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• The next aim of the LHC is to test the Higgs sector 

• but do we have “only” a 
Standard Model Higgs  
sector? 

• so far, it looks pretty  
much like it..

“Standard Model at the LHC”
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Figure 17: Best-fit values of parameters for the combination of ATLAS and CMS and separately for each experiment,
for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and  j � 0. The
uncertainties are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

6.3.1. Probing the up- and down-type fermion symmetry

The parameterisation for this test has as free parameters �du = d/u , �Vu = V /u and uu = u ·u/H .
The up-type fermion couplings are mainly probed by the ggF production process, the H ! �� decay
channel and to a certain extent by the ttH production process. The down-type fermion couplings are
mainly probed by the H ! bb and H ! ⌧⌧ decays and a small sensitivity to the relative sign comes from
the interference between top and bottom quarks in the gluon fusion loop.

The results of the fit are reported in Fig. 19 and in Table 16. The corresponding likelihood scan for the
�du parameter and for the combination of ATLAS and CMS is shown in Fig. 20. The p-value of the
compatibility between the data and the SM predictions is 67%.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that in Section 6.3.1 which probes the up- and down-type
fermion symmetry. In this case, the free parameters are �lq = l/q , �Vq = V /q and qq = q · q/H .
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Table 15: Fit results for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and
 j � 0. The measured results with their measured and expected uncertainties are reported for the combination of
ATLAS and CMS, together with the measured results with their uncertainties for each experiment. The uncertainties
are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
 j � 0 Measured Expected uncertainty Measured Measured
Z 1.00+0.10

�0.11
+0.10
�0.10 0.98+0.14

�0.14 1.04+0.15
�0.16

W 0.91+0.09
�0.09

+0.09
�0.09 0.91+0.12

�0.13 0.92+0.14
�0.14

t 0.89+0.15
�0.13

+0.14
�0.13 0.98+0.21

�0.18 0.78+0.20
�0.16

⌧ 0.90+0.14
�0.13

+0.15
�0.14 0.99+0.20

�0.18 0.83+0.20
�0.18

b 0.67+0.22
�0.20

+0.23
�0.22 0.65+0.29

�0.30 0.71+0.34
�0.29

µ 0.2+1.2
�0.2

+0.9
�1.0 0.0+1.4 0.5+1.4

�0.5
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Figure 18: Fit results for the combination of ATLAS and CMS in the case of the parameterisation with reduced
coupling modifiers yV , i =

q
V , i

gV , i

2v =
p
V , i

mV , i

v for the weak vector bosons, and yF, i = F, i
gF, ip

2
= F, i

mF, i

v for
the fermions, as a function of the particle mass. The dashed line indicates the predicted dependence on the particle
mass for the SM Higgs boson.
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• uncertainties are still large (     (10%) or more) 

• lot of room for improvement 
 
 
 
 

O

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)
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Precision Higgs physics



• uncertainties are still large (     (10%) or more) 

• lot of room for improvement 
 
 
 
 

O

Precision Higgs physics

• precise measurements and (more) precise theory 
predictions are fundamental!



• theory error typically at the percent level 
                               NLO QCD, NLO electroweak 
                               NLO electroweak  
or lower

The theory error: decays

H ! ��

Situation in general well under control:

H ! ⌧⌧, H ! bb̄

NLO QCD and electroweak 
corrections, including final-
state interference

H ! bb̄ N4LO QCD corrections (theory 
error O(0.1%) )

H ! V V ! 4f



Exception:

electroweak corrections unknown, 
yielding a ~ 5% error

H ! Z�

The theory error: decays



➡ uncertainty on the branching ratios well under 
control

2.27⇥ 10�3

2.62⇥ 10�2

2.14⇥ 10�1

6.27⇥ 10�2

5.82⇥ 10�1

1.53⇥ 10�3

2.18⇥ 10�4

Decay 
channel BR Theory uncertainty

+1.73% 
-1.72%
+0.99% 
-0.99%
+0.99% 
-0.99%
+1.17% 
-1.16%
+0.65% 
-0.65%
+5.71% 
-5.71%
+1.23% 
-1.23%

H ! ��

H ! Z�

H ! µµ

H ! bb̄

H ! ZZ

H ! WW

H ! ⌧⌧

HXSWG, Update for CERN YR4, 2016

The theory error: decays

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR#SM_Higgs_Branching_Ratios_and_To


• gluon fusion is the main Higgs production 
mechanism...

The theory error: production

WH
ZH
tt̄H

https : êê twiki.cern.ch ê twiki ê bin ê view ê LHCPhysics ê CERNYellowReportPageAt1314TeV

In[294]:= gf = 49.13;
vbf = 4.22;
wh = 1.502;
zh = 0.9574;
tth = 0.6043;
bbh = 0.5739;
Hvbf + wh + zh + tth + bbhL
tot = % + gf
gf ê tot 100

Out[300]= 7.8576

Out[301]= 56.9876

Out[302]= 86.2117

In[293]:= PieChart3D@8gf, vbf, wh, zh, tth, bbh<,
ChartStyle Ø 8Green, Blue, Red, Red, Brown, Magenta<H*,ChartLabelsØ
Placed@8"ggH","VBF","ZH","WH","ttH"<,"RadialOutside",Style@Ò,8Black<,16D&D,TicksØNone*LD

Out[293]=

gg ! H
V BF

bb̄H

(86%)
(7%)

(3%)
(2%)

(1%)
(1%)



ggH 44 +7.4% 
-7.9%

VBF 3.7 +0.7% 
-0.7%

WH 1.4 +0.7% 
-1.5%

ZH 0.87 +3.8% 
-3.8%

��theo/�
p
s=13 TeV � [pb]

LHC Higgs cross section  
WG recommendations, 2014

• ... and therefore drives the current uncertainty in 
the extraction of the Higgs couplings

The theory error: production
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NNLO+NNLL QCD 
NLO EW

• ... and therefore drives the current uncertainty in 
the extraction of the Higgs couplings
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ZH 0.87 +3.8% 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LHC Higgs cross section  
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gluon channel: NLO QCD  
others: NNLO QCD 
NLO EW

• ... and therefore drives the current uncertainty in 
the extraction of the Higgs couplings

The theory error: production



• Very similar numbers in the preliminary Higgs 
cross section WG recommendations for 2016 

• Difference: inclusion of partial NNLO QCD results 
and of NLL QCD resummation for the gluon - 

initiated ZH channel 

➡ full NNLO available now  

• To be included: N3LO QCD corrections to ggH!

Ferrera, Grazzini and Tramontano, PLB740 (2015) 51–55  
Dawson, Han, Lai, Leibovich and Lewis, PRD86 (2012) 074007

Campbell, Ellis and Williams, 1601.00658

Anastasiou, Duhr, Dulat, EF, Gehrmann, Herzog,  
Lazopoulos and  Mistlberger, arXiv:1602.00695

The theory error: production

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV


• At LO, gluon-fusion Higgs production is mediated 
by one loop of heavy quarks 

➡  N3LO        four loops! (   15000 diagrams) 

• huge number of contributions from “real” 
radiation (   100000 interference diagrams) 
 
 
 

Baikov et al., Phys. Rev. Lett. 102, 
212002 (2009); Gehrmann et al., 
JHEP 1006, 094 (2010)

Gehrmann et al., JHEP 1201, 056 
(2012); Duhr et al., Phys. Lett. B 
727, 452 (2013); Li et al., JHEP 
1311, 080 (2013) 

Anastasiou et al., JHEP 1312, 088 
(2013); Kilgore, Phys. Rev. D 89 
073008 (2014)

Anastasiou et al., JHEP
1307, 003 (2013)

Higgs Production at N3LO



“Ingredients” 

• (rescaled) heavy-quark effective field theory

Higgs Production at N3LO



Heavy quark effective theory
• for a light Higgs boson, the top quark can be 

integrated out  
 

➡ construct an heavy quark effective theory

L ! Llight �
↵S

4v
C1 HGa

µ⌫G
aµ⌫

C1 ·



Heavy quark effective theory
• for a light Higgs boson, the top quark can be 

integrated out  
 

➡ construct an heavy quark effective theory

C1 ·

�(mq)� �inf

�inf

(%)

mq150 200 250 300 350 400 450

2

4

6

8

10

➡ “pretty good” approximation



• “rescale” heavy-quark effective theory by the 
correct LO through N3LO 
 
 
 

• at NLO reduces the discrepancy from the exact 
result from 5% to 0.7% !

“Refinement”

�NxLO
rEFT = RLO ⇥ �NxLO

EFT

RLO =
�LO
exact

�LO
EFT



“Ingredients” 

• (rescaled) heavy-quark effective field theory 

• Higgs threshold expansion

Higgs Production at N3LO



• The largest contribution comes from the Higgs 
threshold region

Threshold expansionPARTON LUMINOSITY
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• The largest contribution comes from the Higgs 
threshold region

Threshold expansion

➡ compute the cross section as an expansion 
around threshold

�̂N3LO(z) = �̂SV +
NtruncX

n=0

�(n)(1� z)n

C. Anastasiou et al., PRL 114 (2015) 212001

(Ntrunc = 37)



“Ingredients” 

• (rescaled) heavy-quark effective field theory 

• Higgs threshold expansion 

• full quark-mass effects (from top, bottom, charm) 
through NLO 

• 2-loop EW, 3-loop mixed QCD-EW corrections 

• convolution with parton distribution functions 

• uncertainties (scale, pdf,     , missing contributions, 
approximations)

Higgs Production at N3LO

↵s



• due to the approximations introduced, missing 
contributions, PDFs, uncertainties on the input 
parameters 

    PDF-TH

   0.90 +1.27 
−1.25

+0.10 
−1.15   0.18    0.56    0.49    0.40    0.49 pb

   1.86 +2.61 
−2.58

+0.21 
−2.37   0.37    1.16 1    0.83 1 %

±

�(↵s) �(scale) �( )�(PDF) �(EW)�(trunc) �(tbc) �(1/mt)

± ± ± ± ±

± ± ± ± ± ±

in quadrature linearly

Uncertainties



• due to the approximations introduced, missing 
contributions, PDFs, uncertainties on the input 
parameters 

in quadrature linearly
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�(↵s) �(scale) �( )�(PDF) �(EW)�(trunc) �(tbc) �(1/mt)

± ± ± ± ±

± ± ± ± ± ±

“traditionally”  
neglected

(the scale variation error 
at NNLO is so large that 
they are not relevant)

Uncertainties



• due to the approximations introduced, missing 
contributions, PDFs, uncertainties on the input 
parameters 

    PDF-TH

   0.90 +1.27 
−1.25

+0.10 
−1.15   0.18    0.56    0.49    0.40    0.49 pb

   1.86 +2.61 
−2.58

+0.21 
−2.37   0.37    1.16 1    0.83 1 %

±

�(↵s) �(scale) �( )�(PDF) �(EW)�(trunc) �(tbc) �(1/mt)

± ± ± ± ±

± ± ± ± ± ±

can be improved/eliminated

Uncertainties



The N3LO Higgs boson production cross section  
and the associated errors are

8. Recommendation for the LHC

In previous sections we have considered various e↵ects that contribute to the gluon-fusion

Higgs production cross-section at higher orders. In this section we combine all these e↵ects,

and as a result we are able to present the most precise prediction for the gluon-fusion cross-

section available to date. In particular (for the Setup 1 of Tab. 1) for a Higgs boson with

a mass mH = 125 GeV, the cross-section at the LHC with a center-of-mass energy of 13

TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory)± 1.56 pb (3.20%) (PDF+↵s) . (8.1)

Equation (8.1) is one of the main results of our work. In the following, we will analyze it

in some detail.

Let us start by commenting on the central value of the prediction (8.1). Since eq. (8.1)

is the combination of all the e↵ects considered in previous sections, it is interesting to see

how the final prediction is built up from the di↵erent contributions. The breakdown of the

di↵erent e↵ects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)

+20.84 pb (+42.9%) (NLO, rEFT)

� 2.05 pb (�4.2%) ((t, b, c), exact NLO)

+ 9.56 pb (+19.7%) (NNLO, rEFT)

+ 0.34 pb (+0.2%) (NNLO, 1/mt)

+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(8.2)

where we denote by rEFT the contributions in the large-mt limit, rescaled by the ratio

RLO of the exact LO cross-section by the cross-section in the EFT (see Section 5). All the

numbers in eq. (8.2) have been obtained by setting the renormalization and factorization

scales equal to mH/2 and using the same set of parton densities at all perturbative orders.

Specifically, the first line, (LO, rEFT), is the cross-section at LO taking into account only

the top quark. The second line, (NLO, rEFT) are the NLO corrections to the LO cross-

section in the rescaled EFT, and the third line, ((t, b, c), exact NLO), is the correction

that needs to be added to the first two lines in order to obtain the exact QCD cross-section

through NLO, including the full dependence on top, bottom and charm quark masses.

The fourth and fifth lines contain the NNLO QCD corrections to the NLO cross-section

in the rescaled EFT: (NNLO, rEFT) denotes the NNLO corrections in the EFT rescaled

by RLO, and (NNLO, 1/mt) contains subleading corrections in the top mass at NNLO

computed as an expansion in 1/mt. The sixth line, (EW, QCD-EW), contains the two-

loop electroweak corrections, computed exactly, and three-loop mixed QCD-electroweak

corrections, computed in an e↵ective theory approach. The last line, (N3LO, rEFT), is

the main addition of our work and contains the N3LO corrections to the NNLO rEFT

cross-section, rescaled by RLO. Resummation e↵ects, within the resummation frameworks

studied in Section 4, contribute at the per mille level for our choice of the central scale,

µ = mH/2, and are therefore neglected.
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through NLO, including the full dependence on top, bottom and charm quark masses.

The fourth and fifth lines contain the NNLO QCD corrections to the NLO cross-section

in the rescaled EFT: (NNLO, rEFT) denotes the NNLO corrections in the EFT rescaled

by RLO, and (NNLO, 1/mt) contains subleading corrections in the top mass at NNLO

computed as an expansion in 1/mt. The sixth line, (EW, QCD-EW), contains the two-

loop electroweak corrections, computed exactly, and three-loop mixed QCD-electroweak

corrections, computed in an e↵ective theory approach. The last line, (N3LO, rEFT), is

the main addition of our work and contains the N3LO corrections to the NNLO rEFT

cross-section, rescaled by RLO. Resummation e↵ects, within the resummation frameworks

studied in Section 4, contribute at the per mille level for our choice of the central scale,

µ = mH/2, and are therefore neglected.
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1.73
3.90

or, with the “traditional” errors,



New HXSWG recommendations*

ggH 44 +7.6% 
-8.1%

VBF 3.8 +0.4% 
-0.3%

WH 1.4 +0.5% 
-0.7%

ZH 0.88 +3.8% 
-3.1%

��theo/�
p
s=13 TeV � [pb]

+4.7% 
-6.7%

* the N3LO gluon-fusion result is currently under discussion



Summary
• The theory error on the Higgs branching ratios is 

well under control, typically at the level of a few 
percent 

• On the production, there has been a reduction on 
the gluon-fusion uncertainty by a 60-80% due to 
the inclusion of the N3LO corrections 

➡ could be reduced to 20-50% of the current 
(preliminary) HXSWG recommendations! 

•  Other production channels well under control
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