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“Yang-Mills+Higgs had to be true”
`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?
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“Yang-Mills+Higgs had to be true”
`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?

☛ answer to this in 1964 [Higgs `64] [Brout, Englert `64] [Guralnik, Hagen, Kibble `64]

• non-linear realisation of gauge symmetry in a Yang Mills+scalar 
sector is compatible with                                                                                        

• massive gauge bosons, but no ghost problems at small distances

�H� �= 0
☛ "spontaneous" symmetry breaking

☛ renormalizability, unitarity
!2



SM seemingly complete after July 4th 2012 and evidence for JCP= 0+ 
and couplings to (longitudinal) massive gauge bosons

“Yang-Mills+Higgs had to be true”
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SM seemingly complete after July 4th 2012 and evidence for JCP= 0+ 
and couplings to (longitudinal) massive gauge bosons

“Yang-Mills+Higgs had to be true”

Higgs properties sui generis:  
particle relates to unitarity conservation and an excitation of an 
isotropic and translationally invariant background field.
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The Standard Model: taking stock

SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map
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The Standard Model: taking stock

SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map

all SM symmetries have been “used up” to 
guarantee renormalizability and a priori unitarity, 
we have no protection of a separation of scales 

☛ ultraviolet catastrophe of the 21st century
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no straightforward interpretation apart from “something smells funny”: 

• bosonic and fermionic thresholds enter differently, RS dependent 

• it is a relation of couplings rather than masses m � coupling � �H�
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• Supersymmetry: “play with particle content”

enhanced external symmetry  
removes sensitivity to the UV, 

good properties persist when 
SUSY is softly broken, only 
logarithmic sensitivity to UV 
scales reintroduced light colored partners: not observed (yet)…

identical!
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removes sensitivity to the UV, 

good properties persist when 
SUSY is softly broken, only 
logarithmic sensitivity to UV 
scales reintroduced light colored partners: not observed (yet)…

identical!

[Arkani-Hamed `13]
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• Conformal UV dynamics: “Dilaton” and/or “hierarchies are spurious”

vanishing explicit mass terms due 
to a UV conformal fix point 

Coleman-Weinberg sector 
generates scale dynamically and 
transmits it via marginal couplings

Stabilizing Hierarchies: Conformal dynamics

[Meissner, Nicolai `08] 
[CE, Jaeckel, Khoze Spannowsky `13] 

[Abel, Mariotti `13]

+ "resummation"
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outside the perturbative regime? 
away from conformal fix points? 

away from large-N?

😱

Stabilizing Hierarchies: Compositeness
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What do we actually know about the 
relevant couplings at the moment?😨
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😁
Not too much at the 

moment, but this will 
hopefully change!
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The Higgs self-coupling

• no sensitivity to the quartic coupling at present and future colliders. 

• look at the trilinear Higgs coupling and hope for the best! 

• large backgrounds, small signal, but feasible in  

• boosted regime unavoidable for         
4
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FIG. 1: Transverse momentum distribution of the reconstructed Higgs (i.e. the bb̄ pair) and the mT2 distribution after the
analysis steps described in the text have been carried out (see also Tab. I) but before cuts on either mT2 or pT,bb̄ have been
applied.

⌧+⌧� as already presently performed in the Z ! ⌧+⌧�

case [56, 57], this contamination could be reduced.
The bb̄ invariant mass is calculated from the four-vector

sum of the two b-tagged jets. Events are selected if they
satisfy 100 GeV < mbb < 150 GeV.

RESULTS

The numbers of events passing each of the selection cri-
teria are tabulated in Tab. I. We find that the transverse
momentum and mT2 observables are necessary for back-
ground suppression, and, hence, for a potentially success-
ful measurement of the di-Higgs final state in a hadron-
ically busy environment. The normalized mT2 and pT,bb̄

distributions after the selection shown in Tab. I are plot-
ted in Fig. 1. It can be seen that each of the two variables
o↵ers good signal versus background discrimination at
the large integrated luminosities anticipated at the high
luminosity LHC. We also observe that, mT2 and pT,bb̄ en-
code orthogonal information and they can be combined
towards an optimised search strategy.

We find it is straightforward to obtain signal-to-
background (S/B) ratios of ⇠ 1/5 while retaining ac-
ceptably large signal cross section. These ratios are re-
expressed in Fig. 1 which depicts the luminosity contours
that are necessary to claim a 5� discovery of di-Higgs pro-
duction on the basis of a simple ‘cut and count’ experi-
ment that makes the rectangular cut requirements that
both pT,bb̄ > pT,bb̄(cut) and mT2 > mT2(cut). Both axes

stop at rather low values of
�
pT,bb̄, mT2

�
since a tighter

selection would be dependent on the tail of the tt̄ dis-
tribution where S/

p
B does not provide an appropriate

indicator of sensitivity. We find that the HL-LHC has
good sensitivity to the hh production at high luminos-
ity. For an example selection we obtain a cross section

FIG. 2: Luminosity in fb�1 required to reach S/
p
B = 5

for di-Higgs production based on simple rectangular cuts on
pT,bb̄ and mT2. Numbers in red show luminosities that would
require a combination of the ATLAS and CMS data sets from
a 3 ab�1 high luminosity LHC.

measurement in the 30% range (including the statistical
background uncertainty).

The sensitivity to the Higgs trilinear coupling follows
from destructive interference with other SM diagrams
(see Ref. [16]), such that

� ? �SM =) �(hh) 7 �(hh)SM . (6)

Using the full parton-level p(g)p(g) ! hh + X calcula-
tion [16] we find that the quoted 30% cross section uncer-
tainty translates into 60% level sensitivity to the Higgs
trilinear coupling in the part of the pT,bb̄ distribution
which is relevant for this analysis, pT,bb̄ & 180 GeV.

As an alternative to a ‘cut and count’ analysis we
construct a two dimensional likelihood from (mT2, pT,bb̄)

[Plehn, Baur, Rainwater `03] 
[Dolan, CE, Spannowsky `13]  

[Barr, Dolan, CE, Spannowsky `13] 2
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

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

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

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

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

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

B. Parton-level considerations

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

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

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

bb̄��, bb̄��

� > 1 . . . 3�SM

destructive interference

�SM

bb̄��
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The Higgs quartic gauge couplings 

• directly accessible in WBF                           ,                cross section pp � hhjj O(fb)

[Dolan, CE, Greiner, Spannowsky`13]

• gluon fusion contribution beyond EFT 
calculations completely unknown until 
recently and key to this channel

3

on the tagging jets [26] is insufficient to tame the back-
ground contributions and is troubled by large combinato-
rial uncertainties and small statistics (see below).¶ The
most promising avenue is therefore a generalisation of the
boosted final state analysis of Ref. [15] to a lower pT two-
jet category: On the one hand, the signal cross section re-
mains large by focussing on the hh → bb̄τ+τ− final state
and combinatorial issues can be avoided (i.e. through
boosted kinematics and substructure techniques).

We generate signal events withMadEvent v4 [28] and
v5 [29] for the WBF and GF contributions, respectively.
The former event generation includes a straightforward
add-on that allows to include the effect of modified Higgs
trilinear coupling. The GF event generation employs the
FeynRules/Ufo [30] tool chain to implement the higher
dimensional operators relevant for GF-induced hhjj pro-
duction in themt → ∞ limit. We pass the events toHer-
wig++ [31] for showering and hadronisation. For back-
ground samples we use Sherpa [32] and MadEvent v5,
considering tth, tt̄jj, ZWWjj, ZHjj and ZZjj. As
in the hh and hhj cases the dominant background is
due to tt̄. We normalise the background samples using
NLO K-factors, namely 0.611 pb for tth [33], 300.5 pb
for tt̄jj [34]. We adopt the a total flat K factor of 1.2
for Zh + 2j motivated from Ref. [35]. We have checked
that all other backgrounds are completely negligible. The
QCD corrections for the signal are known to be small for
the WBF contribution [21, 22]. It is reasonable to expect
that the corrections for the GF contributions will be sim-
ilar to the pp → hjj following the arguments of Ref. [36],
however, we choose to remain conservative and do not
include a NLO K factor guess for the GF contribution.

We correct the deficiencies of the GF event genera-
tion in the mt → ∞ limit via an in-house re-weighting
library which is called at runtime of the analysis. We in-
clude the effects of finite top and bottom quark masses,
which are treated as complex parameters. The value
of the Higgs trilinear coupling can be steered exter-
nally. For the generation of the matrix elements we used
GoSam [37], a publicly available package for the auto-
mated generation of one-loop amplitudes. It is based on
a Feynman diagrammatic approach using QGRAF [38]
and FORM [39] for the diagram generation, and Spin-
ney [40], Haggies [41] and FORM to write an optimised
fortran output. The reduction of the one-loop amplitudes
was done using Samurai [42], which uses a d-dimensional
integrand level decomposition based on unitarity meth-
ods [43]. The remaining scalar integrals have been eval-
uated using OneLoop [44]. Alternatively, GoSam of-
fers a reduction based on tensorial decomposition as con-
tained in the Golem95 library [45].The GoSam frame-

¶However, it might be able to compensate this by folding in matrix
elements to the analysis, generalizing the approach of Ref. [27].

work has been used recently for the calculation of signal
and background processes important for Higgs searches
at the LHC [46].

The maximum transverse momentum of the Higgs
bosons is a good variable to compare effective with full
theory. For inclusive hhjj production we find a re-
weighted distribution as depicted in Fig. 1. Qualita-
tively, the re-weighting pattern follows the behaviour
anticipated from pp → hhj production [15] and pp →
hjj [26, 47]. As expected, the shortcomings of the ef-
fective calculation for double Higgs production are more
pronounced than for single Higgs production: Already
for low momentum transfers the effective theory deviates
from the full theory by factors of two, making the correc-
tion relevant even for low momenta, where one might ex-
pect the effective theory to be in reasonably good shape.
It is precisely the competing and mt-dependent contri-
butions alluded to earlier which are not reflected in the
effective theory causing this deviation. When the effec-
tive operators are probed at larger momentum transfers
(and the massive quark loops are resolved in the full the-
ory calculation), the effective theory overestimates the
gluon fusion contribution by an order of magnitude.∥
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FIG. 1: max pT,h distribution and effective theory vs. full
theory comparison as a function of the maximum Higgs
transverse momentum of the fully showered and hadronised
gluon fusion sample (satisfying the parton-level generator cuts
pT,j ≥ 20 GeV and |ηj | < 4.5).

∥A dedicated comparison of the full matrix element with the effec-

4

Signal with ξ × λ Background S/B

ξ = 0 ξ = 1 ξ = 2 tt̄jj Other BG ratio to ξ = 1

tau selection cuts 0.212 0.091 0.100 3101.0 57.06 0.026 × 10−3

Higgs rec. from taus 0.212 0.091 0.100 683.5 31.92 0.115 × 10−3

Higgs rec. from b jets 0.041 0.016 0.017 7.444 0.303 1.82× 10−3

2 tag jets 0.024 0.010 0.012 5.284 0.236 1.65× 10−3

incl. GF after cuts/re-weighting 0.181 0.099 0.067 5.284 0.236 1/61.76

Signal with ζ × {gWWhh, gZZhh} Background

ζ = 0 ζ = 1 ζ = 2 tt̄jj Other BG

tau selection cuts 1.353 0.091 0.841 3101.0 57.06

Higgs rec. from taus 1.352 0.091 0.840 683.5 31.92

Higgs rec. from b jets 0.321 0.016 0.207 7.444 0.303

2 tag jets/re-weighting 0.184 0.010 0.126 5.284 0.236

incl. GF after cuts/re-weighting 0.273 0.099 0.214 5.284 0.236

TABLE I: Cross sections in fb of the hadron-level analysis described in the text, including results with modified Higgs trilinear
and V V †hh couplings. Signal cross sections already include the branching ratios to the h → bb̄, τ+τ− final states. The top four
rows refer to the WBF sample and the last line includes the re-weighted GF contribution. For details see text.

Due to the particular shape of the re-weighting in Fig. 1
we can always find a set of selection cuts for which effec-
tive theory and full calculation agree at the cross section
level. Such an agreement, however, is purely accidental
as it trades off a suppression against an excess in two
distinct phase space regions. An effective field theoretic
treatment of hhjj production without performing the de-
scribed re-weighting must never be trusted for neither
inclusive nor more exclusive analyses.

In the hadron-level analysis we cluster jets from the
final state using FastJet [49] with R = 0.4 and pT ≥
25 GeV and |ηj | ≤ 4.5, and require at least two jets. We
double b tag the event (70% acceptance, 1% fake) and
require the invariant mass of the b jets to lie within 15
GeV of the Higgs mass of 125 GeV.

To keep matters transparent in the context of the
highly involved h → τ+τ− reconstruction, we assume
a perfect efficiency of 1 for demonstration purposes
throughout.∗∗ We ask for two tau leptons that reproduce
the Higgs mass of 125 GeV within ±25 GeV. The precise
efficiencies for leptons in the busy hadronic environment
of the considered process at a 14 TeV high luminosity are
currently unknown, but we expect signal and background
to be affect in similar fashion. We remind the reader that
no additional requirements on missing energy or mT2 are
imposed, which are known to reconcile a smaller τ effi-

tive theory is an interesting question in itself, which we save for a
separate study [48].

∗∗We find the tau leptons to be rather hard, which can be used to
trigger the event via the two tau trigger with little signal loss.

ciency in the overall S/B [16].
The b jets are removed from the event and jets that

overlap with the above taus are not considered either.
We require at least two additional jets which are termed
“tagging jets” of the hhjj event.

Results. The cut flow of the outlined analysis can be
found in Tab. I. There we also include analyses of sig-
nal samples with changed trilinear and V V †hh couplings.
The latter modifications have to be interpreted with cau-
tion: The V V †hh couplings are purely electroweak and
identical to the couplings of two Goldstone bosons to
two gauge bosons. In the high energy limit the Gold-
stone equivalence theorem tells us that a modification of
V V †hh away from its SM value is tantamount to unitar-
ity violation, which explains the large growth of the WBF
component for ζ ̸= 1 (such an issue is not present for
ξ ̸= 1 even though the electroweak sector is ill-defined).
The energy dependence of the matrix element is effec-
tively cut-off by the parametric Bjorken-x suppression of
the parton distribution functions in the hadronic cross
section. In models in which unitarising degrees are non-
perturbative such a behavior is expected at least quali-
tatively. We leave an in depth theoretical discussion on
approaches to parameterising such coupling deviations to
future accords.
As can be seen from Tab. I, the hhjj analysis in the

bb̄τ+τ−jj channel will be challenging. However, we re-
mind the reader that no additional selection criteria have
been employed that are known to improve S/B in “or-
dinary” hh → bb̄τ+τ− analysis [15, 16]. The arguably
straightforward strategy documented in Tab. I should
rather be considered establishing a baseline for a more

challenging, but we’ll keep working on it!
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The top-Higgs  coupling 

• of course          production 

• but also           production    

tt̄h [Soper, Spannowsky `12,`14] [Artoisenet et al. `13] 

thj
[Farina et al. `12] [Biswas et al. `13]  

[Ellis et al. `13]…
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Figure 2: Production cross sections for p p ! t q H versus Ct, for
p
s = 8 and 14 TeV. The inside

plot is an enlargement of the positive Ct region.

the top-quark mass. The other relevant parameters entering our computation are set as follow
[1, 2, 28, 29]:

mH = 125 GeV, mt = 173.2 GeV,

MZ = 91.188 GeV, MW = 80.419 GeV,

mb = 4.7 GeV, and ↵S(MZ) = 0.118 .

The SM H ! �� branching ratio BRSM
�� was obtained by HDECAY [30], while the model

dependent BR�� versus Cf has been evaluated via the leading-order H partial widths [31],

improved by normalizing the result by a factor BRSM
�� /BR

Cf=1
�� (where BR

Cf=1
�� is the leading-

order evaluation of the SM branching ratio). For reference in the following discussion, the
relevant SM cross sections � and BR�� are (summing up cross sections over the two charge-
conjugated channels)3

�(q b ! t q0H)SM ' 15.2 fb at
p
s = 8 TeV (6)

�(q b ! t q0H)SM ' 71.8 fb at
p
s = 14 TeV (7)

BRSM
�� ' 2.29 · 10�3 (8)

In Figure 2, we plot the p p ! t q H production cross-section versus Ct, for
p
s = 8 TeV and

14 TeV. Throughout this work we focus on the range

�1.5 < Ct < 1.5 , (9)

3The contribution to the p p ! t q H cross section of the amplitude where the Higgs is radiated by the initial
b-quark line is small (at the per-mil level in the Ct range relevant here), and will be neglected in the present
analysis.

5

• cross sections are small but highly 
sensitive through interference 

• somewhat reminiscent of radiation 
zeros in [Fisher, Becker, Kirkby `95]

[CE, Re `14]

[Biswas et al. `13]
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FIG. 4: Lego-plot separation and rapidity difference of the reconstructed Higgs boson and b-tagged jet. We show the expected
distribution for a target luminosity of 3/ab after the selection criteria detailed in the text have been applied. To get an idea of
the involved statistical uncertainty of such a measurement with an SM-consistent outcome, we include toy data and the 95%
Bayesian confidence level error bars around the central values. We use these distributions and MC-sampled toy measurements
to compute a confidence level interval for the top quark Yukawa coupling (see text); the ct = 0.5 sample includes a modified
h → γγ branching ratio. Note that the signal hypotheses overlap.
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FIG. 5: Same as Fig. 4 for a measurement performed in channel 2 as defined in the text.

(inverted) shape at small values and provides increased
statistical pull. Despite that in this case S/B is not as
optimal for the SM scenario as before, we add statisti-
cal information that efficiently constrains ct across the

two regions. We end up with confidence levels for our
benchmark point

ct ! 0.5 at 95% CLs [99% CLs] . (5)
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h → γγ branching ratio. Note that the signal hypotheses overlap.
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(inverted) shape at small values and provides increased
statistical pull. Despite that in this case S/B is not as
optimal for the SM scenario as before, we add statisti-
cal information that efficiently constrains ct across the

two regions. We end up with confidence levels for our
benchmark point

ct ! 0.5 at 95% CLs [99% CLs] . (5)

• angular observables! 

• even in rare (and clean) 
final states                      at 
>95% confidence level

ct � 0.5

W±�
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What the future holds…!

• obviously direct LHC measurements will have their sensitivity 
saturated by systematics 

!

• must not forget basic QFT, i.e. LSZ
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250 GeV linear collider 
full EW corrections 

[Craig, CE, McCullough `13]
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤Electronic address: ncraig@ias.edu
†Electronic address: christoph.englert@durham.ac.uk
‡Electronic address: mccull@mit.edu

challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h ⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h ⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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Summary

!17

• Higgs physics (& Particle Physics) is at the naturalness crossroads 

• not an impasse 

• symmetry-driven model-building: TeV scale dofs? 

• good prospects to phenomenologically dissect the Higgs sector 

• “no hide” precision statements can resolve 10% tuning 

• fresh data for the first time in decades ! 

• something new? 


