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LHC Rocks!

fb

pb

nb

SM works at O(TeV) or 10-18 m!



All indications à SM-like Higgs boson,  
“elementary” at a scale Λ < O(1 TeV)

Higgs Moriond update: 
Four production channels with sensitivities;
Five decay channels observed; 
Fermionic & bosonic couplings verified:

H mass and couplings in CMS and ATLAS              Moriond Electroweak 2018                    David Sperka (Florida) 17

ATLAS Comb.: Cross Sections

● Combination of ZZ and γγ decay 
channels 

● Cross section measurements in the 
Simplified Template Cross Section 
(STXS) framework

➔ Th. uncs. in SM predictions (blue 
bands) separated from exp. and 
th. uncs. in measurements

➔ For the usual prod. modes... 

ATLAS-CONF-2017-047

H mass and couplings in CMS and ATLAS              Moriond Electroweak 2018                    David Sperka (Florida) 21

Production and Decay Modes

Most precise measurement of gluon fusion, ttH, and total signal strength

(ATLAS+CMS Run 1 combination:                          )      

~11%

~41%

~27%

~51%

~26%

~9%

CMS-PAS-HIG-17-031

H mass and couplings in CMS and ATLAS              Moriond Electroweak 2018                    David Sperka (Florida) 24

Couplings: Resolved Loops CMS-PAS-HIG-17-031

àSM self-consistent to exponentially high scales!
Next?

(D. Sperka, ATLAS & CMS)
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HL-LHC: 
The Energy & Precision Frontier

(Sasha Valishev, FNAL workshop)

4/4/18A. Valishev | HL-LHC Machine11

Timeline &(Goal:
Commissioning 20263(3(ab61 by(2037((250(fb61/y)

LRossi@CM26LARP-SLAC/18May2016 3

! = #×%&'()*+,-+%Levelled Luminosity

you are 
here

A factor of 20x to come!
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HE-LHC: 
The New Energy Frontier

Great potential for Beyond BSM physics!
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In absence of “Beyond the Standard Model” physics 
from the current searches at the LHC, 

We propose to study the Higgs boson at high scales:
• Sensitive to new physics
• “Naturalness” is a UV problem.
• “Higgs portal” to a subtle sector.
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O↵-shell Higgs Probe to Naturalness

Dorival Gonçalves,1 Tao Han,1 and Satyanarayan Mukhopadhyay1

1PITT PACC, Department of Physics and Astronomy,
University of Pittsburgh, 3941 O’Hara St., Pittsburgh, PA 15260, USA

Examining the Higgs sector at high energy scales through o↵-shell Higgs production can potentially
shed light on the naturalness problem of the Higgs mass. We propose such a study at the LHC by
utilizing a representative model with a new scalar field (S) coupled to the Standard Model Higgs
doublet (H) in a form |S|2|H|2. In the process pp ! h

⇤ ! ZZ, the dominant momentum-dependent
part of the one-loop scalar singlet corrections, especially above the new threshold at 2mS , leads to
a measurable deviation in the di↵erential distribution of the Z-pair invariant mass, in accordance
with the quadratic divergence cancellation to the Higgs mass. We find that it is conceivable to
probe such new physics at the 5� level at the high-luminosity LHC, improving further with the
upgraded 27 TeV LHC, without requiring the precise measurement of the Higgs boson total width.
The discovery of such a Higgs portal could also have important implications for thermal dark matter
as well as for electroweak baryogenesis.

I. Introduction
O↵-shell production of the Higgs boson has substantial
event rate at the LHC [1, 2]. This provides us with an
opportunity to study the Higgs boson properties, and the
Higgs sector in general, at higher energy scales [3]. Such a
direct probe of Higgs physics at high energies could hold
important clues to possible solutions of the naturalness
problem of the electroweak scale – arguably one of the
most outstanding problems that has driven the search
for new physics at the TeV scale.

In the absence of new physics signals from extensive
searches, especially from the LHC experiments, it is
conceivable that the solutions to the naturalness puzzle
might have taken a more subtle incarnation, not cap-
tured by the usual signatures based on Supersymmetry
[4] or strong dynamics of Composite Higgs [5]. In this
Letter, we adopt a simple illustrative example of such
a scenario in which the new physics responsible for par-
tially addressing the little hierarchy problem emerges in
the study of Higgs properties at higher energies. We uti-
lize a well-motivated scenario of a new scalar field (S)
coupled to the Standard Model (SM) Higgs doublet (H)
through a renormalizable interaction |S|

2
|H|

2 [6]. For
appropriate values of the portal sector coupling, such an
interaction term can cancel the quadratic divergence to
the Higgs mass from top quarks at one-loop, thus alle-
viating the “little-hierarchy” problem [7]. Though the
o↵-shell Higgs probe to such couplings applies for all as-
signments of the gauge or global quantum numbers of the
scalar field, it constitutes a model-independent probe to a
maximally hidden portal sector, in which the scalars are
SM gauge singlets, do not mix with the Higgs boson af-
ter electroweak symmetry breaking, are stable, and have
masses above the threshold for on-shell Higgs decays.
Such a singlet Higgs portal can also be responsible for
generating a thermal dark matter relic, and can drive a
strongly first-order phase transition to realize electroweak
baryogenesis [6, 8, 9].

With this simple scenario in view, we point out for the
first time that the presence of such a scalar field leads
to measurable deviations in the di↵erential rates for o↵-

shell Higgs production, especially at energy scales above
the 2mS threshold, the amount of deviation from the SM
prediction being in accordance with the quadratic diver-
gence cancellation to the Higgs mass. Such deviations
arise from the dominant momentum-dependent part of
the Higgs self-energy corrections. By studying the gauge-
invariant subset of one-loop electroweak corrections from
the singlet sector to the process pp ! h

⇤
! ZZ, we shall

demonstrate that it is possible to probe interesting re-
gions of parameter space relevant to the solution of the
naturalness problem at the LHC. Thus, the high precision
achievable in determining the rate and di↵erential distri-
butions for o↵-shell Higgs production in the four lepton
channel at the high-luminosity phase of the LHC presents
us with an excellent opportunity in this regard [10].
It was pointed out in [11, 12] that any new scalars with

an e↵ective coupling of the form |S|
2
|H|

2 can be probed
through the precision measurement of the total rate for
Zh production at future lepton colliders, utilizing the
universal shift in on-shell Higgs rates from wave-function
renormalization. We note that the on- and o↵-shell pro-
duction rates for the Higgs signal at the LHC scale as

�on /
g
2
i (m

2
h)g

2
f (m

2
h)

mh�h
and �o↵ /

g
2
i (Q

2)g2f (Q
2)

Q2
, (1)

respectively, where g2i (Q
2) and g

2
f (Q

2) represent the cou-
plings at the production and decay vertices evaluated at
the scale Q2, and �h is the Higgs boson total width [1, 2].
Hence, the model-independent interpretation of an on-
shell Higgs measurement in terms of particular coupling
shifts requires the precise determination of the Higgs bo-
son width as well, for which a future e

+
e
� Higgs fac-

tory is essential. On the other hand, not only is the
o↵-shell probe of the momentum-dependent part of one-
loop scalar singlet corrections a distinct e↵ect, unlike the
interpretation of on-shell rate measurements, the inter-
pretation of o↵-shell Higgs measurements at the LHC
would not require knowledge of the Higgs boson width.
To proceed, we introduce an e↵ective Lagrangian for

the above scenario in which the singlet sector does not

we are forced to look for “Beyond BSM” physics!
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)

– 5 –

h

Figure 1: Representative set of Feynman diagrams for gg ! ZZ production in the SM :
involving the Higgs boson (left) and the SM fermion box diagram (right).

of a finite-sized composite Higgs boson coupling with a generic form factor, and study its
implication in Higgs processes where the Higgs particle itself is still the relevant degree of
freedom.

While all Higgs couplings should be examined as a function of the energy scale, arguably,
the first targets are the couplings to heavier SM particles, namely, the top quark and the W

and Z bosons. To this end, a particularly interesting proposal is to study the off-shell Higgs
contribution to the gg ! ZZ process. The large interference between the Higgs induced
amplitude and the gluon-fusion background component results in an appreciable off-shell
Higgs rate, thus making it feasible to study the Higgs couplings to top quarks and Z bosons
at different energy scales. As we shall see in the subsequent sections, this feature can be
utilized to probe several BSM scenarios related to Higgs physics.

The rest of the paper is organized as follows. In Sec. 2, we discuss the off-shell Higgs
production and decay process at the LHC that constitute an optimal target to study Higgs
couplings at high energies. Following the above discussion, in Sections 3, 4 , 5 and 6, we
describe the scalar singlet, Quantum Critical Higgs (QCH), RG evolution of Higgs couplings
in an extra-dimensional setting and the form-factor description for a generic composite Higgs
boson, respectively. In each case, we also discuss the implications of the searches at the
high-luminosity phase of the 14 TeV LHC as well as the proposed 27 TeV HE-LHC upgrade.
We conclude with a summary and the possible future directions in Sec. 7.

2 Higgs Couplings at High Energies: The pp ! ZZ Process

The ATLAS and CMS collaborations have so far established a consistent picture of the
Higgs boson couplings at the EW scale Q

2
⇡ m

2
h
: to top quarks directly [15, 16] and

indirectly [17, 18], and to W
+
W

� [19, 20], ZZ [17, 18], ⌧⌧ [21, 22], and bb̄ directly [23, 24].
Experiments at the LHC will continue to probe the Higgs sector both at the Higgs mass
scale as well as at higher scales. The obvious first target to study the scale-dependence is
the top-quark Yukawa coupling: not only is it the largest Higgs coupling in the SM, thereby
playing a major role in the hierarchy problem, it is also ubiquitous from the measurement
point of view appearing in the leading Higgs production process. The next consideration
would be the couplings with W and Z bosons at higher scales. However, we expect these to
have a lesser sensitivity to new dynamics since, to a first approximation, they are governed
by the well-tested gauge couplings.

– 3 –

gg à h* à WW, ZZ production:

N. Kauer, G. Passarino, arXiv:1206.4803;
F. Caola, K. Melnikov, arXiv:1307.4935.

3 thresholds: mh, 2 MZ, 2 mt
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HL-LHC / HE-LHC:
gg à h* à ZZ à 4 l’s

Significant destructive interference 
between the box (B) & triangle diagram (S)

à Linearly sensitive to modifications!
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Figure 2: Differential distributions d�/dm4` for the process gg ! 4` in the SM (red),
triangle component �tt (black dashed), box component �cc (black solid), and the interference
between them �tc (black dotted). We show the results for the 14 TeV LHC (left) and 27 TeV
HE-LHC (right).

We have generated the signal and background events using MCFM [35], including spin
correlations and off-shell effects, particularly for Z-decays to lepton pairs. QCD corrections
to the gluon fusion subprocess have been incorporated with an overall K-factor [25].

We consider the following two setups for the LHC

HL� LHC : 14 TeV, 3 ab
�1

, (2.4)
HE� LHC : 27 TeV, 15 ab

�1
. (2.5)

For estimating the LHC sensitivity, we have adopted the CMS analysis [26] strategy for
favorable signal selection and background suppression, with the kinematical acceptance
criteria being as follows

pT ` > 10 GeV , |⌘`| < 2.5 ,

m4` > 150 GeV , m``0 > 4 GeV ,

m
(1)
``

= [40, 120] GeV , m
(2)
``

= [12, 120] GeV , (2.6)

where the last two m`` refer to the leading and sub-leading opposite charge flavour-matched
lepton pair. We have employed the CTEQ6L1 [38] PDF set and the factorization and
renormalization scales are chosen as µF = µR = m4`/2.

3 Virtual Effects from Higgs Portal

As a first example, to illustrate the idea that new states responsible for partially addressing
the naturalness problem of the Higgs mass can be probed by studying Higgs processes

– 5 –
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gg à h* à ZZ à 4 l’s
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Figure 2: Four-lepton invariant mass distribution for the gg ! 4` process in the full SM
(red), triangle component �tt (black dashed), box component �cc (black solid), and the
interference between them �tc (black dotted), for the LHC at 14 TeV (left) and 27 TeV
(right).

We have generated the signal and background events using MCFM [28], including spin
correlations and off-shell effects, particularly for Z-decays to lepton pairs. QCD corrections
to the gluon fusion subprocess have been incorporated with an overall K-factor [23].

We consider the following two setups for the LHC

HL� LHC : 14 TeV, 3 ab
�1

, (2.4)
HE� LHC : 27 TeV, 15 ab

�1
. (2.5)

With the LHC energy upgrade from 14 TeV to 27 TeV, the cross section for the gg ! 4`

process in the SM is increased by around a factor of three at m4` = 200 GeV, increasing
further for higher m4`. For estimating the LHC sensitivity, we have adopted the CMS
analysis [24] strategy for favorable signal selection and background suppression, with the
kinematical acceptance criteria being as follows

pT ` > 10 GeV , |⌘`| < 2.5 ,

m4` > 150 GeV , m``0 > 4 GeV ,

m
(1)
``

= [40, 120] GeV , m
(2)
``

= [12, 120] GeV , (2.6)

where the last two m`` refer to the leading and sub-leading opposite charge flavour-matched
lepton pair. We have employed the CTEQ6L1 [29] PDF set and the factorization and
renormalization scales are chosen as µF = µR = m4`/2. The cross section for the process
gg ! 4` (qq̄ ! 4`) increases from 6.1 fb (18 fb) to 19 fb (35 fb) for m4` > 200 GeV with the
energy upgrade from 14 TeV to 27 TeV. We see that the gg ! 4` cross section is increased
by about a factor of three.

– 5 –

Cross sections:                  14 TeV 27 TeV
q qbar à ZZ à 4 l’s:      18 fb             35 fb  
gg à ZZ à 4 l’s:             6.1 fb            19 fb

HL-LHC: 14 TeV, 3 ab-1

HE-LHC: 27 TeV, 15 ab-1
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Case Study 1:
Weakly coupled

Physical parameters in the theory evolve with scale à RGE.

Best example !s(Q): 
Not only QCD verified,
but also NO new physics
contributions below the
accessible scale! 

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e�   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp �> jets (NLO)(�)

• EW parameters verified: 
• Bottom quark mass (yb) evidence at MZ, mh.

↵QED(Z), sin2 ✓W

The next target: top quark & Higgs!
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The top quark Yukawa coupling:
SM:

Figure 8: LO RGE running of top Yukawa yt as a function of the energy scale µ, in the
SM (black solid), in MSSM (green long-dashed), a model with one extra dimension (blue
dot-dashed) and two extra dimensions (red short-dashed). In the MSSM case the common
mass of sparticles is taken to be 500 GeV. In the extra-dimensional scenarios (with inverse
radius 1/R = 500 GeV) only the SM gauge fields are assumed to propagate in the bulk,
while the matter fields are confined to the brane.

while the yt running is now given by

dyt

dt
=

yt

16⇡2

✓
6y

2
t �

16

3
g
2
3 � 3g

2
2 �

13

15
g
2
1

◆
, MSSM (5.6)

We illustrate the running of yt in the MSSM by the green dashed curve in Fig. 8, for a
common sparticle mass scale of 500 GeV. It is observed that primarily due to the slower
running of the strong coupling, the yt running is also slower in the MSSM compared to the
SM scenario, and hence not observable in the off-shell Higgs processes at the LHC.

A qualitatively different scenario however is obtained if there is a tower of new physics
states modifying the RGEs, asymptotically leading to a power-law running of the Yukawa
coupling [12]. This four-dimensional description is equivalent to a theory with compactified
flat extra space-like dimensions, with gauge and/or matter fields propagating in the higher-
dimensional bulk. To illustrate this, we consider two different scenarios of compactified
flat extra-dimensions: a 5D model with the extra-dimension compactified on a circle, and
a 6D model with the two extra dimensions compactified on a square. In both cases, we
only consider the SM gauge fields to be propagating in the bulk, with the matter fields
of the SM restricted to the brane [13, 14]. The presence of colour adjoint massive gauge
fields, namely the KK-gluons, and their corresponding scalar fifth components would then
modify the running of the strong coupling ↵S , which, in turn, would dominantly modify the
running of the top quark Yukawa coupling yt. The beta functions of the gauge couplings in

– 12 –

Studying the energy scale dependence of the Higgs couplings under the renormalization
group evolution can also hold clues to new states coupled to the Higgs sector on particular,
and the SM in general. A first target would be the Higgs coupling to the top quark. Let us
begin with a review of the SM Yukawa coupling and then go on to discuss different weakly-
coupled beyond SM extensions. In the SM, the dominant contribution to the RG running of
the top Yukawa is from QCD corrections, and a sub-dominant but important contribution
stems from the top Yukawa itself. There are two reasons for the latter contribution to be
important: yt itself is O(1) at the scale µ = mh, and the sign of its contribution to �yt is
positive, in contrast to the sign of the gauge contributions, which are negative. At leading
order (LO), the RG evolution of yt is given in the MS scheme by

dyt

dt
= �

SM
yt

=
yt

16⇡2

✓
9

2
y
2
t � 8g

2
3 �

9

4
g
2
2 �

17

20
g
2
1

◆
, (5.1)

with t = ln(µ). The SM gauge couplings evolve with the energy scales as

dgi

dt
=

big
3
i

16⇡2
, (5.2)

at one-loop, with the coefficients bi for the gauge couplings (g1, g2, g3) given as

b
SM
i =(41/10,�19/6,�7). (5.3)

We show the LO RGE running of top Yukawa yt as a function of the energy scale µ in the
SM in Fig. 8 (black solid curve). In the energy scales accessbile in near future colliders,
the change in yt is observed to be rather small, for example, yt(µ = 5 TeV) is found to
be around 14% smaller compared to yt(mh). As we shall see in the next sub-section, this
change does not lead to an observable effect in the off-shell Higgs processes.

New states appearing in beyond SM scenarios can modify the running of the relevant
gauge and Yukawa couplings. Generically, the beta function for a coupling Q is given as

�Q = �
SM
Q +

X

s: massive new states

✓(µ�Ms)(Ns�
NP
s,Q) , (5.4)

where �
SM
Q

is the SM beta function, and �
NP
s,Q

represents the contribution of a new heavy
state s of mass Ms, with Ns number of degenerate degrees of freedom. The theta function
encodes the fact that the effect of new heavy states is included in the RG running once the
energy scale µ is above the threshold Ms.

Large modifications to the running couplings compared to the SM case are however
not expected in four-dimensional quantum field theories essentially due to the logarithmic
nature of the running. Taking the example of the minimal supersymmetric extension of the
Standard Model (MSSM), it is straightforward to include the leading MSSM contributions
to the running of the gauge and Yukawa couplings. The one-loop beta functions of the
gauge couplings are modified to

b
MSSM
i =(33/5, 1,�3), (5.5)
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MSSM:

Gauge fields in Extra Dim:
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Figure 9: Left and center: m4` distribution for the SM (black), 5D UED (red full) and
6D UED (red dashed) gg ! 4`, accounting for the respective yt RGE evolution at the LHC
p
s = 14 TeV (left) and 27 TeV (center). We assume 1/R = 500 GeV. Right: 2� (red) and

5� (blue) bounds on the 6D UED scale 1/R at 27 TeV HE-LHC.

such scenarios are given as:

b
5D
i =b

SM
i + (S(t)� 1)⇥ (1/10,�41/6,�21/2)

b
6D
i =b

SM
i + (⇡S(t)

2
� 1)⇥ (1/10,�13/2,�10). (5.7)

Here, S(t) counts the number of degrees of freedom S(t) = e
t
R, R being the radius of the

extra dimension. The corresponding one-loop RGE equations for the Yukawa coupling in
the extra-dimensional scenarios are as follows:
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We see from Fig. 8 that in the presence of such a tower of new states, the running of yt can
be substantially altered for both the 5D (blue dot-dashed line), and 6D (red dashed line)
models.

Following the analysis setup discussed in Sec. 2, we now describe the impact of the
modified RG running in the pp ! ZZ process. In Fig. 9 (left and center), we display the
m4` distributions accounting for the top Yukawa yt RG evolution in the SM, 5D and 6D,
assuming 1/R = 500 GeV for the latter two scenarios. Although we do not observe relevant
sensitivity to the 5D model due to the numerically less significant change with respect to
the SM, 6D presents strong sensitivity, reaching 1/R ⇠ 1.2 TeV at the 5� confidence level,
with 15 ab�1 of data at the HE-LHC.

We note that although the impact of large deviation in the RGE running of yt can
be clearly observed in the pp ! ZZ process, this measurement alone is not sufficient to
extract the value of running yt at higher scales. The latter interpretation would require the
measurement of at least one other independent process at the LHC. This is because the
running strong coupling ↵S also enters all production processes at the LHC: through the
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such scenarios are given as:
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Here, S(t) counts the number of degrees of freedom S(t) = e
t
R, R being the radius of the

extra dimension. The corresponding one-loop RGE equations for the Yukawa coupling in
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We see from Fig. 8 that in the presence of such a tower of new states, the running of yt can
be substantially altered for both the 5D (blue dot-dashed line), and 6D (red dashed line)
models.

Following the analysis setup discussed in Sec. 2, we now describe the impact of the
modified RG running in the pp ! ZZ process. In Fig. 9 (left and center), we display the
m4` distributions accounting for the top Yukawa yt RG evolution in the SM, 5D and 6D,
assuming 1/R = 500 GeV for the latter two scenarios. Although we do not observe relevant
sensitivity to the 5D model due to the numerically less significant change with respect to
the SM, 6D presents strong sensitivity, reaching 1/R ⇠ 1.2 TeV at the 5� confidence level,
with 15 ab�1 of data at the HE-LHC.

We note that although the impact of large deviation in the RGE running of yt can
be clearly observed in the pp ! ZZ process, this measurement alone is not sufficient to
extract the value of running yt at higher scales. The latter interpretation would require the
measurement of at least one other independent process at the LHC. This is because the
running strong coupling ↵S also enters all production processes at the LHC: through the
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~    R: counts the number of states.
à “volume”, power-law running!
!
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Top quark Yukawa coupling: RGE
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Suppressed Yukawa coupling 
à smaller s-channel signal rate
à weaker interference
à larger ZZ signal! 

A.S. Cornell et al., 
arXiv:1209.6239. 
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LHC Sensitivity:
Running of top quark Yukawa coupling

• 5D signal rather weak: Little sensitivity.
• HL-LHC:  Insensitive.
• HE-LHC @ 6D: a factor of 3-4 increase.

Reach 1/R ~ 0.8 TeV @ 2!; 0.6 TeV @ 5!
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Case Study 2:
Quantum Critical Higgs

B. Bellazzini, C. Csaki, J. Terning et al., arXiv:1511.08218.  
• Phase transition at zero temperature is called 

quantum phase transition (QPT).
• Dynamics of QPT is represented by a continuum 

spectrum from a scale !, associated with strongly 
coupled conformal field theory (CFT).Quantum Phase Transition
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J. Terning’s Aspen talk (2016)
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Figure 7: m4` distribution for the SM (black) and Quantum Critical Higgs (red and green)
in the gg ! 4` process at the LHC:

p
s = 14 TeV (left figure) and 27 TeV (center figure).

2� (blue) and 5� (red) bounds on the scale µ at 27 TeV HE-LHC (right figure).

can be cast into the forms
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2
h
)2��

, Zh =
2��

(µ2 �m
2
h
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where �ZZh is a momentum-dependent form factor, with scaling dimension 1  �  1.5,
IR transition scale µ > mh, and ⇤ is the UV cut-off scale. Therefore, the Higgs two-point
function is given by a pole at the Higgs mass mh and a branch cut above the conformal
symmetry breaking scale p

2
> µ

2. The SM predictions can be recovered upon taking the
limit � ! 1.

While the on-shell Higgs measurements are largely insensitive to the scale µ [43], the
presence of this continuum spectrum for p

2
> µ

2 can be probed by the off-shell Higgs
measurement. In Fig. 6 we show the real and imaginary components for the amplitude ratio
between the s-channel QCH Mh,QCH and SM Mh,SM as a function of m4`. (Tao) (The
SM Mh,SM is also complex right? So we should not take the simple ratio of
two complex numbers. I would be happy if you do ReMh,QCH/ReMh,SM and
ImMh,QCH/ImMh,SM .) Although the QCH displays small corrections associated to real
part of the amplitude for m4` < µ

2, the presence of the branch-cut at m4` = µ
2 results into

large contributions above the µ scale. In Fig. 7, we show how these corrections translate
into the the m4` distribution for the gg ! 4` process. (Dorival) We observe relevant
deviations above the branch-cut that can result into relevant bounds for the
HL-LHC and HE-LHC...
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Quantum Critical Higgs
B. Bellazzini, C. Csaki, J. Terning et al., arXiv:1511.08218.  

• Large scaling dimension ! makes a weaker dependence 
of the Higgs mass correction on the cutoff " : 
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Figure 6: Real (left) and imaginary (right) components for the amplitude ratio between
the s-channel Quantum Critical Higgs Mh,QCH and SM Mh,SM as a function of m4`. We
present two BSM scenarios µ = 400 GeV (red) and µ = 700 GeV (green), assuming d = 1.3.

the reach in the VBF mode assuming two high-luminosity 14 TeV LHC upper bounds of
BR(h ! invisible) < 20% and 5% at the 2� confidence level [40]. The former corresponds
to a realistic projection of the systematic uncertainties on the background prediction, while
the latter case represents an idealistic limit. We observe that in almost the entire singlet
mass range of interest, mS > mh/2, the off-shell Higgs analysis leads to a better sensitivity
on �S .

4 Quantum Criticality

Inspired by certain condensed matter systems in which a light scalar excitation could occur
by tuning parameters close to a critical value for a second-order phase transition, the authors
of Ref. [10] considered a system with an approximate scale invariance at the critical point.
If the system presents a non-trivial fixed point, then the non-trivial critical exponents
characterized by the scaling dimensions (�) imply possible dramatic changes of the field
properties and could even lead to non-particle description. Practically, beside the light
Higgs boson as an excitation near a critical point, there may be a continuum in the spectrum
associated with the dynamics underlying the quantum phase transition, not far from the
Higgs resonance. An attractive consequence is that the quantum corrections to Higgs boson
mass would have a weaker dependence than the quadratic form on the cutoff scale. For
instance, the top-quark loop contribution would be modified as [10]

�m
4�2�
h

=
3�

2
t

8⇡2
⇤
4�2�

. (4.1)

The same underlying dynamics may lead to observable effects on the Higgs couplings as
well as the propagation. The ZZh coupling, top-Yukawa coupling, and Higgs propagator
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Spectral function (un-particle/un-Higgs):
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Figure 6: Real (left) and imaginary (right) components for the amplitude ratio between
the s-channel Quantum Critical Higgs Mh,QCH and SM Mh,SM as a function of m4`. We
present two BSM scenarios µ = 400 GeV (red) and µ = 700 GeV (green), assuming d = 1.3.

the reach in the VBF mode assuming two high-luminosity 14 TeV LHC upper bounds of
BR(h ! invisible) < 20% and 5% at the 2� confidence level [40]. The former corresponds
to a realistic projection of the systematic uncertainties on the background prediction, while
the latter case represents an idealistic limit. We observe that in almost the entire singlet
mass range of interest, mS > mh/2, the off-shell Higgs analysis leads to a better sensitivity
on �S .

4 Quantum Criticality

Inspired by certain condensed matter systems in which a light scalar excitation could occur
by tuning parameters close to a critical value for a second-order phase transition, the authors
of Ref. [10] considered a system with an approximate scale invariance at the critical point.
If the system presents a non-trivial fixed point, then the non-trivial critical exponents
characterized by the scaling dimensions (�) imply possible dramatic changes of the field
properties and could even lead to non-particle description. Practically, beside the light
Higgs boson as an excitation near a critical point, there may be a continuum in the spectrum
associated with the dynamics underlying the quantum phase transition, not far from the
Higgs resonance. An attractive consequence is that the quantum corrections to Higgs boson
mass would have a weaker dependence than the quadratic form on the cutoff scale. For
instance, the top-quark loop contribution would be modified as [10]

�m
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=
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t
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. (4.1)

The same underlying dynamics may lead to observable effects on the Higgs couplings as
well as the propagation. The ZZh coupling, top-Yukawa coupling, and Higgs propagator
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Threshold effects, distributions: QCH
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FIG. 36 The e↵ects of a quantum critical Higgs two point function in the production of on-shell Z-boson pairs, with di↵erent
values of the threshold µ (Bellazzini et al., 2015). (Color online.)

compared with the SM prediction F0 = 0.699. With more data the LHC promises to make a more accurate determi-
nation of this quantity, this process however can only significantly constrain models where the threshold µ is below
the top mass.

The LHC constraints from the production cross-section on a relatively heavy quantum critical Higgs using the
h ! ZZ ! 4` channel are straightforward (Englert et al., 2012b), but for masses below 200 GeV (as needed to
identify the quantum critical Higgs pole with the Higgs-like boson discovered at the LHC), the analysis must be done
by the experimental collaborations. Another search strategy is to look at the interference between the o↵-shell Higgs
process gg ! h ! ZZ ! 4` and the QCD process gg ! ZZ ! 4` with just a top loop in the intermediate state.
As shown in Fig. 36 this can uncover the continuum threshold, but it also provides access to the scaling dimension �
(Bellazzini et al., 2015). Double Higgs production can also yield complimentary information (Bellazzini et al., 2015).

V. CONCLUSIONS

All the models we have considered should have some deviations in the Higgs coupling to SM particles, so the model
independent approach of constraining the couplings of an e↵ective Higgs Lagrangian (section III.C) is a robust method
for attacking all models with non-elementary Higgs bosons. A good deal can be learned from the LHC, but some
kind of Higgs factory is ultimately required. An especially interesting coupling is the Higgs to WW coupling, since
deviations in this coupling imply TeV scale new physics in order to unitarize WW scattering.

In addition di↵erent classes of models have additional signatures that are being searched for. The little Higgs
models (section III.F) need fermionic top partners in order to cancel the one-loop divergence in the Higgs mass. RS
models (section II.C) have KK gluons as well as KK W s, KK Zs, (aka W 0 and Z 0) and KK gravitons. The most
promising LHC search is for the KK gluons, which can be enhanced using a top-tagger. Bulk Higgs models (section
II.E) share these KK gauge bosons but the W and Z resonances need to be much lighter than in RS since they need
to contribute to unitarization. However a thorough W 0 search using WZ scattering would require around 300 fb�1

of luminosity. Some bulk Higgs models can share a feature of certain pseudo-Goldstone boson Higgs models (section
III.F) which is top-partner fermions with exotic electric charges (like +5/3). The quantum critical Higgs scenario
(section IV.E) is starting to be constrained by precision top decay polarization measurements. “Fat” SUSY Higgs
models (section III.H) have the usual superpartners but with an unusual mass spectrum.

The particular searches mentioned above are well-known and bounds have already been presented. In addition to
these there are searches that should be done in the future. The bulk Higgs has a interesting signature in pp ! WH
through an intermediate W 0 which should be looked for. The quantum critical Higgs models can be tested using
the h ! ZZ ! 4` channel. Twin Higgs models (section III.J) can be probed through invisible decays and displaced
vertices. Finally pseudo-Goldstone boson Higgs and dilaton Higgs models can be probed through searching for an
enhanced double Higgs production process.

More than ever Higgs physics is a heuristic compass in the quest for new physics beyond the standard model. The
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Figure 7: m4` distribution for the SM (black) and Quantum Critical Higgs (red and green)
in the gg ! 4` process at the LHC:

p
s = 14 TeV (left figure) and 27 TeV (center figure).

2� (blue) and 5� (red) bounds on the scale µ at 27 TeV HE-LHC (right figure).

can be cast into the forms
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where �ZZh is a momentum-dependent form factor, with scaling dimension 1  �  1.5,
IR transition scale µ > mh, and ⇤ is the UV cut-off scale. Therefore, the Higgs two-point
function is given by a pole at the Higgs mass mh and a branch cut above the conformal
symmetry breaking scale p

2
> µ

2. The SM predictions can be recovered upon taking the
limit � ! 1.

While the on-shell Higgs measurements are largely insensitive to the scale µ [43], the
presence of this continuum spectrum for p

2
> µ

2 can be probed by the off-shell Higgs
measurement. In Fig. 6 we show the real and imaginary components for the amplitude ratio
between the s-channel QCH Mh,QCH and SM Mh,SM as a function of m4`. (Tao) (The
SM Mh,SM is also complex right? So we should not take the simple ratio of
two complex numbers. I would be happy if you do ReMh,QCH/ReMh,SM and
ImMh,QCH/ImMh,SM .) Although the QCH displays small corrections associated to real
part of the amplitude for m4` < µ

2, the presence of the branch-cut at m4` = µ
2 results into

large contributions above the µ scale. In Fig. 7, we show how these corrections translate
into the the m4` distribution for the gg ! 4` process. (Dorival) We observe relevant
deviations above the branch-cut that can result into relevant bounds for the
HL-LHC and HE-LHC...
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Threshold effects, distributions: QCH

Branch-cut suppression (Csaki et al.)
à smaller off-shell Higgs signal
à weaker interference
à larger ZZ signal: a factor of 3-4! 
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LHC Sensitivity: QCH
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Case Study 3:
Strongly coupled

The Higgs boson may still be a composite state
at a high scale !c

The Goldstone-boson nature à mh << !c .

The deviation from the point-like interaction: 
• Momentum-dependent Form Factor
• Non-local interactions
• Beyond simple QFT description
• Underlying dynamics à new constituents 

M. Beneke et al., arXiv:1108.1876;
V. Punjabi et al.,  arXiv:1503.01452.
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hard scattering strong interaction, through parton shower evolution of the initial and final
state quarks and gluons, and through the modification of the parton distribution functions
(PDF). The PDFs are further modified by the addition of new splitting amplitudes of the
gluon, thereby altering the DGLAP evolution equations. Therefore, for a complete exper-
imental understanding of the RG evolution of different couplings in an extra-dimensional
scenario, we first need to determine the modifications in ↵S and the PDFs from multijet
production at the LHC, in particular, from the ratio of two and three jet cross-sections.
Subsequently, we can utilize the pp ! h

⇤
! ZZ production to extract the information on

running of yt.

6 Strongly Coupled Scenario: Form Factor

Although the observed properties of the 125 GeV Higgs boson are consistent with the SM
scenario of an elementary scalar Higgs doublet, given the present accuracy of the LHC mea-
surements, it remains an open possibility that the Higgs boson is composite in nature, being
a bound state of a confining strongly interacting theory with a characteristic compositeness
scale of ⇤c. At the same time, the heaviest fermion in the SM, namely the top quark could
be composite (or partially composite) as well. In this section we shall discuss some generic
expectations for such a scenario.

Assuming parity conservation, and restricting ourselves to dimension-four couplings,
generically the top-Higgs coupling will then involve a momentum-dependent form factor
which is a function of all the independent Lorentz invariant combinations of the top (pµ)
and anti-top four-momenta (p̄µ). Normalizing to the SM coupling, the off-shell top-Higgs
effective vertex is then given as

VttH(p
µ
, p̄

µ
) =

p
2mt

v
�
�
p
2
/⇤

2
c , p̄

2
/⇤

2
c , q

2
/⇤

2
c

�
, (6.1)

where the Higgs boson four-momentum is given by q
µ
= (p + p̄)

µ. In the limit ⇤c ! 1,
both the Higgs and top are point-like particles, and therefore in this limit �(0, 0, 0) = 1.

Although the general form of such a three-point function is difficult to determine in a
strongly interacting theory, one can gain an understanding of a composite scenario either
in the large-N limit (with N being the number of colors in a strongly coupled SU(N) gauge
theory), or within an weakly interacting warped five-dimensional model, which is dual to
the four-dimensional strongly interacting theory in the large-N limit. While some aspects of
such a scenario have been discussed in the literature [4], here we focus on a phenomenological
ansatz for the form factor, which can be used to parametrize the expected deviations from
the SM.

In analogy with the proton electromagnetic form-factors, we adopt the following ansatz
for the Higgs-top coupling form-factor:

�
�
q
2
/⇤

2
c

�
=

1

(1 + q2/⇤2
c )

n , (6.2)

where n = 2 corresponds to the dipole form-factor in the case of proton. As a large part of
the total off-shell Higgs rate comes from the regime in which the top quarks in the triangle
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Current 95%CL bound 
from the LHC Higgs signal: 

t(p) t(p)

H(q = p+ p)

Γ(p2, p2, q2)

Higgs effective vertex is then given as
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where the Higgs boson four-momentum is given by q
µ
= (p+ p̄)

µ. In the limit ⇤ ! 1, both
the Higgs and the top are point-like particles, and therefore in this limit �(0, 0, 0) = 1.

Although the general form of such a three-point function is difficult to determine in a
strongly interacting theory, one can gain an understanding of a composite scenario either
in the large-N limit (with N being the number of colors in a strongly coupled SU(N) gauge
theory) [50], or within an weakly interacting warped five-dimensional model, which is dual
to the four-dimensional strongly interacting theory in the large-N limit [51]. While some
aspects of such a scenario have been discussed in the literature [5], here we focus on a
phenomenological ansatz for the form factor, which can be used to parametrize the expected
deviations from the SM.

In analogy with the nucleon electromagnetic form-factors [52, 53], we adopt the follow-
ing ansatz for the Higgs-top coupling form-factor:

�
�
q
2
/⇤

2
�
=

1

(1 + q2/⇤2 )
n , (6.2)

where n = 2 corresponds to the dipole form-factor in the case of proton. As a large part of
the total off-shell Higgs rate comes from the regime in which the top quarks in the triangle
loop go on-shell, to simplify our analysis setup, we have set p

2
= p̄

2
= m

2
t in the general

form-factor in Eq. (6.1), thereby making it only a function of q2.
Since the on-shell couplings of the Higgs boson, and in particular the signal strength

in the ZZ
(⇤) final state is now well-measured to an accuracy of O(10%), and since the

measurement in this final state is driven by the gluon fusion production, the above form
factors will be further constrained for q

2
= m

2
h
. In order to satisfy the on-shell Higgs

constraints, we demand that
|�

�
m

2
h
/⇤

2
�2

� 1| < 0.1 (6.3)

at 95% C.L.
There are different regimes of the energy scale q

2 for which a form-factor can be used
to parametrize the underlying physics process. For q

2
< ⇤

2, the form factor can capture
both semi-perturbative physics, e.g., top-partner and top quark mixing in composite Higgs
scenarios (where ⇤ is the mass-scale of the top partners) [5], as well as the generic effect of
a finite-sized composite Higgs boson (where ⇤ is the strong interaction scale above which
the constituents of the Higgs would enter the complete description of the physics process).
However, in analogy with elastic nucleon scattering at energies larger than O(1) GeV, even
for q

2
> ⇤

2, a part of the total gg ! ZZ cross-section stems from scattering processes
where the Higgs boson is still the relevant degree of freedom, and therefore the form-factor
description with an interaction of the form Eq. (6.1) holds. This would of course lead to a
suppressed contribution from the Higgs diagram, as the total cross-section for q

2
> ⇤

2 is
dominated by the “deeply inelastic regime” instead. Since such a scenario leads to a rather
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hard scattering strong interaction, through parton shower evolution of the initial and final
state quarks and gluons, and through the modification of the parton distribution functions
(PDF). The PDFs are further modified by the addition of new splitting amplitudes of the
gluon, thereby altering the DGLAP evolution equations. Therefore, for a complete exper-
imental understanding of the RG evolution of different couplings in an extra-dimensional
scenario, we first need to determine the modifications in ↵S and the PDFs from multijet
production at the LHC, in particular, from the ratio of two and three jet cross-sections.
Subsequently, we can utilize the pp ! h

⇤
! ZZ production to extract the information on

running of yt.

6 Strongly Coupled Scenario: Form Factor

Although the observed properties of the 125 GeV Higgs boson are consistent with the SM
scenario of an elementary scalar Higgs doublet, given the present accuracy of the LHC mea-
surements, it remains an open possibility that the Higgs boson is composite in nature, being
a bound state of a confining strongly interacting theory with a characteristic compositeness
scale of ⇤c. At the same time, the heaviest fermion in the SM, namely the top quark could
be composite (or partially composite) as well. In this section we shall discuss some generic
expectations for such a scenario.

Assuming parity conservation, and restricting ourselves to dimension-four couplings,
generically the top-Higgs coupling will then involve a momentum-dependent form factor
which is a function of all the independent Lorentz invariant combinations of the top (pµ)
and anti-top four-momenta (p̄µ). Normalizing to the SM coupling, the off-shell top-Higgs
effective vertex is then given as

VttH(p
µ
, p̄

µ
) =

p
2mt

v
�
�
p
2
/⇤

2
c , p̄

2
/⇤

2
c , q

2
/⇤

2
c

�
, (6.1)

where the Higgs boson four-momentum is given by q
µ
= (p + p̄)

µ. In the limit ⇤c ! 1,
both the Higgs and top are point-like particles, and therefore in this limit �(0, 0, 0) = 1.

Although the general form of such a three-point function is difficult to determine in a
strongly interacting theory, one can gain an understanding of a composite scenario either
in the large-N limit (with N being the number of colors in a strongly coupled SU(N) gauge
theory), or within an weakly interacting warped five-dimensional model, which is dual to
the four-dimensional strongly interacting theory in the large-N limit. While some aspects of
such a scenario have been discussed in the literature [4], here we focus on a phenomenological
ansatz for the form factor, which can be used to parametrize the expected deviations from
the SM.

In analogy with the proton electromagnetic form-factors, we adopt the following ansatz
for the Higgs-top coupling form-factor:

�
�
q
2
/⇤

2
c

�
=

1

(1 + q2/⇤2
c )

n , (6.2)

where n = 2 corresponds to the dipole form-factor in the case of proton. As a large part of
the total off-shell Higgs rate comes from the regime in which the top quarks in the triangle
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where n = 2 corresponds to the dipole form-factor in the case of proton. As a large part of
the total off-shell Higgs rate comes from the regime in which the top quarks in the triangle
loop go on-shell, to simplify our analysis setup, we have set p

2
= p̄

2
= m

2
t in the general

form-factor in Eq. (6.1), thereby making it only a function of q2.
Since the on-shell couplings of the Higgs boson, and in particular the signal strength

in the ZZ
(⇤) final state is now well-measured to an accuracy of O(10%), and since the

measurement in this final state is driven by the gluon fusion production, the above form
factors will be further constrained in the limit q

2
= m

2
h
. In order to satsify the on-shell

Higgs constraints, we demand that

|�
�
m

2
h
/⇤

2
c

�2
� 1| < 0.15 (6.3)

at 95% C.L.
There are different regimes of the energy scale q

2 for which a form-factor can be used
to parametrize the underlying physics process. For q

2
< ⇤

2
c , the form factor can capture

both semi-perturbative physics, e.g., top-partner and top quark mixing in composite Higgs
scenarios (where ⇤c is the mass-scale of the top partners), as well as the generic effect of
a finite-sized composite Higgs boson (where ⇤c is the strong interaction scale above which
the constituents of the Higgs would enter the complete description of the physics process).
However, in analogy with elastic nucleon scattering at energies larger than O(1) GeV, even
for q

2
> ⇤

2
c , a part of the total gg ! ZZ cross-section stems from scattering processes

where the Higgs boson is still the relevant degree of freedom, and therefore the form-factor
description with an interaction of the form Eq. (6.1) holds. This would of course lead to
a suppressed contribution from the Higgs diagram, as the total cross-section for q

2
> ⇤

2
c

is dominated by the “deeply inelastic regime” instead. Since the latter scenario leads to a
rather dramatic prediction observable in the near future LHC measurements, we adopt this
for our illustration of the LHC observability.

We show the impact of the form-factor in the top-Higgs Yukawa coupling in the differ-
ential distribution of m4` for the gg ! ZZ process in Fig. 10 (left panel), for the choice of
the compositeness scale ⇤ = 1.5 TeV. The results are shown for the 27 TeV HE-LHC up-
grade, whereby we compare the SM prediction (solid black) and the prediction for different
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where the Higgs boson four-momentum is given by q
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µ. In the limit ⇤ ! 1, both
the Higgs and the top are point-like particles, and therefore in this limit �(0, 0, 0) = 1.
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both semi-perturbative physics, e.g., top-partner and top quark mixing in composite Higgs
scenarios (where ⇤ is the mass-scale of the top partners) [5], as well as the generic effect of
a finite-sized composite Higgs boson (where ⇤ is the strong interaction scale above which
the constituents of the Higgs would enter the complete description of the physics process).
However, in analogy with elastic nucleon scattering at energies larger than O(1) GeV, even
for q

2
> ⇤

2, a part of the total gg ! ZZ cross-section stems from scattering processes
where the Higgs boson is still the relevant degree of freedom, and therefore the form-factor
description with an interaction of the form Eq. (6.1) holds. This would of course lead to a
suppressed contribution from the Higgs diagram, as the total cross-section for q

2
> ⇤

2 is
dominated by the “deeply inelastic regime” instead. Since such a scenario leads to a rather
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Form Factor suppression 
à smaller off-shell Higgs signal
à weaker interference
à larger ZZ signal: a factor of 3-4! 

LHC distribution: top-Higgs Form Factor
(similar effects for n=2,3)
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LHC Sensitivity: top-Higgs Form Factor

HL-LHC:   !c ~0.8 TeV @ 2"
HE-LHC: !c ~3.3 TeV @ 2";  2.1 TeV @ 5". 
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Figure 3: Representative set of Feynman diagrams for the one-loop corrections to gg ! ZZ

production from the singlet scalar sector.

at higher energy scales, we consider a scalar portal to the Higgs sector. The study of a
scalar portal to the Higgs sector also has strong motivations in dark matter physics, and in
electroweak baryogenesis. A stable scalar singlet particle coupled to the SM sector through
the Higgs boson can make up the DM relic density through thermal freeze-out [29, 30].
In models of electroweak baryogenesis, in order to achieve a strongly first order phase
transition, often new scalars strongly coupled to the SM Higgs doublet are included [31].

We have discussed such a scenario in a recent study [11]. The scenario can be described
by a simple low-energy effective Lagrangian as follows

L � @µS@
µ
S
⇤
� µ

2
|S|

2
� �S |S|

2
|H|

2
, (3.1)

where S is a complex singlet scalar field odd under a Z2 symmetry, with the SM fields being
even under it. After electroweak symmetry breaking, the mass of the singlet is given by
m

2
S
= µ

2
+ �Sv

2
/2, where v = 246 GeV is the vacuum expectation value of the Higgs field.

A new scalar S with couplings to the Higgs field has implications for the naturalness
problem. In the presence of new states of mass-scale ⇤, directly or indirectly coupled to the
Higgs boson, all quadratic sensitivity of the Higgs mass to the scale ⇤ should be cancelled
in a natural theory. To begin with, the leading one-loop correction to the high-scale Higgs
mass Mh, from the top quark and the scalar singlet loops is given as:

�M
2
h
=

1

16⇡2
(�S � 2Ncy

2
t )⇤

2
+

6Ncy
2
t

16⇡2
m

2
t log
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m
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�
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16⇡2

�
�Sm

2
S + �

2
Sv

2
�
log

⇤
2

m
2
S

, (3.2)

where yt is the top quark Yukawa coupling in the SM and the number of colours Nc = 3.
If we impose the high-scale parameter relation �S(⇤

2
) = 6y

2
t (⇤

2
), the quadratic divergent

contribution to the Higgs boson mass from the top quark loop is cancelled by the opposite-
sign contribution from the scalar singlet loop. In a UV-complete theory, such a relation can
ensue from an underlying symmetry, for example, in a supersymmetric theory the scalar
top loops cancel the top quark loop contributions. Partners of the top quark that do not
possess SM color or electroweak charges can also arise from different class of symmetries
protecting the Higgs mass, as in the neutral naturalness scenarios [6–8]. One of the simplest
realizations of this idea is the twin Higgs model [6], which can be generalized to a broader
class of supersymmetric [7] or non-supersymmetric orbifold Higgs models [8]. Such neutral
naturalness scenarios also predict strikingly different signatures at collider experiments [9].
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A new scalar S with couplings to the Higgs field has implications for the naturalness
problem. In the presence of new states of mass-scale ⇤, directly or indirectly coupled to the
Higgs boson, all quadratic sensitivity of the Higgs mass to the scale ⇤ should be cancelled
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where yt is the top quark Yukawa coupling in the SM and the number of colours Nc = 3.
If we impose the high-scale parameter relation �S(⇤

2
) = 6y

2
t (⇤

2
), the quadratic divergent

contribution to the Higgs boson mass from the top quark loop is cancelled by the opposite-
sign contribution from the scalar singlet loop. In a UV-complete theory, such a relation can
ensue from an underlying symmetry, for example, in a supersymmetric theory the scalar
top loops cancel the top quark loop contributions. Partners of the top quark that do not
possess SM color or electroweak charges can also arise from different class of symmetries
protecting the Higgs mass, as in the neutral naturalness scenarios [6–8]. One of the simplest
realizations of this idea is the twin Higgs model [6], which can be generalized to a broader
class of supersymmetric [7] or non-supersymmetric orbifold Higgs models [8]. Such neutral
naturalness scenarios also predict strikingly different signatures at collider experiments [9].
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We have discussed such a scenario in a recent study [11]. The scenario can be described
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where S is a complex singlet scalar field odd under a Z2 symmetry, with the SM fields being
even under it. After electroweak symmetry breaking, the mass of the singlet is given by
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/2, where v = 246 GeV is the vacuum expectation value of the Higgs field.

A new scalar S with couplings to the Higgs field has implications for the naturalness
problem. In the presence of new states of mass-scale ⇤, directly or indirectly coupled to the
Higgs boson, all quadratic sensitivity of the Higgs mass to the scale ⇤ should be cancelled
in a natural theory. To begin with, the leading one-loop correction to the high-scale Higgs
mass Mh, from the top quark and the scalar singlet loops is given as:
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where yt is the top quark Yukawa coupling in the SM and the number of colours Nc = 3.
If we impose the high-scale parameter relation �S(⇤

2
) = 6y

2
t (⇤

2
), the quadratic divergent

contribution to the Higgs boson mass from the top quark loop is cancelled by the opposite-
sign contribution from the scalar singlet loop. In a UV-complete theory, such a relation can
ensue from an underlying symmetry, for example, in a supersymmetric theory the scalar
top loops cancel the top quark loop contributions. Partners of the top quark that do not
possess SM color or electroweak charges can also arise from different class of symmetries
protecting the Higgs mass, as in the neutral naturalness scenarios [6–8]. One of the simplest
realizations of this idea is the twin Higgs model [6], which can be generalized to a broader
class of supersymmetric [7] or non-supersymmetric orbifold Higgs models [8]. Such neutral
naturalness scenarios also predict strikingly different signatures at collider experiments [9].

For probing the existence of such a maximally hidden scalar sector, the key obser-
vation is that the singlet scalar sector would lead to NLO electroweak corrections to the
process gg ! ZZ, representative Feynman diagrams for which are shown in Fig. 3. These
corrections constitute a separately renormalizable, gauge-invariant, UV-finite subset.

In our computation of the electroweak radiative corrections, we follow the complex mass
scheme [37], in which the renormalized Higgs boson self-energy is defined as
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sign contribution from the scalar singlet loop. In a UV-complete theory, such a relation can
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naturalness scenarios also predict strikingly different signatures at collider experiments [9].

For probing the existence of such a maximally hidden scalar sector, the key obser-
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at higher energy scales, we consider a scalar portal to the Higgs sector. The study of a
scalar portal to the Higgs sector also has strong motivations in dark matter physics, and in
electroweak baryogenesis. A stable scalar singlet particle coupled to the SM sector through
the Higgs boson can make up the DM relic density through thermal freeze-out [29, 30].
In models of electroweak baryogenesis, in order to achieve a strongly first order phase
transition, often new scalars strongly coupled to the SM Higgs doublet are included [31].

We have discussed such a scenario in a recent study [11]. The scenario can be described
by a simple low-energy effective Lagrangian as follows
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where S is a complex singlet scalar field odd under a Z2 symmetry, with the SM fields being
even under it. After electroweak symmetry breaking, the mass of the singlet is given by
m

2
S
= µ

2
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2
/2, where v = 246 GeV is the vacuum expectation value of the Higgs field.

A new scalar S with couplings to the Higgs field has implications for the naturalness
problem. In the presence of new states of mass-scale ⇤, directly or indirectly coupled to the
Higgs boson, all quadratic sensitivity of the Higgs mass to the scale ⇤ should be cancelled
in a natural theory. To begin with, the leading one-loop correction to the high-scale Higgs
mass Mh, from the top quark and the scalar singlet loops is given as:
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where yt is the top quark Yukawa coupling in the SM and the number of colours Nc = 3.
If we impose the high-scale parameter relation �S(⇤

2
) = 6y

2
t (⇤

2
), the quadratic divergent

contribution to the Higgs boson mass from the top quark loop is cancelled by the opposite-
sign contribution from the scalar singlet loop. In a UV-complete theory, such a relation can
ensue from an underlying symmetry, for example, in a supersymmetric theory the scalar
top loops cancel the top quark loop contributions. Partners of the top quark that do not
possess SM color or electroweak charges can also arise from different class of symmetries
protecting the Higgs mass, as in the neutral naturalness scenarios [6–8]. One of the simplest
realizations of this idea is the twin Higgs model [6], which can be generalized to a broader
class of supersymmetric [7] or non-supersymmetric orbifold Higgs models [8]. Such neutral
naturalness scenarios also predict strikingly different signatures at collider experiments [9].
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When crossing the threshold à branch-cut contribution!
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Figure 4: Real (left) and imaginary (right) parts of the Higgs boson renormalized self-
energy corrections ⌃̂h, scaled by the propagator factor p

2
� µ

2
h
, as a function of m4`.

For probing the existence of such a maximally hidden scalar sector, the key obser-
vation is that the singlet scalar sector would lead to NLO electroweak corrections to the
process gg ! ZZ, representative Feynman diagrams for which are shown in Fig. 3. These
corrections constitute a separately renormalizable, gauge-invariant, UV-finite subset.

In our computation of the electroweak radiative corrections, we follow the complex mass
scheme [37], in which the renormalized Higgs boson self-energy is defined as

⌃̂h(p
2
) = ⌃h(p

2
)� �µ

2
h
+ (p

2
� µ

2
h
)�Zh , (3.3)

where the complex Higgs mass squared is µ
2
h
= m

2
h
� imh�h and the renormalization con-

stants are defined as

�µ
2
h
= ⌃h(µ

2
h
) , �Zh = �

d⌃h

dp2
(µ

2
h
). (3.4)

Throughout our analysis, we have evolved �S(Q
2
) using the renormalization group equation

at one-loop.
We now briefly discuss the qualitative features of the one-loop contributions from the

scalar singlet sector. We show the behaviour of the Higgs boson self-energy corrections
⌃̂h (scaled by the propagator factor p

2
� µ

2
h
) as a function of the sub-process centre of

mass energy m4` in Fig. 4. While there is a resonant enhancement in the real part of
the self-energy correction, the imaginary part shows a threshold behaviour near the en-
ergy scale m4` = 2mS . As we shall see in the following, these features lead to interesting
consequences in the differential distributions for the LHC processes that we study next.
In order to determine the effect of these electroweak corrections, we propose to study the
pp ! Z

(⇤)
Z

(⇤)
! 4` channel at the LHC, the framework for which is discussed in Sec. 2.

In Fig. 5 (left), we present the four-lepton invariant mass distribution at the LHC for
the gg ! 4` process in the SM (black solid line) and in the model with an additional scalar
gauge singlet (red solid and dashed lines), for different choices of �S(m

2
h
). We see that in

addition to shifting the on-shell Higgs rate [34], the higher order corrections to gg ! 4` in

– 7 –

D. Goncalves, TH, S. Mukhopadhyay, PRL: arXiv:1710.0249. 

S-matrix singularities: 
• s-channel resonant pole
• Pair-production branch-cut
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LHC Sensitivity: Higgs portal via S

Due to the interference, the rate is reduced w.r.t. the SM
(to 50%, potentially observable.)
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LHC Sensitivity: Higgs portal via S

IF taking !s for “natural values”:
HL-LHC:   ms ~ 70 GeV @ 2". 
HE-LHC:   ms ~ 120 GeV @ 2"; 100 GeV @ 5".
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Naturalness

Invisible Higgs in VBF: 
N. Craig et al. arXiv:1412.0258.:
Systematics for jet + ET missing
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Summary:   
The Higgs boson is a new class,
likely a window to new physics.

In the absence of deviation from SM, we 
propose to study Higgs physics at higher scales 

(off-shell): pp à h* à ZZ
In accordance with the “naturalness” considerations:

- Weakly coupled: RGE for SM; MSSM à small effects
- Extra dimensions à Power-law running: significant change
- New states coming into Higgs propagation:

scalar singlets; a continuum spectrum
- Strong dynamics/composite Higgs: Form Factor for tth.
Modifications may be observable at the LHC upgrades

2! -- 5! level sensitivity.



29

• “Natural SUSY”:

Relevant to the Higgs
and the “Most Wanted”: 
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A Natural SUSY Spectrum

&

Figure 14: An example of a natural SUSY spectrum in �SUSY with � ⇠ 2. The fine-tuning
of the Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the
Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs
and the singlet lowers the Higgs mass to 125 GeV.

heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry breaking. In

Figure 14 we give an example of such a natural superparticle spectrum. This possibility presents

a new twist on the null supersymmetry results: maybe superparticles are above the 7 TeV reach

of the LHC because the Higgs potential is protected by a large value for �. Of course, since the

tree-level contributions are large in �-SUSY, the stops are not required to be heavy in order to

raise the Higgs mass. Thus it is also possible that the superparticle spectrum is about to be

discovered. We have also found that �-SUSY has the possibility of interesting non-decoupling

e↵ects. Mixing between the two doublets depletes the coupling of the lightest Higgs to bottom

quarks (the opposite of how non-decoupling usually works in the MSSM), enhancing the ��

and WW rates and depleting the branching ratios to b’s and ⌧ ’s. In �-SUSY, non-SM Higgs

branching ratios may present the first experimental clue for supersymmetry, instead of the direct

discovery of sparticles.

21

H̃
0,±

, t̃, b̃, (g̃); S, S̃...

mt̃ > 200� 680 GeV,

m�̃± > 100� 600 GeV (depending on m�0)

Current LHC bounds:

The Searches Will Continue …
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Figure 14: An example of a natural SUSY spectrum in �SUSY with � ⇠ 2. The fine-tuning
of the Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the
Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs
and the singlet lowers the Higgs mass to 125 GeV.

heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry breaking. In

Figure 14 we give an example of such a natural superparticle spectrum. This possibility presents

a new twist on the null supersymmetry results: maybe superparticles are above the 7 TeV reach

of the LHC because the Higgs potential is protected by a large value for �. Of course, since the

tree-level contributions are large in �-SUSY, the stops are not required to be heavy in order to

raise the Higgs mass. Thus it is also possible that the superparticle spectrum is about to be

discovered. We have also found that �-SUSY has the possibility of interesting non-decoupling

e↵ects. Mixing between the two doublets depletes the coupling of the lightest Higgs to bottom

quarks (the opposite of how non-decoupling usually works in the MSSM), enhancing the ��

and WW rates and depleting the branching ratios to b’s and ⌧ ’s. In �-SUSY, non-SM Higgs

branching ratios may present the first experimental clue for supersymmetry, instead of the direct

discovery of sparticles.

21

H̃
0,±

, t̃, b̃, (g̃); S, S̃...

mt̃ > 200� 680 GeV,

m�̃± > 100� 600 GeV (depending on m�0)

Current LHC bounds:

• New strong dynamics, “Compositeness”:
The top-quark partner T’,
Current ATLAS limit:
MT > 480 GeV,  for MA < 100 GeV. 

The Searches Will Continue …
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HL-LHC / HE-LHC:


