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SM matter

The SM is incomplete: big questions
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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Motivation for new physics at the TeV scale
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The SM alone suffers from destabilizing 
quantum fluctuations sensitive to the 
highest scales in nature (e.g. GUT, 
Planck scale).

Given a fundamental theory at a high 
scale Λ, a light Higgs requires fine-tuning 
in the fundamental theory of order (mH /Λ)2. 

Naturalness: absence of special conspiracies between 
phenomena occurring at very different length scales. 

A strong motivation for new physics at TeV colliders. Most 
interesting theories offer solutions to open problems of the 
SM.

Fine-tuning?
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What are the theory motivations for HL-LHC? 
I.e. what is 300 → 3000 fb-1 good for?

This is not a report from a working group (so 
far there is no TH WG), but rather our survey 

of some of the main points, including 
consultations with colleagues. 
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Outline
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1. Higgs sector in SM & beyond

2. Direct searches for New Physics

3. SM sector, including theory prospects
(e.g. for use in Higgs physics)

NB: given breadth of topics, references
will be illustrative, not exhaustive



G. Salam and A. Weiler Theory Perspectives ECFA HL-LHC workshop, Aix-les-Bains, 1 Oct 2013 6

1. Higgs sector in SM & beyond



G. Salam and A. Weiler Theory Perspectives ECFA HL-LHC workshop, Aix-les-Bains, 1 Oct 2013

Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⇠25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.
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Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-
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14 4 Higgs Boson Properties

Table 1: Summary of the information on the analyses used as input in this combination, includ-
ing decay mode, production channel (tag), final states, analysis categories, mass resolution, and
documentation.

H decay prod. tag exclusive final states cat. res. ref.

gg

untagged gg (4 diphoton classes) 4 1-2%

[6]VBF-tag gg + (jj)VBF 2 <1.5%
VH-tag gg + (e, µ, MET) 3 <1.5%
ttH-tag gg (lep. and had. top decay) 2 <1.5% [22]

ZZ ! 4` Njet < 2 4e, 4µ, 2e2µ

3 1-2% [7]
Njet � 2 3

WW ! `n`n

0/1-jets (DF or SF dileptons) ⇥ (0 or 1 jets) 4 20% [8]
VBF-tag `n`n + (jj)VBF (DF or SF dileptons) 2 20% [23]
WH-tag 3`3n (same-sign SF and otherwise) 2 [24]

tt

0/1-jet (eth, µth, eµ, µµ)⇥ (low or high pt

T) 16
15% [10]1-jet thth 1

VBF-tag (eth, µth, eµ, µµ, thth) + (jj)VBF 5
ZH-tag (ee, µµ)⇥ (thth, eth, µth, eµ) 8 [25]WH-tag thµµ, theµ, ethth, µthth 4

bb
VH-tag (nn, ee, µµ, en, µn with 2 b-jets)⇥x 13 10% [26]

ttH-tag (` with 4, 5 or �6 jets) ⇥ (3 or �4 b-tags); 6 [27](` with 6 jets with 2 b-tags); (`` with 2 or �3 b-jets) 3
Zg inclusive (ee, µµ)⇥ (g) 2
invisible ZH-tag (ee, µµ)⇥ (MET) 2 [20]

4.3 Signal Strength

The signal strength modifier µ = s/sSM, obtained in the combination of all search channels,
provides a first compatibility test. Figure 11 and Table 2 show the µ uncertainties obtained
in different sub-combinations of search channels, organized by decay mode for an integrated
dataset of 300 fb�1 and 3000 fb�1. We predict a precision 6–14% for 300 fb�1 and 4–8% for a
dataset of 3000 fb�1. Studies show that future measurements of the signal strength will be lim-
ited by theoretical uncertainty of the signal cross section, which is included in the fit. Figure 13
(left) shows the uncertainty on the signal strength omitting the uncertainties from QCD scale
and PDFs for signal and background.

Table 2: Precision on the measurements of the signal strength for a SM-like Higgs boson. These
values are obtained at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers

in brackets are % uncertainties on the measurements estimated under [Scenario2, Scenario1],
as described in the text. For the direct search for invisible Higgs decays the 95% CL on the
branching fraction is given.

L (fb�1) H ! gg H ! WW H ! ZZ H ! bb H ! tt H ! Zg H ! inv.
300 [6, 12] [6, 11] [7, 11] [11, 14] [8, 14] [62, 62] [17, 28]

3000 [4, 8] [4, 7] [4, 7] [5, 7] [5, 8] [20, 24] [6, 17]

The direct search for invisible Higgs decays in events produced in association with a Z boson
yields a 95% confidence level upper limit on the branching fraction of 28 (17)% for Scenario 1
and 17 (6.4)% for Scenario 2 for 300 (3000) fb�1.
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What does 14 TeV @3000fb−1 bring?

• Increased precision on 
existing channels 

• Observation of rare 
decays Zγ, μ+μ−, cc

• Double Higgs production
• Longitudinal Vector-Boson 

Scattering
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Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
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Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.
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uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-
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Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
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bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-
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top contribution is suppressed because top coupling to Z is small
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L � 2qt sin
2 ✓ ⇠ 0.2, so new fermions can be very important
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SM

• γZ like γγ and gg loop induced, but sensitive to 
effects invisible in γγ and gg (because of chiral 
couplings)

• In composite Higgs: Not protected by Goldstone 
symmetry, large γZ while γγ and gg small
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Figure 5: Left plot: shift of the h ! Z� decay amplitude in units of the SM top contribution,

�A/Atop
SM , in the second model of Section 3.3 as a function of the LRmass splitting. Right plot: total

decay rate of h ! Z� normalized to its SM value, �/�SM , in the same model. The horizontal lines

indicate the value obtained by including only the e↵ect of the modified tree-level Higgs couplings.

goes like ⇣2, though even without such an enhancement we see that shifts of several times

the SM top amplitude are possible for large mass splittings. The right plot of Fig. 5 shows

the total decay rate normalized to its SM value. The horizontal lines indicate the value

obtained by including only the e↵ect of the modified tree-level Higgs couplings discussed

above. Since in the SM the W loop contribution largely dominates that of the top quark,

the e↵ect from the modified tree-level couplings is a suppression of the decay rate by a fac-

tor (gWWh/gSM
WWh)

2 = (1 � v2/f 2). The correction from the 1-loop exchange of composite

fermions is included in addition to this e↵ect, and can further suppress or enhance the decay

rate depending on the sign of the mass splitting �m/m.

It is interesting to derive the contribution to the S parameter in this model and analyze

the impact of a sizable correction to the h ! Z� decay rate on the EWPT. This is illustrated

by Fig. 6 in the (S, T ) plane. 15 The plot shows the region spanned by varying f and

⇣ ⌘ ⇣13 = ⇣31 = ⇣11 due to the IR correction to S and T from modified Higgs couplings and

to the 1-loop correction to S from composite fermions (Eqs. (4.3) and (4.4)). We have fixed

15The probability contours have been derived by using the fit on (S, T ) performed by the GFitter collab-

oration [26]. Similar results are obtained by using the more recent analysis of Ref. [27].
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SM

sensitive to such e↵ects. 13 It is well know that the tree-level contribution to S from spin-1

resonances is large and poses tight constraints on the scale of compositeness. We have seen

that the exchange of ⇢L and ⇢R generates the e↵ective interaction hZ� also at tree level,

provided their masses and couplings are not PLR symmetric. This leads to a correction to

the h ! Z� decay rate that is potentially larger than that due to the O(v2/f 2) shifts in the

tree-level Higgs couplings from the non-linear �-model Lagrangian. This is the case unless

the coe�cients of the operators Q1L and Q1R are loop suppressed, as happens for example in

Holographic Higgs theories. The contribution from fermionic resonances arises at the 1-loop

level, and can be numerically large. The main reason for this is that loops of pure composites

are sensitive to the multiplicity of states arising from the strong dynamics. In particular all

the composite fermion species, including the partners of SM light quarks and leptons, will

circulate in the loop regardless of how strongly mixed with the elementary fermions they are.

The multiplicity factor N� can then partly compensate for the one-loop suppression, giving

large shifts to both the S parameter and the h ! Z� rate. 14

To illustrate the size of the e↵ects we have been discussing, the left plot of Fig. 5 shows

the shift to the h ! Z� decay amplitude in units of the SM top contribution, �A/Atop
SM , due

to three families of colored fermions (composite quarks) transforming as a 10 + 5 of SO(5)

(second model of Section 3.3 with N� = 9). As discussed in Section 3.2, the correction

comes entirely from the 10, hence the relevant parameters are the following: the scale of

compositeness f , the coe�cients ⇣13, ⇣31, and two ratios of masses which we conveniently

define to be �m/m ⌘ (m(3,1) � m(1,3))/(m(3,1) + m(1,3)) and r ⌘ m(2,2)/(m(3,1) + m(1,3)).

For simplicity we fix ⇣13 = ⇣31 = 1, so that the amount of PLR breaking is fully controlled

by �m/m. The plot shows the relative shift �A/Atop
SM as a function of �m/m for two repre-

sentative values f = 500 GeV and f = 800 GeV. The red and blue bands are obtained by

varying r in the interval 0.1 < r < 2.5. By rescaling ⇣13 and ⇣31 by a common factor ⇣, �A

13We are particularly grateful to John Terning for drawing our attention to the possibility of correlation

between these two e↵ects.
14One might worry that a large multiplicity factor N� could invalidate the perturbative expansion. How-

ever, the light Higgs mass already indicates that composite fermions must be somewhat more weakly coupled

than other resonances, see for example Ref. [25]. With ⇠ 1TeV fermion masses and f = 500 � 800GeV, for

example, the coupling strength g⇤ = M/f is su�ciently small to allow a perturbative expansion controlled

by the loop parameter N�(g2⇤/16⇡
2).
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H → μ+μ− 
• By LHC14@300, we’ll have probed all 3rd 

generation fermion couplings to O(10–20%)
• H → μ+μ− gives us access to 2nd lepton 

generation, i.e. is the 
mass-generation mechanism 
same for all generations, for
quarks and leptons?
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FIG. 1: ��2 = �2 � �2
min as a function of the charm Yukawa

coupling cc. The black and red curves correspond respectively
to case a), where all Higgs coupling but the charm Yukawa
are SM-like, case b), where only cc and cgg deviate from the
SM and marginalizing over the latter. Horizontal dashed lines
denotes the 68% and 95.4% CL (��2 = 1 and 4, respectively).

for the first (second) cases defined above. The bound
in case b) is obtained upon marginalizing over the cgg
coupling. Larger charm Yukawa coupling is allowed in
case b), relative to case a), due to a further enhance-
ment of the Higgs production cross-section from cgg > 0.
��2 ⌘ �2��2

min as a function of cc for both cases is shown
in Fig. 1. For case b), we also show in Fig. 2 the 68.3%
and 95.4% CLs region in the cc � cgg plane. h ! WW ⇤

is the most significant channel which dominantly drives
the �2 fit. Since µWW⇤ . 1 at both ATLAS and CMS
experiments, a total Higgs width slightly larger than in
the SM is favored. This reflects into the fact the �2 is
minimized by a larger charm Yukawa, cc & 1, as shown in
Fig. 1. Excluding the h ! WW ⇤ channel, the remaining
average signal strength becomes & 1 and the �2 fit favors
lower values of cc.

We conclude that without additional new physics con-
tributions to Higgs production (other than charm fusion)
a charm Yukawa as large as about four times its SM
value, is consistent with current Higgs data within 95.4%
CL. Even larger charm Yukawa couplings are allowed at
95.4% CL, provided that there is a conjoint O(1) en-
hancement in gluon fusion production from a new physics
source. Such a large charm Yukawa would significantly
reduce h ! bb̄ signals in vector-boson associated Higgs
production.

III. OBSERVABILITY OF h ! cc̄ AT THE LHC

We showed in the previous section that a Higgs cou-
pling to cc̄ significantly larger than in the SM is allowed
by current Higgs data. We argue here that such a large
coupling yields important e↵ects in channels where the
Higgs boson decays into bottom pairs. In particular, one

!!
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FIG. 2: 68.3% (solid) and 95.4% (dashed) CL regions in the
cc � cgg plane in case b) where only the charm Yukawa and
Higgs to gluon couplings are allowed to deviate from their
SM values. The red dot represents the best fit point. ĉSMgg '
0.012 .

expects a significant suppression of µbb̄ in vector-boson
associated prodution, due to a sizable enhancement of
BRh!cc̄ relative to the SM. We also demonstrate that
the associated production signal can be partially recov-
ered by using the recently developed charm-tagging tech-
nique [5] YS: is it the right ref?. We identify three
interesting phenomenological aspects of having a large
charm Yukawa coupling. YS: should we break to a

new paragraph here? First of all, bb̄ signal strengths
in associated production are suppressed due to the larger
Higgs width which reduces the branching ratio into bot-
tom pairs as

BRh!bb̄ =
BRSM

h!bb̄

1 + (|cc|2 � 1)BRSM
h!cc̄

. (9)

We obtain from Eqs. (8) and (9) that µbb̄ can be as low as
⇠ 0.7 and ⇠ 0.3, assuming pure vector-boson associated
production, and still be consistent at 95.4% CL with all
other Higgs data. (We neglected in case b) the subdom-
inant increase in the Higgs width coming from cgg > 0
which would further suppress in BRh!bb̄.)
Then, we stress that there is an anti-correlation be-

tween µbb̄ and µcc̄ signal strengths. Indeed production
cross-sections are the same for both channels, while in-
creasing the charm Yukawa coupling (cc > 1) lead to a
suppressed branching ratio into bb̄ and an enhanced one
into cc̄. More precisely, in case a) where only the charm
coupling has non-standard value, the signal strengths
into bottom pairs and charm pairs are simply propor-

L = cc h
mc

v
c̄c+ . . .

Delaunay, Golling, Perez, Soreq,
to appear, based on current data

• Hcc coupling can still be 4-8 x SM
• In composite Higgs

large for composite 
charm and light charm
partners

5

matrices are respectively

Mu
ij =

vp
2

✓
�u
ij + guij

v2

2⇤2

◆
, (14)

Y u
ij =

1p
2

✓
�u
ij + 3guij

v2

2⇤2

◆
. (15)

We assume for convenience that �u and gu are aligned
and that only gu22 6= 0 in the mass basis. In this case the
deviation from the SM Higgs to charm coupling is simply

cc = 1 +
3

2

v2

⇤2

gu22
yc

, (16)

where we defined yc ⌘ p
2mc/v ' 7.5 ⇥ 10�3. Naive

dimension analysis suggests that the e↵ective description
breaks down at the scale ⇤ for gu22 ⇠ 16⇡2. As a function
of charm Yukawa modification this scale is

⇤ ' 44TeVp
cc � 1

. (17)

Assuming the upper bound on cc in Eq. (8), we find
that cuto↵ scale can be as high as ⇤ . 25 (16)TeV for
case a) (b)). These scales are su�ciently high so that it
is possible that the associated new physics dynamics at
the cut-o↵ leaves no direct signatures at the LHC other
than a significantly enhanced Higgs to charm Yukawa.

We now focus on some specific new physics scenar-
ios. Consider a 2HDM with MFV. In this setup, the
MFV ansatz allows to write the SM-like Higgs couplings
to fermions as an expansion in the spurionic parameters
which break the flavor symmetry group. Following nota-
tions of Ref. [17], the charm and top quark couplings to
the SM-like Higgs boson are

ct ' AU
S +BU

S y2t + CU
S y2b |Vtb|2 ,

cc ' AU
S +BU

S y2c + CU
S

⇣
y2b |Vcb|2 + y2s |Vcs|2

⌘
, (18)

where yi ⌘
p
2mi/v, Vij are the CKM matrix elements

and AU
S , BU

S and CU
S are O(1) coe�cients. O(y4i )

and higher contributions were neglected in Eq. (18).
Assuming for instance AU

S ' 4 and BU
S ' �3, Eq. (18)

yields cc ' 4 and ct ' 1. Moreover, in the limit where all
the heavier Higgs states are decoupled, the cV ' 1 [18].
Therefore, a significantly larger charm coupling, with all
other couplings close to their SM values, can be obtained
at the expense of a mild cancellation, at the level of one
part in few, among unknown O(1) coe�cients.

Consider now a model with one Higgs doublet in the
GMFV framework [19], in which large top Yukawa ef-
fects are resummed to all orders. We define our nota-
tions in Appendix B. In the mass basis, the up-type
quark mass and linear Higgs interaction matrices become
Mu ' �v/

p
2⇥diag

�
yu(� + ⇣x), yc(� + ⇣x), 1 + rx

�
and

[CD: is there an implicit relation �(� + ⇣x) = 1?],
[YS: also should be yt = �(1+rx)? up to order x2

.]

Y u ' �p
2

0

@
yu(� + 3⇣x) 0 2�3

C(� ↵r)x
0 yc(� + 3⇣x) 2�2

C(� ↵r)x
2yu�3

Cwx 2yc�2
Cwx 1 + 3rx

1

A ,

(19)

where w ⌘ ⌘��r+↵⇤(⇣��r) and to leading order in �C '
0.23, the sine of the Cabibbo angle and in x ⌘ v2/(2⇤2) ,
with ⇤ the GMFV scale. Eq. (19) yields the following
ratio between Higgs to charm coupling in GMFV and in
the SM

cc = �(� + 3⇣x) ' 1 + 2�⇣x . (20)

For �, ⇣ ⇠ O(1) and x . 1, cc > 1 can be obtained.
Note that the GMFV scale is constrained through the
o↵-diagonal entries in Eq. (19) by a series of flavor
changing observables analysed in Ref. [20]. However
constraints from single-top production, neutral D meson
mixing, flavor changing top decay t ! hj and neutron
electric dipole moment (assuming O(1) phases in the
fundamental parameters) are satisfied for x . 1 since
GMFV contributions are suppressed by �2

C , �
5
C , �

2
C and

yu�
6
C , respectively.

Consider finally composite pNGB Higgs models. Mod-
ifications of Higgs couplings to up-type quark in compos-
ite Higgs models is parameterized by the e↵ective La-
grangian in Eq. (13) with ⇤ remplaced by the global
symmetry breaking scale f [21]. The dimension six co-
e�cient in Eq. (13) receives two types of contributions
from the composite dynamics, gu = guh + gu . The first
term is a direct contribution from the non-linear Higgs
dynamics and it is aligned with the marginal operator
guh / �u. The second term arises from the presence of
light fermionic resonances from the strong dynamics. It
is generically misaligned with �u and its entries scale like
gu ⇠ �u✏2(g f/m )2, where g < 4⇡ and m are respec-
tively a typical strong coupling and a resonance mass of
the strong dynamics, and ✏ < 1 is the degree of the com-
positeness of the SM quarks. Neglecting flavor violation
for simplicity and assuming relatively composite right-
handed charm quark, the charm Yukawa coupling is [22]

cc ' 1 +O
✓
v2

f2

◆
+O

 
✏2c
g2 v

2

m2
 

!
, (21)

where ✏c is the right-handed charm degree of composite-
ness. The symmetry breaking scale f is constrained by
EW precision parameters to be f & 750GeV []. Hence in
absence of light composite resonances associated with the
charm quark, the Higgs to charm coupling is not expected
to deviate significantly from its SM value. However,
if light charm partner resonances are present a larger
charm Yukawa can be obtained. Current bounds on the
charm partner mass from direct searches at the LHC are
m & O(500GeV) []. Hence, for a fully composite charm
quark ✏c ' 1, g ⇠ 4⇡ a largely enhanced charm Yukawa
coupling is possible.
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ment of the Higgs production cross-section from cgg > 0.
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is the most significant channel which dominantly drives
the �2 fit. Since µWW⇤ . 1 at both ATLAS and CMS
experiments, a total Higgs width slightly larger than in
the SM is favored. This reflects into the fact the �2 is
minimized by a larger charm Yukawa, cc & 1, as shown in
Fig. 1. Excluding the h ! WW ⇤ channel, the remaining
average signal strength becomes & 1 and the �2 fit favors
lower values of cc.

We conclude that without additional new physics con-
tributions to Higgs production (other than charm fusion)
a charm Yukawa as large as about four times its SM
value, is consistent with current Higgs data within 95.4%
CL. Even larger charm Yukawa couplings are allowed at
95.4% CL, provided that there is a conjoint O(1) en-
hancement in gluon fusion production from a new physics
source. Such a large charm Yukawa would significantly
reduce h ! bb̄ signals in vector-boson associated Higgs
production.

III. OBSERVABILITY OF h ! cc̄ AT THE LHC

We showed in the previous section that a Higgs cou-
pling to cc̄ significantly larger than in the SM is allowed
by current Higgs data. We argue here that such a large
coupling yields important e↵ects in channels where the
Higgs boson decays into bottom pairs. In particular, one
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expects a significant suppression of µbb̄ in vector-boson
associated prodution, due to a sizable enhancement of
BRh!cc̄ relative to the SM. We also demonstrate that
the associated production signal can be partially recov-
ered by using the recently developed charm-tagging tech-
nique [5] YS: is it the right ref?. We identify three
interesting phenomenological aspects of having a large
charm Yukawa coupling. YS: should we break to a

new paragraph here? First of all, bb̄ signal strengths
in associated production are suppressed due to the larger
Higgs width which reduces the branching ratio into bot-
tom pairs as

BRh!bb̄ =
BRSM

h!bb̄

1 + (|cc|2 � 1)BRSM
h!cc̄

. (9)

We obtain from Eqs. (8) and (9) that µbb̄ can be as low as
⇠ 0.7 and ⇠ 0.3, assuming pure vector-boson associated
production, and still be consistent at 95.4% CL with all
other Higgs data. (We neglected in case b) the subdom-
inant increase in the Higgs width coming from cgg > 0
which would further suppress in BRh!bb̄.)
Then, we stress that there is an anti-correlation be-

tween µbb̄ and µcc̄ signal strengths. Indeed production
cross-sections are the same for both channels, while in-
creasing the charm Yukawa coupling (cc > 1) lead to a
suppressed branching ratio into bb̄ and an enhanced one
into cc̄. More precisely, in case a) where only the charm
coupling has non-standard value, the signal strengths
into bottom pairs and charm pairs are simply propor-

L = cc h
mc

v
c̄c+ . . .

Delaunay, Golling, Perez, Soreq,
to appear, based on current data

• Hcc coupling can still be 4-8 x SM
• In composite Higgs

large for composite 
charm and light charm
partners
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matrices are respectively

Mu
ij =

vp
2

✓
�u
ij + guij

v2

2⇤2

◆
, (14)

Y u
ij =

1p
2

✓
�u
ij + 3guij

v2

2⇤2

◆
. (15)

We assume for convenience that �u and gu are aligned
and that only gu22 6= 0 in the mass basis. In this case the
deviation from the SM Higgs to charm coupling is simply

cc = 1 +
3

2

v2

⇤2

gu22
yc

, (16)

where we defined yc ⌘ p
2mc/v ' 7.5 ⇥ 10�3. Naive

dimension analysis suggests that the e↵ective description
breaks down at the scale ⇤ for gu22 ⇠ 16⇡2. As a function
of charm Yukawa modification this scale is

⇤ ' 44TeVp
cc � 1

. (17)

Assuming the upper bound on cc in Eq. (8), we find
that cuto↵ scale can be as high as ⇤ . 25 (16)TeV for
case a) (b)). These scales are su�ciently high so that it
is possible that the associated new physics dynamics at
the cut-o↵ leaves no direct signatures at the LHC other
than a significantly enhanced Higgs to charm Yukawa.

We now focus on some specific new physics scenar-
ios. Consider a 2HDM with MFV. In this setup, the
MFV ansatz allows to write the SM-like Higgs couplings
to fermions as an expansion in the spurionic parameters
which break the flavor symmetry group. Following nota-
tions of Ref. [17], the charm and top quark couplings to
the SM-like Higgs boson are

ct ' AU
S +BU

S y2t + CU
S y2b |Vtb|2 ,

cc ' AU
S +BU

S y2c + CU
S

⇣
y2b |Vcb|2 + y2s |Vcs|2

⌘
, (18)

where yi ⌘
p
2mi/v, Vij are the CKM matrix elements

and AU
S , BU

S and CU
S are O(1) coe�cients. O(y4i )

and higher contributions were neglected in Eq. (18).
Assuming for instance AU

S ' 4 and BU
S ' �3, Eq. (18)

yields cc ' 4 and ct ' 1. Moreover, in the limit where all
the heavier Higgs states are decoupled, the cV ' 1 [18].
Therefore, a significantly larger charm coupling, with all
other couplings close to their SM values, can be obtained
at the expense of a mild cancellation, at the level of one
part in few, among unknown O(1) coe�cients.

Consider now a model with one Higgs doublet in the
GMFV framework [19], in which large top Yukawa ef-
fects are resummed to all orders. We define our nota-
tions in Appendix B. In the mass basis, the up-type
quark mass and linear Higgs interaction matrices become
Mu ' �v/

p
2⇥diag

�
yu(� + ⇣x), yc(� + ⇣x), 1 + rx

�
and

[CD: is there an implicit relation �(� + ⇣x) = 1?],
[YS: also should be yt = �(1+rx)? up to order x2

.]

Y u ' �p
2

0

@
yu(� + 3⇣x) 0 2�3

C(� ↵r)x
0 yc(� + 3⇣x) 2�2

C(� ↵r)x
2yu�3

Cwx 2yc�2
Cwx 1 + 3rx

1

A ,

(19)

where w ⌘ ⌘��r+↵⇤(⇣��r) and to leading order in �C '
0.23, the sine of the Cabibbo angle and in x ⌘ v2/(2⇤2) ,
with ⇤ the GMFV scale. Eq. (19) yields the following
ratio between Higgs to charm coupling in GMFV and in
the SM

cc = �(� + 3⇣x) ' 1 + 2�⇣x . (20)

For �, ⇣ ⇠ O(1) and x . 1, cc > 1 can be obtained.
Note that the GMFV scale is constrained through the
o↵-diagonal entries in Eq. (19) by a series of flavor
changing observables analysed in Ref. [20]. However
constraints from single-top production, neutral D meson
mixing, flavor changing top decay t ! hj and neutron
electric dipole moment (assuming O(1) phases in the
fundamental parameters) are satisfied for x . 1 since
GMFV contributions are suppressed by �2

C , �
5
C , �

2
C and

yu�
6
C , respectively.

Consider finally composite pNGB Higgs models. Mod-
ifications of Higgs couplings to up-type quark in compos-
ite Higgs models is parameterized by the e↵ective La-
grangian in Eq. (13) with ⇤ remplaced by the global
symmetry breaking scale f [21]. The dimension six co-
e�cient in Eq. (13) receives two types of contributions
from the composite dynamics, gu = guh + gu . The first
term is a direct contribution from the non-linear Higgs
dynamics and it is aligned with the marginal operator
guh / �u. The second term arises from the presence of
light fermionic resonances from the strong dynamics. It
is generically misaligned with �u and its entries scale like
gu ⇠ �u✏2(g f/m )2, where g < 4⇡ and m are respec-
tively a typical strong coupling and a resonance mass of
the strong dynamics, and ✏ < 1 is the degree of the com-
positeness of the SM quarks. Neglecting flavor violation
for simplicity and assuming relatively composite right-
handed charm quark, the charm Yukawa coupling is [22]

cc ' 1 +O
✓
v2

f2

◆
+O

 
✏2c
g2 v

2

m2
 

!
, (21)

where ✏c is the right-handed charm degree of composite-
ness. The symmetry breaking scale f is constrained by
EW precision parameters to be f & 750GeV []. Hence in
absence of light composite resonances associated with the
charm quark, the Higgs to charm coupling is not expected
to deviate significantly from its SM value. However,
if light charm partner resonances are present a larger
charm Yukawa can be obtained. Current bounds on the
charm partner mass from direct searches at the LHC are
m & O(500GeV) []. Hence, for a fully composite charm
quark ✏c ' 1, g ⇠ 4⇡ a largely enhanced charm Yukawa
coupling is possible.

Measuring it? 
Like H→bb, but with 

charm tagging?
Or via H→ J/ψ γ ? 1306.5770
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• In SM, access to self-coupling — test of 
structure of Higgs potential

• Composite Higgs, MSSM at low tanß, dilaton 
drastically affect HH rate

• Not an easy measurement, because of box–
vertex destructive interference: 
cross section of 40±3 fb [de Florian & Mazzitelli 1309.6594]
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

−
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Figure 3: Left plot: total cross section in SM units as a function of c2 = � (solid blue curve) and d3 = 1+�
(dashed purple curve), with the other Higgs couplings set to their SM values and m

h

= 120GeV. Right plot:
LO total cross section (in fb) in the SM as a function of m

h

as computed by means of the full one-loop
matrix element (solid blue curve) and the infinite top mass approximation (dot-dashed green curve). In both
plots the LHC center-of-mass energy has been set to 14 TeV.

left plot of Fig. 3 illustrates how the total cross section changes when varying individually d3 and

c2, while fixing the other couplings to their SM value. In the vicinity of the SM point, decreasing

(increasing) d3 or c2 leads to an enhancement (reduction) of the total cross section, with a much

stronger dependence on c2 than on d3. The right plot in the same Figure shows how the cross

section varies with the Higgs mass for the SM choice of couplings. The solid curve corresponds to

the full one-loop matrix element calculation, while the dot-dashed curve is obtained by taking the

limit of infinite top mass. As previously noticed [23], 1 this approximation is reasonably accurate in

the case of the total cross section, but completely fails to reproduce the correct m(hh) distribution,

as illustrated by the corresponding curve in Fig. 2.

We have seen that modified Higgs couplings, in particular a non-vanishing tt̄hh interaction, can

lead to a strong enhancement of the total pp ! hh cross section. However, in order to determine

the signal yield at the LHC in a given final state one has to take into account also the change in the

Higgs decay branching ratios. In our case, these latter depend only on the ratio of the parameters

c and a. We will consider two illustrative situations: i) the case in which the branching ratios are

similar to the SM ones; ii) the case in which the couplings of one Higgs boson to two fermions

are suppressed (fermiophobic limit). The first situation is realized in models where all single Higgs

couplings are rescaled by the same factor (as in the MCHM4, see eqs.(5), (6)), or their shift from

1The infinite top mass limit is also discussed by the authors of Ref. [20], although the contribution of the triangle
diagram seems to have been accidentally omitted in their Fig. 2.
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Figure 1: Generic diagrams of the Higgs pair production processes at the LHC in the composite Higgs model:
double Higgs-strahlung, WW/ZZ fusion and gg fusion.

(V = W,Z) in the gauge boson fusion processes. The kinematic threshold is denoted by τ0, i.e.

τ0 = 4M2
H/s in gluon and gauge boson fusion and τ0 = (MV + 2MH)2/s in Higgs-strahlung. The

double gauge boson fusion cross sections have been calculated with Madgraph/Madevent [31] after

implementing the composite Higgs model.

Figure 2 shows the double Higgs production processes as a function of the Higgs mass MH =

80−200 GeV in the SM and compared to the composite Higgs boson cross sections for MCHM4 and

three representative values of ξ = 0.2, 0.5, 0.8. The corresponding plots for MCHM5 are displayed

in Fig. 3. Throughout the whole paper we assume a center-of-mass energy of 14 TeV, and we have

adopted the parton distribution functions CTEQ6L1 [32].

As can be inferred from the figures, in the SM the gluon fusion process is by far dominant

due to the large number of gluons in high-energy proton beams. In view of the results for single

Higgs production [33], QCD radiative corrections are expected to be important for this channel.

In the low-energy limit for small Higgs masses M2
H # 4M2

t they lead to a K factor of K ≈ 2 [15]

in the mass range considered here. Since the QCD corrections of the SM can be translated in a

straightforward way to our composite Higgs model they have been included in the plots.

The next important processes are given by the sum of WW and ZZ fusion, with the WW fusion

channel dominating over ZZ fusion by a factor ∼ 2.2− 2.8 for ξ = 0− 0.8. Double Higgs-strahlung

provides the smallest cross sections due to the scaling behaviour ∼ 1/ŝ. The cross sections for

WHH and ZHH have been summed with WHH being larger by ∼ 1.6 − 2.1 for ξ = 0 − 0.8.

The vertical arrows in the figures show the change of the cross sections for a variation of the Higgs
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FIG. 1: The mixing between h and H, induced by the quartic interaction �h3H, modifies the couplings of h to the

fermions w.r.t to its SM value.

Now, notice that the equations of motion for H imply a small vev hHi ⇡ 2
p
2�(v3/m2

H), so that the expression
for the fermion mass is modified accordingly and we can write the coupling of the physical Higgs h̃ = h�p

2 v,
normalized with its SM value ySM

f = mf/v, as

cf ⌘ yf
mf/v

⇡
Y h
f � 6Y H

f � v2

m2
H

Y h
f � 2Y H

f � v2

m2
H

⇡ 1 � 4�
Y H
f

Y h
f

v2

m2
H

. (9)

Using Eq. (3) to read Y h,H
f , we finally obtain

cb,⌧ ⇡ 1 � 4 tan�� v2

m2
H
,

ct ⇡ 1 + 4 cot�� v2

m2
H
. (10)

This simple, yet important, expression summarizes the goal of this work: any new physics that is responsible
for the large Higgs mass Eq. (5) also a↵ects the Higgs couplings to fermions. This approximate formula allows
us to understand qualitatively how this connection works and predicts whether a given contribution to the
Higgs mass results in an increase or decrease of the couplings to tops and bottoms/taus (similar methods have
been used in Refs. [13–15] to study Higgs couplings modifications). Nevertheless, notice that in our plots we
always use the exact expressions listed in Appendix II, rather than Eq. (10).

Deviations in the Higgs couplings to vectors can be studied in a similar way, giving

cV = 1 � O
✓
�2

v4

m4
H

◆
(11)

which is generally suppressed w.r.t. deviations in the couplings to fermions (we have checked that in the region
preferred by data this statement holds at better then the 2 % level and deviations in cV can be ignored).

In principle, complete analyses of Higgs couplings in a SUSY context should take into account possible
modifications of the tree-level couplings to up-type quarks, to down-type quarks (and leptons) and to vectors;
at the loop level extra contributions from light SUSY partners to the couplings to gluons and photons could be
present, and in total generality also the possibility of an invisible decay width should be considered (see Ref. [2]
for a motivated scenario were the Higgs can decay invisibly in a SUSY context): a total of six parameters (see
Refs. [16, 17] for a list of recent analyses of this type). Nevertheless, ignoring the last possibility, Eq. (11)
tells us that in the simplest SUSY models, couplings to vectors are not expected to deviate much from the
SM ones (this is not true when the Higgs sector is extended to include extra states in di↵erent SU(2)L
representations that can mix with the Higgs, as we shall discuss in section VA). Furthermore, the null results
of direct SUSY searches suggest that SUSY partners should have masses of a few hundreds GeV and that
their loop contributions to the e↵ective hgg and h�� couplings might be small (we comment about this in
section VI). For these reasons, in what follows, we orient our analysis mostly to the Higgs couplings to tops
and to bottoms/taus and compare theoretical expectations with data through an intuitive simplified scenario
where only ct,cb are free to vary, and all other couplings are fixed to their SM values.

Why higher precision is important

14

Supersymmetry example:
MSSM tree-level Higgs mass ≤ MZ , lift via
1) large quantum fluctuation from the stop
2) new interactions, e.g add singlet: NMSSM  
Unravel with precise ffH coupling measurement cf ⇠ 1 +O

⇣
v2/m2

Hheavy

⌘
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at the loop level extra contributions from light SUSY partners to the couplings to gluons and photons could be
present, and in total generality also the possibility of an invisible decay width should be considered (see Ref. [2]
for a motivated scenario were the Higgs can decay invisibly in a SUSY context): a total of six parameters (see
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Beyond current channels
the LHC measurements are plagued with several degeneracies

 inability to resolve the top loops
 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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Beyond current channels
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WW scattering

• Any deviation in WWH coupling necessarily implies 
problems with tree-level unitarity in WW scattering (H 
alone doesn’t completely unitarize it).

• A given deviation in the couplings → upper bound at 
which strong interaction effects must appear. 
Signatures: growth of WW scattering amplitude or 
resonances

• E.g. for 20% deviations, scale is ~ 5 TeV

16

⇤ ⇡ 4⇡vp
1� a2

see e.g. 1005.4269

http://arxiv.org/pdf/1005.4269.pdf
http://arxiv.org/pdf/1005.4269.pdf
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Vector Boson Scattering and jet substructure

• Jet substructure can play an 
important role in VBS studies 
[larger hadronic BR, full MVV 
reco]

• Crucial in many BSM studies, 
with W’s, Z’s, H’s, tops coming 
from high-mass new-physics 
objects

• Important to keep substructure 
in mind in performance studies

17

Boosted Ws and tops in single jets: data!

W’s in a single jet

with Pruning + Mass Drop requirement

NB: combined in IR unsafe way. . .

tops in a single jet

with HEPTopTagger
Gavin Salam (CERN) Perturbative QCD in hadron collisions SILAFAE 2012-12-10 32 / 35

At high pt, W decays are collimated: for 
hadronic decays, both “jets” clustered into 
a single jet. Such “W”-jets can be tagged.

CMS single-jet W mass peak
in events with a lepton and
separate b-tagged jet.

Uses pruning (+ mass-drop
condition on split jet)

Gavin Salam (CERN/Princeton/CNRS) Theory of Fat Jets Higgs Hunting 2012-07-19 19 / 28
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2. Direct searches for New Physics
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Validation of Lumi plot

19

Consider a given search today (e.g. 19fb-1@8TeV), 
sensitive to a mass scale Mlow, e.g. MZ’ or 2msquark.

How can we estimate the corresponding “reach”, Mnew, of 
a search at 14 TeV, with 300 or 3000 fb-1?

What reach does 3ab-1@14 TeV bring? 
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Very basic estimate: solve following equation for Mhigh
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Validation of Lumi plot

19

Consider a given search today (e.g. 19fb-1@8TeV), 
sensitive to a mass scale Mlow, e.g. MZ’ or 2msquark.

How can we estimate the corresponding “reach”, Mnew, of 
a search at 14 TeV, with 300 or 3000 fb-1?

What reach does 3ab-1@14 TeV bring? 

Even simpler: instead of ratio of # of events, use ratio of 
“partonic luminosities” (e.g. qq lumi, gg lumi)

[including correct dimensional factors]
NB valid if bkgd & signal driven by same partonic channel

N
signal-events

(M2

high

, 14TeV,Lumi)

N
signal-events

(M2

low

, 8TeV, 19fb�1)
= 1

Very basic estimate: solve following equation for Mhigh
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Luminosity method: check 2

20

gg 
stop limits      [expected]   (lsp = 0gev)

     7tev, 4.7 ifb      500 gev
     8tev, 20.5 ifb     650 gev      ---> 675 GeV

qqbar

     sequential z-prime [expected]
     7tev, 1.1 ifb      1800 gev
     8tev, 6 ifb,       2500 gev    ---> 2450 GeV
     8 tev, 20 ifb      2800 gee    ---> 2790 GeV

qg
     excited quark q*  [expected]   (NB,sig ≠ bgd scaling )
     7 tev, 1 ifb        2900 gev    
     8 tev, 5.8 ifb     3500 gev    ---> 3700 GeV

8tev, 13 ifb       3700 gev    ---> 3900 GeV
        

1208.1447
ATLAS-CONF-2013-024

ATLAS EXOT-2011-06
ATLAS-CONF-2012-129
ATLAS-CONF-2013-017

EXOT-2011-07
ATLAS-CONF-2012-088
ATLAS-CONF-2012-148
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     excited quark q*  [expected]   (NB,sig ≠ bgd scaling )
     7 tev, 1 ifb        2900 gev    
     8 tev, 5.8 ifb     3500 gev    ---> 3700 GeV

8tev, 13 ifb       3700 gev    ---> 3900 GeV
        

Baseline

Lumi 
method

1208.1447
ATLAS-CONF-2013-024

ATLAS EXOT-2011-06
ATLAS-CONF-2012-129
ATLAS-CONF-2013-017

EXOT-2011-07
ATLAS-CONF-2012-088
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Based on partonic luminosities

using MSTW2008NNLO central

300 fb
-1

3000 fb
-1

21

Take existing searches
and figure out reach

at 14 TeV, for different
lumis

Mass scales [GeV]
0 200 400 600 800 1000 1200 1400

0
χ∼ l → l

~

 0
χ∼ 0

χ∼ν τττ → ±χ∼ 
2
0
χ∼

 0
χ∼ 0

χ∼ν τ ll→ ±χ∼ 
2
0
χ∼

0
χ∼ 0

χ∼ H W → 
2
0
χ∼ ±χ∼

0
χ∼ 0

χ∼ W Z → 
2
0
χ∼ ±χ∼

0
χ∼

0
χ∼νν

-l+ l→ -χ∼+
χ∼

 0
χ∼ 0

χ∼ν lll → ±χ∼ 
2
0
χ∼

0
χ∼ bZ → b

~
0
χ∼ tW → b

~
0
χ∼ b → b

~

 H G)→ 0
χ∼(0

χ∼ t b → t~
)0

χ∼ W → ±χ∼ b (→ t~
)0

χ∼ W→ +
χ∼ b(→ t~

0
χ∼ t → t~

0
χ∼ t → t~

0
χ∼ q → q~

0
χ∼ q → q~

))0
χ∼ W→ ±χ∼ t(→ b

~
 b(→ g~

)0
χ∼γ →

2
0
χ∼ qq(→ g~

)0
χ∼ W→

±
χ∼|0

χ∼γ→
2
0
χ∼ qq(→ g~

)0
χ∼ W→±χ∼ qq(→ g~

)0
χ∼ Z →

2
0
χ∼ qq (→ g~

)0
χ∼ ν± l→ ±χ∼ qq(→ g~

)0
χ∼ t→ t~ t(→ g~

)0
χ∼ |0

χ∼ W→±χ∼ qq(→ g~
)0

χ∼ |0
χ∼ τ τ →

2
0
χ∼ qq(→ g~

)0
χ∼

-l+ l→
2
0
χ∼ qq (→ g~

0
χ∼ tt → g~

0
χ∼ bb → g~

0
χ∼ qq → g~

0
χ∼ qq → g~

 

SUS-13-006 L=19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-011 L=19.5 /fb x = 0.25
x = 0.50

x = 0.75

SUS-13-008 L=19.5 /fb

SUS-12-001 L=4.93 /fb

SUS-11-010 L=4.98 /fb

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-12-028 L=11.7 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-014 L=19.5 /fb

SUS-13-004 SUS-13-007 SUS-13-008 SUS-13-013 L=19.4 19.5 /fb

SUS-13-013 L=19.5 /fb x = 0.20
x = 0.50

SUS-13-004 SUS-12-024 SUS-12-028 L=19.3 19.4 /fb

SUS-12-001 L=4.93 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

SUS-12-010 L=4.98 /fb x = 0.25x = 0.50
x = 0.75

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-017 L=19.5 /fb

SUS-12-004 L=4.98 /fb

SUS-13-006 L=19.5 /fb

SUS-11-011 L=4.98 /fb

SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top
unpolarized top

right-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

SUS-11-021 SUS-12-002 L=4.98 4.73 /fb x = 0.25
x = 0.50

x = 0.75

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-11-030 L=4.98 /fb

gl
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pt
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Probing naturalness

22

Fine-tuning in the Higgs sector



G. Salam and A. Weiler Theory Perspectives ECFA HL-LHC workshop, Aix-les-Bains, 1 Oct 2013

Probing naturalness

22

Fine-tuning in the Higgs sector

Light Higgs

light stops1,2, sbottomL,
higgsinos, gluinos, …  

light top partners 
(Q=5/3,2/3,1/3)

supersymmetry composite Higgs

?stabilizing

quantum corrections
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Based on partonic luminosities

using MSTW2008NNLO central

300 fb
-1

3000 fb
-1

0∼~
0
χ∼ t → t~ SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

23

mt ≳ 650 GeV~
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Based on partonic luminosities

using MSTW2008NNLO central

300 fb
-1

3000 fb
-1

0∼~
0
χ∼ t → t~ SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

23

0 χ∼  t → t~
SUS-13-011 L=19.5 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7
 /fb

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-13-011 SUS-13-004 L=19.5 19.3
 /fb

left-handed top
unpolarized top

right-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

mt ≳ 650 GeV~

mt̃ & 650 GeV ⌘ mt̃˜̄t & 1.3 TeV
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Based on partonic luminosities

using MSTW2008NNLO central

300 fb
-1

3000 fb
-1

0∼~
0
χ∼ t → t~ SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

23

0 χ∼  t → t~
SUS-13-011 L=19.5 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7
 /fb

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-13-011 SUS-13-004 L=19.5 19.3
 /fb

left-handed top
unpolarized top

right-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

mt ≳ 650 GeV~

mt̃ & 650 GeV ⌘ mt̃˜̄t & 1.3 TeV

300 fb�1@14TeV: 2.8TeV (mt̃ > 1.4TeV)
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Based on partonic luminosities

using MSTW2008NNLO central

300 fb
-1

3000 fb
-1

0∼~
0
χ∼ t → t~ SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

24

0 χ∼  t → t~
SUS-13-011 L=19.5 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7
 /fb

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-13-011 SUS-13-004 L=19.5 19.3
 /fb

left-handed top
unpolarized top

right-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

mt ≳ 650 GeV~

mt̃ & 650 GeV ⌘ mt̃˜̄t & 1.3 TeV

300 fb�1@14TeV: 2.8TeV (mt̃ > 1.4TeV)

3000 fb�1@14TeV: 3.6TeV (mt̃ > 1.8TeV)
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Increase in c.o.m. energy to 14 TeV 
brings substantial extra reach

x10 in lumi also brings extra TeV 
in reach

That can be quite significant (e.g. 
35-50%) at the lower end of the 
range, e.g. when today’s limits are 
~ 1 TeV.

These numbers are to be taken as 
indicative of what might be posible

— 
real life may be tougher,

future analyses may be cleverer 
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Open Problem of the SM

P H Y S I C S W O R L D M A Y 2 0 0 2p h y s i c s w e b . o r g38

rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in

ν2ν1 ν3

d s b

u c t

e µ τ

meVµeV eV keV MeV GeV TeV

fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.

YU ⇥

�

⇤
10�5 �0.002 0.007 + 0.004i
10�6 0.007 �0.04 + 0.0008i
10�8 + 10�7i 0.0003 0.96

⇥

⌅
0.92

Origin of SM matter and flavour?

Compare to other couplings of the SM:  
gs ~1,  g ~ 0.6,  g’ ~ 0.3,  λHiggs ~ 1/8

e.g.up/charm/top mass matrix:
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FCNCs are sensitive SM flavour structure

• The SM flavour sector has passed all tests at B-
factories and recently at LHCb, ATLAS and CMS

• Less likely to find O(1) deviations from the SM, need 
theoretically clean observables. 

• High potential flavour measurements,some examples

• Top FCNC rate sensitivity can be improved by ~ 4x 
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Table 2: Expected sensitivities that can be achieved on key heavy flavour physics observables, using the total
integrated luminosity recorded until the end of each LHC run period. Discussion of systematic uncertainties is
given in the text. Uncertainties on �s are given in radians.
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3. SM sector, including theory prospects
(e.g. for use in Higgs physics)
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Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⇠25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.

µ
µΔ

0 0.2 0.4 0.6 0.8

γγ→H

 (+j)γγ→H

γγ→VBF,H
γγ→ttH,H

γγ→VH,H
 WW→H

 WW→VBF,H
 ZZ→H

ττ→VBF,H

µµ→ttH,H

µµ→H

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫

(a)

Yκ/Xκ

)Yκ/X
κ(Δ

 ~ 2
YΓ/XΓ

)YΓ/X
Γ(Δ

0 0.2 0.4 0.6 0.8

HΓ / ZΓ•gΓ

ZΓ / γΓ

ZΓ / WΓ

ZΓ / τΓ

ZΓ / µΓ

µΓ / τΓ

gΓ / tΓ

gΓ / ZΓ

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫

(b)

Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-

5

Assuming
no theory

uncertainty

Assuming
today’s theory

(and PDF) uncertainty

R
Ldt = 300 fb�1

R
Ldt = 3000 fb�1
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Many uncertainties cancel in ratios, e.g. γγ /ZZ.
But what are prospects for doing 
better directly on cross sections?
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•Missing higher orders (“scale”) in QCD and EW. ~ 10%

• Extra QCD uncertainties in the presence of cuts (e.g. jet 
vetoes). ~ 10%

• PDF uncertainties (within/between groups), ~ 7%

• Fundamental constants (αs, mb, etc.) ~ few %

30

HXSWG gg→ H

Classes of SM uncertainty?Sources of uncertainty?
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•Missing higher orders (“scale”) in QCD and EW. ~ 10%

• Extra QCD uncertainties in the presence of cuts (e.g. jet 
vetoes). ~ 10%

• PDF uncertainties (within/between groups), ~ 7%

• Fundamental constants (αs, mb, etc.) ~ few %

30

HXSWG gg→ H

Classes of SM uncertainty?Sources of uncertainty?

[Need higher-order inclusive X-sections]

[Need higher-order differential X-sections,
fixed-order, resummed & MC]

[Need better data & better theory to interpret it]
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A small selection of Theory progress 
gg → H

Since 11 years: NNLO (+ threshold)
In 1-2 years? NNNLO (+ threshold) 

Since 10 years: NLO + parton shower
Past month: NNLO + parton shower

1208.3130, 1211.6559
1302.4379, 1306.2223

1309.0017

http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
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Past month: NNLO + parton shower
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1302.4379, 1306.2223

1309.0017

1206.4998, 1307.0025, 1307.1808
1302.6216

pp → H+jet (matters for searches with jet vetoes, jet selections, etc.)

Since 10–14 years: NLO, NNLL H pt resummation 
Past year: NNLL jet resummation
                 NNLO (gluonic part)
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Since 10 years: NLO + parton shower
Past month: NNLO + parton shower

1208.3130, 1211.6559
1302.4379, 1306.2223

1309.0017

NNLO for other 2→2 is here now (e.g. γγ, t t ) or soon

1206.4998, 1307.0025, 1307.1808
1302.6216

pp → H+jet (matters for searches with jet vetoes, jet selections, etc.)

Since 10–14 years: NLO, NNLL H pt resummation 
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http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770
http://arxiv.org/abs/1306.5770


G. Salam and A. Weiler Theory Perspectives ECFA HL-LHC workshop, Aix-les-Bains, 1 Oct 2013

Order Cross section [pb] σ/σNNLO σ/σLO

LO 10.31 +26.9%
−16.6% 0.51 1.00

NLO 17.41 +20.8%
−12.7% 0.86 1.69

NNLO 20.27 +8.3%
−7.1% 1.00 1.97

N3LO (K=0) 18.53 +1.2%
−7.9% 0.91 1.80

N3LO (K=5) 19.23 +0.3%
−5.1% 0.95 1.87

N3LO (K=10) 19.92 +0.0%
−2.6% 0.98 1.93

N3LO (K=15) 20.62 +0.4%
−2.2% 1.02 2.00

N3LO (K=20) 21.31 +2.0%
−3.1% 1.05 2.07

N3LO (K=30) 22.70 +6.0%
−4.9% 1.12 2.20

N3LO (K=40) 24.09 +9.6%
−6.5% 1.19 2.34

Table 1: Cross sections and scale uncertainties for the 8 TeV LHC. The central scale choice

is µr = µf = mh/2, and uncertainties are found by varying the two scales simultaneously

by a factor of two.
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Figure 7: 2-D contour plots of the LO, NLO and NNLO cross section at the 8 TeV LHC.

The value on the contours is the cross section in picobarns. The x-axis is log2(µf ), the

y-axis log2(µr). Our preferred central scale choice is located at (-1,-1).

6. Conclusions

In this work we have presented all convolutions of lower-order partonic cross sections and

splitting kernels that contribute to order a5 to Higgs production in gluon fusion. The

results agree with the ones previously published in [37]. Apart from the full expressions,

we also provide all convolutions expanded around threshold, as the full N3LO corrections

in this limit seem to be feasible in the near future.

We have also anticipated the scale dependence of the N3LO gluon fusion cross section,

– 19 –

Buehler & Lazopoulos, arXiv:1306.2223
Expected N3LO (scale) uncertainties depend on 

size of N3LO corrections (parametrised by K)

32

Projected uncertainties for gg→H

Near future:
Depending on size of 
N3LO correction (K), 
final uncertainty could be 
anywhere from 2% to 8%

Today
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Near future:

Today
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is µr = µf = mh/2, and uncertainties are found by varying the two scales simultaneously

by a factor of two.
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Figure 7: 2-D contour plots of the LO, NLO and NNLO cross section at the 8 TeV LHC.

The value on the contours is the cross section in picobarns. The x-axis is log2(µf ), the

y-axis log2(µr). Our preferred central scale choice is located at (-1,-1).

6. Conclusions

In this work we have presented all convolutions of lower-order partonic cross sections and

splitting kernels that contribute to order a5 to Higgs production in gluon fusion. The

results agree with the ones previously published in [37]. Apart from the full expressions,

we also provide all convolutions expanded around threshold, as the full N3LO corrections

in this limit seem to be feasible in the near future.

We have also anticipated the scale dependence of the N3LO gluon fusion cross section,

– 19 –

Roughly what comes out 
of N3LO estimate from 

Ball et al, 1303.3590

Buehler & Lazopoulos, arXiv:1306.2223
Expected N3LO (scale) uncertainties depend on 

size of N3LO corrections (parametrised by K)

33

Projected uncertainties for gg→H
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e.g. of HL-LHC precision SM measurement: Z pt spectrum

Emerging realisation that 
the Z pt spectrum is a 
potentially very precise 
handle on PDFs 
[quark × glue × αs]

Today, will mainly be a 
vital confirmation(?) of 
existing knowledge. 

t t  is also a powerful 
handle, cf. 1303.7215[Thanks to J. Rojo for partonic lumi uncertainties]
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e.g. of HL-LHC precision SM measurement: Z pt spectrum

For pt ~ 1 TeV, HL-LHC could bring 5x gain in precision!
[but only if theory prediction is good enough — today only NLO]
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Heavy Ion Collisions

The thermal dimension to the exploration of the standard model
HL-LHC brings x10–100 in data: 10nb−1 ~ 0.4 fb−1 pp equivalent

Same processes as pp , but different motivations & 
regimes
e.g. Z/γ+jet at high pT, to study balance between jet and the Z.

Rare “probes”: open heavy flavour (jets, elliptic flow)

Quarkonium dissociation: low-pt charmonium elliptic flow, multi-
differential Υ production.

Low-mass di-leptons: thermal radiation γ (→ e+e-) to map 
temperature during system evolution; modification of ρ spectral 
function to probe chiral symmetry restoration

See talk by A. Dainese for details
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CONCLUSIONS
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HL-LHC:
• Opens new channels for Higgs studies and  

significantly improved precision
• Gives substantial extra reach in some new-

physics searches, especially for signals with small 
cross sections

• Will need theory improvements to get full benefits 
and will offer precision SM measurement 
opportunities

Many of the details in the coming talks! 

Conclusions
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BACKUP SLIDES
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Based on partonic luminosities

using MSTW2008NNLO central

LHC14: 300 → 3000 fb
-1

Gain at 14 TeV from 300 → 3000 fb–1
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Expected sensitivities of key heavy-flavour observables
Summary 

•  History : many breakthroughs in Flavour Physics ! 
(small CPV in K0 mixing : 3rd family) 

•  Some sensitivities studies are still going on  

Heavy Flavours at HL-LHC 01 October 2013 27 

See talk by M.-H. Schune for more numbers & details



G. Salam and A. Weiler Theory Perspectives ECFA HL-LHC workshop, Aix-les-Bains, 1 Oct 2013

E.g.  Ahrens et al (1008.3162), who say uncertainty can be 
made small, O(3%) in their framework even without N3LO,

Baglio & Djouadi (1012.0530), David & Passarino 
(1307.1843), who argue it may be larger than widely 
accepted so far.

Bottom line?
We’ll know more in a year or two, once N3LO appears.

On 15 year timescale, TH community will learn yet more 
and hopefully move towards greater consensus on the 
uncertainties.

But ratios of observables (e.g. ZZ* / γγ) not affected.
43

Contrasting points of view on theory uncertainties


