for H→bb


✦ Heavy resonance search in ZH channel



ttH Discovery

�13

Measuring ttH production

Higher σ x BR

Higher purity

H ! bb̄

H ! �� H ! ⌧⌧
(multi-leptons)

H ! ZZ
⇤ ! 4` H ! WW

⇤ ! `⌫`⌫
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Combination of ttH measurements

ATLAS (up to 80 fb-1)  
Run-2: 5.8σ (4.9σ exp.)  
Run-1+Run-2: 6.3σ (5.1σ exp.)

CMS 
Run-1+Run-2: 5.2σ (4.2σ exp.)  
 

Observation of ttH production!

[arXiv:1806.00425]

C. Pardos Y. Horii
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More study in ttH

◈ The discovery in each individual channel


✦ H→γγ ғdominated by the Stats. Un.


✦ H→multi-lepton:  size theoretical uncertainty 
and mis-modeling effect


✦ H→bb : Large background contamination


◈ Further constraint on the κt sign


◈ CP measurement


◈ bbH

�14

Single top + Higgs
• NEW CMS Run-2 combination of:

• tH, H → Multi-leptons (WW/ZZ/ττ) 

• tH, H → bb

• ttH, H → γγ (use ttH categories)

• Data favors sign(κt/κV) = 1 at 1.5σ  
level (~4σ expected)

• Complementary to constraints from  
H → γγ and gg → ZH production

• Assuming SM ttH yield and SM tH  
acceptance, can constraint σ(tH):

V = 1

µtH < 26.5 (13.6 exp.)

NEW

[CMS-PAS-HIG-18-009]

B. Stieger
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 the κt sign constraint

ATLAS 4.1σ (3.7σ exp.)

CMS 1.4σ (1.5σ exp.)

4.1σ (2.8σ exp.)

3.2σ (2.8σ exp.)

1.4σ (1.6σ exp.)

1.6σ (2.2σ exp.)

(80fb-1)

H ! bb̄

H ! �� H ! ⌧⌧
(multi-leptons)

H ! ZZ
⇤ ! 4` H ! WW

⇤ ! `⌫`⌫

[arXiv:1806.00425]
[arXiv:1804.02716]

[arXiv:1803.05485]
Phys.Rev.D.97(2018)072003

[arXiv:1804.03682]
[Phys. Rev. D 97 (2018) 072016]

Measuring ttH productionC. Pardos Y. Horii
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(CMS: incl. all-hadronic channel)
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Michael Duehrssen Simplified/Template cross sections 6

What to do for run 2?
● Fiducial and differential measurements?

● Not easy and might not be possible for all channels
● Usually can't use most powerful techniques (MVAs)

● EFT analysis
● Very complex
● EFT also has model assumptions

● Would be good to find a doable compromise...

More powerful
(due to shape assumptions and use of MVAs)

Less powerful
(minimal assumptions)

Run 1-style coupling 
measurements:
μ҅ kappa

Simplified template 
cross sections

Fiducial/differential 
cross sections

Model independence

Analysis power
Higgs at the LHC

21

one Higgs boson 
in ~1010 events

predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09 $ 0.24 GeV

¼ 125.09 $ 0.21 ðstatÞ $ 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS and CMS could not be operated
efficiently. We acknowledge the support of ANPCyT
(Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan);
SSTC (Belarus); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, and FAPESP (Brazil); MES
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FIG. 3 (color online). The impacts δmH (see text) of the nuisance parameter groups in Table I on the ATLAS (left), CMS (center), and
combined (right) mass measurement uncertainty. The observed (expected) results are shown by the solid (empty) bars.
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FIG. 4 (color online). Summary of likelihood scans in the 2D
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and of the overall combination by the solid curve. The markers
indicate the respective best-fit values. The SM signal strength is
indicated by the horizontal line at μ ¼ 1.
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coupling measurements 
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(
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6
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4
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Production process Measured significance (σ) Expected significance (σ)

VBF 5.4 4.6

WH 2.4 2.7

ZH 2.3 2.9

V H 3.5 4.2

ttH 4.4 2.0

Decay channel

H → ττ 5.5 5.0

H → bb 2.6 3.7

Table 14. Measured and expected significances for the observation of Higgs boson production pro-
cesses and decay channels for the combination of ATLAS and CMS. Not included are the ggF pro-
duction process and the H → ZZ, H → WW , and H → γγ decay channels, which have already
been clearly observed. All results are obtained constraining the decay branching fractions to their
SM values when considering the production processes, and constraining the production cross sec-
tions to their SM values when studying the decays.

Figure 14 shows the 68% CL region for the ten-parameter fit of the five decay channels

included in the combination of the ATLAS and CMS measurements. These results are ob-

tained by combining the
√
s = 7 and 8TeV data, assuming that µf

F and µf
V are the same at

the two energies. The SM predictions of µf
F = 1 and µf

V = 1 lie within the 68% CL regions

of all these measurements. Combinations of these regions would require assumptions about

the branching fractions and are therefore not performed. Table 15 reports the best fit val-

ues and the total uncertainties for all the parameters of the fits, together with the expected

uncertainties for the combination of ATLAS and CMS. The p-values of the compatibility

between the data and the SM predictions are 90% and 75% for the ten-parameter and

six-parameter fits, respectively. The six-parameter fit, without any additional assumptions

about the Higgs boson branching fractions, yields: µV /µF = 1.09+0.36
−0.28, in agreement with

the SM.

– 37 –

Run1 legency



Signal strength

Observe all main production modes. 

�16

Cross-section normalized to SM value
0.5− 0 0.5 1 1.5 2 2.5 3 3.5 40.5−

8
Total Stat. Syst. SM PreliminaryATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs
| < 2.5

H
 = 125.09 GeV, |yHm

             Total      Stat.     Syst.

ggF   )0.06
0.07  ±  , 0.07

0.07  ±   ( 0.09
0.09  ±  1.07 

VBF   )0.12
0.13  ±  , 0.18

0.18  ±   ( 0.21
0.22  ±  1.21 

WH   )0.32
0.37  ±  , 0.35

0.37  ±   ( 0.48
0.52  ±  1.57 

ZH   )0.24
0.25  ±  , 0.32

0.34  ±   ( 0.40
0.42  ±  0.74 

ttH + tH   )0.18
0.20  ±  , 0.17

0.17  ±   ( 0.25
0.26  ±  1.22 

Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.

Process Value Uncertainty [pb] SM pred. Significance
(|yH | < 2.5) [pb] Total Stat. Exp. Sig. th. Bkg. th. [pb] obs. (exp.)

ggF 47.8 ±4.0
⇣
±3.1 +2.7

�2.2 ±0.9 ±1.3
⌘

44.7 ± 2.2 -

VBF 4.25 +0.77
�0.74

⇣
±0.63 +0.39

�0.35
+0.25
�0.21

+0.14
�0.11

⌘
3.515 ± 0.075 6.5 (5.3)

WH 1.89 +0.63
�0.58

⇣
+0.45
�0.42

+0.29
�0.28

+0.25
�0.16

+0.23
�0.22

⌘
1.204 ± 0.024

)
4.1 (3.7)

ZH 0.59 +0.33
�0.32

⇣
+0.27
�0.25 ±0.14 +0.08

�0.02 ±0.11
⌘

0.794+0.033
�0.027

ttH+tH 0.71 ±0.15
⇣
±0.10 ±0.07 +0.05

�0.04
+0.08
�0.07

⌘
0.586+0.034

�0.050 5.8 (5.3)
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Higgs production modes

• 9-11% precision on ggF cross section  
by each experiment, compatible with SM

• State-of-the-art theory prediction  
(N3LO QCD+NLO EW [JHEP 1605 (2016) 058]),  
which has ~5% uncertainty.

• All main production modes, ggF,  VBF,  VH  
and ttH have now been observed!!

NEW

[A
T

LA
S-

C
O

N
F-

20
18

-0
31

]

[C
M
S
-P
A
S
-H
IG
-1
7-
03
1]

N. Morange N. Wardle

*

ATLAS 
(single exp)

ATLAS+CMS 
Run-1

Significance 
obs (exp.)

VBF

VH

ttH

6.5σ (5.3σ)

5.3σ (4.8σ)

5.8σ (5.3σ)

* including VH, H → bb (80 fb-1)

3.5σ (4.2σ)

5.4σ (4.6σ)

4.4σ (2.0σ)
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(exp)

~9% precision

Table 5: Summary of the uncertainties a�ecting the cross-section measurements. Only systematic uncertainty
sources associated with relative uncertainties of 0.1% or more are listed.

Uncertainty source ��ggF
�ggF

[%] ��VBF
�VBF

[%] ��WH

�WH

[%] ��ZH

�ZH

[%] ��
t tH+tH

�
t tH+tH

[%]

Total uncertainty 8.8 18 32 55 21
Statistical uncertainties 6.3 15 23 44 14
Systematic unc. (excl. MC stat.) 5.9 9.1 20 27 15

Theory uncertainties 3.3 6.2 16 21 12
Signal 2.1 5.5 11 8.6 5.9
Background 2.6 2.9 11 19 10

Experimental uncertainties 5.0 7.0 9.6 20 9.3
Luminosity 2.2 1.7 1.3 1.9 2.7
Fake leptons 1.6 1.7 0.5 0.8 5.5
Background modelling 2.0 1.4 6.0 8.1 0.9
Flavour tagging 0.8 1.4 4.8 14 1.6
Jets, Emiss

T 1.1 5.9 4.9 10 4.6
Electrons, photons 2.5 1.6 2.6 3.5 3.7
Muons 0.4 0.2 0.3 1.0 0.3
⌧-lepton 0.2 1.4 0.6 0.7 2.4
Other 2.3 1.2 0.6 1.6 0.4

MC statistical uncertainties 1.5 5.1 9.6 19 4.4
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Figure 3: Correlation matrix for the measurement of production cross-sections, as reported in Table 4.
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For the systematic uncertainties reported in the detailed breakdowns of Tables 3 and 5, a simpler procedure
is used: in each case the corresponding nuisance parameters are fixed to their best fit values, while other
nuisance parameters are left free, and the resulting uncertainty is subtracted in quadrature from the total
uncertainty.

The compatibility with the Standard Model is quantified using the test statistic �SM = �2 log⇤(↵ =
↵SM), where ↵SM are the Standard Model values of the parameters of interest. A p-value2 pSM for the
compatibility is computed in the asymptotic approximation as pSM = 1 � F�2

n
(�SM), with n equal to the

number of free parameters of interest.

Expected results in the SM hypothesis are obtained using the Asimov dataset technique [70].

5 Combined measurements

5.1 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. The signal yields are expressed in terms of a single parameter defined as the

ratio
µ =

(� ⇥ B)i f
(� ⇥ B)SM

i f

, (3)

of the observed yields to their SM expectations, for all production processes i and decay final states f .
It corresponds to a global scaling of the expected Higgs boson yield in all categories by a single value.
Its definition is dependent on the SM predictions for each production mode cross-section �i and decay
branching ratio Bf , and the uncertainties on these predictions are included as nuisance parameters as
described in Section 4.

It is measured to be

µ = 1.13+0.09
�0.08 = 1.13 ± 0.05 (stat.) ± 0.05 (exp.) +0.05

�0.04 (sig. th.) ± 0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, the choice of the PDF
sets, the matching between the hard-scattering process and the underlying event, the parton shower and
hadronization models, and branching ratio uncertainties. The measurement is consistent with the SM
prediction with a p-value of pSM = 13%. The value of �2 log⇤(µ) as a function of µ is shown in Figure 1,
for the full likelihood and the versions with some nuisance parameters fixed to their best-fit values to
obtain the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modelling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of

2 The p-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value,
under the hypothesis that is being tested.
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It corresponds to a global scaling of the expected Higgs boson yield in all categories by a single value.
Its definition is dependent on the SM predictions for each production mode cross-section �i and decay
branching ratio Bf , and the uncertainties on these predictions are included as nuisance parameters as
described in Section 4.

It is measured to be

µ = 1.13+0.09
�0.08 = 1.13 ± 0.05 (stat.) ± 0.05 (exp.) +0.05
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where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, the choice of the PDF
sets, the matching between the hard-scattering process and the underlying event, the parton shower and
hadronization models, and branching ratio uncertainties. The measurement is consistent with the SM
prediction with a p-value of pSM = 13%. The value of �2 log⇤(µ) as a function of µ is shown in Figure 1,
for the full likelihood and the versions with some nuisance parameters fixed to their best-fit values to
obtain the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modelling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of

2 The p-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value,
under the hypothesis that is being tested.
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The combined measurement leads to an observed (expected) significance for the vector boson fusion
production process of 6.5� (5.3�). A significance above 5� is also observed for ttH+tH production as
well as for ggF. Figure 4 shows the observed likelihood contours in the plane of �ggF versus �VBF from
individual channels and the combined fit, together with the SM prediction. The cross-sections for the other
production modes are profiled. The measured cross-sections are anticorrelated due to contributions from
ggF production in the VBF-like selection categories, with a �14% correlation coe�cient in the combined
measurement.
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H
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 ZZ→H 
γγ →H 

 WW→H 
ττ →H 

Combined
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Figure 4: Observed likelihood contours in the plane of �VBF versus �ggF from individual channels and the combined
fit. Contours for 68% (95%) CL, defined in the asymptotic approximation by �2 log⇤ = 2.28 (5.99), are shown in
solid (dashed) lines. The crosses indicate the best-fit value, and the solid ellipse the SM prediction. Higgs boson
branching fractions are fixed to their SM values.

Figure 5 shows the combined production cross-section times branching fraction results for ggF, VBF, VH
and ttH+tH production in each relevant decay mode, normalized to their SM predictions. The results
are obtained from a simultaneous fit to all decay channels, using as parameters of interest the (� ⇥ B)i f
for each measured production mode i and decay final state f . Since WH and ZH production cannot be
reliably determined in all decay channels, results are presented in terms of their combination only, denoted
as VH, assuming the SM value of the ratio of WH to ZH cross-sections. In the H ! ⌧⌧ decay mode,
VH production is not constrained by the data and is thus fixed to its SM prediction. For the same reason,
H ! WW⇤ and H ! Z Z⇤ decays in ttH+tH production are considered together as a single measurement,
assuming the SM value of the ratio of WW⇤ to Z Z⇤ branching ratios.
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κ-framework

�17

❖ Assumptions: 
• Single state, spin 0 and CP-even. 
• Narrow-width approximation: 

❖ Methodology: parametrize deviations with coupling scale factors {κx}

recent phenomenological works of Refs. [318–320] which have been further extended in several direc-
tions [321–408] along the lines that are formalized in the present recommendation. While the interim
framework is not final, it has an accuracy that matches the statistical power of the datasets that the LHC
experiments have collected until the end of the 2012 LHC run and is an explicit attempt to provide a
common ground for the dialogue in the, and between the, experimental and theoretical communities.

Based on that framework, a series of benchmark parameterizations are presented in Section 10.3.
Each benchmark parameterization allows to explore specific aspects of the coupling structure of the
new state. The parameterizations have varying degrees of complexity, with the aim to cover the most
interesting possibilities that can be realistically tested with the LHC 7 and 8 TeV datasets. On the one
hand, the framework and benchmarks were designed to provide a recommendation to experiments on
how to perform coupling fits that are useful for the theory community. On the other hand the theory
community can prepare for results based on the framework discussed in this document.

10.2.1 Idea and underlying assumptions
The idea behind this framework is that all deviations from the SM are computed assuming that there is
only one underlying state at ∼ 125 GeV. It is assumed that this state is a Higgs boson, i.e. the excitation
of a field whose vacuum expectation value (VEV) breaks electroweak symmetry, and that it is SM-like,
in the sense that the experimental results so far are compatible with the interpretation of the state in
terms of the SM Higgs boson. No specific assumptions are made on any additional states of new physics
(and their decoupling properties) that could influence the phenomenology of the 125 GeV state, such
as additional Higgs bosons (which could be heavier but also lighter than 125 GeV), additional scalars
that do not develop a VEV, and new fermions and/or gauge bosons that could interact with the state at
125 GeV, giving rise, for instance, to an invisible decay mode.

The purpose of this framework is to either confirm that the light, narrow, resonance indeed matches
the properties of the SM Higgs, or to establish a deviation from the SM behavior, which would rule out
the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of
EWSB would obviously be to test the compatibility of the observed patterns with alternative frameworks
of EWSB.

In investigating the experimental information that can be obtained on the coupling properties of
the new state near 125 GeV from the LHC data collected so far the following assumptions are made45:

– The signals observed in the different search channels originate from a single narrow resonance
with a mass near 125 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

– The width of the assumed Higgs boson near 125 GeV is neglected, i.e. the zero-width approxima-
tion for this state is used. Hence the signal cross section can be decomposed in the following way
for all channels:

(σ · BR) (ii → H→ ff ) =
σii · Γff

ΓH
(92)

where σii is the production cross section through the initial state ii , Γff the partial decay width
into the final state ff and ΓH the total width of the Higgs boson.

Within the context of these assumptions, in the following a simplified framework for investigating
the experimental information that can be obtained on the coupling properties of the new state is outlined.
In general, the couplings of the assumed Higgs state near 125 GeV are “pseudo-observables”, i.e. they
cannot be directly measured. This means that a certain “unfolding procedure” is necessary to extract
information on the couplings from the measured quantities like cross sections times branching ratios
(for specific experimental cuts and acceptances). This gives rise to a certain model dependence of the

45The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.
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5.4.1 Modifications to fermion and gauge boson couplings

In this model all couplings to fermions are assumed to scale with a single modifier F , and couplings to
W and Z bosons with a modifier V . The e�ective couplings g and � and the total width modifier H are
expressed in terms of F and V as given in Table 7, assuming BBSM = 0. The cross-sections for the ggF
and ttH production processes scale with 2

F
, while those of VBF and VH productions are proportional to

2
V

. The H ! Z Z⇤ and H ! WW⇤ branching fractions are proportional to 2
V

, while those of H ! bb̄ and
H ! ⌧⌧ scale with 2

F
. The H ! �� branching fraction depends on a combination of 2

V
, 2

F
, and V F

due to contributions from top-quark loops, W-boson loops and their interference to the decay process.
The V parameter is assumed to be positive without loss of generality, and F is assumed to be positive
since its negative range was excluded by previous measurements [3]. The fit results are summarized in
Figure 8 with contours in the (F, V) plane, from individual channels and the combined fit. The best-fit
values and uncertainties are

V = 1.06+0.04
�0.04

F = 1.05+0.09
�0.09.

A 45% correlation is observed between the two quantities. The compatibility of the measurement with
the SM prediction corresponds to a p-value of pSM = 31%.
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Figure 8: Observed contours at 68% and 95% CL in the (F, V) plane, defined in the asymptotic approximation
by �2 log⇤ = 2.28 and 5.99, respectively, for individual channels and the combined fit. The crosses indicate the
best-fit values and the star the SM prediction.

5.4.2 Modifications to e�ective photon and gluon couplings with and without BSM contributions

in decays

In these models the modifiers g and � are considered as free parameters, without the assumption that
only SM sources contribute to the loops. Other  parameters are fixed to 1, corresponding to SM values
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of the corresponding couplings. Two models are considered. In the first model, BBSM is assumed to be
zero. The best-fit values and uncertainties are then

g = 1.05+0.06
�0.06

� = 1.00+0.07
�0.06.

Two-dimensional likelihood contours in the (�, g) plane are shown in Figure 9. The correlation between
the two quantities is estimated to be -44%, due in part to the fact that their product is constrained by the
rate of H ! �� in the gluon-gluon fusion channel. The compatibility of the measurement with the SM
prediction corresponds to a p-value of pSM = 71%.
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Figure 9: Observed contours at 68% and 95% CL in the (�, g) plane, defined in the asymptotic approximation by
�2 log⇤ = 2.28 and 5.99, respectively. The cross indicates the best-fit value and the star the SM prediction.

In the second model, the BBSM parameter is left free in the fit. The results are

g = 1.05+0.07
�0.06

� = 1.00+0.07
�0.06

BBSM < 0.13 at 95% CL.

5.4.3 Parameterization assuming SM structure of the loops and no BSM contributions in decays

In this model separate modifiers W and Z are considered for couplings to W and Z bosons, respectively.
Separate couplings t , b, ⌧ and µ are also introduced, respectively, for couplings to top and charm
quarks, bottom and strange quarks, ⌧ leptons, and muons. The results of the H ! µµ analysis are
included for this specific case. SM values are assumed for couplings to first-generation fermions, and
BBSM is assumed to be zero. All couplings are assumed to be positive. The results are shown in Table 8.

Reduced coupling strength modifiers are defined for fermions (F = t, b,⌧, µ) as F mF

v
, and for gauge

bosons (V = W, Z) as p
V

mV

v
, where F (V ) is the coupling modifier, mF (mV ) is the mass of the
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BBSM < 0.13 at 95% CL.
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In this model separate modifiers W and Z are considered for couplings to W and Z bosons, respectively.
Separate couplings t , b, ⌧ and µ are also introduced, respectively, for couplings to top and charm
quarks, bottom and strange quarks, ⌧ leptons, and muons. The results of the H ! µµ analysis are
included for this specific case. SM values are assumed for couplings to first-generation fermions, and
BBSM is assumed to be zero. All couplings are assumed to be positive. The results are shown in Table 8.
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5.4.1 Modifications to fermion and gauge boson couplings

In this model all couplings to fermions are assumed to scale with a single modifier F , and couplings to
W and Z bosons with a modifier V . The e�ective couplings g and � and the total width modifier H are
expressed in terms of F and V as given in Table 7, assuming BBSM = 0. The cross-sections for the ggF
and ttH production processes scale with 2
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, while those of VBF and VH productions are proportional to
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. The H ! Z Z⇤ and H ! WW⇤ branching fractions are proportional to 2
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, while those of H ! bb̄ and
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. The H ! �� branching fraction depends on a combination of 2
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, and V F

due to contributions from top-quark loops, W-boson loops and their interference to the decay process.
The V parameter is assumed to be positive without loss of generality, and F is assumed to be positive
since its negative range was excluded by previous measurements [3]. The fit results are summarized in
Figure 8 with contours in the (F, V) plane, from individual channels and the combined fit. The best-fit
values and uncertainties are

V = 1.06+0.04
�0.04

F = 1.05+0.09
�0.09.

A 45% correlation is observed between the two quantities. The compatibility of the measurement with
the SM prediction corresponds to a p-value of pSM = 31%.
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5.4.2 Modifications to e�ective photon and gluon couplings with and without BSM contributions

in decays

In these models the modifiers g and � are considered as free parameters, without the assumption that
only SM sources contribute to the loops. Other  parameters are fixed to 1, corresponding to SM values
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Figure 10: Reduced coupling strength modifiers F mF

v
for fermions (F = t, b,⌧, µ) and p

V
mV

v
for weak gauge

bosons (V = W, Z) as a function of their masses mF and mV , respectively, and the vacuum expectation value of the
Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The couplings modifiers
F and V are measured assuming no BSM contributions to the Higgs boson decays, and the SM structure of loop
processes such as ggF, H ! �� and H ! gg.

5.4.4 Parameterization including e�ective photon and gluon couplings with and without BSM

contributions in decays

The two models considered in this section are based on the same parameterization as the one in Section 5.4.3
but the ggF, H ! gg and H ! �� loop processes are parameterized using the g and � modifiers in the
same way as for the model of Section 5.4.2.

In the first model, no BSM contributions to the total width are considered (BBSM = 0). The measured
parameters are Z , W , b, t , ⌧ , � and g. The sign of t can be either positive or negative, while Z is
assumed to be positive without loss of generality. The other parameters are also assumed to be positive.

In the second model, BSM contributions to the total width are included through the parameter BBSM, and
constrained by assuming BBSM � 0 and W ,Z  1. The latter condition holds true for a broad class of
extensions of the SM and disfavors large values of BBSM [22].

The results of both models are summarized in Table 9 and Figure 11. In the model with BBSM included as
a free parameter, an upper limit of BBSM = 0.26 at 95% CL is obtained, compared to an expected upper
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Figure 11: Best-fit values and uncertainties of Higgs boson coupling modifiers per particle type with e�ective photon
and gluon couplings and either BBSM = 0 (left), or BBSM included as a free parameter (right). The SM corresponds
to BBSM = 0 and all  parameters set to unity. All parameters except t are assumed to be positive. In the model
with BBSM included as a free parameter, the conditions W ,Z  1 are also applied and an upper limit on BBSM is
reported.

5.4.5 Parameterization using ratios of coupling modifiers

Finally, a model based on ratios of coupling modifiers is defined analogously to the cross-section ratio
model of Section 5.3. The model parameters are the scaling factors defined in Table 10. The paramet-
erization requires no assumption on the total width of the Higgs boson. All parameters are assumed
to be positive. The results are summarized in Table 10 and Figure 12. The compatibility between the
measurement and the SM prediction corresponds to a p-value of pSM = 86%.
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Figure 1: Illustration of the correction factors derived for each bin of the variables of interest. All
comparisons of data to theory are made at particle level within a fiducial region. Unfolding (correcting
for detector e↵ects) takes the data from detector level to particle level within a fiducial region. Fiducial
and non-perturbative correction factors correct theoretical predictions from parton level inclusive and
parton level fiducial to particle level fiducial respectively.

2 Data and Monte Carlo samples282

2.1 Dataset283

This analysis uses the full 2012 diphoton dataset, collected using the EF g35 loose g25 loose trigger,284

with a total recorded integrated luminosity of 20.3 fb�1. This is the same dataset as used in the most285

recent coupling and spin H ! �� analyses [5, 1], as well as in the previous di↵erential cross section286

analysisWe also use the most recent good run list:287

data12 8TeV.periodAllYear DetStatus-v61-pro14-02 DQDefects-00-01-00 PHYS StandardGRL All Good.xml,288

that removes 0.3% of the events previously included. The exact central value of the integrated luminosity289

used for all result is 20276.9 pb�1 with a luminosity uncertainty of 2.8%.290

2.2 Nominal fullsim signal samples291

Higgs boson production and decay are simulated for each of the five production modes: gluon-gluon292

fusion, vector boson fusion, WH, ZH and tt̄H. For each production mode, separate samples exist for293

Higgs masses in 5 GeV steps from 100 to 160 GeV. The mH = 125 GeV samples are generated with294

Analysis Strategy in brief — Signal extraction
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5 Extraction of signal yield and correction for detector e�ects290

The signal is extracted using the approach adopted in previous ATLAS measurements of291

H ! �� [1, 10, 13]. An unbinned maximum likelihood fit is performed on them�� spectrum292

in each fiducial region or bin of a di↵erential distribution. The likelihood function, L, is293

given by294

L(m�� , ⌫
sig, ⌫bkg,mH) =

Y

i

8
<

:
e�⌫i

ni!

niY

j

h
⌫sig
i

Si(m
j

�� ;mH) + ⌫bkg
i

Bi(m
j

��)
i
9
=

;⇥
Y

k

Gk

(5.1)

where i labels the categories (bins) being simultaneously fitted, ⌫sig
i

is the fitted number of295

signal events, ⌫bkg
i

is the fitted number of background events, ⌫i = ⌫sig
i

+ ⌫bkg
i

is the mean296

value of the underlying Poisson distribution for the ni events, m
j
�� is the diphoton invariant297

mass for event j, Si(m
j
�� ;mH) and Bi(m

j
��) are the signal and background probability298

distribution functions, and the Gk incorporate constraints from uncertainties on the photon299

energy scale and resolution, as well as the uncertainty in the fitted peak position from the300

chosen background parameterisation. Other uncertainties that do not a↵ect the shape of301

the diphoton mass spectrum are not included in the fit and are dealt with as part of the302

correction for detector e↵ects.303

The signal probability distribution function is modelled as the sum of a Crystal Ball304

and a Gaussian function and the fit is performed after fixing the Higgs boson mass to305

be mH = 125.4 GeV [9]. The Gaussian and Crystal Ball functions are required to have306

the same mean and the parameters of the model are interpolated using simulated samples307

with di↵erent Higgs boson masses. The background probability distribution is modelled308

as the exponential of a first-order, second or third order polynomial. The background309

function is chosen, in each fiducial region or bin of a di↵erential distribution, to minimise310

the bias observed in the extracted yield [1, 13] when fitting a background-only distribution311

constructed from the ��, �j and jj simulated samples, after normalising the samples using312

data-driven scale factors determined in designated control regions.313

All events selected in the inclusive region are included in the signal extraction for all314

observables, with any uncategorised events placed into an additional bin and included in315

the fit. For example, events containing zero or one jets are included in this additional bin316

when fitting the mjj distribution.317

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant318

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal319

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in320

the inclusive region, with the largest e↵ect being 16% for Njets = 1. These di↵erences are321

smaller than statistical uncertainties in the fit itself for all the results presented in this322

paper. The total number of selected diphoton events in each fiducial region, the extracted323

signal yields and the expected yields from simulation are presented in Table 1.324

The cross section, �, in a given fiducial region (or bin of a distribution) is defined by325

�i =
⌫sig
i

ci
R
L dt

, (5.2)
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(d) Njets
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Figure 10: The correction factors used in the unfolding for each observable and bin are shown, with
their full uncertainties.
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Gluon fusion cross section

Figure 7 shows the measurement of the Higgs boson
production cross section compared to a range of theory
predictions, including LHC-XS, the result used by the
ATLAS and CMS collaboration in Run 1, for which the
ggF part is accurate to NNLO+NNLL in QCD [10], as
well as ggF cross section calculations that attempt to
go beyond NNLO, including the recently completed full
N3LO prediction. Details about the various predictions
are presented in Table XX, and the central values and a
breakdown of the uncertainties of the calculations as well
as the measurement are reported in Table XXI.

Data LHC-XS ADDFGHLM ABNY STWZ dFMMV BBFMR

[p
b]

 
H

→
ppσ

15

20

25

30

35

40

45

50
ATLAS

γγ→H l4→*ZZ→H
comb. data syst. unc.

-1 = 8 TeV,  20.3 fbs  = 125.4 GeVHm,  H→pp
 0.1 pb± = 3.0 XHσ   XHσ + ggFσ
Hbb + Htt + VH  =  VBF + XH

QCD scale uncertainty
LO approx. uncert.3QCD scale and N

)sα PDF+⊕LO approx. 3(scale, NTot. uncert. 

NNLO LO3N 2π NNLO+ 2πNNLO+ LO3Napprox. LO3Napprox. 
+NNLL thr. +NNLL thr. LL thr.3+N

FIG. 7. Measured total cross section of Higgs boson produc-
tion compared to di↵erent theoretical calculations.

TABLE XX. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLLa,b,c

ADDFGHLM [27–30] N3LOa,b,c

ABNY [47] NNLO+NNLLa,b,c,d,e

STWZ [31] NNLOc,d

dFMMV [48] approx. N3LOc

BBFMR [49–51] approx. N3LO+N3LLa,b,c

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡

2-resummed gg ! H form factor
e In the counting of Ref. [47], the result has N3LL accuracy

For the predictions, uncertainties from renormaliza-
tion, factorization and, where appropriate, resumma-
tion scale variations as well as uncertainties due to ap-
proximation or missing terms beyond NNLO are pro-

TABLE XXI. Central values and uncertainties for the di↵er-
ent ggF predictions and the data.

Name �gg!H [pb]

Data�XH
a 30.0 ±5.3 (stat) ±1.6 (sys)

LHC-XS 19.15 +1.38

�1.49
(scale) +1.44

�1.32
(pdf)

ADDFGHLM 20.55 +0.04

�0.45
(scale) +1.60

�1.44
(pdf)

ABNY 19.54 +0.55

�0.14
(scale) +1.47

�1.35
(pdf) ±0.78 (appr.)

STWZ 20.41 ±1.18 (scale) +1.53

�1.41
(pdf)

dFMMV 21.12 +0.29

�0.42
(scale) +1.58

�1.46
(pdf) ±0.56 (appr.)

BBFMR 21.32 +1.39

�0.45
(scale) +1.60

�1.47
(pdf) ±1.39 (appr.)

a Non-ggF cross section
�XH = 3.01+0.05

�0.06
(scale) ± 0.09 (pdf) pb, subtracted from the

measured inclusive cross section: 33.0± 5.3 (stat)± 1.6 (sys) pb.

vided separately for each prediction. The same rela-
tive PDF uncertainty of +7.5

�6.9
% is assigned to all ggF

predictions, except for the ADDFGHLM prediction for
which this uncertainty is increased to +7.8

�7.0
% correspond-

ing to the change in MSTW2008nnlo uncertainty ob-
served by the group when changing the matrix element
from NNLO to N3LO. The non-ggF contribution (�XH =
3.01+0.05

�0.06
(scale) ± 0.09 (pdf) pb, XH = VBF + V H +

tt̄H + bb̄H) is added to the ggF predictions to be able
to compare to the data in Fig. 7.
As detailed in Table XX, all inclusive predictions use

the same PDF set but di↵er in the perturbative calcula-
tion. Four of the predictions apply both electroweak cor-
rections and consider finite b- and c-quark masses. These
corrections have non-negligible impacts on the ggF cross
section; the electroweak correction results in an increase
of approximately 5%, while the bottom and charm cor-
rections give a O(5 � 10%) reduction depending on pre-
cisely how they have been implemented in the calcula-
tions. They therefore have an opposite e↵ect on the total
cross section such that their numerical e↵ects partially
cancel. The STWZ and dFMMV predictions consider
neither of these corrections.
The calculations take di↵erent approaches to approx-

imately evaluate the ggF cross section beyond NNLO.
Therefore the preferred scale for each calculation di↵ers,
and the choice of scale and the precise scale variations
applied was left to the authors of the calculations. The
LHC-XS, ABNY, STWZ, and BBFMR predictions use
a central scale of µ0 = mH as their overall scale, while
dFMMV and ADDFGHLM use µ0 = mH/2.

inclusive pp→H ĸg 
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FIG. 3. Di↵erential cross sections (left) and normalized cross-section shapes (right) for inclusive Higgs boson production
measured by combining the H ! �� and H ! ZZ

⇤ ! 4` channels. The measured variables are the Higgs boson transverse
momentum p

H

T (top) and its rapidity |yH| (middle), and the transverse momentum of the leading jet pj1
T
(bottom). The 0–30 GeV

bin of the p
j1

T
distributions corresponds to events without jets above 30 GeV. Various theoretical predictions are presented,

using the same bin widths as the measurement.
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Fiducial and Differential cross section measurement

❖ Measurement designed as model independent as possible. 
❖ Direct comparison with theoretical predictions at particle level. 
❖ A wide and diverse range of physical phenomena to be probed: 

✦ Higgs boson kinematics, Jet activity, VBF-sensitive variables, Spin-CP sensitive variables

�21

• Differential X-sections (20 variables): 

• Higgs kinematic�                 pTγγ  |yγγ|                                                            pTt   

• Jet activity�                          Njets   pTj1               Njets_50  HTjet   |yj1|    pTj2        ptj3    |yj2|   τj    ∑τj 

• VBF - sensitive variables�                                Δφγγ,jj    mjj                            Δyjj     pTHjj 

• Spin - CP variables�           cosθ*  Δφjj                                                          Δyγγ 

• 2D variables: pTγγ × Njets    pTγγ × cosθ* 

• Fiducial X-sections: 
• 1- / 2- / 3- jet and inclusive regions 

• Inclusive 1-lepton / MET / VBF / VH enriched regions

EPS variable Auxiliary



Cross Section Measurement
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Precise differential measurements

• Many many new differential distributions measured.

• All distributions in agreement with expectations.

H → γγ (80 fb-1)

H → γγ (36 fb-1)

H → γγ + ZZ (36 fb-1)

NEW

NEW

NEW

[CMS-HIG-17-025]

E. Scott O. Kortner T. Sculac

 11 Giacinto Piacquadio - ICHEP 2018
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p

��
T ), the number of jets produced in association with

the diphoton system (Njets), the leading-jet transverse momentum (p
j1
T ), and the invariant mass (m j j) and

di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2

Overview

For a full introduction and 1D scan results, see the last talk:
https://indico.cern.ch/event/384019/contribution/1/material/slides/0.pdf

Analysis idea: Simultaneous fit to measured fiducial cross section with cross
correlations can be used to constrain new physics in the Higgs sector

Fit parameters of interest: Wilson coe�cients ci
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Figure 33: (a) The measured di�erential cross sections as a function of p��T , Njets, mj j , |�� j j |, and pj1
T are

compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1 ⇥ 10�4 and c̄HW = 0.05, respectively.
(b) Ratios of di�erential cross sections, as predcited for specific by specific choices of Wilson coe�cient, to the
di�erential cross sections predicted by the SM: the impact of non-zero c̄g and c̃g is shown relative to the SM
ggH prediction, while the impact of non-zero c̄HW and c̃HW is shown relative to the SM VBF+VH prediction.
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Simplified template cross section
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Figure 1: Schematic overview of the simplified template cross section frame-
work.

duction modes is an essential aspect of the simplified template cross sections128

to reduce their model dependence.129

2 Guiding principles in the definition of simplified130

template cross section bins131

As outlined above, several considerations have been taken into account in132

the definition of the simplified template cross section bins.133

One important design goal is to reduce the dependence of the measure-134

ments on theoretical uncertainties in SM predictions. This has several as-135

pects. First, this requires avoiding that the measurements have to extrap-136

olate from a certain region in phase space to the full (or a larger region137

of) phase space whenever this extrapolation carries nontrivial or sizeable138

theoretical uncertainties. A example is the case where an event category139

selects an exclusive region of phase space, such as an exclusive jet bin. In140

this case, the associated theoretical uncertainties can be largely avoided in141

the measurement by defining a corresponding truth jet bin. The definition142

of the bins is preferably in terms of quantities that are directly measured by143

4
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with one qq ! Hqq region. The bbH region is merged with the gg ! H bins.

exists between the gg ! H 0-jet and gg ! H 1-jet pH

T < 60 GeV regions due to migrations between
experimental jet-bin categories. Finally, there is a substantial anti-correlation between the qq ! Hqq
pj

T < 200 GeV region and the similar gg ! H 2-jet region because of the experimental di�culty in
distinguishing between these processes.

The results show good overall agreement with the SM predictions in a range of kinematic regions of Higgs
boson production processes. The ten-dimensional compatibility between the measurement and the SM
prediction corresponds to a p-value of pSM = 9%.
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Di-Higgs search

◈ Getting close to 10*SM rate for Di-Higgs production
�25

SM Di-Higgs production

Actively working on new techniques 
with increased sensitivity.

Considerably improved

HH → bb tt result.

Production processes:

New
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direct probe of SM trilinear coupling.

Strong destructive interference 
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�(gg ! hh) = (33.4± 5.9) fb

HIGGS SELF-INTERACTION
• Understanding Higgs sector requires measurement of its self-interaction


• Promising for Run3 and Hl-LHC

– currently limited by statistics

– room for even more sophisticated  

analysis techniques
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Upper limits on BR(H→ℓℓγ)

• Signal is extracted by fitting the mℓℓγ spectrum

• Background fit functions vary per-category

• Functional form chosen to minimise the bias on the 
signal strength 

• No significant deviations from b-only expectation

• Results obtained assuming mH = 125 GeV
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• True form for the background is unknown 
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Figure 7: Exclusion limit, at 95% CL, on the cross section of H ! ``g relative to the SM pre-
diction, for an SM Higgs boson of mH = 125 GeV. The upper limits of each analysis category,
as well as their combinations, are shown. Black full (empty) circles show the observed (back-
ground only expected) limit. Red circles show the expected upper limit assuming an SM Higgs
boson decaying to ``g decay channel.

H→Zγ

�26

@95%CL Obs./Exp.
σ(pp→H) 
×B(H→Zγ) 6.6/4.4 SM

µ (Run1) 11

◈ Similar to H→γγ ones via loop interaction (BR(H→Zγ) =0.15%, BR(H→γγ) 
=0.22% ) : probe BSM contribution in loops

1

1 Introduction
Measurements of rare decays of the Higgs boson, such as H ! g⇤g and H ! Zg, would
enhance our understanding of the standard model (SM) of particle physics, and allow us to
probe exotic couplings introduced by possible extensions of the SM [1–4]. The decay width can
be modified by the theories involving heavy fermions, gauge bosons or charged scalars [5–9].
Simple extensions of the SM like two Higgs doublet models, or the minimal supersymmetric
standard model also exhibit similar features [10]. Certain coefficients of the dimension-6 exten-
sion of the standard model effective field theory can be constrained by measuring the H ! Zg
branching ratio precisely [11]. As an example, a model [10] which includes a hypercharge zero
triplet extension, shows a modification in B(H ! Zg), with respect to the SM value, of about
10% for an additional scalar field with mass between 0 and 400 GeV.

In the search for H ! g⇤g ! ``g, the leptonic channel, g⇤/Z ! `` (` = e or µ) is most
promising as it has relatively low background. The diagrams in Fig. 1 illustrate the dominant
Higgs boson decay channels contributing to these final states. The H ! g⇤g ! ``g and
H ! Zg ! ``g diagrams correspond to the same initial and final state and interfere with
each other. Experimentally one can separate the off- and on-shell contributions, and define the
respective signal regions, using a selection based on the invariant mass of the dilepton system,
m`` = mg⇤/Z. For the measurements presented in this paper a threshold of m`` = 50 GeV is
used to separate the two processes.

It is informative to express the branching fractions for these decays relative to the H ! gg
process. In the SM, for a Higgs boson with mass mH = 125 GeV [12, 13], these ratios are:

B(H ! g⇤g ! µµg)
B(H ! gg)

= (1.69 ± 0.10)%,
B(H ! Zg ! e+e�g/µµg)

B(H ! gg)
= (2.27 ± 0.14)%, (1)

where B(H ! Zg ! e+e�g/µµg) = 0.051 ⇥ 10�3 and B(H ! gg) = 2.27 ⇥ 10�3 are taken
from Ref. [14], and B(H ! g⇤g ! µµg) = 3.83 ⇥ 10�5 is obtained with the MCFM 7.0.1
program [15], which is in agreement with calculations in Refs. [16–18].

The ATLAS and CMS Collaborations at the CERN LHC have both performed searches for the
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Figure 1: Dominant Feynman diagrams contributing to the H ! ``g process.

Split H→Zγ / γ*γ measurements 
 with mll=50GeV 

µµ-only

Combination: σ(pp→H)  < 3.9 (2.0) × SM
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H → µ+µ- 
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• Good mass resolution (~2 GeV), but large background Z/γ* → µ+µ- 

• Tantalizingly close to seeing coupling to 2nd generation with BR=2.2x10-4 

• Potential for SM sensitivity with ATLAS+CMS combination by end of Run2H->µµ candidate	

21	Aidan	Robson	

m(µµ)	=	124	GeV	
m(jet,jet)	=	1237	GeV	

95 % CL Upper Limit / SM  
Observed (Expected)

ATLAS 
PRL 119 (2017) 051802

CMS 
CMS-HIG-17-019

Run2 (13 TeV) 3.0 (3.1) 2.64 (2.08)
Run1 + Run 2 (7, 8, 13 TeV) 2.8 (2.9) 2.64 (1.89)

PRL 119(2017) 051802, CMS-HIG-17-019
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H→cc̅

arXiv: 1802.04329 (submitted to PRL)

• New approach to probe coupling to 2nd generation with BR(H→cc̅) = 2.9% 

• 2 lepton channel, cut based selection using 1 & 2 c-tag events with fit to mcc̅

SM: σ(pp→ ZH).B(H→cc̅) = 26 fb

Discrimination over b-jet 
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Observed (expected) upper limit at 95% CL: σ(pp→ ZH).B(H→cc̅) < 2.7 (3.9) pb, eg. 110 (150) x SM value

More SM Higgs searches
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Coupling to 2nd generation

Run-1+Run-2:

ATLAS: Obs.(Exp.) < 2.8(2.9)@95%CL

CMS:    Obs.(Exp.) < 2.6(1.9)@95%CL

H→µµ
H→cc

Obs.(Exp.) σ(pp→ZH)B(H→cc)< 2.7(3.9)@95%CL

                                                →110(150)×SM

arXiv: 1802.04329

Coupling to 1st generation
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.

Table 3: Expected and observed branching fraction upper limits at 95% CL for the �� and ⇢� analyses. The ±1�
intervals of the expected limits are also given.

Branching Fraction Limit (95% CL) Expected Observed
B (H ! ��) [ 10�4 ] 4.2+1.8

�1.2 4.8
B (Z ! ��) [ 10�6 ] 1.3+0.6

�0.4 0.9
B (H ! ⇢�) [ 10�4 ] 8.4+4.1

�2.4 8.8
B (Z ! ⇢�) [ 10�6 ] 33+13
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8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into
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the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.
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for the H ! ⇢� decay.
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95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.
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8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into
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~208×SM
~87×SM
~52×SM
~597×SM

Lepton Flavor Violation
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Figure 7: Distribution of the BDT discriminator for the H ! et process for the BDT fit analysis,
in different channels and categories compared to the signal and background estimation. The
background is normalized to the best fit values from the signal plus background fit while the
simulated signal corresponds to B(H ! et) = 5%. The bottom panel in each plot shows the
ratio between the observed data and the fitted background. The left column of plots corre-
sponds to the H ! eth categories, from 0-jets (first row) to 2-jets VBF (fourth row). The right
one to their H ! etµ counterparts.

H→eτ

CMS-HIG-17-001

Br(H→μτ)< 0.25(0.25)@95%CL

Br(H→eτ)< 0.61(0.37)@95%CL
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Signal Strength
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Figure 3: Relative uncertainty expected for the determination of coupling scale factor ratios �XY in a
generic fit without assumptions, assuming a SM Higgs boson with a mass of 125 GeV and with 300 fb�1

or 3000 fb�1 of 14 TeV LHC data. The hashed areas indicate the increase of the estimated error due to
current theory systematic uncertainties. The numerical values can be found in model Nr. 15 in Table 5.
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 Sizable theory uncertainty

Scenario Status Deduced size of uncertainty to increase total uncertainty
2014 by .10% for 300 fb�1 by .10% for 3000 fb�1

Theory uncertainty (%) [10–12] gZ �gZ ��Z gZ ��Z �gZ �⌧Z �tg

gg! H
PDF 8 2 - - 1.3 - - - -
incl. QCD scale (MHOU) 7 2 - - 1.1 - - - -
pT shape and 0j! 1j mig. 10–20 - 3.5–7 - - 1.5–3 - - -
1j! 2j mig. 13–28 - - 6.5–14 - 3.3–7 - - -
1j! VBF 2j mig. 18–58 - - - - - 6–19 - -
VBF 2j! VBF 3j mig. 12–38 - - - - - - 6–19 -

VBF
PDF 3.3 - - - - - 2.8 - -

tt̄H
PDF 9 - - - - - - - 3
incl. QCD scale (MHOU) 8 - - - - - - - 2

Table 6: Estimation of the deduced size of theory uncertainties, in percent (%), for di↵erent Higgs
coupling measurements in the generic Model 15 from Table 5, requiring that each source of theory
systematic uncertainty a↵ects the measurement by less than 30% of the total experimental uncertainty
and hence increase the total uncertainty by less than 10%. A dash “-” indicates that the theory uncertainty
from existing calculations [10–12] is already su�ciently small to fulfill the condition above for some
measurements. The same applies to theory uncertainties not mentioned in the table for any measurement.
The impact of the jet-bin and pT related uncertainties in gg ! H depends on analysis selections and
hence no single number can be quoted. Therefore the range of uncertainty values used in the di↵erent
analysis is shown.

tt̄H and VBF production also contribute. Other uncertainties, such as the parametric mb or H ! �� and
H ! Z� theory uncertainties entering the branching ratio calculation, increase the total uncertainty on the
measurements by only 5–10% and are hence already below the goal of an increase by 10%. Therefore
they are not explicitly mentioned in Table 6. However, there are several of these smaller sources so
improved calculations in these areas will help to improve the ultimate precision of future LHC Higgs
measurements.

In some cases where the experimental uncertainty is very small, such as gZ = g ·Z/H , the inclusive
missing higher order uncertainty (MHOU) on gg! H, estimated from QCD scale variations, would need
to be reduced by up to a factor of ⇠6 in order to increase the total uncertainty by less than the goal of
⇠10%. Such a reduction seems very ambitious so this uncertainty may remain significant for Higgs
measurements at the HL-LHC.

Finally, it should be noted that the -framework is itself an approximation as discussed in the begin-
ning of Sec. 3. Currently there are no theory uncertainties assigned for these approximations, although
they could become significant at the HL-LHC.

4 Conclusions

Several new Higgs boson production and decay modes can be observed by the ATLAS detector with
3000 fb�1 at the HL-LHC compared to a sample of 300 fb�1 that will be accumulated before the Phase-II
upgrades, and the precision of all channels can be improved. Compared to previous studies, analyses in
the H ! Z� and VH/ttH ! �� channels have been refined, and the VH ! bb̄ channel has now been
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Summary
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◈ Comprehensive Higgs property measurements: mass, width, 
fiducial/differential cross section, simplified template cross 
section.


◈ Principal production modes: 
✦ Observation: ggH, VBF, ttH, VH


◈ Principal decay modes: 
✦ Observation: γγ, WW, ZZ, ττ, bb

✦ Probe coupling to 2nd / 1st generation


◈ Excellent agreement with SM so far.

Plan to have a regular theory-experiment discussion:

                 EXP-PH-TH-COMM@maillist.ihep.ac.cn
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