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Precision Theory Challenges 
Theory uncertainties becoming increasingly important 

Experiments increasingly able to provide precise differential measurements 

+ Excellent from new physics perspective 

-  New challenges for theory precision 

Results in next year(s) will serve as legacy: we must think carefully what we do 

Higgs State of the Art 
Gluon-fusion: Inclusive + Rapidity distribution 

VBF, VH, ttH 

Higgs pt: small/intermediate/boosted 

Higgs pair production 

EFTs for interpreting Higgs Measurements
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Outline



HL-LHC Projections 
(S2) TH uncertainties scaled down by factor 2, EXP scaled according to
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Precision Theory Challenges
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Precision becomes even more critical 
TH: Do we miss sources of uncertainty? (HTL, EW corr., PDF MHOU, Schemes, …) 
EXP: Do we use the most accurate results? (PS validation, Match/ Merge)

ℒ

TH errors 
may 

dominate
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Higgs - Gluon-Fusion

mq(Q0)/GeV Q0/GeV

t 162.7 162.7
b 4.18 4.18
c 0.986 3.0

Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Exact N3LO Higgs boson production 
without threshold expansion 

Included in a handy code iHixs2 

Excellent agreement with threshold 
expansion for dominant gg channel 

Top-quark mass effects known at 3-loop 
(virtual piece)

Mistlberger 18

Dulat, Lazopoulos, Mistlberger 18

iHixs2

Need to attack on many fronts to 
further improve 
- N3LO PDFS 
- Full Mass dependence at NNLO 
- EW corrections 
- …

[h!]

Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty

�(theory) = +0.13pb
�1.20pb

�
+0.28%
�2.50%

�
�(scale)

+ ±0.56pb (±1.16%) �(PDF-TH)
+ ±0.49pb (±1.00%) �(EWK)
+ ±0.41pb (±0.85%) �(t,b,c)
+ ±0.49pb (±1.00%) �(1/mt)
= +2.08pb

�3.16pb

�
+4.28%
�6.5%

�
,

�(PDF) = ±0.89pb (±1.85%) ,
�(↵S) = +1.25pb

�1.26pb

�
+2.59%
�2.62%

�
.

(38)
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N3LO Higgs Rapidity
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Figure 6: Rapidity distribution of the Higgs boson computed using the qT subtraction formalism
up to N3LO. The seven-point scale variation bands (as stated in Table 1) of the LO, NLO, NNLO
and N3LO (CN3) results are as follows: LO (pale grey fill), NLO (green fill), NNLO (blue hatched)
and N3LO (CN3) (red cross-hatched). The central scale (µ = MH/2) at each perturbative order
(except LO) is shown with solid lines. In the lower panel, the ratio to the NNLO prediction
is shown. While the bands for the predictions at LO, NLO and NNLO are computed with the
seven scales as detailed in the text, the N3LO (CN3) band is obtained after considering also the
uncertainties due to the variation of the qcut

T
and the CN3 coe�cient in the N3LO-only contribution.

display a considerable reduction of scale uncertainties going from NNLO to N3LO in this central
rapidity region. For the rapidity region yH > 1, however, larger di↵erences are observed between
the two calculations, where the results using the qT subtraction formalism generally yield smaller
N3LO corrections (within the NNLO scale uncertainty band). Most recently, the calculation of
the threshold expansion including the first six terms was completed in Ref. [16], which exhibits a
stabilisation of the perturbative series together with a reduction of scale uncertainties. Comparing
Fig. 6 with the results obtained in Ref. [16], we observe very good agreement between the two
calculations.

5 Conclusions and outlook

In this paper we have performed a detailed study of Higgs boson production at the LHC using the
qT subtraction formalism at N3LO. We systematically describe the qT subtraction formalism for a
generic colourless and massive system F ({qi}) produced at hadron colliders. Fully di↵erential cross

18
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
shows the ratio of the approximate NNLO to the exact result, the right panel shows the approximate N3LO result to the best
prediction obtained in this work.
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FIG. 2: The Higgs boson rapidity distribution at di↵erent or-
ders in perturbation theory. The lower panel shows the N3LO
and NNLO predictions normalised to the N3LO prediction for
µ = mh/2.
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Both computations at N3LO in good agreement: 
1) Cieri et al. - Assumes 3rd order collinear 
function uniform in rapidity 
2) Dulat et al. - Soft expansion 

Remarkably flat K-factor (as expected) 

Cieri et al. relies on      subtraction, calculation 
rather time consuming (~7M CPU h) 

Future: with decays & in fiducial region 
How good are predictions currently used by EXP? 
Best way to use improved TH predictions… 

qT



NNLO QCD corrections to VBF-2j production and NLO QCD corrections to VBF-3j 
production using structure function approach  

Uncovered error in earlier calculation stemming from VBF-3j piece (now fixed)
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VBF Higgs production

Cruz-Martinez, Gehrmann, Glover, Huss 18

NNLO Cross section ~4% smaller than NLO 
(with VBF cuts) 

VBF di-Higgs production now also known at 
N3LO and NNLO (fully differential)

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

– 7 –

Cacciari, Dreyer, Karlberg, Salam, Zanderighi 15; Figy, Hankele, Zeppenfeld 07
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Figure 1. Born-level vector boson fusion process.
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Figure 2. Examples of second order QCD corrections (RR, RV, VV) to the VBF process.

Second order QCD corrections constitute of contributions from double real radiation

(RR), single real radiation at one loop (RV) and two-loop virtual (VV), see Figure 2.

Working in the structure function approach, the corrections to the basic VBF process can

be distributed amongst the quark lines, e.g. a real emission o↵ one quark line and a virtual

correction to the other line (as in Figure 2) contributes to the RV process.

In our calculation, we implemented the matrix elements for all relevant parton-level

subprocess, and used the antenna subtraction technique [19] to construct subtraction terms

for the infrared real radiation singularities in the RR and RV contributions so that these

contributions are finite over the whole of phase space. The implicit singularities in the

subtraction terms are then rendered explicit through integration over the unresolved phase

space and then combined with the VV contribution to render this contribution also finite

and amenable to numerical integration in four space-time dimensions. The numerical

implementation is performed in the NNLOjet parton-level event generator framework,

which provides the phase-space generator, event handling and analysis routines as well

as all unintegrated and integrated antenna functions [20] that are used to construct the

subtraction terms.

3 Results

For our numerical computations, we use the NNPDF3.0 parton distribution functions [21]

with the value of ↵s(MZ) = 0.118 at NNLO, and MH = 125 GeV, which is compatible

with the combined results of ATLAS and CMS [22]. Furthermore, we use the following

– 3 –

Dreyer, Karlberg 18, 18

Common project with Jets group: 
Prospects for quark/gluon jet tagging for VBF?
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Higgs - VH

NNLO QCD corrections (both production and decay) to  
using NWA and              *

pp ! W (l⌫)H(bb)
<latexit sha1_base64="sA4Tvvh5qQCpFyGtHkZzZHmaixI="></latexit><latexit sha1_base64="sA4Tvvh5qQCpFyGtHkZzZHmaixI="></latexit><latexit sha1_base64="sA4Tvvh5qQCpFyGtHkZzZHmaixI="></latexit><latexit sha1_base64="sA4Tvvh5qQCpFyGtHkZzZHmaixI="></latexit>

Ferrera, Somogyi, Tramantano 17;  Caola, Luisoni, Melnikov, Röntsch 17mb = 0
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Loopfest XVII
MSU, 19 July 2018

Raoul Röntsch
Nested soft-collinear subtractions for color singlet production and decay

28

                  to NNLO in production 
and decay

[Caola, Luisoni, Melnikov, R.R. ‘17]

NNLO corrections in production and decay in NWA.

Confirm results of [Ferrera, 
Somogyi, Tramantano ‘17]: 

● Large (~60%) at low invariant 
mass.

● Sharp decrease at Higgs mass.

● ~ 15% depletion at high inv. 
mass.

● Expected as full NNLO 
includes corrections to decay – 
reduce inv. mass.

● Fairly well described by a 
parton shower.

Corrections to decay

Corrections to production

(NLO Decay)

pp ! W
�
H +X ! l⌫lbb+X

<latexit sha1_base64="oKZnpGSWPXuV5lzKSWFEghZLO7Q="></latexit><latexit sha1_base64="oKZnpGSWPXuV5lzKSWFEghZLO7Q="></latexit><latexit sha1_base64="oKZnpGSWPXuV5lzKSWFEghZLO7Q="></latexit><latexit sha1_base64="oKZnpGSWPXuV5lzKSWFEghZLO7Q="></latexit>

Significant corrections to some 
distributions (those trivial at LO) 

PS captures some of the effect 

Include NNLO calculation of                
with massive bottom quark?

NNLOPS accurate 

Sizeable impact of                 above top- quark 
threshold (note: beyond LO ``gluon induced’’ 
reals interfere with            channel)

Astill, Bizon, Re, Zanderighi 18
pp ! H(bb̄)Z(l+l�)
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Figure 7. The differential distributions of the invariant mass of the HZ system (left panel) and the
transverse momentum of the Higgs boson reconstructed from b-jets (right panel). The lower panel
illustrate ratio of full results (NNLO as well as NNLOPS) to the NNLOPS results without gg!HZ

contribution.

We start by examining the results without gg ! HZ contribution (left hand panels).
We note that both the fixed-order (green) and the HZNNLOPS after parton shower (red)
differ from the MC-truth result (blue). At low transverse momenta, this difference becomes
smaller when a larger jet-radius is considered (left bottom panel), which suggests that
the dominant reason for the difference is out-of-jet radiation from the bb̄-final state. At
larger transverse momenta the difference with respect to the MC-truth is instead smaller at
smaller jet-radius (top left panel), which points to the fact that in this region the difference
is mainly due to radiation from the initial state. We also notice that in the intermediate
transverse momentum region the fixed-order and HZNNLOPS show sizeable differences for
small jet radius, while these differences are more moderate when using a larger R. This can
be easily understood from the fact that the observable with larger R is more inclusive and
hence fixed-order and parton shower results are in better agreement.

We now move to discuss the plots including the gg ! HZ effects. First, we note that
the red and green bands in the top right panel if Fig. 8 are identical to the bands shown
in the right panel of Fig. 7. As expected when the radius becomes bigger (bottom right
panel) the fixed-order (green) and parton shower results (red) move closer to each other,
again because the observables become more inclusive. We also note that the uncertainty
bands are now larger compared to the results without gg ! HZ contribution. This was
already observed for the fiducial cross section and is due to the leading order description of
the gg!HZ contribution.

We now show the distribution of the transverse momentum of the bb̄-jet system in the
fiducial volume with and without the additional cut pt,Z > 150 GeV. The relevant plots are
shown in Fig. 9. First of all we note that the difference between treating the H!bb̄ decay at
NLO with respect to LO is very small, which leads to the conclusion that a parton shower
equipped with Matrix Element corrections to the H ! bb̄ branching provides a very good
estimation of the higher-order corrections. We also notice a Sudakov shoulder in the fixed-

– 16 –

H → bb̄

Bernreuther, Chen, Si 18; Primo, Sasso, Somogyi, 
Tramontano 18

gg → HZ

qq̄, qg



 8

Higgs - ttH

Discovered in Run II 

Considerable theory uncertainty for       backgrounds 
Experiments use MC modelling for irreducible         background (NLO+PS+re-weight)

CMS-HIG-17-035; CERN-EP-2018-138

tt̄bb̄
tt̄HNLOPS tt̄bb̄ discrepancies (since YR4)

stable ttbb

SHERPA YR4
NLO
SHERPA NEW
MG5 YR4
MG5 NEW
POWHEGBOX

10�3

10�2

pT of 1st light-jet (ttbb cuts)

ds
/d

p
T

[p
b/

G
eV

]

0 50 100 150 200 250 300 350 400

0.5

1

1.5

2

2.5

pT [GeV]

d
s

/d
s r

ef

Phase space with Nb � 1

good agreement (although one b unresolved!)

Phase space with Nb � 2

NLOPS/NLO e↵ect and MC spread up to 40% (beyond NLO uncertainty)

related to NLOPS enhancements in light-jet pT spectrum

3 / 20

Significant discussion of background 
within LHCXSWG ttH subgroup: 
- Tuned comparison of various PS tools 
- Scale tuning using NLO   
- Finding origin of discrepancy (b-jet bin 

migrations, large K-factor + spuriously 
large RPS,…?) 

- NLO merging of 

tt̄bb̄j

X + bb̄ & X + jj
Höche, Krause, Siegert 19

Room for TH/EXP interaction 
Experiments primarily need guidance for transfer from control to signal regions 
How to transfer findings from V+HF to tt+HF?  
Can we constrain tt+HF using tt+jets data?

Points taken from:  
Frank Siegert (SM@LHC19)



Bizoń, Chen, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Monni, Re, Rottoli, 
Torrielli 18
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Higgs - Small pt

Higgs Boson transverse momentum spectrum at small       known at NNLO + N3LL  
1) SCET based approach 
2) Direct QCD 

Resum                : remaining perturbative uncertainties ~6% for                           

pT

5 < pT < 35 GeVln(pT /mH) 5

0.7

0.8

0.9

1

1.1

0 20 40 60 80 100 120 140 160 180 200

PDF4LHC15
Scale⊗Profle
variation of 66
combinations

R
at
io
to
N
N
LO

⊕
N
3L
L

pT [GeV]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

NNLOJET⊕SCET p p→ H + ≥ 0 jet mH=125 GeV √s = 13 TeV

dσ
/d
p T

[p
b/
G
eV
]

NNLO LO⊕NLL NLO⊕NNLL NNLO⊕N3LL

0

0.5

1

1.5

0.8

0.9

1

0 10 20 30 40

FIG. 3. The Higgs-boson transverse momentum distribution
matched between FO and SCET. Dashed lines indicate central
scales of mH/2 and matching profile centered at 30 GeV. The
theoretical uncertainties are estimated by taking the envelope
of all scale and profile variations (see text). Ratio plots in
the lower panel presents the scale and profile variation with
respect to NNLO+N3LL (red dashed line).

the level of 1 per-mille, which imposes a strong chal-
lenge on fixed-order calculations in the infrared unstable
small pT region. We have shown excellent agreement be-
tween SCET and NNLOJET in this region, which provides
a highly nontrivial check of both calculations. The fi-
nal matched predictions show a continuous reduction of
scale uncertainties order by order, and are significantly
more precise for small pT . We expect our results will
have an important impact on understanding the detailed
properties of the Higgs boson at the LHC.
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Figure 7. Comparison of the transverse momentum distribution for Higgs boson production at NNLO and
N3LL+NNLO for a central scale choice of µR = µF = mH/2 (left) and µR = µF = mH (right). In both
cases, Q = mH/2. The lower panel shows the ratio to the N3LL+NNLO prediction.
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Figure 8. Comparison of the transverse momentum distribution for Higgs boson production between
N3LL+NNLO, NNLL+NLO, and NNLO at central scale choice of µR = µF = mH/2. The lower panel
shows the ratio to the N3LL+NNLO prediction.

notice indeed that in both cases the effect of resummation starts to be increasingly relevant for
p
H
t
. 40 GeV.
In the following we choose mH/2 as a central scale. Nevertheless, we stress that a comparison to

data (not performed here for Higgs boson production) will require a study of different central-scale
choices.

To conclude, Figure 8 reports the comparison between our best prediction (N3LL+NNLO),
the NNLL+NLO, and the NNLO distributions. The plot shows a very good convergence of the
predictions at different perturbative orders, with a significant reduction of the scale uncertainty in
the whole kinematic range considered here.

5.2 Matched predictions for fiducial H ! ��

Experimental measurements are performed within a fiducial phase-space volume, defined in order
to comply with the detector geometry and to enhance signal sensitivity. On the theoretical side it
is therefore highly desirable to provide predictions that exactly match the experimental setup. The
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Impact of resummation also studied for              (fiducial)  
Found to be rather similar to inclusive case 
Extremely small scale uncertainty due to accidental cancellation for central scale 
choice

H → γγ

μF = μR = mH /2
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Higgs - Top/Bottom Interference

resummed result. However at smaller values, p? <⇠ 30GeV we observe a marked difference between
the two results. The error for the full matched result is close to 10% for p? <⇠ 30 GeV and close to
⇠ 20% at larger p?. We stress however that the uncertainty on the dominant top contribution can
be further reduced by employing the results of Refs. [7–11, 29, 55].

-0.14

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

 0

 0.02

 0.04

 20  30  40  50  60  70

p p -> H, 13 TeV, mH = 125 GeV

µR = µF = mT/2, Qt=Qb=mH/2

On-shell scheme, multipl. matching

PDF4LHC15 (NNLO)

 d
σ

/d
 p

⊥
 [
p
b
/G

e
V

]

p⊥ [GeV]

NLO interference (total uncertainty)

NNLL+NLO interference (total uncertainty)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

p p -> H, 13 TeV, mH = 125 GeV
µR = µF = mT/2, Qt = Qb = mH/2

On-shell, multipl. scheme
PDF4LHC15 (NNLO)

 d
σ

/d
 p

⊥
 [
p
b
/G

e
V

]

NLO (top+bottom, total uncertainty)

NNLL+NLO (top+bottom, total uncertainty)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 0.8

 1

 1.2

 10  20  30  40  50  60  70  80  90  100  110  120ra
tio

 t
o
 N

N
L
L
+

N
L
O

p⊥ [GeV]

 0.8

 1

 1.2

 10  20  30  40  50  60  70  80  90  100  110  120

Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
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Caola, Lindert, Melnikov, Monni, Tancredi, Wever 18

Interference studied at NLO+NNLL (for                       )mB < pT < mT

Sizable (~20%) uncertainty from bottom-quark mass scheme choice at small      
(assessed by comparing       scheme to       ) - hard to reduce this uncertainty 

Does not yet include NNLO+N3LL top-quark only (HTL) result

OS
pT

MS
Bizon, Monni, Re, 
Rottoli, Torrielli 17

Can combine                                    with               approximation for NLO pieces to 
compute this effect Melnikov, Tancredi, Wever 17; Lindert, Melnikov, Tancredi, Wever 17
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mT → ∞m2
B ≪ |s | , | t | , |u | , m2

H



H+Jet Computed at NNLO QCD (HTL) by 3 groups 
1) Antenna subtraction  

2) Sector improved residue subtraction 

3) N-Jetiness 

Long standing discrepancy between 1/2 and 3 finally seems to have been resolved 
(issue with implementations of H+2j, too large       )

 11

Higgs - Moderate pt & HTL

Chen, Gehrmann, Glover, Jaquier 14

Boughezal, Caola, Melnikov, Petriello, Schulze 15

Boughezal, Focke, Giele, Liu, Petriello 15

Fiducial cross sections for H+Jet now known at 
NNLO QCD for: 
-  
-  
-  

Discussion of acceptance factors for STXS at LO, 
NLO, NNLO (stability impacted by choice of 
EXP cuts), Comparison with what EXP are 
doing?

H → γγ
H → WW* → (2l,2ν)
H → ZZ* → 4l Chen, Gehrmann, Glover, Huss 19

Caola, Melnikov, Schulze 15
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Figure 10. Transverse momentum distribution of the Higgs boson for CMS [
R
Ldt = 35.9 fb�1]

(upper-left) and [
R
Ldt = 137.1 fb�1] (upper-right), ATLAS I [

R
Ldt = 36.1 fb�1] (lower-left) and

ATLAS II [
R
Ldt =79.8 fb�1] (lower-right) cuts and integrated luminosities.

imental data in this region are typically exceeding the theory predictions, especially for

p
4l

T
> 150 GeV. In this region, gluon fusion Higgs boson production is complemented by

sizeable contributions from other production processes (vector boson fusion and associated

production with a vector boson), which are not included in the present study.

3.3 Lepton transverse momentum distributions

The future increase of the LHC data set will enable multi-di↵erential measurements in spe-

cific Higgs-boson final states, thereby opening up novel opportunities for precision studies

of Higgs boson production and decay. The interpretation of such future measurements will

rely on theory predictions for the relevant fiducial distributions. To illustrate that such

types of fiducial distributions can be reliably predicted using NNLOJET, we present in

Fig. 11 the individual transverse momentum distributions of all four leptons in Higgs-plus-

jet production, computed for the ATLAS II fiducial cuts. The leptons are ordered by their

transverse momentum, and summed over charge and flavour. The theory uncertainties are

obtained from the common seven-point scale variation and the numerical integration errors

are indicated on the central values as error bars. The distributions for the leading and sub-

leading leptons are very stable throughout the plotted region. The statistics for the third

and fourth leptons drop drastically beyond 300 and 200 GeV respectively, exhibiting rela-

tively large residual integration errors. All four leptons must satisfy the fiducial selection

criterion and are identified as isolated leptons. Each of the lepton transverse momen-

tum distribution can be integrated to the same total cross section (within corresponding

– 16 –

τcut Campbell, Ellis, Seth 19
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Large pt - Boosted Higgs

Expect               approximation to fail, resolve loop 
Known at NLO in 2 approaches: 
1) Expansion valid for 

2) Exact result (numerical)

mT → ∞

m2
H, m2

T ≪ |s | ∼ | t | ∼ |u |
(Lindert), Kudashkin, Melnikov, Wever 17,18; Neumann 18

SPJ, Kerner, Luisoni 18
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Large K-factor ~ 2 
For the scale choice                : 
- K-factor very similar to HTL 
- K-factor nearly flat at large  
- ~8% increase from including      in virtuals

μ = HT /2

pT
mT

Several open questions… 
Combination with NNLO HTL 
Top-quark mass scheme uncertainty  
Background processes (V+jets,…) 
Electroweak corrections 
How well do PS really do (esp. for LO accurate 
variables)?

OS/MS
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Large pt - Boosted Higgs (II)
Poor man’s NNLO EFT/NLO full combination is available for boosted Higgs:

pcutT LOfull NLOfull KNLO

full
LOEFT NLOEFT NNLOEFT KNLO

EFT
KNNLO

EFT

400 11.9+45%

�29%
27

+15%

�20%
2.23 32

+44%

�29%
63

+23%

�19%
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+9.2%
�12%

1.93 1.25

430 8.2+45%

�29%
18.3+14%

�21%
2.22 25

+44%

�29%
48

+22%

�19%
60

+9.1%
�11%

1.92 1.25

450 6.5+45%

�29%
14.5+14%

�21%
2.22 21

+45%

�29%
41

+22%

�19%
51

+9.1%
�11%

1.92 1.25

500 3.7+45%

�29%
8.1+14%

�21%
2.22 14.2+45%

�29%
27

+22%

�20%
34

+9%

�11%
1.91 1.25

550 2.1+45%

�30%
4.7+13%

�21%
2.19 9.8+45%

�29%
18.6+22%

�20%
23

+8.9%
�11%

1.91 1.25

600 1.28+46%

�30%
2.8+14%

�21%
2.18 6.8+45%

�29%
13.0+22%

�20%
16.2+8.8%

�11%
1.90 1.25

650 0.79+46%

�30%
1.71+14%

�21%
2.17 4.9+46%

�29%
9.3+22%

�20%
11.5+8.7%

�11%
1.90 1.24

700 0.49+47%

�30%
1.06+14%

�21%
2.15 3.5+46%

�29%
6.7+22%

�20%
8.3+8.7%

�11%
1.90 1.24

750 0.32+47%

�30%
0.67+13%

�21%
2.14 2.6+46%

�30%
4.9+22%

�20%
6.1+8.6%

�11%
1.90 1.24

800 0.20+47%

�30%
0.43+13%

�21%
2.12 1.90+46%

�30%
3.6+22%

�20%
4.5+8.6%

�11%
1.90 1.24

850 0.135+47%

�30%
0.28+13%

�21%
2.10 1.42+47%

�30%
2.7+22%

�20%
3.3+8.6%

�11%
1.89 1.24
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p
cut
? LO [fb] NLO[6] [fb] K

400 GeV 11.9+43.7%
�28.9% 25.5+6.4%

�17.0% 2.14

430 GeV 8.2+44%
�29.1% 17.6+6.2%

�17.0% 2.14

450 GeV 6.5+44%
�29% 13.9+6.4%

�17.1% 2.14

500 GeV 3.6+44.2%
�29.4% 7.7+6.2%

�17.2% 2.12

550 GeV 2.1+44.7%
�29.1% 4.4+6.2%

�17.0% 2.12

600 GeV 1.2+44.9%
�29.5% 2.6+6.7%

�17.5% 2.10

650 GeV 0.74+45.1%
�29.9% 1.6+6.5%

�17.5% 2.09

700 GeV 0.45+45.1%
�29.6% 0.93+6.4%

�17.5% 2.07

750 GeV 0.27+45.9%
�29.7% 0.56+5.6%

�17.5% 2.05

800 GeV 0.16+45.0%
�29.9% 0.33+6.1%

�17.5% 2.02

850 GeV 0.09+45.8%
�29.9% 0.19+6.4%

�18.7% 2.00

Table 1: Inclusive cross sections and K-factors for pp ! H+jet in the SM for the relevant p
cut
?

values as computed in ref. [6]. The exact two-loop virtual corrections are included. The results
are obtained with the parton densities set PDF4LHC�30�pdfas (used both for LO and NLO) and
central scales µR = µF = 1/2

⇣p
m

2
H
+ p

2
? +

P
i
|pt,i|

⌘
. Uncertainties are estimated by varying µF

and µR separately by factors of 0.5 and 2 excluding opposite variations.

the results for some relevant p? cuts from refs. [6] are reported in Table 1.102

The exact NLO QCD corrections computed in ref. [6] modify the exact leading order prediction103

significantly but in a uniform way, as it can be appreciated from Fig. 1, from which one can extract104

KQCD ⇠ 2.14 (2.3)

with a very mild p? dependence.105

An analogous behaviour is observed in predictions obtained within the EFT. As a consequence,106

the modifications of the shape of the p? distribution of the Higgs boson due to finite top quark107

mass effects is already accounted for in Eq. (2.1) by the inclusion of exact leading order matrix108

elements. The EFT K-factor is of the size of KEFT ⇠ 1.93.109

Ideally, we want to combine the NNLO predictions computed in the EFT with the exact NLO110

prediction. Under the assumption that the exact NNLO QCD corrections follow the pattern of111

the NNLO EFT corrections, i.e. they would lead to a a uniform K-factor, this can be achieved by112

rescaling EFT NNLO predictions in the following way:113

d�
EFT-improved (1), NNLO

dp?
=

d�
QCD, NLO

dp?
d�EFT, NLO

dp?

d�
EFT, NNLO

dp?
. (2.4)

We combine the above K factors [6] with the NNLO prediction of ref. [4], which uses the setup114

reported at the beginning of Section 2. The prediction of ref. [6] is obtained with a different scale115

choice, namely116

µR = µF =
1

2

 q
m

2
H
+ p

2
? +

X

i

|pt,i|
!

, (2.5)

– 3 –

Rescale NLO by KNNLO = NNLOHTL/NLOHTL 

Assumes SM/HTL K-factors similar

Find reasonable agreement with state of the art 
showered predictions 

At high-     considerable contribution from VH,VBF,ttH 

4 Higgs production at large transverse momentum

The HL and HE LHC upgrades would allow for in-depth analyses of the high-pt tail of the Higgs boson
transverse momentum distribution. This region is particularly interesting as it is very sensitive to BSM
physics in the Higgs sector. For example, measurements in the boosted region would allow one to lift
the degeneracy between ggH and ttH couplings, and in general probe the internal structure of the ggH

interaction.
We first present results for the 13 TeV LHC. In Fig. 2(left) we show the cumulative Higgs trans-

verse momentum distribution, defined as

⌃(p
H

t ) =

1Z

p
H

t

d�

dpt

,

for the main production channels. The ggF prediction is obtained by rescaling the exact NLO with the
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Fig. 2: Boosted Higgs prediction at the 13-TeV LHC. Left: cumulative transverse momentum distribution. Right:
relative importance of different production mechanisms. See text for details.

NNLO K�factor in the mt ! 1 approximation, and it does not contain EW corrections. The VBF and
VH predictions include NNLO QCD and NLO EW corrections, while the tt̄H prediction includes NLO
QCD and EW corrections. In Fig. 2(right), we show the relative importance of the different production
mechanisms.3 As it is well known, at high pt the ggF channel becomes somewhat less dominant. Still,
radiative corrections strongly enhance this channel, which remains the dominant one in the TeV region.
A very similar picture is expected for the HL-LHC.

Figs. 3 and 4 show similar predictions for the HE-LHC. In Fig. 3, all predictions are LO. At
high pt, the ggF channel become subdominant compared to the other ones. VBF becomes the dominant
channel around pt ⇠ 1 TeV, and VH around pt ⇠ 2 TeV. In the TeV region, the tt̄H channel becomes
larger than ggF .

This picture is however significantly altered by radiative correction, whose size and impact varies
significantly between the different channels. This is shown in Fig. 4, where predictions include radiative
corrections. More precisely, the VBF, VH and tt̄H predictions have the same accuracy of the ones
in Fig. 2. The ggF prediction contains exact LO mass effects rescaled by the NLO K�factor in the
mt approximation. This is expected to provide an excellent approximation of the exact NLO result.

3 The small feature around pt ⇠ 750 GeV in the ggF channel is due to lack of statistics in the theoretical simulation and it
is not a genuine physical feature.

12

pT
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Simplified Template Cross Sections

Combined Meeting with LHCXSWG Fiducial/STXS Subgroup Scheduled:  
``STXS in production and ideas for STXS in decays’’  
Wednesday 12 June 14h00-18h00 Auditorium →Talk of Michael

438 III.2.1. Overview
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Figure 217: Schematic overview of the simplified template cross section framework.

precise form of the categorization. Typically, a subset of the experimental event categories is designed to
enrich events of a given Higgs boson production mode, usually making use of specific event topologies.
This is what eventually allows the splitting of the production modes in the global fit. Another subset of
event categories is defined to increase the sensitivity of the analysis by splitting events according to their
expected signal-to-background ratio and/or invariant-mass resolution. In other cases, the categories are
motivated by the analysis itself, e.g. as a consequence of the backgrounds being estimated specifically
for certain classes of events. While these are some of the primary motivations, in the future the details of
the event categorization can also be optimized in order to give good sensitivity to the simplified template
cross sections to be measured.

The centre of Figure 217 shows a sketch of the simplified template cross sections, which are
determined from the experimental categories by a global fit that combines all decay channels and which
represent the main results of the experimental measurements. They are cross sections per production
mode, split into mutually exclusive kinematic bins for each of the main production modes. In addition,
the different Higgs boson decays are treated by fitting the partial decay widths. Note that as usual,
without additional assumptions on the total width, only ratios of partial widths and ratios of simplified
template cross sections are experimentally accessible.

The measured simplified template cross sections together with the partial decay widths then serve
as input for subsequent interpretations, as illustrated on the right of Figure 217. Such interpretations
could for example be the determination of signal strength modifiers or coupling scale factors  (pro-
viding compatibility with earlier results), EFT coefficients, tests of specific BSM models, and so forth.
For this purpose, the experimental results should quote the full covariance among the different bins. By
aiming to minimize the theory dependence that is folded into the first step of determining the simpli-
fied template cross sections from the event categories, this theory dependence is shifted into the second

Stage 1.1 update recently released LHCHXSWG-2019-003
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Higgs Pair Production 

Seraina Glaus 13.05.2019

Uncertainty due to mt: total hadronic cross section 
Take for individual Q values the maximum / minimum differential cross section and 
integrate  

!10

Results

m
HH

[GeV]

gg ! HH at NLO QCD |
p
s = 14 TeV | PDF4LHC15

d�/dm
HH

[fb/GeV]
µ
R
= µ

F
= m

HH
/2

Full NLO results in di↵erent top-mass schemes

MS scheme with m
t
(m

t
)

MS scheme with m
t
(m

HH
/4)

MS scheme with m
t
(m

HH
)

OS scheme

�(gg ! HH) = 32.78(7)+4.0%
�17%

with PDF4LHC15

Now have two independent computations of HH at NLO QCD (both numerical) 
Good agreement between two groups
Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert, Zirke 16; 
Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher 18

Recent calculation allows      to be varied 
Large top-quark mass scheme uncertainty 
  
Questions: 
How exactly should we assess this 
uncertainty? 
How does this impact results at NNLO? 
Can we learn anything more from the 
analytic high-energy limit results? 

Towards resummation? 

mT

Partial EW results now known Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao 18

Davies, Mishima, Steinhauser, Wellmann 18 
Davies, Herren, Mishima, Steinhauser 19

Liu, Penin 17, 18
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Higgs Pair - NNLO HTL Combined with NLO SM

Grazzini, Heinrich, SJ, Kallweit, Kerner, Lindert, 
Mazzitelli 18; (+NNLL) de Florian, Mazzitelli 18;
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Figure 2: Higgs boson pair invariant mass distribution at NNLO for the di↵erent approximations,
together with the NLO prediction, at 14TeV (left) and 100TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14TeV. The scale uncertainty is substantially reduced in the

10

R(ij ! HH +X) =
ABorn

Full
(ij ! HH +X)

A(0)

HEFT
(ij ! HH +X)

<latexit sha1_base64="vPS7ngapfu9yhfctconomQzjMzc="></latexit><latexit sha1_base64="vPS7ngapfu9yhfctconomQzjMzc="></latexit><latexit sha1_base64="vPS7ngapfu9yhfctconomQzjMzc="></latexit><latexit sha1_base64="vPS7ngapfu9yhfctconomQzjMzc="></latexit>

Differential NNLO HTL + NLO SM 

Top quark mass effects studied using 
3 different approximations

p
s 13 TeV 14 TeV 27 TeV 100 TeV

NLO [fb] 27.78 +13.8%
�12.8% 32.88 +13.5%

�12.5% 127.7 +11.5%
�10.4% 1147 +10.7%

�9.9%

NLOFTapprox [fb] 28.91 +15.0%
�13.4% 34.25 +14.7%

�13.2% 134.1 +12.7%
�11.1% 1220 +11.9%

�10.6%

NNLONLO�i [fb] 32.69 +5.3%
�7.7% 38.66 +5.3%

�7.7% 149.3 +4.8%
�6.7% 1337 +4.1%

�5.4%

NNLOB�proj [fb] 33.42 +1.5%
�4.8% 39.58 +1.4%

�4.7% 154.2 +0.7%
�3.8% 1406 +0.5%

�2.8%

NNLOFTapprox [fb] 31.05 +2.2%
�5.0% 36.69 +2.1%

�4.9% 139.9 +1.3%
�3.9% 1224 +0.9%

�3.2%

Mt unc. NNLOFTapprox ±2.6% ±2.7% ±3.4% ±4.6%

NNLOFTapprox/NLO 1.118 1.116 1.096 1.067

Table 1: Inclusive cross sections for Higgs boson pair production for di↵erent centre-of-mass
energies at NLO and NNLO within the three considered approximations. Scale uncertain-
ties are reported as superscript/subscript. The estimated top quark mass uncertainty of the
NNLOFTapprox predictions is also presented. The uncertainties due to the qT -subtraction and
the numerical evaluation of the virtual NLO contribution are both at the per mille level.

NNLOFTapprox, i.e. by about a factor of three. This reduction of the scale uncertainties is
stronger as we increase the collider energy, being close to a factor of five at 100TeV.

As is well known, scale uncertainties can only provide a lower limit on the true perturbative
uncertainties. In particular, from Table 1 we see that the di↵erence between the NNLO and
NLO central predictions is always larger than the NNLO scale uncertainties (although within
the NLO uncertainty bands). In any case, the strong reduction of scale uncertainties, together
with the moderate impact of NNLO corrections, suggests a significant improvement in the
perturbative convergence as we move from NLO to NNLO.

It is also worth mentioning that the three approximations have a di↵erent behaviour withp
s. For instance at 100TeV, the increase with respect to the NLO prediction for the NNLOB-proj

and NNLONLO-i approaches is 23% and 17%, respectively, values that are close to the ones for
14TeV (20% and 18%, respectively). By contrast, the NNLOFTapprox result increases the NLO
prediction by 7% at 100TeV, i.e. the correction is smaller by almost a factor of two than
at 14TeV (12%), which also means a larger separation with respect to the other two NNLO
approximations. The smaller size of the NNLO corrections in the FTapprox at higher energies
is also consistent with the observed reduction of scale uncertainties.

As was mentioned already in Section 2.2, the NNLOFTapprox result is expected to be the most
accurate one among the approximations studied in this work, and therefore it is considered to
be our best prediction. In order to estimate the remaining uncertainty associated with finite top
quark mass e↵ects at NNLO, we start by considering the accuracy of the FTapprox approximation
at NLO. At 14TeV the NLO FTapprox result (see Table 1) overestimates the full NLO total cross

8

1) NNLONLO-i 

Rescale NLO by KNNLO = NNLOHTL/NLOHTL 

2) NNLOB-proj 

Project real radiation contributions to Born 
configurations, rescale by LO/LOHTL 
3) NNLOFTapprox  
NNLO HTL correction rescaled for each 
multiplicity by:
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Figure 3: (Left) Comparison of the 95% probability contours on the V -f plane allowed by each Higgs
decay channel using Run 1 (dashed lines) and Run 1+2 data (solid regions). (Center) Comparison of the
68% and 95% probability contours in the same plane, from EWPO and current Higgs signal strengths (see [4]
for details). (Right) 95% probability limits on the NP interaction scale from the fit to each dimension 6
operator in the SMEFT (1 operator at a time).

the fits to the interactions entering in Higgs observables, assuming one operator at a time. With ⇠ 36 fb�1

the e↵ect of the 13 TeV results are already starting to dominate the bounds on several of the dimension-6
operators. Also, comparing Figures 2 and 3, we see that, with the exception of the operator O�WB the limits
from EWPO and Higgs observables are complementary on the dimension-6 parameter space. The results
of a global fit including all operators simultaneously are however more intricate. There are again large
correlations between the di↵erent NP e↵ects, and somewhat flat directions allowing some of the interactions
to go beyond the regime of validity of perturbation theory. In such cases there is a strong sensitivity to
the e↵ect of quadratic terms from the dimension-6 operators in the amplitudes squared. This can help to
bound more e�ciently the di↵erent operators, at the expense of limiting the range of applicability of the
EFT results. The discussion of the results of a complete global fit will be provided elsewhere.

4 Conclusions

In these proceedings we have presented a preliminary study of the e↵ects that the electroweak precision
measurements taken at the Tevatron and LHC have on the global electroweak fit. While improvements
in the electroweak precision constraints on NP are minor, it is remarkable that the recent hadron collider
measurements of sin2 ✓lepte↵ are already competing in precision with the results from LEP and SLD. Further
improvements are also expected in the determination of the W mass, both from the full Tevatron data set
as well as with future measurements from ATLAS and CMS. These could bring the overall precision close
to the current theoretical uncertainty, allowing to test the SM prediction to a new level of accuracy.

We have also studied in these proceedings the Higgs-boson observable constraints obtained using the
LHC 13 TeV data, and shown quantitatively the improvements already obtained compared with the Run-1
data. A more detailed study of these results will be presented in a future publication.
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EFTs - Interpretation of Higgs Measurements
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EFTs allow us to make model-independent statements about constraints on new 
interactions and on the scale of new physics

Higher-order results including dim-6 operators known for: 
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Maltoni, Mawatari, Zaro 13; Degrande, Fuks, Mawatari, Mimasu, Sanz 16; 
Maltoni, Vryonidou, Zhang 16; Deutschmann, Duhr, Maltoni, Vryonidou 17; …

→Talk of Michael

Ellis, Murphy, Sanz, You 18

de Blas, Ciuchini, Franco, Mishima, Pierini, Reina, 
Silvestrini 17



Full NLO QCD result with variable         available in POWHEG 
Constraints on    also from EW-corrections to H, EW precision
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EFTs - Application to Higgs Pair Production
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