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The completion of the SM:
First time ever, we have a 
consistent relativistic/
quantum mechanical theory:
weakly coupled, unitary, 
renormalizeable, vacuum (quasi?) stable.

Valid up to an exponentially 
high scale, perhaps to the 
Planck scale MPl!

M
H

 [
G

e
V

/c
2
]

600

400

500

100

200

300

0
3 5 7 9 11 13 15 17 19

log10 ! [GeV]

Triviality

EW vacuum is absolute minimum

EW

Precision



3

“... most of the grand underlying principles have 
been firmly established. 
… the future truths of physical science are to be 
looked for in the sixth place of decimals. ”

Michelson–Morley’s null experiment (1887):
“the moving-off point for the theoretical aspects of the 

second scientific revolution”

Will History repeat itself (soon)?

--- Albert Michelson (1894)
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Nima Arkani-Hamed:
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SM as an Effective Field Theory
“The present educated view of the standard model, and of 
general relativity, is again that these are the leading terms 
in effective field theories.” S. Weinberg, hep-th/9702027

- J. Preskill, Quantum Frontier (2013)
“We are all Wilsonians now.”

We are all Wilsonians now
Posted on June 18, 2013 by preskill

Ken Wilson passed away on June 15 at age 77. He

changed how we think about physics.

Renormalization theory, first formulated systematically by

Freeman Dyson in 1949, cured the flaws of quantum

electrodynamics and turned it into a precise computational

tool. But the subject seemed magical and mysterious. Many

physicists, Dirac prominently among them, questioned

whether renormalization rests on a sound foundation.

Wilson changed that.

The renormalization group concept arose in an extraordinary

paper by Gell-Mann and Low in 1954. It was embraced by

Soviet physicists like Bogoliubov and Landau, and invoked

by Landau to challenge the consistency of quantum

electrodynamics. But it was an abstruse and inaccessible

topic, as is well illustrated by the baffling discussion at the

very end of the two-volume textbook by Bjorken and Drell.

Wilson changed that, too.

Ken Wilson turned renormalization upside down. Dyson and

others had worried about the “ultraviolet divergences”

occurring in Feynman diagrams. They introduced an artificial cutoff on integrations over the momenta of virtual particles,

then tried to show that all the dependence on the cutoff can be eliminated by expressing the results of computations in

terms of experimentally accessible quantities. It required great combinatoric agility to show this trick works in

electrodynamics. In other theories, notably including general relativity, it doesn’t work.

Ken Wilson—

Quantum Frontiers
A blog by the Institute for Quantum Information and Matter @ Caltech

In terms of a new physical scale     , 
below which the theory is valid: 

Λ

(relevant operators)

(irrelevant operators)(marginal operators)
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“… scalar particles are the only kind of free particles whose mass term 
does not break either an internal or a gauge symmetry.” Ken Wilson, 1970

c2⇤
2 ⇠ m2

h : �v2 ⇠ µ2 ⇠ (100 GeV)2 ⇠ (10�16MPlanck)
2

V = -µ2 |ϕ|2 + λ|ϕ|4
The 2nd “relevant operator”:  the Higgs boson mass 

The “Hierarchy problem” between mh & MPlanck

à Higgs as a Probe of New Physics !

The 1st (most) “relevant operator”:

(MPL/Λ&'())4 ~ 10120 ! (ΛQCD/Λ&'())4 ~ 1044 !
Wilsonian argument failed (badly)!

“… I do not understand (quantum) gravity” 

&0Λ4

--- William Bardeen

Known physics scales and the observation:
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Immediate target: Precision Higgs physics 
• Cross sections/branching fractions à Higgs couplings
• Rare processes à search new phenomena

Much work/talks in this workshop … 
Complementary Approach: Higgs physics at high scales
• “Naturalness” is a UV problem
• Sensitive to new physics
• “Higgs portal” to a subtle sector.

h

t

t̄ h⇤

Focus on ttH coupling @ high scales:
a. Yukawa yt(Q) RGE running
b. EFT probe
c. Composite form factor 

v2/Λ2 ~ 2%
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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)
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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.
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gg à h* à WW, ZZ

N. Kauer, G. Passarino, arXiv:1206.4803 
F. Caola, K. Melnikov, arXiv:1307.4935
Campbell, Ellis, Williams 1312.1628

3 thresholds: mh, 2MZ, 2mt

High-scale Higgs Physics I: 
far off-shell Higgs 

PITT-PACC-1711

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

Significant destructive interference 
between the box & triangle diagrams 
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a. Top quark Yukawa coupling yt(Q):

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)

– 11 –

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)

– 11 –

MSSM:

500 1000 1500 2000 2500 3000

-810

-710

-610

-510

-410

-310

-210

-110
 4l→gg

SM
5DUED
6DUED

 GeV
fb  

4ldm
σd

1/R=500 GeV, LHC@14 TeV

 [GeV]4lm
1000 2000 3000

1
2
3
4 BSM/SM 500 1000 1500 2000 2500 3000

-610

-510

-410

-310

-210

-110  4l→gg
SM

5DUED
6DUED

 GeV
fb  

4ldm
σd

1/R=500 GeV, LHC@27 TeV

 [GeV]4lm
1000 2000 3000

1
2
3
4 BSM/SM

500 600 700 800 900 1000 1100 1200
0

2

4

6

8

10

12

14

1êR @GeVD

L@a
b-
1 D

5s UED6D

2s UED6D

HE-LHC 27 TeV
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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:

dyt
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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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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!
!

K. Dienes, E. Dudas, T. Gherghetta, 1998

Gauge fields in extra-dimensions:
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Top quark Yukawa coupling yt(Q): RGE
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A.S. Cornell et al., 
arXiv:1209.6239. 

• Suppressed Yukawa coupling à larger ZZ signal
• HL-LHC:  rather insensitive to SM/MSSM/5D
• HE-LHC/FCC-hh @ 6D à Reach 1/R ~ 1 TeV

D. Goncalves, TH, S. Mukhopadhyay, arXiv:1710.02149 (PRL, 2017); arXiv:1803.09751 (PRD, 2018).
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4

III. EFFECTIVE FIELD THEORY

The E↵ective Field Theory (EFT) provides a consis-
tent framework to parametrize beyond the SM e↵ects
in the presence of a mass gap between the SM and
new physics states. In this context, the new physics
states can be integrated out and parametrized in terms
of higher dimension operators [35]. In this section we
parametrize the new physics e↵ects in terms of the EFT
framework [36, 37]. Instead of performing a global cou-
pling fit, we will focus on a relevant subset of higher
dimension operators that a↵ect the Higgs production via
gluon fusion. This will shed light on the new physics sen-
sitivity for the o↵-shell pp ! H

⇤ ! Z(``)Z(⌫⌫) channel.
Our e↵ective Lagrangian can be written as

L �cg

↵s

12⇡v2
|H|2Gµ⌫G

µ⌫ + ct

yt

v2
|H|2Q̄LH̃tR + h.c. ,

(5)

where H is the SM Higgs doublet and v = 246 GeV
is the vacuum expectation value of the SM Higgs field.
The couplings are normalized in such a way for future
convenience. If we wish to make connection with the new
physics scale ⇤, we would have the scaling as cg, ct ⇠
v
2
/⇤2. After electroweak symmetry breaking, Eq. (5)

renders into the following interaction terms with a single
Higgs boson

L �g

↵s

12⇡v
HGµ⌫G

µ⌫ � t

mt

v
H (t̄RtL + h.c.) , (6)

where the coupling modifiers g,t and the Wilson coe�-
cients cg,t are related by g = cg and t = 1 � Re(ct).
We depict in Fig. 5 the gg ! ZZ Feynman diagrams that
account for these new physics e↵ects.

Whereas Eq. (5) represents only a sub-set of high di-
mensional operators a↵ecting the Higgs interactions [36,
37], we focus on it to highlight the e↵ectiveness for
the o↵-shell Higgs measurements to resolve a notori-
ous degeneracy involving these terms. The gluon fu-
sion Higgs production at low energy regime can be
well approximated by the Higgs Low Energy Theo-
rem [38, 39], where the total Higgs production cross-
section scales as �GF / |t + g|2. Therefore, low en-
ergy measurements, such as on-shell and non-boosted
Higgs production [13, 15, 40–46], are unable to resolve
the |t + g| = constant degeneracy. While the combi-
nation between the tt̄H and gluon fusion Higgs produc-
tion have the potential to break this blind direction [47],
we will illustrate that the Higgs production at the o↵-
shell regime can also result into relevant contributions to
resolve this degeneracy.

Since the Higgs boson decays mostly to longitudinal
gauge bosons at the high energy regime, it is enlight-
ening to inspect the signal amplitude for the longitu-
dinal components. The amplitudes associated to each
contribution presented in Fig. 5 can be approximated at

H

g

g

g

Z

Z g

g Z

Z

t
H

g

t

g

Z

Z

Figure 5. Feynman diagrams for the GF gg ! ZZ process.
The new physics e↵ects from Eq. (6) display deviations on the
coe�cients t and g from the SM point (t,g) = (1, 0).

mZZ � mt, mH , mZ by [13, 15, 48]

M++00
t

⇡ +
m

2
t

2m2
Z

log2
m

2
ZZ

m
2
t

,

M++00
g

⇡ �m
2
ZZ

2m2
Z

,

M++00
c

⇡ � m
2
t

2m2
Z

log2
m

2
ZZ

m
2
t

. (7)

Two comments are in order. First, both the s-channel
top loop Mt and the continuum Mc amplitudes display
logarithmic dependences on mZZ/mt at the far o↵-shell
regime. In the SM scenario the ultraviolet logarithm be-
tween these two amplitudes cancel, ensuring a proper
high energy behavior when calculating the full ampli-
tude. Second, it is worth noting the di↵erence in sign
between the s-channel contributions Mt and Mg. This
results into a destructive interference between Mt and
Mc, contrasting to a constructive interference between

300 400 500 600 700 800 900 1000

5−10

4−10

3−10

2−10

1−10

 [f
b/

G
eV

]
TZZ

/d
m

σd

=0gκ=1,tκSM,
=0gκ=0,tκ
=1gκ=0,tκ

qq

300 400 500 600 700 800 900 1000
 [GeV]T

ZZm

0

2

4

6

8 
SM

/G
F

BS
M

G
F

Figure 6. Transverse mass distributions m
ZZ

T for the DY
and GF Z(``)Z(⌫⌫) processes. The new physics e↵ects are
parametrized by deviations from SM point (t,g) = (1, 0).
We follow the benchmark analysis defined in Sec II.

D. Goncalves, TH, S. Mukhopadhyay, arXiv:1710.02149 (PRL, 2017); arXiv:1803.09751 (PRD, 2018).
D. Goncalves, TH, S.C.I. Leung, H. Qin, arXiv:2012.05272. 

b. Effective Field Theory description:

6

�H/�SM

H ⇤EFT ⇤n=2
Composite

H
⇤ ! ZZ ! ``⌫⌫ 1.31 0.8 TeV 1.5 TeV
H

⇤ ! ZZ ! 4` 1.3 (68% CL) [33] 0.55 TeV [34] 0.8 TeV [18]

Table I. Comparison of the sensitivity reaches between H
⇤ ! ZZ ! ``⌫⌫ in this study and H

⇤ ! ZZ ! 4` in the literature as
quoted. All results are presented at 95% CL except for the Higgs width projection derived by ATLAS with 68% CL [33]. We
assume that the Wilson coe�cient for the EFT framework is given by ct = v

2
/⇤2

EFT . Besides the H ! 4` channel, Ref. [34]
also accounts for the H ! �� final state with a boosted Higgs analysis.

as

�(q2/⇤2) =
1

(1 + q2/⇤2)n
, (8)

where q
2 is the virtuality of the Higgs boson. For n = 2, it

is a dipole-form factor and corresponds to an exponential
spacial distribution. Building upon Ref. [18], we study
the impact of this form factor on gg ! H

⇤ ! ZZ process
now with the complementary final state `

+
`
�

⌫⌫.
In Fig. 8, we illustrate the m

ZZ

T
distribution for the

full gluon fusion gg(! H
⇤) ! ZZ process. We show

the Standard Model (black) and the form factor scenario
(red). We assume n = 2 or 3 and ⇤ = 1.5 TeV for the
depicted form factor scenarios. The di↵erences between
Standard Model and form factor cases become larger
when the energy scales are comparable or above ⇤ due to
the suppression of destructive interference between Higgs
signal and continuum background. Thus, we perform the
same BDT procedure introduced in Sec. II followed by a
binned log-likelihood ratio test in the m

ZZ

T
distribution

to fully explore this e↵ect. In Fig. 9, we display the sensi-
tivity reach for the LHC in the Higgs-top form factor. We
observe that the LHC can bound these new physics e↵ects
up to ⇤ = 1.5 TeV for n = 2 and ⇤ = 2.1 TeV for n = 3 at
95% CL. The large event rate for the H

⇤ ! ZZ ! ``⌫⌫

signal results in a more precise probe to the ultraviolet
regime than for the H

⇤ ! ZZ ! 4` channel, where the
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Figure 9. 95% CL sensitivity on the new physics scale ⇤ as a
function of the LHC luminosity. We assume the form factor
in Eq. (8) with n = 2 (dashed line) and n = 3 (solid line) at
the 14 TeV LHC.

limits on the new physics scale are ⇤ = 0.8 TeV for n = 2
and ⇤ = 1.1 TeV for n = 3 at 95% CL [18].

V. SUMMARY

We have systematically studied the o↵-shell Higgs pro-
duction in the pp ! H

⇤ ! Z(``)Z(⌫⌫) channel at the
high-luminosity LHC. We showed that this signature is
crucial to probe the Higgs couplings across di↵erent en-
ergy scales potentially shedding light on new physics at
the ultraviolet regime. To illustrate its physics potential,
we derived the LHC sensitivity to three BSM benchmark
scenarios where the new physics e↵ects are parametrized
in terms of the Higgs boson width, the e↵ective field the-
ory framework, and a non-local Higgs-top coupling form
factor.

The combination of a large signal rate and a precise
phenomenological probe for the process energy scale, due
to the transverse ZZ mass, renders strong limits for all
considered BSM scenarios. A summary table and com-
parison with the existing results in the literature are pro-
vided in Table I. Adopting Machine-learning techniques,
we demonstrated in the form of BDT that the HL-LHC,
with L = 3 ab�1 of data, will display large sensitivity
to the Higgs boson width, �H/�SM

H
< 1.31. In addi-

tion, the characteristic high energy behavior for the new
physics terms within the EFT framework results in rele-
vant bounds on the (t, g) new physics parameters, re-
solving the low energy degeneracy in the gluon fusion
Higgs production. In particular, we observe that the
LHC can bound the top Yukawa within t ⇡ [0.4, 1.1]
at 95% CL. The upper bound on t is complementary to
the direct Yukawa measurement via ttH and can be fur-
ther improved in conjunction with additional relevant o↵-
shell Higgs channels. Finally, when considering a more
general hypothesis that features a non-local momentum-
dependent Higgs-top interaction, we obtain that the HL-
LHC is sensitive to new physics e↵ects at large energies
with ⇤ = 1.5 TeV for n = 2 and ⇤ = 2.1 TeV for n = 3
at 95% CL. We conclude that, utilizing the promising
H

⇤ ! Z(`+`
�)Z(⌫⌫̄) channel at the HL-LHC and adopt-

ing the Machine-Learning techniques, the combination of
a large signal rate and a precise phenomenological probe
for the process energy scale renders improved sensitivi-
ties beyond the existing literature, to all the three BSM
scenarios considered in this work.

H*à 2!± 2"

MBSM ~ MSM (1+m2
zz/ #2)
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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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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
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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t(p) t(p)

H(q = p+ p)

Γ(p2, p2, q2)

Higgs effective vertex is then given as

VttH(p
µ
, p̄

µ
) =

p
2mt

v
�
�
p
2
/⇤

2
, p̄

2
/⇤

2
, q

2
/⇤

2
�
, (6.1)

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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c. The Momentum-dependent Form Factor:

Leading to a suppressed ttH
à Enhanced ZZ signal!

Analogue: Nucleon form factor

n=2 à “Dipole FF”
1-particle exchange potential;

a spatial exponential distribution.

Current 95% CL bound from the LHC Higgs signal: 

Deviation from point-like interactions:
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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
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6

�H/�SM

H ⇤EFT ⇤n=2
Composite

H
⇤ ! ZZ ! ``⌫⌫ 1.31 0.8 TeV 1.5 TeV
H

⇤ ! ZZ ! 4` 1.3 (68% CL) [33] 0.55 TeV [34] 0.8 TeV [18]

Table I. Comparison of the sensitivity reaches between H
⇤ ! ZZ ! ``⌫⌫ in this study and H

⇤ ! ZZ ! 4` in the literature as
quoted. All results are presented at 95% CL except for the Higgs width projection derived by ATLAS with 68% CL [33]. We
assume that the Wilson coe�cient for the EFT framework is given by ct = v

2
/⇤2

EFT . Besides the H ! 4` channel, Ref. [34]
also accounts for the H ! �� final state with a boosted Higgs analysis.

as

�(q2/⇤2) =
1

(1 + q2/⇤2)n
, (8)

where q
2 is the virtuality of the Higgs boson. For n = 2, it

is a dipole-form factor and corresponds to an exponential
spacial distribution. Building upon Ref. [18], we study
the impact of this form factor on gg ! H

⇤ ! ZZ process
now with the complementary final state `

+
`
�

⌫⌫.
In Fig. 8, we illustrate the m

ZZ

T
distribution for the

full gluon fusion gg(! H
⇤) ! ZZ process. We show

the Standard Model (black) and the form factor scenario
(red). We assume n = 2 or 3 and ⇤ = 1.5 TeV for the
depicted form factor scenarios. The di↵erences between
Standard Model and form factor cases become larger
when the energy scales are comparable or above ⇤ due to
the suppression of destructive interference between Higgs
signal and continuum background. Thus, we perform the
same BDT procedure introduced in Sec. II followed by a
binned log-likelihood ratio test in the m

ZZ

T
distribution

to fully explore this e↵ect. In Fig. 9, we display the sensi-
tivity reach for the LHC in the Higgs-top form factor. We
observe that the LHC can bound these new physics e↵ects
up to ⇤ = 1.5 TeV for n = 2 and ⇤ = 2.1 TeV for n = 3 at
95% CL. The large event rate for the H

⇤ ! ZZ ! ``⌫⌫

signal results in a more precise probe to the ultraviolet
regime than for the H

⇤ ! ZZ ! 4` channel, where the
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Figure 9. 95% CL sensitivity on the new physics scale ⇤ as a
function of the LHC luminosity. We assume the form factor
in Eq. (8) with n = 2 (dashed line) and n = 3 (solid line) at
the 14 TeV LHC.

limits on the new physics scale are ⇤ = 0.8 TeV for n = 2
and ⇤ = 1.1 TeV for n = 3 at 95% CL [18].

V. SUMMARY

We have systematically studied the o↵-shell Higgs pro-
duction in the pp ! H

⇤ ! Z(``)Z(⌫⌫) channel at the
high-luminosity LHC. We showed that this signature is
crucial to probe the Higgs couplings across di↵erent en-
ergy scales potentially shedding light on new physics at
the ultraviolet regime. To illustrate its physics potential,
we derived the LHC sensitivity to three BSM benchmark
scenarios where the new physics e↵ects are parametrized
in terms of the Higgs boson width, the e↵ective field the-
ory framework, and a non-local Higgs-top coupling form
factor.

The combination of a large signal rate and a precise
phenomenological probe for the process energy scale, due
to the transverse ZZ mass, renders strong limits for all
considered BSM scenarios. A summary table and com-
parison with the existing results in the literature are pro-
vided in Table I. Adopting Machine-learning techniques,
we demonstrated in the form of BDT that the HL-LHC,
with L = 3 ab�1 of data, will display large sensitivity
to the Higgs boson width, �H/�SM

H
< 1.31. In addi-

tion, the characteristic high energy behavior for the new
physics terms within the EFT framework results in rele-
vant bounds on the (t, g) new physics parameters, re-
solving the low energy degeneracy in the gluon fusion
Higgs production. In particular, we observe that the
LHC can bound the top Yukawa within t ⇡ [0.4, 1.1]
at 95% CL. The upper bound on t is complementary to
the direct Yukawa measurement via ttH and can be fur-
ther improved in conjunction with additional relevant o↵-
shell Higgs channels. Finally, when considering a more
general hypothesis that features a non-local momentum-
dependent Higgs-top interaction, we obtain that the HL-
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with ⇤ = 1.5 TeV for n = 2 and ⇤ = 2.1 TeV for n = 3
at 95% CL. We conclude that, utilizing the promising
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�)Z(⌫⌫̄) channel at the HL-LHC and adopt-

ing the Machine-Learning techniques, the combination of
a large signal rate and a precise phenomenological probe
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Figure 9. 95% CL sensitivity on the new physics scale ⇤ as a
function of the LHC luminosity. We assume the form factor
in Eq. (8) with n = 2 (dashed line) and n = 3 (solid line) at
the 14 TeV LHC.
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the direct Yukawa measurement via ttH and can be fur-
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general hypothesis that features a non-local momentum-
dependent Higgs-top interaction, we obtain that the HL-
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(a) (b)

Figure 3: Higgs transverse-momentum spectrum in the SM (black, solid) compared to separate
variations of the dimension-six operators for (a) 0GeV pT  400GeV and (b) 400GeV pT 
800GeV. The lower frame shows the ratio with respect to the SM prediction. The shaded band in
the ratio indicates the uncertainty due to scale variations. See text for more details.
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Figure 4: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cg for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The lower
frame shows the ratio with respect to the SM prediction. The shaded band in the ratio indicates
the uncertainty due to scale variations. See text for more details.
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Figure 1: Feynman diagrams contributing to gg ! H production at LO. The possible insertions of
dimension-six operators are marked by a cross in a circle.

four operators

O1 = |H|2Ga

µ⌫
Ga,µ⌫ , O2 = |H|2Q̄LH

cuR + h.c. , (2)

O3 = |H|2Q̄LHdR + h.c. , O4 = Q̄LH�µ⌫T auRG
a

µ⌫
+ h.c. (3)

These operators, in the case of single Higgs production, may be expanded as:

c1
⇤2

O1 !
↵S

⇡v
cghG

a

µ⌫
Ga,µ⌫ , (4)

c2
⇤2

O2 !
mt

v
ctht̄t , (5)

c3
⇤2

O3 !
mb

v
cbhb̄b , (6)

c4
⇤2

O4 ! ctg
gSmt

2v3
(v + h)Ga

µ⌫
(t̄L�

µ⌫T atR + h.c) . (7)

The operator O1 corresponds to a contact interaction between the Higgs boson and gluons
with the same structure as in the heavy-top limit of the SM. The operators O2 and O3 describe
modifications of the top and bottom Yukawa couplings. The operator O4 is the chromomagnetic
dipole-moment operator, which modifies the interactions between the gluons and the top quark†

(here �µ⌫ = i

2 [�
µ, �⌫ ]). In our convention, based on the SILH basis [104, 105], we express the

Wilson coe�cients as factors in the canonically normalized Lagrangian.

The coe�cients ct, cb and cg can be probed in Higgs boson processes. In particular, ct (and cb)
may be measured in the tt̄H (and bb̄H) production modes.‡ The coe�cient cb can also be accessed
through the decay H ! bb̄. The coe�cient ctg, instead, is constrained by top pair production [116].

We now consider the contribution of the e↵ective operators in Eqs. (4), (5) and (7) on the
production cross section, while omitting, for simplicity, the bottom contribution in Eq. (6). The
relevant Feynman diagrams are displayed in Fig. 1. The corresponding amplitude can be cast into
the form

M (g(p1) + g(p2) ! H) = i
↵S

3⇡v
✏1µ✏2⌫ [p

⌫

1p
µ

2 � (p1p2)g
µ⌫ ]F (⌧) , (8)

where ⌧ = 4m2
t
/m2

H
and ✏1 and ✏2 are the polarization vectors of the incoming gluons. The

contribution of the chromomagnetic operator to the function F (⌧) has been addressed in the
literature with contradicting results [117,118] (see also Ref. [119]). In Ref. [117] it is found that
the UV divergences in the bubble and triangle contributions cancel out. In the revised version of

†In this analysis we do not consider the contribution of the chromomagnetic dipole operator of the bottom quark.
‡See Refs. [106–109] and Refs. [110–115], respectively, and references therein.

3

Figure 1: Feynman diagrams contributing to gg ! H production at LO. The possible insertions of
dimension-six operators are marked by a cross in a circle.

four operators

O1 = |H|2Ga

µ⌫
Ga,µ⌫ , O2 = |H|2Q̄LH

cuR + h.c. , (2)

O3 = |H|2Q̄LHdR + h.c. , O4 = Q̄LH�µ⌫T auRG
a

µ⌫
+ h.c. (3)

These operators, in the case of single Higgs production, may be expanded as:

c1
⇤2

O1 !
↵S

⇡v
cghG

a

µ⌫
Ga,µ⌫ , (4)

c2
⇤2

O2 !
mt

v
ctht̄t , (5)

c3
⇤2

O3 !
mb

v
cbhb̄b , (6)

c4
⇤2

O4 ! ctg
gSmt

2v3
(v + h)Ga

µ⌫
(t̄L�

µ⌫T atR + h.c) . (7)

The operator O1 corresponds to a contact interaction between the Higgs boson and gluons
with the same structure as in the heavy-top limit of the SM. The operators O2 and O3 describe
modifications of the top and bottom Yukawa couplings. The operator O4 is the chromomagnetic
dipole-moment operator, which modifies the interactions between the gluons and the top quark†

(here �µ⌫ = i

2 [�
µ, �⌫ ]). In our convention, based on the SILH basis [104, 105], we express the

Wilson coe�cients as factors in the canonically normalized Lagrangian.

The coe�cients ct, cb and cg can be probed in Higgs boson processes. In particular, ct (and cb)
may be measured in the tt̄H (and bb̄H) production modes.‡ The coe�cient cb can also be accessed
through the decay H ! bb̄. The coe�cient ctg, instead, is constrained by top pair production [116].

We now consider the contribution of the e↵ective operators in Eqs. (4), (5) and (7) on the
production cross section, while omitting, for simplicity, the bottom contribution in Eq. (6). The
relevant Feynman diagrams are displayed in Fig. 1. The corresponding amplitude can be cast into
the form

M (g(p1) + g(p2) ! H) = i
↵S

3⇡v
✏1µ✏2⌫ [p

⌫

1p
µ

2 � (p1p2)g
µ⌫ ]F (⌧) , (8)

where ⌧ = 4m2
t
/m2

H
and ✏1 and ✏2 are the polarization vectors of the incoming gluons. The

contribution of the chromomagnetic operator to the function F (⌧) has been addressed in the
literature with contradicting results [117,118] (see also Ref. [119]). In Ref. [117] it is found that
the UV divergences in the bubble and triangle contributions cancel out. In the revised version of

†In this analysis we do not consider the contribution of the chromomagnetic dipole operator of the bottom quark.
‡See Refs. [106–109] and Refs. [110–115], respectively, and references therein.

3

Figure
1:
Feynm

an
diagram

s
contributing

to
gg !

H
production

at
LO
. T
he
possible

insertions
of

dim
ension-six

operators
are

m
arked

by
a
cross

in
a
circle.

four
operators

O
1 =

|H| 2G
a
µ
⌫ G
a
,µ
⌫
,

O
2 =

|H| 2Q̄
LH
c
u
R +

h.c. ,

(2)

O
3 =

|H| 2Q̄
LH
d
R +

h.c. ,
O

4 =
Q̄
LH
� µ
⌫
T
a
u
RG
a
µ
⌫ +

h.c.

(3)

T
hese

operators, in
the

case
of single

H
iggs

production, m
ay
be
expanded

as:

c
1⇤ 2 O

1 !
↵
S⇡v c

g hG
a
µ
⌫ G
a
,µ
⌫
,

(4)

c
2⇤ 2 O

2 !
m

tv c
t ht̄t ,

(5)

c
3⇤ 2 O

3 !
m

bv c
b hb̄b ,

(6)

c
4⇤ 2 O

4 !
c
tg g
Sm

t

2v 3 (v
+
h)G

a
µ
⌫ (̄t

L � µ
⌫
T
a
t
R +

h.c) .

(7)

T
he
operator O

1 corresponds
to
a
contact

interaction
betw

een
the

H
iggs

boson
and

gluons

w
ith

the
sam

e
structure

as
in
the

heavy-top
lim
it
of the

SM
. T
he
operators O

2 and O
3 describe

m
odifications

of the
top

and
bottom

Yukawa
couplings.

T
he
operator O

4 is
the

chrom
om
agnetic

dipole-m
om
ent

operator, w
hich

m
odifies

the
interactions

betw
een

the
gluons

and
the

top
quark †

(here
� µ
⌫
=

i

2 [� µ
, � ⌫

]).
In
our

convention,
based

on
the

SILH
basis

[104, 105],
w
e
express

the

W
ilson

coe�
cients

as
factors

in
the

canonically
norm

alized
Lagrangian.

T
he
coe�

cients
c
t , c

b and
c
g can

be
probed

in
H
iggs

boson
processes.

In
particular, c

t (and
c
b )

m
ay
be
m
easured

in
the

t̄tH
(and

b̄bH
)
production

m
odes. ‡

T
he
coe�

cient
c
b can

also
be
accessed

through
the

decay
H
!
b̄b.

T
he
coe�

cient c
tg , instead, is

constrained
by
top

pair production
[116].

W
e
now

consider
the

contribution
of
the

e↵ective
operators

in
Eqs. (4), (5)

and
(7)

on
the

production
cross

section, w
hile

om
itting, for

sim
plicity, the

bottom
contribution

in
Eq. (6).

T
he

relevant
Feynm

an
diagram

s
are

displayed
in
Fig. 1.

T
he
corresponding

am
plitude

can
be
cast

into

the
form

M
(g(p

1 ) +
g(p

2 )!
H
) =

i ↵
S3⇡v ✏

1
µ ✏
2
⌫ [p ⌫

1 p µ
2 �

(p
1 p
2 )g µ

⌫
]F
(⌧) ,

(8)

w
here

⌧
=
4m

2
t /m

2
H

and
✏
1
and

✏
2
are

the
polarization

vectors
of
the

incom
ing

gluons.
T
he

contribution
of
the

chrom
om
agnetic

operator
to
the

function
F
(⌧)

has
been

addressed
in
the

literature
w
ith

contradicting
results

[117,118] (see
also

R
ef. [119]).

In
R
ef. [117] it

is
found

that

the
U
V
divergences

in
the

bubble
and

triangle
contributions

cancel out.
In
the

revised
version

of

†
In
this

analysis
we

do
not consider

the
contribution

of the
chrom

om
agnetic

dipole
operator

of the
bottom

quark.

‡
See

R
efs.

[106–109] and
R
efs.

[110–115], respectively, and
references

therein.

3

Figure
1:
Feynm

an
diagram

s
contributing

to
gg !

H
production

at
LO
. T
he
possible

insertions
of

dim
ension-six

operators
are

m
arked

by
a
cross

in
a
circle.

four
operators

O
1 =

|H| 2G
a
µ
⌫ G
a
,µ
⌫
,

O
2 =

|H| 2Q̄
LH
c
u
R +

h.c. ,

(2)

O
3 =

|H| 2Q̄
LH
d
R +

h.c. ,
O

4 =
Q̄
LH
� µ
⌫
T
a
u
RG
a
µ
⌫ +

h.c.

(3)

T
hese

operators, in
the

case
of single

H
iggs

production, m
ay
be
expanded

as:

c
1⇤ 2 O

1 !
↵
S⇡v c

g hG
a
µ
⌫ G
a
,µ
⌫
,

(4)

c
2⇤ 2 O

2 !
m

tv c
t ht̄t ,

(5)

c
3⇤ 2 O

3 !
m

bv c
b hb̄b ,

(6)

c
4⇤ 2 O

4 !
c
tg g
Sm

t

2v 3 (v
+
h)G

a
µ
⌫ (̄t

L � µ
⌫
T
a
t
R +

h.c) .

(7)

T
he
operator O

1 corresponds
to
a
contact

interaction
betw

een
the

H
iggs

boson
and

gluons

w
ith

the
sam

e
structure

as
in
the

heavy-top
lim
it
of the

SM
. T
he
operators O

2 and O
3 describe

m
odifications

of the
top

and
bottom

Yukawa
couplings.

T
he
operator O

4 is
the

chrom
om
agnetic

dipole-m
om
ent

operator, w
hich

m
odifies

the
interactions

betw
een

the
gluons

and
the

top
quark †

(here
� µ
⌫
=

i

2 [� µ
, � ⌫

]).
In
our

convention,
based

on
the

SILH
basis

[104, 105],
w
e
express

the

W
ilson

coe�
cients

as
factors

in
the

canonically
norm

alized
Lagrangian.

T
he
coe�

cients
c
t , c

b and
c
g can

be
probed

in
H
iggs

boson
processes.

In
particular, c

t (and
c
b )

m
ay
be
m
easured

in
the

t̄tH
(and

b̄bH
)
production

m
odes. ‡

T
he
coe�

cient
c
b can

also
be
accessed

through
the

decay
H
!
b̄b.

T
he
coe�

cient c
tg , instead, is

constrained
by
top

pair production
[116].

W
e
now

consider
the

contribution
of
the

e↵ective
operators

in
Eqs. (4), (5)

and
(7)

on
the

production
cross

section, w
hile

om
itting, for

sim
plicity, the

bottom
contribution

in
Eq. (6).

T
he

relevant
Feynm

an
diagram

s
are

displayed
in
Fig. 1.

T
he
corresponding

am
plitude

can
be
cast

into

the
form

M
(g(p

1 ) +
g(p

2 )!
H
) =

i ↵
S3⇡v ✏

1
µ ✏
2
⌫ [p ⌫

1 p µ
2 �

(p
1 p
2 )g µ

⌫
]F
(⌧) ,

(8)

w
here

⌧
=
4m

2
t /m

2
H

and
✏
1
and

✏
2
are

the
polarization

vectors
of
the

incom
ing

gluons.
T
he

contribution
of
the

chrom
om
agnetic

operator
to
the

function
F
(⌧)

has
been

addressed
in
the

literature
w
ith

contradicting
results

[117,118] (see
also

R
ef. [119]).

In
R
ef. [117] it

is
found

that

the
U
V
divergences

in
the

bubble
and

triangle
contributions

cancel out.
In
the

revised
version

of

†
In
this

analysis
we

do
not consider

the
contribution

of the
chrom

om
agnetic

dipole
operator

of the
bottom

quark.

‡
See

R
efs.

[106–109] and
R
efs.

[110–115], respectively, and
references

therein.

3

High-scale Higgs Physics II 
Higgs @ high-PT in gg àH+j5

The right panel of the Fig. 1 shows the pT,H distributions for several model points. In the region with low
pT,H , the distributions are degenerate but for high pT,H the distributions start to split. For the model points
with g > 0 we see an enhancement in the high pT,H region while we see the suppression for the model points
with g < 0. Table I shows the Higgs production cross-sections relative to the SM value for several model points
(ct,g) and pT,H cuts. As one can see, for pT,H > 10GeV the cross-sections are essentially the same as the SM
value within 3%, while for increasing pcut

T
, significant di↵erences from the SM predictions can be observed. For

the model point (ct,g) = (0.7, 0.3), for example, a 6% di↵erence would be observed for �(pT,H > 200 GeV),
and a ⇠ 20% di↵erence for �(pT,H > 300 GeV). We will see that these e↵ects are comparable to the sensitivity
of the boosted Higgs shape measurements, see Section IV. For very hard cuts, O(1) di↵erences can be observed,
as can be seen from the cross-section ratios for pT,H > 500 GeV and harder.

(0.5,0.5) (0.7,0.3) (0.9,0.1) SM (1.1,-0.1) (1.3,-0.3) (1.5,-0.5)

pT,H > 10 GeV 0.9733 0.9838 0.9945 1.0000 1.0055 1.0167 1.0281

pT,H > 100 GeV 1.0044 1.0012 0.9999 1.0000 1.0006 1.0031 1.0076

pT,H > 200 GeV 1.1166 1.0646 1.0198 1.0000 0.9820 0.9513 0.9277

pT,H > 300 GeV 1.3450 1.1921 1.0591 1.0000 0.9459 0.8526 0.7791

pT,H > 400 GeV 1.6531 1.3590 1.1087 1.0000 0.9023 0.7397 0.6210

pT,H > 500 GeV 2.0233 1.5520 1.1633 1.0000 0.8573 0.6340 0.4932

pT,H > 600 GeV 2.4869 1.7871 1.2274 1.0000 0.8076 0.5279 0.3882

pT,H > 700 GeV 3.1213 2.1003 1.3093 1.0000 0.7482 0.4172 0.3161

pT,H > 800 GeV 3.7427 2.3989 1.3841 1.0000 0.6981 0.3411 0.3129

TABLE I. Cross-sections normalized by the SM value after applying several pT,H cuts in parton level for several model
points (ct,g).

B. Background sample

We include W+jets, Z+jets and tt̄+jets as background processes which we have generated with ALPGEN +
PYTHIA [131, 132]. Since we consider boosted Higgs reconstruction and since we will require the existence of one
hard recoil jet, we apply a pre-selection cut in the generation step, where we demand at least one recoil parton
of pT > 150 GeV. We merge up to two partons for WW+jets and Z+jets, and up to one parton for tt̄+jets
using the MLM matching scheme [133, 134]. As we only consider the dilepton mode in this paper we preselect
the W decay mode, including W from tops only with leptons, e, µ, and ⌧ . For the Z decay, we consider only
Z ! ⌧+⌧� since for the other leptonic decay modes we can reconstruct the Z-peak and reject them. We rescale
the tt̄ sample to obtain a NLO inclusive cross section of 918 pb [135–137]. For the Z+jets and WW+jets
samples we used LO cross-sections.

Our analysis is performed at particle level with a simple detector simulation with the granularity resolution
of �⌘ ⇥ �� = 0.1 ⇥ 0.1. After removing the isolated leptons, the energy of the remaining visible particles
falling into each cell are summed up. Cells with transverse energy above 0.5 GeV are used for the further jet
reconstruction.

Jet clustering was performed using the FastJet [138] version 3.0.4. We use the Cambridge-Aachen (C/A)
algorithm [139, 140] with R = 0.5 for normal jet and b-tag jet definition. We also define ‘fat’ jets, as explained
later, defined using the C/A algorithm with R = 1.5.

In this paper, we only consider the events with isolated leptons for simplicity. There is room for improving
the analysis with hadronic tau modes with tau tagging for example [141, 142], which is, however, beyond the
scope of our current study.

ct cg
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Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄+ jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.
Adding two bottom tags we expect a purely fake-

bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.
The charm-flavored Wcj rate starts off with 1/6 of

the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster

10
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0 100 200 300 400 500 600 700

1/σtot dσ/dpT

pT[GeV]

ttH: pT,t

ttH: pT,H

WH: pT,HWjj: pT,j

FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)j | < 4

pT,! > 15 GeV |y!| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak

T. Plehn, G. Salam, M. Spannowsky, arXiv:0910.5472
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We explore...

I. INTRODUCTION

II. NEW PHYSICS OPERATORS

We will follow the E↵ective Field Theory (EFT) frame-

work to study the new physics e↵ects to the Higgs-top

coupling at high scales. We focus on the two fermion

operators that lead to contributions to tt̄h production at

the LHC and are relatively unconstrained:
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†
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Summary:
Under the Higgs lamppost 

à HPNP

Prevision Higgs measurements à 1% for ! ~ 1 TeV – 2 TeV

Strong motivation to target on ttH coupling @ High scales
- Weakly coupled: RGE for SM; MSSM: weak effects.
- Extra dimensions à Power-law running!
- Strong dynamics / composite Higgs / EFT / Form Factor
- New states coming into Higgs propagation:

scalar singlets; a continuum spectrum …
-

Modifications may be observable at the HL-LHC/FCC
2" - 5" level sensitivity.

Exciting journey on HPNP !


