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HL/HE-LHC: Opportunities
High statistics / high energy allows for different kind of Higgs 
studies 

• Rare processes (HH, H→μμ, exclusive decays, light Yukawas…) 

• Explore new kinematics configurations (both from high lumi/high 
energy) (off-shell, boosted) 

• Highest precision on ``standard’’ analysis

At least for HL-LHC, a lot of results already available (e.g. HH)

�new physics ⇠
Q2

⇤2
new physics

Q~ mH: highest precision

high Q: high energy



Example: Off-shell Higgs from same sign VBF
Most useful channel is W+W- vs W+W+

In the first instance, we work in the effective coupling framework, 
where standard couplings are rescaled by !V.


At√s=8TeV, SM prediction displays a dependence on !V


!

ATLAS on-shell signal-strength 

ATLAS W+W+ measurement 

Bound is             

Current notional width bound

16

W+W-On-shell W+W+ Off-shell

[Englert, Spannowski (2014); Campbell, Ellis (2015)]

Process Nominal Cut σ [fb] Factor Events

process O(α6) in 100 fb−1

pp → e−µ+νµν̄ejj W−W+ mWW
T > 300 GeV 0.2378 x4 95

pp → νee+νµµ+jj W+W+ mWW
T > 300 GeV 0.1358 x2 27

pp → e−ν̄eµ−ν̄µjj W−W− mWW
T > 300 GeV 0.0440 x2 9

pp → νee+µ−µ+µ+jj W+Z mWZ
T > 300 GeV 0.0492 x4 20

pp → e−ν̄eµ−µ+jj W−Z mWZ
T > 300 GeV 0.0242 x4 10

pp → l−l+νlν̄ljj ZZ mZZ
T > 300 GeV 0.0225 x6 14

pp → l−l+νlν̄ljj ZZ mWW
T > 300 GeV 0.0181 x6 11

pp → e−e+µ−µ+jj ZZ m4l > 300 GeV 0.0218 x2 4

Table 3. Electroweak (O(α6)) cross sections at
√
s = 13 TeV, under the cuts given in Eqs. (2.2)–

(2.6) and the off-shell definition specified in the table. The factor gives the approximate number by
which the result shown for specific lepton flavours must be multiplied to account for two flavours
of charged leptons, e, µ and three flavours of neutral leptons, νe, νµ, ντ .

Process Nominal Cut σ [fb] Factor Events

process O(α4α2
s) in 100 fb−1

pp → e−µ+νµν̄ejj W−W+ mWW
T > 300 GeV 0.2227 x4 89

pp → νee+νµµ+jj W+W+ mWW
T > 300 GeV 0.0079 x2 2

pp → e−ν̄eµ−ν̄µjj W−W− mWW
T > 300 GeV 0.0025 x2 0

pp → νee+µ−µ+µ+jj W+Z mWZ
T > 300 GeV 0.0916 x4 37

pp → e−ν̄eµ−µ+jj W−Z mWZ
T > 300 GeV 0.0454 x4 18

pp → l−l+νlν̄ljj ZZ mZZ
T > 300 GeV 0.0143 x6 9

pp → l−l+νlν̄ljj ZZ mWW
T > 300 GeV 0.0118 x6 7

pp → e−e+µ−µ+jj ZZ m4l > 300 GeV 0.0147 x2 3

Table 4. Mixed QCD-electroweak (O(α4α2
s)) cross sections at

√
s = 13 TeV, under the cuts given

in Eqs. (2.2)–(2.6) and the off-shell definition specified in the table.

in reality cannot be separated from the ZZ → 2l2ν channel. For this reason we consider

both processes with a mWW
T cut; the event rates will be added in subsequent sections.

The same-sign dilepton processes W±W± → 2l2ν are, in total, only about a factor of

three smaller than the opposite-sign one. The mixed QCD-electroweak processes in Table 4

represent significant, irreducible backgrounds which in most cases are of similar size as

the electroweak processes. These backgrounds are reduced to this level by the imposition

of the VBF cuts. The notable exceptions are once again same-sign W+W+ and W−W−

production, where the pure electroweak processes are larger by an order of magnitude.

The same-sign lepton channels are relatively background-free2 and the ZZ → 4l channel

suffers only small backgrounds. However the processes involving neutrinos are potentially

subject to large backgrounds from top production, possibly in association with additional

2The double parton scattering contribution is negligible with our cuts [28].
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VBF pp→VVjj

Standard VBF selection cuts, extra off-shell mT/m4l cut

QCD pp→VVjj

•Good S/B ratio 
•Future runs: off-shell constraints ~ or better than current from 

ggF  (≠ TH systematics, no ttH - ggH interplay…)
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Example: Boosted Higgs
•Proof-of-concept CMS 

analysis already exists 
[PRL 120, 071802 (2018)] 

•Substructure techniques 
seem to work 

•Run II: statistics 

•Will benefit from both HL-
HE upgrades 

•NLO in the full theory 
computed this year  
[Lindert et al; Jones et al.].  
Allows to circumvent all 
the problems of the CMS 
``theory’’ prediction 



Process ~ 15 y ago Now What we want

ggH
towards 
NNLOinc

N3LOinc, 
NNLOPS, NNLL, 

QCDxEWapprox

N3LO(PS)  +small 
details

VBF NLO N3LOinc, NNLO N3LO(PS)
VH NLO NNLO gg→VH@NLO

ttH LO NLO NNLO?

Hj NLO NNLO, NLOmass NNLOmass?

Hjj LO NLO NNLO

pp→γγ NLO NNLO+gg@NLO //

pp→VV NLO NNLO+gg@NLO gg@NLO massive

pp→HH LO, NLOHEFT
NLOmass, 

NNLOHEFT
NNLOmass?

Higgs predictions: status
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Higgs predictions: status
•Theory predictions already very advanced. In some 

cases, already at their asymptotic limit (as of today, no 
reason to trust pQCD below 1%) 

•A lot of recent progress 
•Personally: Would be (very) surprised if the third column 

not completed in time for HL-LHC physics. Would be 
(extremely) surprised if all completed [and validated!] in 
time for the report 

•Realistically: use the results already available. WG1 sub-
conveners are already very busy with Run II issues… 

•In many cases, the real problems are background: ttH, 
VBF [gg contamination…]. Can we use high lumi to 
investigate some of these issues? [ttbb, central veto…] 

•At least in comes cases: HL ``simpler’’ from TH point of 
view (can move away from ``dangerously soft/collinear’’ 
regions). To which extent this is possible in practice?
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Higgs predictions: status
•Situation slightly different for HE 
•Step 0: produce ``YR4’’ numbers for HE-LHC setup 
•In some cases, already known…

ggF W
G1 t

wiki 
pag

e

•More interesting: study physics potential [boosted/off-
shell, different analysis strategies, different channels…]. 
More difficult to predict timescale… 



Potential issues: example
2
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FIG. 1. All-order e↵ects on the Higgs cross section computed at N3LO, as a function of
p
s. The plot of the left shows the

impact of small-x resummation, while the one of the right of large-x resummation. The bands represent PDF uncertainties.

small-x [89]. This opens up the possibility of achieving
fully consistent resummed results. While we presently
concentrate on the Higgs production cross section, our
technique is fully general and can be applied to other
important processes, such as the Drell-Yan process or
heavy-quark production. We leave further phenomeno-
logical analyses to future work.

Let us start our discussion by introducing the factor-
ized Higgs production cross section
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where �0 is the lowest-order partonic cross section, Lij

are parton luminosities (convolutions of PDFs), Cij are
the perturbative partonic coe�cient functions, ⌧ = m2

H
/s

is the squared ratio between the Higgs mass and the col-
lider center-of-mass energy, and the sum runs over all
parton flavors. Henceforth, we suppress the dependence
on renormalization and factorization scales µR, µF. More-
over, because the Higgs couples to the gluon via a heavy-
flavor loop, (1) also implicitly depends on any heavy vir-
tual particle mass.

The general method to consistently combine large-
and small-x resummation of partonic coe�cient functions
Cij(x,↵s) was developed in [85]. The basic principle is
the definition of each resummation such that they do
not interfere with each other. This statement can be
made more precise by considering Mellin (N) moments
of (1). The key observation is that while in momen-
tum (x) space coe�cient functions are distributions, their
Mellin moments are analytic functions of the complex
variable N and therefore, they are (in principle) fully de-
termined by the knowledge of their singularities. Thus,
high-energy and threshold resummations are consistently

combined if they mutually respect their singularity struc-
ture. In [85], where an approximate N3LO result for Cij

was obtained by expanding both resummations to O(↵3
s),

the definition of the large-x logarithms from threshold re-
summation was improved in order to satisfy the desired
behavior, and later this improvement was extended to
all orders in [45], leading to the so-called  -soft resum-
mation scheme. Thanks to these developments, double-
resummed partonic coe�cient functions can be simply
written as the sum of three terms [90]

Cij(x,↵s) = Cfo
ij (x,↵s)+�C lx

ij (x,↵s)+�Csx
ij (x,↵s), (2)

where the first term is the fixed-order calculation, the
second one is the threshold-resummed  -soft contribu-
tion minus its expansion (to avoid double counting with
the fixed-order), and the third one is the resummation of
small-x contributions, again minus its expansion. Note
that not all partonic channels contribute to all terms
in (2). For instance, the qg contribution is power-
suppressed at threshold but it does exhibit logarithmic
enhancement at small x.
Our result brings together the highest possible accu-

racy in all three contributions. The fixed-order piece is
N3LO [18–22], supplemented with the correct small-x be-
havior, as implemented in the public code ggHiggs [49,
85, 91]. Threshold-enhanced contributions are accounted
for to next-to-next-to-next-to-leading logarithmic accu-
racy (N3LL) in the  -soft scheme, as implemented in
the public code TROLL [45, 49]. Finally, for high-energy
resummation we consider the resummation of the lead-
ing non-vanishing tower of logarithms (here LLx) to the
coe�cient functions [62, 83], which we have now imple-
mented in the code HELL [86, 87]. The technical details of
the implementation will be presented elsewhere [92]. Our
calculation keeps finite top-mass e↵ects where possible.
In particular, in the fixed-order part they are included

DO WE KNOW PDFS WELL ENOUGH?

[Bonvini, Marzani, 1802.07758] 

�TOT,ggH

PDF error: f.o.

PDF error: PDF with ~small-x resummation

Effect of switching on/off (small-x) 
resummation in the PDFs

•To which extent these effects are relevant (e.g.: central region, 
boosted Higgs…) 

•Can we use HL results and fit gluon at high scale, to avoid/
minimize evolution issues? [~ for N3PDF…]



LHCHXSWG1 contacts:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG1

Thank you for your attention!


