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The Standard Model : pre-H-story
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The Standard Model: symmetry breaking
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Is the H boson SM-like?

(9+4)+2 parameters
But only one unknown prior to the H discovery

CMS-HIG-17-031
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How well do we know the SM?
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Why does it matters?

• Only source of CPV (Baryon Asym.) 

• Phase transition (History of the Universe) 

• 2/3 portals towards DM,   ,… 

• Understanding flavour

ν
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What is the future of the H boson?



C. Degrande

What is the future of the H boson?

I don’t know
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LHC projection

ATL-PHYS-PUB-2013-014
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and Ggg are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon
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one percent. As for the results on the signal strength, to illustrate the importance of theoretical
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% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon
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Couplings at future colliders

FCC Physics Opportunities

Figure S.1: One-� precision reach at the FCC on the effective single Higgs couplings, Higgs self-
coupling, and anomalous triple gauge couplings in the EFT framework. Absolute precision in the EW
measurements is assumed. The different bars illustrate the improvements that would be possible by com-
bining each FCC stage with the previous knowledge at that time (precisions at each FCC stage considered
individually, reported in Tables S.1 and S.2 in the  framework, are quite different).

energies and to the exquisite centre-of-mass energy calibration, will give it access to various possible
sources and manifestations of new physics. Direct effects could occur because of the existence of a
new interaction such as a Z0 or W0, which could mix or interfere with the known ones; from the mixing
of light neutrinos with their heavier right handed counterparts, which would effectively reduce their
coupling to the W and Z in a flavour dependent way. New weakly coupled particles can affect the W, Z
or photon propagators via loops, producing flavour independent corrections to the relation between the
Z mass and the W mass or the relation between the Z mass and the effective weak mixing angle; or the
loop corrections can occur as vertex corrections, leading to flavour dependent effects as is the case in
the SM for e.g. the Z! bb̄ couplings. The measurements above the tt̄ production threshold, directly
involving the top quark, as well as precision measurements of production and decays of 10

11t’s and
2 ⇥ 10

12 b’s, will further enrich this programme. Table S.3 shows a summary of the target precision
for EWPO’s at FCC-ee. The FCC-hh achieves indirect sensitivity to new physics by exploiting its large
energy, benefiting from the ability to achieve precision of a previously unexpected level in pp collisions,
as proven by the LHC. EW observables, such as high-mass lepton or gauge-boson pairs, have a reach
in the multi-TeV mass range, as shown in Fig. S.2. Their measurement can expose deviations that,
in spite of the lesser precision w.r.t. FCC-ee, match its sensitivity reach at high mass. For example,
the new physics scale ⇤, defined by the dim-6 operator Ŵ = 1/⇤

2
(D⇢W

a
µ⌫)

2, will be constrained
by the measurement of high-mass `⌫ pairs to ⇤ > 80 TeV. High-energy scattering of gauge bosons,
furthermore, is a complementary probe of EW interactions at short distances. The FCC-eh, with precision
and energy in between FCC-ee and FCC-hh, integrates their potential well. For example, its ability to
separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling
evolution at very large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW
measurements are a crucial element of, and a perfect complement to, the FCC Higgs physics programme.

xxii
PREPRINT submitted to Eur. Phys. J. C

FCC collaboration CERN-ACC-2018-0056 
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Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [24].
Earlier projections for HL-LHC are summarized in [29].
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Couplings at future colliders

FCC Physics Opportunities

Figure S.1: One-� precision reach at the FCC on the effective single Higgs couplings, Higgs self-
coupling, and anomalous triple gauge couplings in the EFT framework. Absolute precision in the EW
measurements is assumed. The different bars illustrate the improvements that would be possible by com-
bining each FCC stage with the previous knowledge at that time (precisions at each FCC stage considered
individually, reported in Tables S.1 and S.2 in the  framework, are quite different).
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sources and manifestations of new physics. Direct effects could occur because of the existence of a
new interaction such as a Z0 or W0, which could mix or interfere with the known ones; from the mixing
of light neutrinos with their heavier right handed counterparts, which would effectively reduce their
coupling to the W and Z in a flavour dependent way. New weakly coupled particles can affect the W, Z
or photon propagators via loops, producing flavour independent corrections to the relation between the
Z mass and the W mass or the relation between the Z mass and the effective weak mixing angle; or the
loop corrections can occur as vertex corrections, leading to flavour dependent effects as is the case in
the SM for e.g. the Z! bb̄ couplings. The measurements above the tt̄ production threshold, directly
involving the top quark, as well as precision measurements of production and decays of 10

11t’s and
2 ⇥ 10

12 b’s, will further enrich this programme. Table S.3 shows a summary of the target precision
for EWPO’s at FCC-ee. The FCC-hh achieves indirect sensitivity to new physics by exploiting its large
energy, benefiting from the ability to achieve precision of a previously unexpected level in pp collisions,
as proven by the LHC. EW observables, such as high-mass lepton or gauge-boson pairs, have a reach
in the multi-TeV mass range, as shown in Fig. S.2. Their measurement can expose deviations that,
in spite of the lesser precision w.r.t. FCC-ee, match its sensitivity reach at high mass. For example,
the new physics scale ⇤, defined by the dim-6 operator Ŵ = 1/⇤
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2, will be constrained
by the measurement of high-mass `⌫ pairs to ⇤ > 80 TeV. High-energy scattering of gauge bosons,
furthermore, is a complementary probe of EW interactions at short distances. The FCC-eh, with precision
and energy in between FCC-ee and FCC-hh, integrates their potential well. For example, its ability to
separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling
evolution at very large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW
measurements are a crucial element of, and a perfect complement to, the FCC Higgs physics programme.
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H boson and EWPhT
7

We denote these modifications of the potential by
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In all these potentials ⇤ describes a new physics scale, which absorbs the mass dimension of the
Higgs field. The case of �6

/⇤2 has been explored in the literature [7–9] and serves as a test of our
method, as discussed in the Appendix. Neither the logarithmic nor the exponential potentials can
be expanded around � = 0, so they cannot be treated in an EFT framework. Similar bare potentials
have been suggested in [15] in the context of Higgs mass bounds and vacuum stability. Instead, all
potentials that can be expanded around � = 0 can be approximated by the power-ordered, first kind
of potentials. As expected by canonical power counting, terms of higher order in � can only play a
role for very low values of ⇤/v, unless their prefactors are non-perturbatively large. From a more
general viewpoint, the set of power law, logarithmic and exponential potential functions does not
only reflect the physics structures arising from local vertex expansions, one-loop determinants or
semiclassical approximations. It also includes the set of functions to be expected on mathematical
grounds if the e↵ective potential permits a potentially resurgent transseries expansion [51].

To investigate the di↵erent classes of modifications, a variety of tools appears to be at our dis-
posal, a priori ranging from mean-field techniques to non-perturbative lattice tools and functional
methods. It turns out that the former are only applicable to a restricted class of potentials, not
allowing us to adequately explore the full range of possible UV potentials corresponding to diverse
underlying microscopic models. This is displayed in Fig. 2 where the �6- modification of the Higgs
potentials shows the expected physical behavior as the strength of the first-order phase transition
is decreasing with an increasing cuto↵. The logarithmic modifications on the other hand show
a rather unphysical behavior as the strength of the first-order phase transition remains constant
or even increases with the UV scale. This indicates that scalar order-parameter fluctuations are
important, which are ignored in simple mean-field theory. Therefore we make use of powerful
functional techniques, which treat bosonic and fermionic fluctuations on the same footing.

When allowing for modifications of the Higgs potential, we need to ensure that at T = 0 the
IR-values for µ, �4, and the top-Yukawa-coupling yt are such that the measured observables do not
change. We adjust the corresponding masses to

v = 246GeV , mH = 125GeV , mt = 173GeV . (12)

Within our numerical analysis, we require v and mt to be reproduced to an accuracy of ±0.5 GeV.
The Higgs mass is adjusted within a somewhat larger numerical band of ±1.5 GeV. Since it is
related to the second derivative (curvature) of the potential at the minimum, a higher precision is
numerically more expensive, see App. B for details. Moreover, it is expected that the curvature
mass used here shows small deviations from the Higgs pole mass mH , see [50], and the above band
also contains an estimate of this systematic error. In the symmetry broken regime, the potential
given in Eq.(10) can be expanded in powers of (�2

� v
2). In the decoupling region in the deep IR,
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Figure 8. Modification of the self-coupling �H3/�H3,0 as a function of the coe�cients �j from the di↵erent
UV potentials given in Eq.(11). Blue lines represent first-order phase transitions and red dotted lines
second-order phase transitions. The cuto↵ is ⇤ = 2 TeV.

constant �H3 . Alternatively, we can fix �c/Tc for di↵erent UV potentials and find that a decrease
in �H3 corresponds to a decrease also in �H4 or an increase in Tc.

Finally, Fig. 8 explicitly shows the connection between the strength of the observable e↵ect
at LHC scales, measured by �H3/�H3,0 and the size of the new physics contribution �V at the
microscopic scale ⇤, measured by the value of the dimensionless coe�cients �j . The nature of the
electroweak phase transition is encoded in the coloring of the lines. The onset of the first-order
phase transition is at values that can also be read o↵ from Fig. 7: for logarithmic modifications
we find the lowest value of �H3/�H3,0 ⇡ 1.4, for the �

6 modification �H3/�H3,0 ⇡ 1.5, and for
exponential modifications �H3/�H3,0 ⇡ 1.9. This size of all modifications can be probed in the
high-luminosity run at the LHC. Importantly, the Higgs self-couplings grow continuously as a
function of �j while �c/Tc remains zero till the onset of the first-order phase transition and only
then starts to grow continuously.

IV. OUTLOOK

Higgs pair production or the measurement of the Higgs self coupling is an extraordinarily
interesting LHC analysis. We find that it is well motivated by modified Higgs potentials which
allow for a strong first-order electroweak phase transition and hence an explanation of the observed
matter vs anti-matter asymmetry. We have studied a wide range of such modifications to the
Higgs potential, especially potentials that cannot be expanded as an e↵ective field theory. We used
the functional renormalization group to describe the dependence on the field value � and on the
temperature T . For all classes of potentials considered here, there exists an appropriate choice of
model parameters, for which the phase transition is of first order and su�ciently strong, �c/Tc & 1.

Our numerical analysis indicates that the requirement �c/Tc = 1 corresponds to a critical scale
of the order of 10 TeV for all our potentials, where the potentials become strongly coupled. Below
this scale we can rely on our assumed potentials to describe LHC signals. We then found that a
strong first-order phase transition universally predicts an enhancement of the Higgs self-couplings
�H3 & 1.5�H3,0 and �H4 & 4�H4,0. Extending earlier studies, we systematically established this
connection between a first-order transition and a measurable deviation of the Higgs self couplings,
employing a method that can describe systems with multiple physical scales in a controlled manner.
While it might be possible that a new physics model features a strong first-order transition with all
e↵ects on �

H3/4 canceling accidentally [9], none of our examples falls into this class. We conclude

1711.00019
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(a)

Figure 6: The expected and observed 95% CL limits on the non-resonant production cross-section �gg!HH (a) for
the SM-optimised limit using the tight selection and (b) as a function of � using the loose selection. In (a) the red
line indicates the 95% confidence level. The intersection of this line with the observed, expected, and ±1� and ±2�
bands is the location of the limits. In (b) the red line indicates the predicted HH cross-section if � is varied but all
other couplings remain at their SM values. The red band indicates the theoretical uncertainty of this prediction.

7.3 Exclusion limits on resonant HH production

The 95% CL limits on resonant Higgs boson pair production are shown in Figure 7, utilising both
the loose and tight selections. The SM HH contribution is considered as part of the background in
this search although its inclusion has a negligible impact on the results. For resonance masses in the
range 260 GeV < mX < 1000 GeV, the observed (expected) limits range between 1.14 (0.90) pb and
0.12 (0.15) pb.
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couplings that also contribute to the same process. The contribution proportional to the cubic Higgs self-coupling involves an
extra Higgs propagator that dies off at high energy. Therefore, the kinematic region close to threshold is more sensitive to the
Higgs self-coupling.

Figure 7. Double Higgs production at hadron (left) [37] and lepton (right) [31] colliders as a function of the modified Higgs
cubic self-coupling.

to another deformation of the SM. It is important in particular in a global analysis when all EFT parameters are left free to float.534

This cannot always be done relying only on inclusive measurements [44, 45] and it calls for detailed studies of kinematical535

distributions with an accurate estimate of the relevant uncertainties [46]. For a 240 GeV lepton collider, the change of the ZH536

production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to537

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (24)

Thus, to be competitive with the HL-LHC constraint, the ZH cross-section needs to be measured with an accuracy better than538

0.7%. Alternatively, in models with parametrically large deviations of the Higgs cubic coupling, its contribution to single Higgs539

processes at one loop can impact the fit to single Higgs couplings often performed without considering this extra parameter.540

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large541

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs542

couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional543

operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation544

of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum545

deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [44, 47]546

|k3|< 600x , (25)
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1 Introduction

The nature of more than 80% of the matter in our Universe is still unknown. Over the

past century, substantial evidence has been collected from astrophysical and cosmological

observations that supports the existence of a new type of dark matter (DM), that does not

emit or absorb light, and that cannot be explained by the Standard Model (SM). This window

to new physics is currently being thoroughly probed by dedicated direct and indirect DM

experiments, as well as by the Large Hadron Collider (LHC), with increasing sensitivities.

Among the many particle physics candidates for DM, the singlet-scalar Higgs portal (SHP)

model stands out as one of the most economical and popular scenarios. [1–3]. It simply

consists of one extra singlet scalar, S (the DM particle), which is minimally coupled to the

SM through interactions with the ordinary Higgs (the only ones allowed at the renormalizable

level). The corresponding Lagrangian reads

LSHP = LSM +
1

2
∂µS∂

µS −
1

2
m2

0S
2 −

1

2
λS |H|2S2 −

1

4!
λ4S

4. (1.1)

In the previous equation S has been assumed to be a real field, but the modification for the

complex case is trivial. Furthermore, a discrete symmetry S → −S has been imposed in

order to ensure the stability of the DM particle; apart from this, the above renormalizable

Lagrangian is completely general. After electroweak (EW) symmetry breaking, the Higgs field

acquires a vacuum expectation value, H0 = (v + h)/
√
2, and new terms appear, including a

trilinear coupling between S and the Higgs boson, (λSv/2)hS2. The phenomenology of this

model has been explored in other contexts as well [4–7].

Assuming that the S−particles are in thermal equilibrium in the early universe, the final

DM relic density is determined by their primordial annihilation rate into SM-particles. The

relevant processes, illustrated in Fig. 1, are usually dominated by the s−channel annihilation

through a Higgs boson (leftmost diagram of the figure).

The efficiency of the annihilation depends on just two parameters, {m0,λS} or, equiva-

lently, {mS ,λS}, where m2
S = m2

0+λSv2/2 is the physical S−mass after EW breaking. Fig. 2

shows the (black) line in the {mS ,λS} plane along which the relic abundance of S, ΩSh2,

coincides with the Planck result ΩCDMh2 = 0.1198±0.003 at 2σ [8]. The (gray) region below

is in principle excluded, as it corresponds to a higher relic density.

The model is subject to a number of experimental and observational constraints, which

rule out large regions of the parameter space. These include limits from direct detection

experiments [9–21], indirect searches [22–48], as well as collider bounds [49–56]. We illustrate

the effects of these limits in Fig. 2. In deriving direct and indirect detection bounds, we

are assuming by default (left panel) that the density of S scales up in the same way as its

cosmological relic abundance. Thus, we consider a scale factor ξ ≡ ΩS/ΩCDM for direct

2

Figure 2: Excluded regions on the parameter space of the SHP model from different exper-

imental constraints. The gray area (below the black line) is excluded since the relic density

exceeds the Planck result. The blue area (labeled Γinv
H ) is ruled out from the invisible Higgs

width. The red area (LUX) is excluded by direct DM detection limits. Yellow (dSph) and

cyan (GC) areas are excluded by indirect detection constraints on the continuum spectrum

of gamma-rays (from dwarf Spheroidal galaxies) and monochromatic gamma-ray lines (from

the Galactic Centre), respectively. The dashed green line represents the predicted reach of

the future LZ detector. The left panel includes a scale factor, ξ, in the calculations while in

the right plot it is assumed that some extra non-thermal effects amend the prediction for the

relic density, so that ξ = 1.

observed one (see, e.g., Ref. [60]). Note that, since the value of ξ has been fixed, the areas

excluded by indirect detection bounds now extend upwards.

In either case, the conclusion is that the combination of experimental constraints and the

requirement of obtaining the correct relic abundance rules out a big and interesting portion of

the viable parameter space of the Higgs portal (see Ref. [61] for a recent comprehensive study),

leaving only the white areas in Fig. 2. Interestingly, as previous analyses have shown [62–65]

there still remains a narrow window of S−masses in the Higgs-funnel region (mS ≃ mh/2)

and, besides, there is a large allowed range for higher masses, mS
>
∼ 500 GeV. Next generation

experiments such as XENON1T [66] and, especially, LZ [67] (shown explicitly) will test

completely the region of large DM masses and a large part of the narrow window at the Higgs-

resonance. In particular, LZ could exclude the Higgs-portal scenario almost completely, or,

hopefully, get a positive detection. The possibility of totally closing the Higgs-portal windows

in the near future using complementary constraints from indirect detection has been analyzed

in refs. [61, 62,64].

Various solutions have been proposed in order to avoid experimental constraints in the

SHP model. In general, in order to break the correlation between the relic abundance and

4
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C. CP violation in the Higgs-gauge sector

Typical tests of C, P , or T symmetries of the Higgs sector do not probe the symmetry nature of
the actual Higgs field, but rather the transformation properties of the action through its influence
on S-matrix elements. We focus on the transformation properties of observables and explore how
they reflect the symmetry structure of the Higgs Lagrangian. To this end, we evaluate the e↵ect
of CP -violating as opposed to CP -conserving Higgs couplings to weak bosons or heavy fermions.
For an e↵ective Higgs-gauge Lagrangian truncated at mass dimension six,

L = LSM +
fi
⇤2

Oi (9)

our CP -even reference scenario consists of the renormalizable Standard Model Lagrangian com-
bined with the five CP -even dimension-six operators in the HISZ basis [6, 7, 35],

OB = i
g

2
(Dµ�†)(D⌫�)Bµ⌫ OW = i

g

2
(Dµ�)†�k(D⌫�)W k

µ⌫

OBB = �
g02

4
(�†�)Bµ⌫ Bµ⌫

OWW = �
g2

4
(�†�)W k

µ⌫ Wµ⌫ k

O�,2 =
1

2
@µ(�†�) @µ(�

†�) . (10)

At the same mass dimension, CP -odd couplings are described by operators

O
BB̃

= �
g02

4
(�†�) eBµ⌫ Bµ⌫

⌘ �
g02

4
(�†�) ✏µ⌫⇢�B⇢� Bµ⌫

O
WfW = �

g2

4
(�†�)fW k

µ⌫ Wµ⌫ k
⌘ �

g2

4
(�†�) ✏µ⌫⇢�W ⇢� k Wµ⌫ k . (11)

With the Levi-Civita tensor, these operators break down as C-conserving and P -violating.

While the e↵ective Lagrangians in Eqs. (10) and (11) demand real coe�cients fWW and f
WfW , it

is also interesting to observe what happens when they are taken to be complex. Strictly speaking,
this does not occur in an EFT from integrating out massive degrees of freedom in a well-defined
UV theory. However, absorptive complex phases can appear through light degrees of freedom.
Such cases are not technically described by a local EFT and could lead to di↵erent momentum
dependences, so we leave a more refined treatment of this case for future work. Instead, we
consider coe�cients such as fWW and f

WfW to be complex to illustrate how such cases complicate
the determination of the CP nature of the Higgs interactions. Such complex phases already occur
in the Standard Model, for instance from electroweak corrections or in Higgs production with a
hard jet [36]. Such loop-induced contributions to the expectation value of CP -odd observables
must be taken into account in precision measurements.

Combining the di↵erent pieces, we arrive at thirteen model parameters of interest,

g =
v2

⇤2

�
f�,2 fW fB fWW fBB f

WfW f
BB̃

Im fW Im fB Im fWW Im fBB Im f
WfW Im f

BB̃

�
T

,

(12)

where the factor v2 ensures that the model parameters are dimensionless. The first seven entries
represent the usual Wilson coe�cients in the EFT. The last six entries allow for absorptive con-
tributions. We will use this full vector of model parameters to analyze the sensitivity of di↵erent
processes to the CP properties of the Higgs-gauge sector.

Vanishing rates but affect distribution

15

Figure 4. Distributions of ��`` (left) and �E`` (right) in ZH production after the cuts in Eqs. (38) and
(40) for the Standard Model signal (solid black), and for the interference between di↵erent dimension-six
amplitudes with the SM signal (colored).

��`` ! ���``. Unlike in WBF, this genuine signature of CP violation cannot be generated from
an absorptive phase in CP -even physics.

As discussed in Sec. IA, the T̂ -even observables O2 and O3 or equivalently �E`` and �pT,``
will have a non-zero expectation value only in the presence of CP violation and re-scattering. The
right panel of Fig. 4 shows the distribution of �E``, demonstrating that an asymmetry in this
observable requires both, CP violation and a source of a complex phase.

B. LHC reach

The signature consists of two b-tagged jets and two opposite-sign, same-flavor leptons. We
simulate it as in Sec. II, with the b-jet momenta smeared appropriately for the reconstruction in
the H ! bb̄ decay mode with a Gaussian with width �bb = 12.5 GeV [39]. The basic acceptance
cuts

pT,b > 20 GeV |⌘b| < 2.5 100 GeV < mbb < 150 GeV �Rbb > 0.4

pT,` > 10 GeV |⌘`| < 2.5 86 GeV < m`` < 96 GeV �R``,�R`b > 0.4 (38)

include a narrow invariant mass window for the two leptons to e↵ectively reject background pro-
cesses without an on-shell Z ! `` decay. After the leptonic invariant mass cut, the main back-
ground is the irreducible bb̄Z` production, where the two b-jets are produced as hadronic radiation.
The acceptance cuts of Eq. (38) reduce its rate to 629 fb (before b-tagging), to be compared to the
SM ZH signal rate of 14 fb.

We require two b-tags. This helps with fake backgrounds (as explained below), but di↵ers with
regard to some of the current experimental strategies grappling with limited statistics — a challenge
that is much less of a concern with 100 fb�1. We assume a double b-tagging rate for the signal
and primary background of 0.72. Through mis-tagging, the fake QCD background gg ! cc̄Z` will
also contribute. Its rate after the acceptance cuts is 423 fb, and as long as the rate to mis-tag a

ZH

10

Figure 2. Distribution of the signed angle ��jj in WBF Higgs production after the cuts in Eqs. (27) and
(29) for the Standard Model (black) as well as the for the EFT with the indicated Wilson coe�cients. In
the left panel we show the SM signal (black) as well as the interference of di↵erent dimension-six amplitudes
with the SM signal (colored). The right panel shows the full distributions including the backgrounds (grey).

modifications which grow with momentum transfer. However, the same e↵ect can be achieved by
supplementing ��jj with a virtuality measure such as the transverse momentum of the harder jet.

We simulate the WBF process with the MadMax [38, 39] setup of Madgraph [40]. We
compute the ��jj distribution (with the same event selection as described below) predicted by
the Standard Model as well as for the Standard Model augmented by representative operators
OWW and O

WfW defined in Eqs. (10) and (11). The resulting distributions are shown in Fig. 2.
As expected, the Standard Model, even when supplemented by a CP -even operator such as fWW ,
results in a distribution that is symmetric under ��jj ! ���jj . Similar results would be obtained
for the other CP -even operators of Eq. (10) such as OW . In contrast, the CP -odd operator O

WfW
leads to a distribution with a clear preference for ��jj < 0.

As is evident from Fig. 2, an imaginary Wilson coe�cient fWW also leads to an asymmetry
in the ��jj distribution. Clearly, absorptive phases can mimic the signatures from CP -violating
scenarios in this non-genuine CP observable, and thus potentially complicate the interpretation of
such a signature.

B. LHC reach

Based on our simulations, we determine the expected LHC sensitivity to O
WfW through WBF

production followed by the H ! ⌧⌧ decay. The dominant backgrounds are QCD and electroweak
Zjj production followed by the decay Z ! ⌧⌧ , and Higgs production in gluon fusion with H ! ⌧⌧ .
Our analysis is based on the tagging jet kinematics [41–43]. We simulate the WBF signal following
Ref. [29] by generating the process

pp ! H jj ! ⌧+⌧� jj , (26)

VBF

1712.02350
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FIG. 3: ��`` distribution for tt̄h production comparing linear (a) and quadratic (b) dimension six interactions. Only the
statistical uncertainty is shown in the plots.

which promotes this angular distribution to a P-sensitive
observable.

In Fig. 1, we show the ��jj di↵erential distribution for
the linear approximation using a particular choice of c̃g

and c̃t as an example. Fig. 1 (a) illustrates that the e↵ects
of Õg and Õt can be very small even for large values of
c̃g and c̃t in the vicinity of the blind direction c̃t ⇠ �c̃g

if inclusive observables are considered. As can be seen
from Fig. 1 (b), once ��jj is defined with an additional
binning in a kinematic observable such as the transverse
momentum of the Higgs3 that focuses on more exclu-
sive events around the top quark threshold and above
(pT,h � 150 GeV), we can start disentangling the c̃g and
c̃t directions. In principle, a fully-binned two-dimensional
distribution (��jj , pT,h) could be considered. However,
this would come at the price of a large reduction in statis-
tics and an enlarged statistical uncertainty. While we
consider two search regions separated by a 150 GeV pT,h

cut, the number of search regions, as well as their sepa-
ration could be treated as tuning parameters in a more
realistic analysis. The ratio plot of Fig. 1 (b) also shows
that the linear EFT contribution to the distribution is
asymmetric and that the integrated cross section van-
ishes.

The qualitative behavior of Fig. 1 can be understood
from the pT,h di↵erential distributions of the CP-even
operators. For momentum transfers that resolve the top-
Higgs interactions (and Õt accordingly) the e↵ect relative
to Õg should decrease as absorptive contributions of the

3
We consider the Higgs pT distribution in the following as means to

resolve the top-threshold; jet-pT distributions are less sensitive to

mt threshold e↵ects.

top-loop are probed. The e↵ects are not large, as can be
expected from the success of the mt ! 1 approximation
for SM hjj production [58–62].
While Fig. 1 shows the ��jj distribution in the lin-

earised approximation Fig. 2 presents an example for the
case where the quadratic terms are included. As Fig. 2
shows employing a top threshold related kinematical cut
improves on lifting the blind direction also in the case
where quadratic contributions are included. In this ex-
ample we have chosen smaller values for the Wilson co-
e�cients than for the linearised case because the c̃g–c̃t
resolving power for larger values is mostly driven by the
total cross section which does not vanish for the quadratic
EFT contribution. This behaviour can already be ob-
served for the inclusive case in Fig. 2 (a) where the ratio
plot shows a slight o↵set in the EFT contribution with
respect to the SM. In the high-pT,h sample in Fig. 2 (b)
the relative contribution of the linear dimension six part
is increased with respect to the inclusive case.

In complete analogy to hjj, for the tt̄h channel we con-
sider the dileptonic decay of the top-quark pair (assuming
an event selection e�ciency of 2.5% [63]) and study the
signed azimuthal angle ��`` between the two charged
leptons defined as

��`` = �`,1 � �`,2 , (5)

where �`,1 (�`,2) is the azimuthal angle of the first (sec-
ond) charged lepton [26]. The leptons are ordered ac-
cording to their rapidity, i.e.

y`,1 > y`,2 . (6)

As leptons ` we consider electrons and muons from the
decays t ! bW ! b`

+
⌫` and t ! bW ! b⌧

+
⌫⌧ !

b`
+
⌫`⌫⌧ ⌫̄⌧ and the charge conjugated processes. The

1901.05982

2

as corrections from two operators

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h, and

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
a µ⌫ = ✏

µ⌫⇢�
G

a
⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and v =
246 GeV is the Higgs’ vacuum expectation value.1 In
the following we will denote c̃g, c̃t as the corresponding
Wilson coe�cients of Eq. (1).

It is well known that the mt-associated threshold ef-
fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [30–37]. Together with the infor-
mation from top quark-associated Higgs production, this
is enough to su�ciently disentangle the gluon-Higgs in-
teractions from the top-Higgs contributions [38–40]. In
the case of the CP-odd operators of Eq. (1), momen-
tum transfer-dependent di↵erential distributions used for
the CP-even operators are identically zero for the new
physics contribution. This makes the extraction of the
CP-violating e↵ects in the fermion-Higgs interactions and
their separation from competing modifications of the
gauge sector-Higgs interactions much more complicated
to order ⇠ c̃t, c̃g.

The purpose of this work is to provide a detailed anal-
ysis of this issue and point out possible improvements
that are straightforward to implement in existing experi-
mental analyses. This paves the way to obtaining a more
detailed picture of the Higgs CP properties at the LHC
in the future.

Furthermore, we look at this analysis from the per-
spective of perturbative validity of the EFT approach.
This is done by comparing linearised results to results
obtained from including squared dimension six e↵ects.
The latter have been discussed in the past in detail (see
e.g. [18, 19, 41–44]). Yet, it is important to highlight
that in this case any CP-even observable also acts as
a probe of the CP-odd interactions. Hence, by includ-
ing quadratic contributions searches and interpretations
of CP-violating e↵ects in the context of EFT become
highly dependent on (often implicit) EFT assumptions.
Our aim is to find experimental and phenomenological
setups in which the quadratic contributions are negligi-
ble such that constraints on CP-violating interactions can
be extracted perturbatively robust and with minimal as-
sumptions on CP-even contributions. In the context of
these considerations we extrapolate our analysis to ex-
periments at future colliders.

This work is organised as follows: In Sec. II we out-
line our numerical setup and provide an overview of the

1
The normalisation of Õg corresponds to integrating out the top

quark with CP-odd couplings with Yukawa coupling size
p
2mt/v

in the limit mt ! 1 [27–29].

relevant observables. We also place our analysis into
the context of existing LHC analyses in the Higgs fi-
nal states that we consider. We present our results in
Sec. III. In particular, we will comment on the compar-
ison of dimension-six linearised approach with CP-even
e↵ects from CP-odd interactions as alluded to above and
extrapolate our results to obtain LHC and future hadron
collider projections. We conclude in Sec. IV.

II. SETUP: PROCESSES AND OBSERVABLES

A. Processes

To analyse the prospects of discriminating Õg from Õt

via the process pp ! hjj, we use a modified version of
Vbfnlo [45, 46]. Including dimension six interactions,
we can write the full squared amplitude

|M| = |MSM|2 + 2Re (MSMM⇤
d6) + |Md6|2 . (2)

Our modifications are such that the SM-interference and
squared dimension six amplitude parts can be extracted
individually, while keeping the full top mass dependence
of Õt [18, 20–22]. The Õg contributions were tested
against Õt by approaching the mt ! 1 limit numeri-
cally. This provides a strong cross check of both imple-
mentations and our modifications, which is non-trivial by
the fact that for linearised dimension six e↵ects the inte-
grated cross section is numerically zero (it is a CP-even
observable), and genuine CP-sensitive observables need
to be employed for such cross checks.
We output Les Houches events [47] of Higgs pro-

duction in association with two light jets, hjj and
subsequently shower and hadronise them with Her-
wig [48, 49]. For the analysis, we pass this output
through a Rivet [50] analysis which closely follows the
event selection of Ref. [24]. From the SM sample, we
determine the event selection e�ciencies on a bin-by-
bin level by comparing parton-level with particle-level
(Rivet) analysis and Ref. [24]. We study the hjj pro-
duction channel in the h ! �� decay mode with the pos-
sibility of including modifications of the Higgs branching
ratios for comparisons (see below). We use flat K factors
of 1.5 (13/27 TeV) and 1.18 (100 TeV) following Ref. [51].
To disentangle Higgs-gluon from Higgs-top interac-

tions we also consider tt̄h events which are generated
with MadGraph 5 [52] where the contribution from the
e↵ective operators in Eq. (1) have been implemented
through a UFO [53] model file which we generated us-
ing FeynRules [54]. We study the tt̄-associated Higgs
production in the h ! bb̄ decay mode whose branching
ratio is indirectly a↵ected by Õg and Õt as well. We de-
tail the computation of branching ratios in the appendix.
Similar to the hjj case, we separate the tt̄h contributions
according to Eq. (2). We focus exclusively on the produc-
tion couplings and do not include CP-sensitive informa-
tion that can be obtained from the Higgs decay, through,
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