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Particle physics circa 2018

•With the discovery of the Higgs, for 
the first time we have a ``complete’’ 
theory of fundamental interactions

•If we lived inside a collider: found the 
``ultimate’’ theory?

•The world beyond colliders: strong 
strong indications of BSM (dark 
matter/energy, baryon asymmetry…)

•At least some of these new physics 
phenomena have a simple particle 
explanation → look for them!

•Searching for new physics (at 
colliders): Higgs plays a central role
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•With the discovery of the Higgs, for 
the first time we have a ``complete’’ 
theory of fundamental interactions

•If we lived inside a collider: found the 
``ultimate’’ theory?

•The world beyond colliders: strong 
strong indications of BSM (dark 
matter/energy, baryon asymmetry…)

•At least some of these new physics 
phenomena have a simple particle 
explanation → look for them!

•In the search for new physics at 
colliders, the Higgs plays a central role

direct  
bounds 
~ TeV

WHY THE HIGGS?
•New kid on the block → you want to know it better
•Crucial connection to unitarization of the SM
•Crucial connection to the EW scale and nature of the EW 

vacuum (EW phase transition…)
•ΓH difficult to measure → decay to new particles 
•H✝H only relevant gauge singlet operator → natural portal 

to new sectors
•…

The NEW INFORMATION: mH = 125 GeV. 
The NATURALNESS PROBLEM: ``In any [reasonable] theory 
we know where the Higgs mass is computable, a low mass 
Higgs implies NP at low scales’’ [~N. Arkani-Hamed]



NP at low scales… not quite

Mass Scale [GeV]
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included

SUSY exclusion limits 
as of May 2017

m ~ 2 TeV

+ many other negative results. 
Many `vanilla’ models excluded

For many `standard’ searches, the LHC is already reaching its 
asymptotic potential (energy reach)



NP and where to find it
The traditional way: BUMP HUNTING. Little to 
no theoretical input needed. 
So far: only Higgs. Already running out of 
steam at the LHC…

 R. Harlander, Higgs Summary (TH), Les Houches 2017

Englert, McCullough, Spannowsky ‘14

•In the SM, structure of Higgs 
interactions completely fixed if we 
know mH

•NP would modify this
•Careful scrutiny of Higgs 

interaction may eviscerate 
deviations from SM predictions, 
pointing towards NP

•LOOK FOR (SMALL) DEVIATIONS FROM 
SM BEHAVIOR → good control on 
theory predictions!



… ``good control’’: a (rough) estimate

SM ~ v.e.v.

ΛNP

direct  
bounds 
~ TeV

Imagine to have new physics at a 
(heavish) scale ΛNP

Typical modification to observable 
w.r.t. standard model prediction: 

δO ~ Q2/ΛNP 2 

To gain over direct bounds:

IN THE BULK: 
Q~MH → few percent

IN THE TAIL:
Q≳ 500 GEV → 

~10-20%



… ``good control’’: a (rough) estimate

SM ~ (v.e.v.)2

ΛNP

direct  
bounds 
~ TeV

Imagine to have new physics at a 
(heavish) scale ΛNP

Typical modification to observable 
w.r.t. standard model prediction: 

δO ~ Q2/ΛNP 2 

To gain over direct bounds:

IN THE BULK: 
Q~MH → few percent

IN THE TAIL:
Q≳ 500 GEV → 

~10-20%

THIS LEVEL OF PRECISION: 
WITHIN EXPERIMENTAL REACH OF 

THE (HL-)LHC

Theoretically, highly non trivial…



The path to precision: theory

d� =

Z
dx1dx2f(x1)f(x2)d�part(x1, x2)FJ(1 +O(⇤QCD/Q))

•Precision physics at hadron colliders is very challenging.
•Key: QCD FACTORIZATION Short distance non 

perturbative effects (PDFs)

Interesting high-Q 
phenomena



d� =

Z
dx1dx2f(x1)f(x2)d�part(x1, x2)FJ(1 +O(⇤QCD/Q))

Input parameters (αs, PDFs…): 
~few percent. Remarkable 
control, in principle improvable

NP effects: No good control/
understanding of them. 
Fortunately, ≲ percent

HARD SCATTERING MATRIX ELEMENT

•large Q → most ``fundamental’’ part
•αs ~ 0.1 → For TYPICAL PROCESSES, we need NLO for ~ 10% 

and NNLO for ~ 1 % accuracy. Processes with large color 
charges (Higgs): αs CA~ 0.3 → N3LO

The path to precision: theory
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Input parameters (αs, PDFs…): 
~few percent. Remarkable 
control, in principle improvable

NP effects: No good control/
understanding of them. 
Fortunately, ≲ percent

HARD SCATTERING MATRIX ELEMENT

•large Q → most ``fundamental’’ part
•αs ~ 0.1 → For TYPICAL PROCESSES, we need NLO for ~ 10% 

and NNLO for ~ 1 % accuracy. Processes with large color 
charges (Higgs): αs CA~ 0.3 → N3LO

The path to precision: theory
HIGHLY NON-TRIVIAL QCD/QFT PROBLEM!

NNLO AND HIGGS

(G. Heinrich, LHCP, May 2017)

• NNLO CORRECTIONS KNOWN FOR MOST
HIGGS PRODUCTION CHANNELS

• TYPICAL SCALE UNCERTAINTIES TINY

• BEWARE OF FIDUCIAL CUTS

• GGF: IS EFT ADEQUATE?

• PDF UNCERTAINTIES?

• EW CORRECTIONS?

QCD UNCERTAINTIES
ON TOTAL XSECTS

GGF N3LO 4%
VBF NNLO 0.5%
WH NNLO

∼
< 1%

ZH NNLO 2%
tt̄H NLO+NNLL 5%

Higgs key motivation in pushing forward collider pheno
[slide from

 S. Forte, Blois 2017]

Since January: at least 5 state of the art QCD papers involving the Higgs
[Lindert et al.: NLO Higgs at large pt; Bonetti et al: mixed QCD-EW; 
Mistlberger: analytic ggF@N3LO; Cruz-Martinez et al: differential 
VBF@NNLO; Jones et al: NLO ggF with full mt dependence



Higgs production at the LHC: overview
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CAREFUL: ∆TH → QCD uncertainty on the TOTAL (=unobservable) cross-section
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[gHVV coupling]
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∆TH ~ 1/2%

``ttH’’
[gHff]

∆TH ~ 5%
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[gHWW vs gHZZ]
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[gHff]
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•Although actual error (much) larger than for the 
(unobservable) σTOT, situation under good control

•Higgs production in association with many jets is known to 
(at least) NLO QCD as well → probe interesting dynamics

•By and large, currently theory error are not the main show-
stopper for LHC analysis

•In many cases, backgrounds or poorly understood QCD 
effects are the most problematic part (ttH, VBF…)

•Experimentally: at least evidence for all the main channels!

•First results for differential distributions!



Higgs decays: overview
For mH ~ 125 GeV: many channels accessible → 

THOROUGH INVESTIGATION POSSIBLE
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Golden channels, low BR 

but very clean

Largest BR, but very tough 
at the LHC

•All important decay 
channels known to (at least) 
NNLO QCD+NLO EW

•In many cases, parametric 
uncertainty significant



Gluon Fusion



The need for higher orders

HIGGS BOSON

▸ Precise measurement 

▸ 3.8 sigma deviation 

▸ 1500 papers about new 
physics on the arXiv 

▸ SM fails

Data Theory

[p
b]

 
H

→
pp
σ

20

30

40

50

60

70

80

90
Preliminary data

 combinedl4→*ZZ→H, γγ→H

 = 125 GeVHm = 13 TeV,  s,  H→pp
Hbb + Htt + VH  =  VBF + XH

QCD scale uncertainty
)sα PDF+⊕(scale, Tot. uncert. 

LO

COMPARE DATA TO PREDICTION

αS2

αS3

αS4

αS5

N3LO results needed to establish 
perturbative convergence / reduce  

residual theoretical uncertainty

�exp = 59± 9.5 pb

�N3LO = 55.5± 2.9 pb

[Anastasiou, Melnikov; 
Harlander, Kilgore]

[Anastasiou et al]



The need for higher orders: Higgs
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Similar picture at the differential level: 
O(αs5) [NNLO] needed to match exp. systematics

Figure 6: Distribution of the photon decay angle in the Collins-Soper frame at the 8 TeV LHC.

The inset shows ratios of di↵erential cross sections at di↵erent orders in perturbation theory for

the factorization and the renormalization scales set to the mass of the Higgs boson.
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Figure 7: Left pane: comparison of exclusive jet cross sections in pp ! H + j ! ��+ j computed

in this paper and measured by the ATLAS collaboration. Right pane: comparison of the leading

jet transverse momentum distribution. The selection criteria are described in the text.

predictions in all p?-bins except one where the experimental error is the largest. It is also

clear that the shapes of theoretical and experimental distributions are di↵erent. It follows

from the plots in Fig. 7 that, currently, the ATLAS data is not precise enough to allow for a

meaningful comparison with available theoretical predictions. This will undoubtedly change

once enough luminosity at the 13 TeV LHC is collected.

B. H ! W
+
W

�
! e

+
µ
�
⌫⌫̄

In this subsection, we present the results for the process pp ! H+j ! W
+
W

�+j at the

13 TeV LHC. The selection criteria are described in Section II. In principle, many kinematic

12

13 TeV data are there!

[Chen et al (2016)]

[FC, Melnikov, Schulze]



Gluon fusion: the fine prints
•At this level of precision, basically everything becomes relevant

GGF

GLUON FUSION - INCLUSIVE CROSS SECTION

▸ LHC predictions demand effects beyond pure EFT 

▸ Mass corrections & EWK effects

~88.2%

GGF

GLUON FUSION - INCLUSIVE CROSS SECTION

▸ LHC predictions demand effects beyond pure EFT 

▸ Mass corrections & EWK effects

~88.2% GGF

GLUON FUSION - INCLUSIVE CROSS SECTION

~88.2%

▸ Many residual uncertainties of comparable importance 

▸ Todo List:  - Full mass dependent NNLO 
- Mixed                  corrections 
- N3LO PDFs 
….

O(↵↵S)gg

[M
is

tlb
er

ge
r, 

Q
C

D
@

LH
C

20
16

]

[Bonetti, Melnikov, Tancredi (2018)]

perturbative 
uncertainty



A step back: how we do computations…
•At LO, gg → H mediated by virtual heavy quark loop → already at 

NLO, complicated 2-loop amplitudes. At NNLO: prohibitively 
complicated!

•HOWEVER: mH ~ 125 GeV ≪ mt ~ 173 GeV → Higgs wavelength not 
enough to resolve the structure of the loop → effective ggH 
description, much simpler!

•All higher order computations use this trick.
•EXCELLENT APPROXIMATION, but there are cases when it is inadequate



1) b-quark effects at low pT
•Point-like approximation clearly not valid for bottom quark
•Although yb ≪ yt, top/bottom interferences non-negligible
•In particular: in the Higgs transverse momentum distribution, 

Sudakov-like double logarithmic enhancement. Very interesting 
theoretically: emission from virtual SOFT QUARKS, related to angular 
momentum conservation ``helicity flip’’ on the quark line 

When the full theory is considered the bottom-quark amplitudes are 
enhanced by (regular) logarithms of the ratio           in the region                                 

!
• Subject of discussion in the past years: what’s their impact at HO ?

Should they be resummed ? 
!

• Amplitude DL resummed in the abelian limit ~Cf^n as^n L^2n    
!
!
!
!
!
!
!

Corrections in the abelian limit beyond LO are moderate: at two loops ~ 2% 
of which only 0.2% is pt dependent (strong cancellations) - an order of 
magnitude smaller at 3 loops…

Masses and soft factorisation
Top and bottom loops have also a different behaviour with respect to 
factorisation of soft emissions in the region 

pt ⌧ mH ⌧ mt mb ⌧ pt ⌧ mH

H

W+

W�

W+

W�

H

pt
pt

pt,veto = 25� 30GeV

Top loop: Bottom loop:

Soft gluons cannot resolve the 
top loop      factorisation OK)

Soft gluons can resolve a bottom 
loop      factorisation breaking?)

mbmtQuark masses

19

m2
b
<< p2t << m2

H
pt/mb

[Melnikov, Penin ‘16]
e.g.

Full NLO result important for %-level theory,  
all-order corrections expected to remain moderate

! A++± = ±2 ln
m2

b

m2
H

Z 1�⌧t

0

1� e�x⌘(1�⌘)

x⌘
d⌘ , ⌧t ⇠ ln

m2
b

p2
t

/ ln
m2

b

m2
H

↵s ln
2 p?
mb

� 1

mb/p? ⌧ 1

Introduction: 𝐻 + 𝑗 production
2

Introduction

y Shape of 𝒑𝑻,𝑯 distribution may put stronger constraints on light-quark Yukawa couplings [Bishara, Monni et al ’16; 
Soreq et al ’16]

y Non-trivial Higgs transverse momentum (𝒑𝑻,𝑯) distribution generated when extra jet is radiated:  𝑯+ 𝒋

Reliable theoretical predictions for 𝐻 + 𝑗 differential cross section required

[Bishara, Monni et al ’16]y Bounds expected from HL-LHC

[Bishara et al (2016)]

ENHANCEMENT IN THE SPECTRUM → CAN 
BE USED TO INVESTIGATE HBB COUPLING



1) b-quark effects at low pT

Logarithmic enhancement delicate → important to consider 
impact of (large) QCD corrections

Heavy	quark	mass	effects	
•  H+jet	amplitudes	with	masses	

§  Small-mass	limit	(K.	Melnikov,	L.	Tancredi,	C.	Wever)	

§  Two-loop	integrals	with	full	mass	dependence	in	
progress	(R.	Bonciani,	V.	Del	Duca,	H.	Frellesvig,	J.	Henn,	F.	Moriello,	V.	
Smirnov;	D.	Kara,	TG)	

g

g

H

g

g

g

H

g
g

g

H

g

g

g

H

g

Figure 1: Examples of two-loop Feynman diagrams that contribute to the process
gg → Hg.

where, for consistency with Eq.(2.6), sums over polarizations of external gluons are

taken to be

∑

pol

(ϵµ1 (p1))
∗ ϵν1(p1) = −gµν +

pµ1p
ν
2 + pν1p

µ
2

p1 · p2
, (3.2)

∑

pol

(ϵµ2 (p2))
∗ ϵν2(p2) = −gµν +

pµ2p
ν
3 + pν2p

µ
3

p2 · p3
, (3.3)

∑

pol

(ϵµ3 (p3))
∗ ϵν3(p3) = −gµν +

pµ1p
ν
3 + pν1p

µ
3

p1 · p3
. (3.4)

We stress at this point that all Lorenz indices in Eq.(3.1) have to be understood as

d-dimensional. The explicit form of the projection operators can be found by making
an Ansatz in terms of the same linearly independent tensors as in Eq.(2.7)

P µνρ
j =

1

d− 3

[

c(j)1 gµν pρ2 + c(j)2 gµρ pν1 + c(j)3 gνρ pµ3 + c(j)4 pµ3p
ν
1p

ρ
2

]

, (3.5)

where j ∈ {1, 2, 3, 4}. The scalar functions c(j)i are unknown a priori; they are found

by requiring that Eq.(3.1) is satisfied. We obtain

c(1)1 =
t

s u
, c(1)2 = 0 , c(1)3 = 0 , c(1)4 = −

1

s u
,

c(2)1 = 0 , c(2)2 =
u

s t
, c(2)3 = 0 , c(2)4 = −

1

s t
,

c(3)1 = 0 , c(3)2 = 0 , c(3)3 =
s

t u
, c(3)4 = −

1

t u
,

c(4)1 = −
1

s u
, c(4)2 = −

1

s t
, c(4)3 = −

1

t u
, c(4)4 =

1

s t u
.

(3.6)

With these results at hand, we can compute each of the form factors separately.
Since the form factors are independent of the external polarization vectors, all the

– 7 –

Requires understanding of 
highly non-trivial multi-loop 
amplitudes involving virtual 
massive particles

RECENTLY COMPUTED!
[Lindert, Melnikov, Tancredi, Wever (2017)]

Despite (large) corrections, 
the interference shape stable 
under QCD corrections → 

solid observable



2-) the boosted region
•If the Higgs recoils against a high transverse momentum jet → high 

Q process, can resolve the top loop
•Crucial process to disentangle anomalous ggH and ttH couplings!

~ ct

~ cg

~ ct + cg
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2-) the boosted region
•As for the b case, QCD corrections are expected to be large and 

require very complicated loop amplitudes → until recently only LO

•This year: TWO CALCULATIONS
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Figure 2: Transverse momentum distribution of the Higgs boson at the LHC with
p
s=13 TeV. The upper panel

shows absolute predictions at LO and NLO in the full SM and in the infinite top-mass approximation (HEFT). The
lower panel shows respective NLO/LO correction factors. The bands indicate theoretical errors of the full SM result
due to scale variation.

them, we employed the recent calculation of the
two-loop scattering amplitudes for all relevant
partonic channels [13] where an expansion in
mt/p? was performed. The real emission cor-
rections where computed with the Openloops

[19] program. We have found that the QCD
corrections to the Higgs boson transverse mo-
mentum distribution increase the leading or-
der result by almost a factor of two. However,
their magnitude appears to be quite similar
to the QCD corrections computed in the ap-
proximation of a point-like Higgs-gluon vertex;
the di↵erence of the two result is close to five
percent. Our computation removes the ma-
jor theoretical uncertainty in the description
of the Higgs boson transverse momentum dis-
tribution at high p? and opens a way to a re-
fined analysis of the sensitivity of this observ-
able to BSM contributions using existing [12]
and forthcoming experimental measurements.
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where the sum runs over all final state partons i. This
scale is known to give a good convergence of the pertur-
bative expansion and stable di↵erential K-factors (ratio
of NLO to LO predictions) in the e↵ective theory [68].
To estimate the theoretical uncertainty we vary indepen-
dently µF and µR by factors of 0.5 and 2, and exclude
the opposite variations. The total uncertainty is taken
to be the envelope of this 7-point variation.

To better highlight the di↵erences arising from the two-
loop massive contributions, we compare the new results
with full top-quark mass dependence, which we label as
“full theory result” or simply “full” in the following, to
two di↵erent approximations. In addition to predictions
in the e↵ective theory, which are referred to as HEFT in
the following, we show results in which everything but
the virtual amplitudes is computed with full top-quark
mass dependence. In this latter case only the virtual
contribution is computed in the e↵ective field theory and
reweighted by the full theory Born amplitude for each
phase space point. Following Ref. [69] we call this predic-
tion “approximated full theory” and label it as FTapprox

from now on.
We start by presenting the total cross sections, which

are reported in Table I. For comparison we present results
also for the HEFT and FTapprox approximations.

Theory LO [pb] NLO [pb]

HEFT: �LO = 8.22+3.17
�2.15 �NLO = 14.63+3.30

�2.54

FTapprox: �LO = 8.57+3.31
�2.24 �NLO = 15.07+2.89

�2.54

Full: �LO = 8.57+3.31
�2.24 �NLO = 16.01+1.59

�3.73

Table I. Total cross sections at LO and NLO in the HEFT and
FTapprox approximations and with full top-quark mass depen-
dence. The upper and lower values due to scale variation are
also shown. More details can be found in the text.

Together with the prediction obtained with the central
scale defined according to Eq. (1) we show the upper and
lower values obtained by varying the scales. While at LO
the top-quark mass e↵ects lead to an increase of 4.3%, at
NLO this increase is of the order of 9% compared to the
HEFT approximation, and there is an increase of about
6% in the total NLO cross section when comparing the
FTapprox result with the full theory one. It is important
to keep in mind that when taking into account massive
bottom-quark loop contributions, the interference e↵ects
are sizable and cancel to a large extent the increase in the
total cross section observed here between the HEFT and
the full theory results (see e.g. the results in Ref. [13]).
Note, however, that the bottom-quark mass e↵ects at
LO are of the order of 2% or smaller above the top quark
threshold.

Considering more di↵erential observables, it is well
known that very significant e↵ects due to resolving the
top-quark loop are displayed by the Higgs boson trans-
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Figure 1. Higgs boson transverse momentum spectrum at LO
and NLO in QCD in HEFT and with full top-quark mass de-
pendence. The upper panel shows the di↵erential cross sec-
tions, in the middle panel we normalize all distributions to
the LO HEFT prediction and in the lower panel we show the
di↵erential K-factors for both the HEFT and the full theory
distributions. More details can be found in the text.

verse momentum distribution, which is softened for larger
values of pt,H by the full top-quark mass dependence. By
considering the high energy limit of a point-like gluon-
gluon Higgs interaction and one mediated via a quark
loop it is possible to derive the scaling of the squared
transverse momentum distribution d�/dp

2

t,H [70, 71],
which drops as (p2t,H)

�1 in the e↵ective theory, and goes
instead as (p2t,H)

�2 in the full theory. This fact was shown
to hold numerically at LO for up to three jets in Ref. [13].
It is interesting to verify this also after NLO QCD cor-
rections are applied. To do so, in Figure 1 we show the
transverse momentum spectrum of the Higgs boson at
LO and NLO in the HEFT approximation and with the
full top-quark mass dependence.

In the upper panel we display each di↵erential distri-
bution with the theory uncertainty band originating from
scale variation. To highlight the di↵erent scaling in pt,H,
in the middle panel we normalize all the distributions to
the LO curve in the e↵ective theory. It is thus possible
to see that for low transverse momenta the full theory
predictions overshoot slightly the e↵ective theory ones.
For pt,H > 200 GeV the two predictions start deviating
more substantially. At LO the two uncertainty bands do
not overlap any more above 400 GeV, whereas at NLO
this happens already around 340 GeV due to reduction of
the uncertainty at this order. The logarithmic scale also
allows to see that the relative scaling behavior within

As in the b case: very large corrections, but structure of QCD corrections 
largely insensitive to quark mass → solid distribution

[Lindert, Kudashkin, Melnikov, Wever (2018)]

Analytic, pt ≫ mH Fully numeric

[Jones, K
erner, Luisoni (2018)]



VBF



VBF: inclusive corrections

•To a very good approximation: corrections 
to the two legs can be treated 
independently (cross-talk starts at NNLO, 
and it is color and kinematic suppressed)

•This observation makes the calculation 
much simpler → 3rd order QCD correction  
(N3LO) known [Karlberg, Dreyer (2016)]

The perturbative expansion:

�13 TeV[pb] = 4.099� 0.129� 0.038� 0.004

Already NLO ~ 3%. Why compute higher orders?



VBF: differential results
The total cross section is not measurable! In particular for VBF, 
tight cuts on the tagging jets

p
j1,2
? > 25 GeV, |yj1,2 | < 4.5,

�yj1,j2 = 4.5, mj1,j2 > 600 GeV,

yj1yj2 < 0, �R > 0.4

VBF cuts:
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Figure 4. Higgs boson transverse momentum distribution in VBF process.

Figure 5. Transverse momentum distribution of leading and subleading jet in VBF process.

5%, while NLO corrections can be as large as 30% and lead to a substantial modification

of the shape of both jet distributions.

The spatial distribution of the two tagging jets is described by their separation in

rapidity �yjj and their angular decorrelation �j12 . The VBF-2j distributions in these two

variables are shown in Figure 6. We observe that the NLO and NNLO corrections are very

uniform in �j12 , while displaying a sizeable dependence on �yjj . For low values of this
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Figure 6. Rapidity separation and angular decorrelation of the two leading jets in the VBF process.

Figure 7. Invariant mass distribution of the two leading jets in VBF process.

variable (which starts only at �yjj = 4.5 due to the VBF cuts (3.4)) the corrections are

negative and amount to �25% at NLO and with a further �5% at NNLO. The corrections

decrease in magnitude with increasing rapidity separation, and cross zero around �yjj ⇠ 7.

At even higher separation, the corrections become positive, but remain rather moderate.

For both spatial distributions, we observe that the NLO and NNLO uncertainty bands

barely overlap. Nevertheless, the small magnitude of the NNLO corrections indicates a

– 8 –

[Cruz-Martinez, 
Gehrmann, Glover, 

Huss (2018)]

Much larger 
corrections on the 
measured xsec/
distributions! Only at 
NNLO stabilization 
(and still visible 
corrections)



VBF and large corrections: jet dynamics

With experimental cuts: realistic requirement 
on hadronic activity → non trivial jet dynamics

Can explain at least partially why corrections 
larger than at the inclusive level

Fixed Integrated NNLO Cross Section

Results with the H+3 jets bug fix – Preliminary [thanks to Alexander for updated NNLO result]
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VH, H→bb



The H→bb decay
•H→bb decay extremely hard to observe, very large background. E.g.: 

tt → Wb Wb → bb l ν + unobserved, and Eb ~ 65 GeV ~ mH/2…
•Still, it was possible to find significative evidence using VH 

production mode (tagging V)
•Analysis relies on the different features of signal and background → 

good control on predictions is important

•In particular, b quarks can radiate gluons 
→ shape distortions due to corrections in 
the decay

•Until recently: NNLOprod x NLOdec

•What happens at higher orders?

[C
am

pbell, Ellis, W
illiam

s (2016)]



VH, H→bb decay@NNLO
•NNLO corrections for decay recently computed, neglecting the b-

quark mass, i.e. yb ≠ 0 with mb = 0 [Ferrera, Somogyi, Tramontano (2017)]

•Large deviations found, 5% corrections to the fiducial cross sections 
w.r.t. NLO
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IN PRINCIPLE, PROBLEMATIC!
[Ferrera, Somogyi, Tramontano (2017)]



VH, H→bb decay@NNLO
•However: large corrections driven by extra parton emission → 

approximated in exp. simulations using parton shower. Could 
account for some of the correction…

29 January 2018 Raoul Röntsch
NNLO QCD correction to WH production and H→bb decay
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Parton showers

● Generally good description of 
NNLO shape.

● PS predicts more events in tails, 
fewer in peak.

● Generally good description of NNLO 
shape, except in tails – PS predicts more 
events.

● PS removes Sudakov shoulder (as 
expected).

Note: normalized distributions.

•Indeed: PS simulations capture the bulk of the NNLO correction [FC, 
Melnikov, Roentsch (2017)]



H→bb decay@NNLO: a theoretical issue
•To facilitate computations, decay computed with massless b-quarks: 

mb ≪ mH

•Comparison with exp. [realistic final state]: use particular way of 
constructing b-jets, which uses from the fact that soft quarks don’t lead to 
any singularity

•This procedure is fine at LO/NLO, but problems arise at NNLO
•The problem: top/bottom interference

29 January 2018 Raoul Röntsch
NNLO QCD correction to WH production and H→bb decay
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Bottom mass effects
● There is another reason for needing to include the bottom mass:

NNLO interference contributions that are NOT WELL DEFINED!

Heavy top Wilson coefficient 
Bottom Yukawa

Interference contribution has identical parametric scaling to 
other NNLO corrections.

Requires helicity flip 

QCD correction

Bottom Yukawa

QCD correction

Top-loop interference contribution “Regular” contribution. 

Squared 

[Roentsch, talk at HXSWG VH meeting]



H→bb decay@NNLO: a theoretical issue
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NNLO QCD correction to WH production and H→bb decay
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Bottom mass effects
● There is another reason for needing to include the bottom mass:

NNLO interference contributions that are NOT WELL DEFINED!

Heavy top Wilson coefficient 
Bottom Yukawa

Interference contribution has identical parametric scaling to 
other NNLO corrections.

Requires helicity flip 

QCD correction

Bottom Yukawa

QCD correction

Top-loop interference contribution “Regular” contribution. 

Squared 

•In the SM, ‘’standard’’ yb2 and interference non separable!
•Why is this a problem? We require helicity flip → after factoring out 

one power of mb, amplitude acquires sub-leading power divergences 
when the b quarks are collinear OR soft, regularization procedure of before 
does not work

•In other words: amplitude develops logarithmic dependence ln(mb), 
cannot set mb → 0



Higgs production at the LHC: overview
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 = 125 GeVHM
MSTW2008

``gluon fusion’’
[large rate, Htt/Hbb/

Hgg couplings…]
∆TH ~ 4%

CAREFUL: ∆TH → QCD uncertainty on the TOTAL (=unobservable) cross-section

N3LO

N3LO

+NLO EW

``VBF’’
[gHVV coupling]

∆TH ~ 0.5%

``VH’’
[gHWW vs gHZZ]
∆TH ~ 1/2%

``ttH’’
[gHff]

∆TH ~ 5%

•The interference contribution on the total decay rate can be 
estimated to be ~ 30% of the NNLO corrections → small, 
but not tiny [FC, Melnikov, Roentsch (2017)]

•It would be interesting to look at shape dependence

•… also because this term has different scaling with yb → 
different behavior in BSM models [although probably too 
small to be useful…]

•To settle this: fully massive calculation is required…



Conclusions
•No obvious sign of NP at the LHC → crucial to perform detailed 

theory / experimental comparisons, to look for deviations from SM. 
Higgs is an obvious place to look…

•These studies are forcing us to keep improving our understanding of 
collider phenomenology → very good description of Higgs 
productions/decays

•The main goal are Higgs studies. However, in the process we keep 
learning important new information on a real world quantum field 
theory. Another (important) legacy of the LHC

•The progress is huge and it is happening very fast, could not make justice to 
it in half an hour. Apologies if your favorite topic was missing.

•Despite the progress, we are still very far from exploring the full 
potential of the (HL-)LHC (and future colliders). A lot of interesting 
non trivial work still to be done



Thank you very much  
for your attention


