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CP violation in Cosmology
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• Matter-antimatter asymmetry. 

研究动机

• 重子数不对称性
• 宇宙学观测表明，𝜂 ≡ 𝑛𝐵−𝑛ഥ𝐵

𝑛𝛾
~10−10

• 暴涨导致初始重子数不对称性在暴涨后可忽略
• 动力学产生机制(Sakaharov 1967): 满足三个条件
重子数破坏、C和CP破坏以及脱离热平衡

• 标准模型CP破坏不足以解释
• 标准模型CP破坏

• 独立参数

• 幺正性

18-9-(3*2-1)=4 𝜃12, 𝜃23, 𝜃13, 𝛿
M. Kobayashi, T. Maskawa, 
Prog.Theor.Phys. 49 (1973) 652

• Sakharov’s conditions: 
1. Baryon number violation.
2. C and CP violation.
3. Interactions out of thermal equilibrium. 

eL
− CP← →⎯ eR

+



CP violation in SM
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  M. Kobayashi, T. Maskawa,  
Prog.Theor.Phys. 49 (1973) 652

 Baryon asymmetry

12. CKM quark-mixing matrix 15
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

ρ̄ = 0.124+0.019
−0.018 , η̄ = 0.356 ± 0.011 . (12.26)

These values are obtained using the method of Refs. [6,104]. Using the prescription
of Refs. [111,128] gives λ = 0.22496 ± 0.00048, A = 0.823 ± 0.013, ρ̄ = 0.141 ± 0.019,
η̄ = 0.349 ± 0.012 [129]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

⎛

⎝
0.97434+0.00011

−0.00012 0.22506 ± 0.00050 0.00357 ± 0.00015
0.22492 ± 0.00050 0.97351 ± 0.00013 0.0411 ± 0.0013
0.00875+0.00032

−0.00033 0.0403 ± 0.0013 0.99915 ± 0.00005

⎞

⎠ , (12.27)

and the Jarlskog invariant is J = (3.04+0.21
−0.20) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.
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C. Jarlskog, Z.Phys. C29 (1985) 491-497  

M.E. Shaposhnikov, Nucl.Phys. B287 (1987) 757



CP violation from Higgs dynamics
• SM 

• For Example,  2HDM，SUSY

5

i = 1,2

CP-even:

CP-odd:

VCKM = U †
uUd,

�u = UuDuW †
u, u

i
L ! U ij

u uj
L,

 



Effective Field Theory 
  Full theory ( 2HDM  SUSY   Little Higgs  ……)
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L(ψ li )

Low Energy  
Light particles

Renormalization Group

Renormalization Group

µ = M Matching

Effective Field Theory

Data

Full Theory

Renormalization group

Renormalization group

MP  

( , )L F I

( )L I

4
2 ,i

SM i
i

CL L O �
/¦      

Appelquist-Carazzone
Decoupling theorem:

Which one？
Little Higgs，SUSY，
Extra Dimension?

Howard Georgi,
Annu.Rev.Nucl.Part.
Sci.1993.43:209-52 5

Effective Field Theory

Data

Full Theory

Renormalization group

Renormalization group

MP  

( , )L F I

( )L I

4
2 ,i

SM i
i

CL L O �
/¦      

Appelquist-Carazzone
Decoupling theorem:

Which one？
Little Higgs，SUSY，
Extra Dimension?

Howard Georgi,
Annu.Rev.Nucl.Part.
Sci.1993.43:209-52 5



Dimension-six operators
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B. Grzadkowski, M. Iskrzynski, M. Misiak, 
J. Rosiek, JHEP 1010 (2010) 085 
R. Contino, M. Ghezzi, C. Grojean, M. 
Muhlleitner, M. Spira, JHEP07(2013)035

C. Arzt, M.B. Einhorn, J. Wudka 
Nucl.Phys. B433 (1995) 41-66

iIm(c̄f )yf q̄�5qH

c̄f ⇠ O(1)
c̃HW , c̃HB ⇠ 1

16⇡2O(1)
c̃� , c̃g ⇠ 1

16⇡2O(1)



Sensitivity to probe CP violation 
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SM CP-odd coupling sensitivity

Hf ¯f tree tree

HZZ,HWW tree loop

H��, Hgg loop loop



Experimental Constraints: 
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Figure 1: The regions of the (t, ̃t) plane allowed by the analysis of [40] at the 68 and 95%
CL (solid and dotted red contours, respectively). Also shown for comparison is the region
discussed in [29] (solid black contour). Black dots represent the simulated model points.

We display in Fig. 1 the regions of the (t, ̃t) plane that are allowed at the 68, and 95%

CL according to the analysis of [40]. At the 68% CL, the allowed region is a crescent with

apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t

t

⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.

4

Model and the production cross section is sensitive to the deviation of the couplings from

the the Standard Model values. The dependences on these couplings of the cross section and

Higgs branching ratios as well as the search strategy have been studied in [36, 37] assuming

CP-conserving interactions.

The structure of this paper is as follows. In Section 2 we introduce the scalar and pseu-

doscalar H-top couplings t and ̃t and discuss the current indirect experimental constraints,

paying particular attention to those provided by LHC constraints on the H-gluon-gluon and

H-�-� couplings, taking their correlations into account [40]. Section 3 presents calculations

of the total cross sections for H production in association with t̄t, single t and single t̄. We

show that, within the region of the (t, ̃t) plane allowed at the 68% CL, the total cross sec-

tion for t̄tH production may be considerably smaller than in the Standard Model, whereas

the cross sections for tH and t̄H may be considerably larger. As we show in Section 4, the

t̄tH, tH and t̄H invariant mass distributions may also be very di↵erent from those expected

in the Standard Model. We proceed in Section 5 to discuss the possibilities for t polarization

measurements at the LHC.

Our results indicate that the LHC operating at 13/14 TeV may soon be able to provide

interesting direct constraints on t and ̃t, including direct constraints on CP violation in

the top sector.

2 Indirect Constraints on Top-Higgs Couplings

We write the top-H couplings in the form

Lt = �mt

v
(tt̄t+ ĩtt̄�5t)H , (1)

where v = 246 GeV is the conventional Higgs vacuum expectation value (v.e.v.) and t = 1

and ̃t = 0 in the Standard Model.

As observed in [29], the ̃t coupling makes an important contribution to the electric dipole

moment of the electron de via a two-loop diagram of the Barr-Zee type. Assuming that the

H coupling to the electron is the same as in the Standard Model, and that there are no other

significant contributions to de, the recent upper bound |de/e| < 8.7 ⇥ 10�29 cm [41] can be

used to set the indirect constraint |̃t| < 0.01. However, we note that there is no experimental

information on the electron-H coupling, that no direct information on this couplings is likely

to become available in the foreseeable future, and that there could in principle be other

contributions to de that might cancel the two-loop top contribution, e.g., in supersymmetric

models. We therefore seek bounds on t and ̃t that are less model-dependent.
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Figure 2. Left: Present constraints on t and ̃t from the electron EDM (blue), the neutron
EDM (red), the mercury EDM (brown), and Higgs physics (gray). Right: Projected future con-
straints on t and ̃t, see text for details.

The right panel in Fig. 2 shows the prospects of the constraints. In order to obtain
the plot we have assumed that |de/e| < 10�30 cm [39], a factor of 90 improvement over
the current best limit (2.5), and that |dn/e| < 10�28 cm [39], a factor of 300 improvement
with respect to the present bound (2.14). Our forecast for the future sensitivity of the
Higgs production constraints is based on the results of the CMS study with a projection
of errors to 3000 fb�1, which assumed 1/

pL scaling of the experimental uncertainties with
luminosity L, and also anticipates that the theory errors will be halved by then [4]. In
Fig. 2 we therefore take g = 1.00 ± 0.03 and � = 1.00 ± 0.02 as the possible future fit
inputs (centered around the SM predictions).

Since the EDMs depend linearly on ̃t, the projected order-of-magnitude improve-
ments of the EDM constraints directly translate to order-of-magnitude improvements of
the bounds on ̃t. For instance, the electron EDM is projected to be sensitive to values of
̃t = O(10�4) which implies that one can probe scales up to ⇤ = O(25TeV) for models
(such as theories with top compositeness) where ̃t ⇠ v2/⇤2.

Note that the above EDM constraints rely heavily on the assumption that the Higgs
couples to electrons, up, and down quarks. For illustration we assumed that these couplings
are the same as in the SM. The possibility that the Higgs only couples to the third-generation
fermions cannot be ruled out from current Higgs data. In this case there is no constraint
from the electron EDM which is proportional to ẽt. The neutron and mercury EDM
are similarly dominated by the quark EDMs and CEDMs which scale as u,d ̃t. However,
setting u,d = 0 the constraints due to dn and dHg do not vanish, because there is also a
small contribution from the Weinberg operator which scales as t̃t. In Fig. 3 we show
the constraints for the limiting case where the Higgs only couples to the third-generation
fermions. We see that at present O(1) values of ̃t are allowed by the constraint from the
neutron EDM. Assuming that only the Higgs-top couplings are modified, the Higgs data are
then more constraining than the neutron EDM. This situation might change dramatically
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Figure 1. Left: Two-loop Barr-Zee contributions to the EDM of the electron involving a virtual
Higgs boson and a photon or Z boson. Right: Two-loop contribution to the Weinberg operator.

where xt/h ⌘ m2
t /M

2
h and the loop functions f1,2(x) can be written as [28],1

f1(x) =
2xp
1� 4x



Li2

✓
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1� 4x

2x

◆
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1� 1 +
p
1� 4x

2x
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,

f2(x) = (1� 2x) f1(x) + 2x (lnx + 2) .

(2.3)

Here Li2(x) = � R x
0 du ln(1� u)/u is the usual dilogarithm.

From Eq. (2.2) it is evident that the electron EDM constraint on ̃t vanishes in the
limit that the Higgs does not couple to electrons, e, ̃e ! 0, or by an appropriate tuning
of the ratio ̃e/e. For simplicity we will from here on assume that the Higgs coupling to
the electron is CP conserving, so that ̃e = 0. In this case the top-quark contribution to
the EDM of the electron is (with ↵ ⌘ ↵(0) ' 1/137)

de
e

= 3.26 · 10�27 cm ẽt f1(xt/h) = 9.0 · 10�27 cm ẽt , (2.4)

where in the second equality we used that f1(xt/h) ' 2.76 for mt = 163.3GeV [29] and
Mh = 126GeV. The 90% confidence level (CL) limit [30]
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�
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< 8.7 · 10�29 cm , (2.5)

then translates into
|̃t| < 0.01 , (2.6)

assuming that the Higgs coupling to the electron is the SM one, e = 1.
Above we have neglect the two-loop diagram, Fig. 1 (left), with the Z boson instead of

the photon in the loop. Due to charge-conjugation invariance only the vector couplings of
the Z boson enter the Barr-Zee expression for the electron EDM. As a result the Z-boson
contribution is strongly suppressed by [27]
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' 1.6% , (2.7)

1
Note that the loop function f1(x) is real and analytic even for x > 1/4. In particular, in the limit

x ! 1, one has f1(x) = lnx+ 2 +O(1/
p
x).
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As already commented in the Introduction, the data from ATLAS and CMS on H pro-

duction at the LHC with ECM = 7 and 8 TeV provide indirect bounds on the coupling

parameters t and ̃t via the constraints they impose on the H-gluon-gluon and H-�-� cou-

plings, which have also been explored in [29, 38]. The interpretation of the H-gluon-gluon

and H-�-� constraints is also somewhat model-dependent, since they are obtained from data

on H production and decay into �� final states, and must rely on assumptions about the

H couplings to other particles. In considering these constraints, we assume here that the

couplings to other fermions and bosons are the same as in the Standard Model, i.e., f = 1

and ̃f = 0 for f 6= t, and W = Z = 1. This assumption is purely phenomenological but

motivated by the following reasons. There are several processes which can constrain W and

Z independently from t and ̃t [39] at the time when the luminosity required in this study

is accumulated. The e↵ect of f and ̃f (f 6= t) is almost negligible unless f � 1 because of

the suppression proportional to the Yukawa couplings of the light fermions. Moreover such

a possibility will be ruled out for the bottom and tau by the relatively precise H ! b̄b and

H ! ⌧⌧ measurements available at the time.

Under these assumptions, the available ATLAS and CMS data on H production and

decay were analyzed in [40] and constraints on the H-gluon-gluon and H-�-� couplings were

derived, taking into account the correlations imposed by the measurements: see the left

panel of Fig. 4 of [40]. The ratios

µgg ⌘ �(gg ! H)

�(gg ! H)SM
, µ�� ⌘ �(H ! ��)

�(H ! ��)SM
(2)

are represented there by c2g and c2�, respectively. Including the contribution to the Hgg loop

amplitude of the b quark and the contribution to the H�� loop amplitude of the b quark, ⌧

lepton and W bosons, following [29] one has in the notation of [40]

c2g = µgg ' 2
t + 2.6̃2

t + 0.11t(t � 1) ,

c2� = µ�� ' (1.28� 0.28t)
2 + (0.43̃t)

2 . (3)

The left panel of Fig. 4 of [40] displays regions in the (c�, cg) plane that are allowed by the

LHC data at the 68, 95 and 99% CL. There we see explicitly the anticorrelation between cg

and c� due to the fact that one may, to some extent, compensate for a possible enhancement

in the LHC H ! �� signal 1 by suppressing �(gg ! H), though this possibility is restricted

by the LHC measurements of the strengths of the other H signatures if one assumes that

f = 1 and ̃f = 0 for f 6= t, and W = Z = 1 as done here.

1We recall that this possibility is suggested by the ATLAS data, but not by the CMS data, so that the
Standard Model value of the H�� coupling is allowed at the 68% CL [40].
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16 4 Analysis techniques

Figure 1: Illustration of the production of a system X in a parton collision and its decay to two
vector bosons gg or qq ! X ! ZZ, WW, Zg, and gg either with or without sequential decay of
each vector boson to a fermion-antifermion pair [28, 59]. The two production angles q⇤ and F1
are shown in the X rest frame and the three decay angles q1, q2, and F are shown in the V rest
frames. Here X stands either for a Higgs boson, an exotic particle, or, in general, the genuine or
misidentified VV system, including background.

in the H ! gg channel are discussed in Ref. [15].

The rest of this section is organized as follows. The kinematic observables reconstructed in the
H ! VV ! 4` and H ! WW ! `n`n channels are discussed first. A matrix element likelihood
approach is introduced next. Its goal is to reduce the number of observables to be manageable
in the following analysis, while retaining full information for the measurements of interest. A
maximum likelihood fit employs the template parameterization of the probability distribution
of the kinematic observables using full simulation of the processes in the detector. This method
is validated with the analytic parameterization of some of the multidimensional distributions
using a simplified modeling of the detector response in the H ! ZZ ! 4` channel. Systematic
uncertainties and validation tests are also discussed.

4.1 Observables in the H ! VV ! 4` analysis

The four-momenta of the H ! 4` decay products carry eight independent degrees of freedom,
which fully describe the kinematic configuration of a four-lepton system in its center-of-mass
frame, except for an arbitrary rotation around the beam axis. These can be conveniently ex-
pressed in terms of the five angles ~W ⌘ (q⇤, F1, q1, q2, F) defined in Fig. 1, the invariant masses
of the dilepton pairs, m1 and m2, and of the four-lepton system, m4`. The boost of the H bo-
son system in the laboratory frame, expressed as pT and rapidity, depends on the production
mechanism and generally carries some but limited discrimination power between either signal
or background hypotheses originating from different production processes. These observables
are not used in the analysis to remove the dependence of the results on the production model.
For the same reason, information about particles produced in association with H boson is not
used either. This approach differs from the study reported in Ref. [12] where such observables
were used to investigate the production mechanisms of the Higgs boson.

The distributions of the eight kinematic observables (m1, m2, m4`, ~W) in data, as well as the ex-
pectations for the SM background, the Higgs boson signal, and some characteristic alternative

LCWS2016, Morioka, Japan, 5-9 December 2016

Table 2. The best-fit and excluded ranges for the coe�cients of the BSM CP-even and CP-odd terms in Eq. 1 at
ATLAS, with H ! ZZ⇤ and H ! WW⇤ combined [3].

Coupling ratio Best fit value 95% CL Exclusion Regions
Combined Expected Observed Expected Observed
̃HVV/S M 0.0 -0.48 (�1,�0.55] [ [4.80,1) (�1,�0.73] [ [0.63,1)

(̃AVV/S M) · tan↵ 0.0 -0.68 (�1,�2.33] [ [2.30,1) (�1,�2.18] [ [0.83,1)

Figure 2. The bounds on the coe�cients of the di↵erent BSM terms for H ! ZZ⇤, H ! WW⇤, H ! Z� and
H ! �� decays at CMS [4].

Since the vector bosons in the process are not directly observable, it is easier to treat the CP-odd terms
as one by the assumption in Eq. 4 about the relations of the coe�cients:

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW
d̃, and g̃HAZ = 0. (4)

Traditionally, the signed �� between the two tagging in the VBF process are used as the CP sensitive
variable [6]. ATLAS used a di↵erent variable, the Optimal Observable (OO), which is expected to
perform better. It is based on the ME of

M =MS M + d̃ · MCP�odd, and |M|2 = |MS M |2 + d̃ · 2Re
�M⇤S MMCP�odd

�

+ d̃2 |MCP�odd |2 , (5)

and the OO is defined as

OO =
2Re
⇣

M⇤S MMCP�odd
⌘

|MS M |2
. (6)

With all 4-momenta of the final state particles (the Higgs and two tagging jets) measured, the
LO ME of SM and CP-odd can be calculated from HAWK [8], and then the OO can be calculated
per event. As Fig. 3 shows, of there is no CP violation, the mean of the OO distribution should be
zero. For positive (negative) CP-odd component (determined by d̃), its mean will be shifted to positive
(negative) values. This method can be applied to other decays such as H ! ��. To obtain a pure signal
sample, a cut is first made on the Multi-Variate-Analysis (MVA) output score. A signal to background
ratio of about 0.3 is achieved by this cut. Next, a likelihood fit to the OO distribution is performed to
find the best value for d̃. Figure 4 shows the OO distribution in the H ! ⌧⌧! ll+4⌫ subchannel, and
the increase of the negative-log-likelihood �NLL with respect to its minimum in the likelihood scan.
Each point in the plot indicates a �NLL calculated with a particular hypothesis template and the data.
The 68% CL interval is found by the intersection points of the �NLL curve and the horizontal line at

CMS, PRD92, 012004 

CP-odd 
<40%
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3

in Section 4. The exclusion of exotic spin-one and spin-two scenarios is shown in Section 5.
Finally, for the spin-zero scenario, comprehensive studies of the tensor structure of HVV inter-
actions are presented in Section 6. The results are summarized in Section 7.

2 Phenomenology of spin-parity and anomalous HVV interactions
The production and decay of H is described by its interactions with a pair of vector bosons
VV, such as ZZ, Zg, gg, WW, and gg, or with a fermion-antifermion pair. The relevant phe-
nomenology for the interactions of a spin-zero, -one, and -two boson, as motivated by earlier
studies [28, 29, 31–33, 53], is presented below. In the following, the spin-parity state is gener-
ically denoted as JP, with J = 0, 1, or 2, while the quantum numbers of the SM Higgs boson
are expected to be JPC = 0++. However, the interactions of the observed state do not neces-
sarily conserve C-parity or CP-parity, and the general scattering amplitudes describe the spin-
parity properties of the new boson and its anomalous couplings with a pair of vector bosons or
fermions.

2.1 Decay of a spin-zero resonance

The scattering amplitude describing the interaction between a spin-zero H and two spin-one
gauge bosons VV, such as ZZ, Zg, gg, WW, or gg, includes only three independent invari-
ant tensor structures with the coupling parameters aVV

i that can have both real and imaginary
parts and in general are form factors which can depend on the squared Lorentz invariant four-
momenta of V1 and V2, q2

V1 and q2
V2. In the following, the terms up to q2

V are kept in the expan-
sion under the assumption of small contributions from anomalous couplings

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

V1 + kVV
2 q2

V2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where f (i)µn = e
µ
Viq

n
Vi � en

Viq
µ
Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)µn = 1
2 eµnrs f (i),rs is the dual field strength tensor, the superscript ⇤

designates a complex conjugate, mV1 is the pole mass of the Z or W vector boson, while the
cases with the massless vector bosons are discussed below, and L1 is the scale of BSM physics
and is a free parameter of the model [31]. A different coupling in the scattering amplitude in
Eq. (1) typically leads to changes of both the observed rate and the kinematic distributions of
the process. However, the analysis presented in this paper does not rely on any prediction of
the overall rate and studies only the relative contributions of different tensor structures.

In Eq. (1), VV stands for ZZ, Zg, gg, WW, and gg. The tree-level SM-like contribution cor-
responds to aZZ

1 6= 0 and aWW
1 6= 0, while there is no tree-level coupling to massless gauge

bosons, that is aVV
1 = 0 for Zg, gg, and gg. Small values of the other couplings can be gener-

ated through loop effects in the SM, but their SM values are not accessible experimentally with
the available data. Therefore, the other terms can be ascribed to anomalous couplings which
are listed for HZZ, HWW, HZg, and Hgg in Table 1 . Among those, considerations of symme-
try and gauge invariance require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1 = kgg

2 = 0, k
gg
1 = k

gg
2 = 0,

kZg
1 = 0 and kZg

2 = � exp(ifZg
L1). While not strictly required, the same symmetry is considered

in the WW case kWW
1 = kWW

2 = � exp(ifWW
L1 ). In the above, fVV

L1 is the phase of the anomalous
coupling with LVV

1 , which is either 0 or p for real couplings. In the following, the ZZ labels
for the ZZ interactions will be omitted, and therefore the couplings a1, a2, a3, and L1 are not
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FIG. 1: Illustration of a X particle production and decay in pp collision gg or qq̄ → X → V1(q1)V2(q2), V1 → f(q11)f̄(q12),
V2 → f(q21)f̄(q22). The three-momenta of the fermions (f) and antifermions (f̄), q11, q12, q21, and q22, are shown in their
parent Vi rest-frames, and the three-momenta of the Vi bosons, qi, are shown in the X rest-frame. For sign convention of the
angles between planes see text.

for this reason, it is not shown. We define these angles explicitly through the momenta of the leptons that are directly
measurable experimentally.

• The angles θ∗ ∈ [0,π] and Φ∗ ∈ [−π,π] are defined through the unit vector of V1 direction, q̂1 =
(sin θ∗ cosΦ∗, sin θ∗ sinΦ∗, cos θ∗), in the rest frame of X . In this reference frame, the collision axis is aligned
with the z-axis, n̂z = (0, 0, 1), taken as the direction of a colliding quark or one of the colliding gluons. Note,
however, that the angle Φ∗ offset is arbitrary and it is not used in the final analysis. Also, when sequential decay
of the vector bosons is not available, which is the case for X → γγ, only the angle θ∗ is accessible experimentally.

• The angles Φ ∈ [−π,π] and Φ1 ∈ [−π,π] are the two azimuthal angles between the three planes constructed
from the X decay products and the two Vi-boson decay products in the X rest frame. The angle Ψ ∈ [−π,π] can
be used in place of Φ1, it is defined as Ψ = Φ1 + Φ/2 and can be interpreted as the angle between the parton-
scattering plane and the average between the two decay planes shown in Fig. 1. These angles are explicitly
defined as

Φ =
q1 · (n̂1 × n̂2)

|q1 · (n̂1 × n̂2)|
× cos−1 (−n̂1 · n̂2) ,

Φ1 =
q1 · (n̂1 × n̂sc)

|q1 · (n̂1 × n̂sc)|
× cos−1 (n̂1 · n̂sc) , (2)

where the normal vectors to the three planes are defined as

n̂1 =
q11 × q12

|q11 × q12|
, n̂2 =

q21 × q22

|q21 × q22|
, and n̂sc =

n̂z × q1

|n̂z × q1|
. (3)

In the above equations, qi1(2) is the three-momentum of a fermion (antifermion) in the decay of the Vi, and
q1 = q11 + q12 is the V1 three-momentum, where all three-momenta are defined in the X rest frame.

• Finally, the angles θ1 and θ2 ∈ [0,π] are defined as

θ1 = cos−1

(

− q2 · q11

|q2||q11|

)

, θ2 = cos−1

(

− q1 · q21

|q1||q21|

)

, (4)

where all three-momenta are taken in the rest frame of Vi for the angle θi.
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sis about resonance quantum numbers can be efficiently
separated if all five angles are analyzed simultaneously. Of
course, correlations in the multidimensional space of all
angles are important for full separation power and those
correlations cannot be easily illustrated. We fully exploit
those correlations in the angular analysis discussed in the
next section.

Our MC generation is performed stand-alone but, since
unweighted events are produced, it is easy to incorporate it
into a software framework that includes full detector simu-

lation. This is achievable in the same way as for
MADGRAPH interfaced through PYTHIA [39]. However, to
illustrate effects of realistic detector response, we employ a
simplified technique not attached to any particular
experiment.
Note that, with our choice of the final state, we require

measurements of the four-momenta of all charged leptons
for complete reconstruction of the event kinematics, in-
cluding boosts to the rest frames of X and Zs, where the
production and helicity angles are defined. In an experi-
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FIG. 2 (color online). Distribution of the cos!! (left), !1 (second from the left), cos!1 and cos!2 (second from the right), and !
(right) generated for mX ¼ 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show the models
discussed in Table I for spin zero 0þ and 0$ (top), spin one 1þ and 1$ (second row from top), spin two 2þm , 2

þ
L , and 2

$ (third row from
top), and the bottom row shows distributions in background generated with MADGRAPH (points with error bars) and empirical shape
(smooth lines). The Jþ distributions are shown with solid red points and J$ distributions are shown with open blue points, while the 2þm
and 2þL are shown with red circles and green squares, respectively.
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3

in Section 4. The exclusion of exotic spin-one and spin-two scenarios is shown in Section 5.
Finally, for the spin-zero scenario, comprehensive studies of the tensor structure of HVV inter-
actions are presented in Section 6. The results are summarized in Section 7.

2 Phenomenology of spin-parity and anomalous HVV interactions
The production and decay of H is described by its interactions with a pair of vector bosons
VV, such as ZZ, Zg, gg, WW, and gg, or with a fermion-antifermion pair. The relevant phe-
nomenology for the interactions of a spin-zero, -one, and -two boson, as motivated by earlier
studies [28, 29, 31–33, 53], is presented below. In the following, the spin-parity state is gener-
ically denoted as JP, with J = 0, 1, or 2, while the quantum numbers of the SM Higgs boson
are expected to be JPC = 0++. However, the interactions of the observed state do not neces-
sarily conserve C-parity or CP-parity, and the general scattering amplitudes describe the spin-
parity properties of the new boson and its anomalous couplings with a pair of vector bosons or
fermions.

2.1 Decay of a spin-zero resonance

The scattering amplitude describing the interaction between a spin-zero H and two spin-one
gauge bosons VV, such as ZZ, Zg, gg, WW, or gg, includes only three independent invari-
ant tensor structures with the coupling parameters aVV

i that can have both real and imaginary
parts and in general are form factors which can depend on the squared Lorentz invariant four-
momenta of V1 and V2, q2

V1 and q2
V2. In the following, the terms up to q2

V are kept in the expan-
sion under the assumption of small contributions from anomalous couplings

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

V1 + kVV
2 q2

V2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where f (i)µn = e
µ
Viq

n
Vi � en

Viq
µ
Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)µn = 1
2 eµnrs f (i),rs is the dual field strength tensor, the superscript ⇤

designates a complex conjugate, mV1 is the pole mass of the Z or W vector boson, while the
cases with the massless vector bosons are discussed below, and L1 is the scale of BSM physics
and is a free parameter of the model [31]. A different coupling in the scattering amplitude in
Eq. (1) typically leads to changes of both the observed rate and the kinematic distributions of
the process. However, the analysis presented in this paper does not rely on any prediction of
the overall rate and studies only the relative contributions of different tensor structures.

In Eq. (1), VV stands for ZZ, Zg, gg, WW, and gg. The tree-level SM-like contribution cor-
responds to aZZ

1 6= 0 and aWW
1 6= 0, while there is no tree-level coupling to massless gauge

bosons, that is aVV
1 = 0 for Zg, gg, and gg. Small values of the other couplings can be gener-

ated through loop effects in the SM, but their SM values are not accessible experimentally with
the available data. Therefore, the other terms can be ascribed to anomalous couplings which
are listed for HZZ, HWW, HZg, and Hgg in Table 1 . Among those, considerations of symme-
try and gauge invariance require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1 = kgg

2 = 0, k
gg
1 = k

gg
2 = 0,

kZg
1 = 0 and kZg

2 = � exp(ifZg
L1). While not strictly required, the same symmetry is considered

in the WW case kWW
1 = kWW

2 = � exp(ifWW
L1 ). In the above, fVV

L1 is the phase of the anomalous
coupling with LVV

1 , which is either 0 or p for real couplings. In the following, the ZZ labels
for the ZZ interactions will be omitted, and therefore the couplings a1, a2, a3, and L1 are not
labeled explicitly with a ZZ superscript, while the superscript is kept for the other VV states.

18 4 Analysis techniques

4.2 Observables in the H ! WW ! `n`n analysis

Only partial reconstruction is possible in the H ! WW ! `n`n decay. This channel features
two isolated, high-pT, charged leptons and Emiss

T due to the presence of neutrinos in the final
state. The kinematic distributions of the decay products exhibit the characteristic properties
of the parent boson. There are three main observables in this channel: the azimuthal opening
angle between the two leptons (Df``), which is correlated with the spin of the Higgs boson; the
dilepton mass (m``), which is one of the most discriminating kinematic variables for a Higgs
boson with low mass, and it is also correlated to the spin and to Df``; and the transverse mass
(mT) of the final state objects, which scales with the Higgs boson mass. The transverse mass is
defined as m2

T = 2p``T Emiss
T (1 � cos Df(``,~Emiss

T )), where p``T is the dilepton transverse momen-
tum and Df(``,~Emiss

T ) is the azimuthal angle between the dilepton momentum and ~Emiss
T .

Two observables are used in the final analysis, m`` and mT. These two kinematic observables are
independent quantities that effectively discriminate the signal against most of the backgrounds
and between different signal models in the dilepton analysis in the 0-jet and 1-jet categories
and have already been used in Ref. [14]. The signal region is defined by m`` < 200 GeV, and
60  mT  280 GeV. The distributions of these observables for data, an expected SM Higgs
signal, an alternative signal model with f WW

a3 = �0.4, and backgrounds are presented in Fig. 3.

4.3 Observables in the matrix element likelihood approach

A comprehensive analysis of the kinematics of the decay of a Higgs boson would include up
to eight observables, as discussed above. In such an analysis, it is required to have a param-
eterization of the multidimensional distributions as a function of the parameters of interest.
However, it becomes challenging to describe all the correlations of the observables and detector
effects. It is possible to reduce the number of observables and keep the necessary information
using the matrix element likelihood approach. In this approach, the kinematic information is
stored in a discriminant designed for the separation of either background, the alternative sig-
nal components, or interference between those components. The parameterization of up to
three observables can be performed with full simulation or data from the control regions. This
approach is adopted in the H ! VV ! 4` analysis. A similar approach is also possible in
the H ! WW ! `n`n channel, but the construction of the discriminants is more challenging
because of the presence of unobserved neutrinos. Therefore, a simpler approach with the two
observables defined above is used in this case.

The use of kinematic discriminants in Higgs boson studies was introduced in previous CMS
analyses [2, 11–13] and feasibility studies [29, 31], and here it is extended both to a number of
new models and to new techniques. The construction of the kinematic discriminants follows
the matrix element likelihood approach, where the probabilities for an event are calculated
using the LO matrix elements as a function of angular and mass observables. In this way, the
kinematic information, which fully characterizes the 4` event topology of a certain process in
its center-of-mass frame, is condensed to a reduced number of observables.

The kinematic discriminants used in this study are computed using the MELA package [2,
28, 29, 31], which provides the full set of processes studied in this paper and uses JHUGEN
matrix elements for the signal, gg or qq ! X ! ZZ / Zg⇤ / g⇤g⇤ ! 4`, and MCFM matrix
elements for the background, gg or qq ! ZZ / Zg⇤ / g⇤g⇤ / Z ! 4`. This library of processes
is also consistent with the MC simulation used, as discussed in Section 3, and also includes
other production and decay mechanisms. Within the MELA framework, an analytic param-
eterization of the matrix elements for signal [28, 29] and background [30] was adopted in the
previous CMS analyses, reported in Refs. [2, 3, 11]. The above matrix element calculations are
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Figure 20: Summary of allowed confidence level intervals on anomalous coupling parameters
in HVV interactions under the assumption that all the coupling ratios are real (fVV
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L1 measurement, there are two minima and two 68% CL intervals,
while only one global minimum is indicated with a point. The combination of the HZZ and
HWW measurements is presented, assuming the symmetry ai = aWW

i , including Rai = 0.5.

results can be interpreted for the coupling parameters used in Eq. (1), as shown in Table 14.
Strong destructive interference of the SM and anomalous contributions at fL1 cos(fL1) ⇠ +0.5
or fa2 cos(fa2) ⇠ �0.5 leads to very different kinematic distributions and exclusions with high
confidence levels. Additional features with multiple likelihood function maxima observed in
the fL1 likelihood scan are due to the superposition of measurements in the 4e/4µ and 2e2µ
channels, which have different maxima due to the interference between the leptons.

Next, two parameters fai and fai are considered at the same time. For example, if the coupling
is known to be either positive or negative, such a scenario is considered in Table 15. In this case,
constraints are set on fai for a given phase value. More generally, one can allow fai to be uncon-
strained, that is, to have any value between �p and +p with a generally complex coupling.
Such a fit is performed for fL1 and fa2 using the same configuration, but with additional fL1
and fa2 parameters in Eq. (21). The results with fai unconstrained (any) are shown in Table 15
as well. The fa3 measurement with fa3 unconstrained is performed with a different technique
and is presented in Ref. [12], where the DCP observable is removed from the fit and the result
becomes insensitive to the phase of the amplitude. This technique is adopted due to its simpler
implementation and equivalent performance.

The next step in generalizing the constraints is to consider two anomalous contributions at
the same time, both with and without the constraints that the couplings are real. Therefore,
up to four parameters are considered at the same time: fai, fai, faj, and faj. Constraints on
one parameter, when other parameters are left unconstrained in the full allowed parameter
space, with 0  fai  1, are presented in Table 15. Even though the expansion with only
three anomalous contributions in Eq. (1) becomes incomplete when large values of fai ⇠ 1 are
considered, this is still a valuable test of the consistency of the data with the SM. All of the above
results, with phases fixed or unconstrained and with other anomalous couplings unconstrained
are shown in Fig. 21 (right). Some observed fai constraints appear to be tighter when compared
to the one-parameter fits shown in Fig. 21 (left). This happens because the values of other
profiled parameters are away from the SM expectation at the minimum of �2 lnL, though
still consistent with the SM. The expected constraints are always weaker with additional free
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results can be interpreted for the coupling parameters used in Eq. (1), as shown in Table 14.
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one parameter, when other parameters are left unconstrained in the full allowed parameter
space, with 0  fai  1, are presented in Table 15. Even though the expansion with only
three anomalous contributions in Eq. (1) becomes incomplete when large values of fai ⇠ 1 are
considered, this is still a valuable test of the consistency of the data with the SM. All of the above
results, with phases fixed or unconstrained and with other anomalous couplings unconstrained
are shown in Fig. 21 (right). Some observed fai constraints appear to be tighter when compared
to the one-parameter fits shown in Fig. 21 (left). This happens because the values of other
profiled parameters are away from the SM expectation at the minimum of �2 lnL, though
still consistent with the SM. The expected constraints are always weaker with additional free
parameters.
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Characterizing the 125 GeV Higgs boson is a critical component of the physics program at the LHC Run
II. In this Letter, we consider tt̄H associated production in the dileptonic mode. We demonstrate that the
difference in azimuthal angle between the leptons from top decays can directly reveal the CP structure of
the top-Higgs coupling with the sensitivity of the measurement substantially enhanced in the boosted Higgs
regime. We first show how to access this channel via H → bb̄ jet-substructure tagging, then demonstrate
the ability of the new variable to measure CP. Our analysis includes all signal and background samples
simulated via the MC@NLO algorithm including hadronization and underlying-event effects. Using a
boosted Higgs substructure with dileptonic tops, we find that the top-Higgs coupling strength and the
CP structure can be directly probed with achievable luminosity at the 13 TeV LHC.
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Determining the properties of the Higgs particle H at
125GeVwill provide important information about the as-yet
unknown physics beyond the Standard Model (SM), and is
therefore an important focus of the LHCRun II. Presently, its
couplings to W and Z gauge bosons are directly measured
through the Higgs decays to a vector boson pair and are
consistent with a spin-0 particle with SM-strength CP-even
couplings [1–5]. However, the ratios between scalar and
pseudoscalar couplings might differ from channel to channel
in the presence of CP violation. Hence, it is of fundamental
importance to access this information in as many channels
as possible (CP-odd Higgs-vector boson couplings can
appear only through operators of dimension 6 or higher
[6], while CP-odd Higgs-fermion couplings could manifest
at tree level. Thus, the latter are naturally more sensitive to
CP violation than the former). Of particular interest is the
coupling to top quarks, as ySMt ∼Oð1Þ.
The strength and CP structure of the top-Higgs coupling

are currently inferred from the measured Higgs-gluon and
Higgs-photon interactions through the production gg → H
and decay H → γγ channels [7,8], as well as constraints on
electron dipole moments [9]. However, as these couplings
are loop induced, the measurements could be a combination
of SM and new physics [10,11]. Direct measurements of
both the strength and CP properties of this coupling are
necessary to disentangle new physics effects. The associ-
ated Higgs boson with tt̄ pair production qualifies as the
most direct probe.
In this Letter, we demonstrate that the tt̄H channel can be

measured with dileptonic top pairs and Higgs decay to bb̄
via jet substructure [12–14] (to our knowledge, this Letter
is the first to use boosted Higgs substructure associated
to dileptonic top pair). Including higher order QCD effects

to signal and backgrounds via the MC@NLO algorithm
[15], we show that this channel can be probed with a
reasonable luminosity in the Run II LHC. In the same
channel we then consider the direct CPmeasurement of the
Higgs-top coupling via spin correlations. The lab frame
CP-sensitive variable we propose is Δϕll: the difference in
azimuthal angle around the beam axis of the top pair decay
leptons. This is somewhat similar to observables proposed
in previous works [16–21]. However, the CP sensitivity of
Δϕll is enhanced at large Higgs transverse momentum
pTH. Fortunately for our purposes, this requirement
dovetails nicely with the kinematic region required for jet
substructure Higgs tagging. Thus, high-pTH dileptonic tt̄H
events have experimentally attractive properties both for
initial discovery and CP-structure measurement.
We parametrize the top-Higgs interaction as

L⊇ −
mt

v
Kt̄ðcos αþ iγ5 sin αÞtH; ð1Þ

where K is a real number and α a CP phase. The CP-even
SM Higgs 0þ particle is ðK; αÞ ¼ ð1; 0Þ, while α ¼ π=2
corresponds to a CP-odd 0−.
In principle, the anatomy of the top-Higgs interaction can

be revealed via spin correlations, both at theLHC [16,17] and
a future eþe− collider [22]. In the other LHC-focusedworks,
the proposed variable’s sensitivity is washed out by exper-
imentally required selection criteria. Analogously to the tt̄
production studied in Ref. [23], distinct kinematic distri-
butions exist in tt̄H production between the like-helicity
ðtLt̄L þ tRt̄RÞ and unlike-helicity ðtLt̄R þ tRt̄LÞ top pairs.We
adopt helicity conventions as in HELAS [24].
For our analytic argument, we will consider the distribu-

tion of top pairs in the tt̄H production.Without full top-quark
reconstruction, such distributions are not directly accessible.
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test. The pTH distribution drops slower for signal than for the
continuumbackground. This is themain reason to look at the
boosted kinematics for this signal. In addition, the azimuthal
angle between the two leading jets Δϕjj (either b tagged
or not) presents a different profile thanks to the different
radiation profiles of signal and background. In Fig. 2 we
present the expected 95% C.L. limit on the signal strength
σ=σSM in the dileptonic tt̄H channel as a function of the
LHC luminosity. Sensitivity to the SM coupling will require
∼175 fb−1 of integrated luminosity. Additional improve-
ments for the signal extraction can be achieved, e.g., via the
matrix element method or a neural network [36,37].
Next we consider CP discrimination in the Higgs-top

coupling. We further require the dilepton invariant mass
to be mll > 75 GeV, enhancing the sensitivity of Δϕll
from σ0−tt̄=σ0þtt̄ ∼ 1.4 to ∼1.9 at Δϕll ∼ 0. After all cuts,
the CP-even and CP-odd distributions of Δϕll (and tt̄bb̄
background) are shown in Fig. 3. Note that this remains
sensitive to the Higgs-top CP structure after a realistic
simulation that includes, in particular, NLO QCD effects.
To analyze Δϕll’s discriminating power, we perform a

binned log-likelihood test in ðΔϕll;ΔϕjjÞ. To focus only on
measurement of α, we fix the number of signal events to the
SM prediction. In Fig. 4, we plot the expected statistical
significance with which this analysis can distinguish a top-
Higgs coupling with arbitrary CP phase from the CP-even
α ¼ 0 case. As can be seen, 95% C.L. exclusion of the
CP-odd case should be possible with∼1.8 ab−1 of data, and
the high luminosity LHC would be able to distinguish the
CP-even couplings from couplings with j cos αj≲ 0.5. This
bound can be further improved by usingmore observables in
our likelihood test and by including the three b-tag sample.
In Fig. 4, we also compare our analysis with another lab-

frame observable proposed in Ref. [17]. Here the angle is
defined around the Higgs axis: ΔϕllH. We notice that the

CP sensitivity of this observable decreases in the boosted
regime in comparison with Δϕll.
In this Letter, we have introduced a simple lab-frame

variable Δϕll, which can be used to measure the CP
properties of the top-Higgs coupling in the dileptonic
channel. On theoretical grounds, we expect this variable
to be most useful when the Higgs is significantly boosted,
which pushes us into a kinematic regime where significant
reductions in background can be obtained via substructure
tagging when H decays to bb̄. The high-pTH kinematic
regime, where Δϕll is most sensitive to CP, also lends
itself to a boosted Higgs analysis, which can be used to
significantly enhance the discovery potential of the tt̄H
channel. We show a detailed theoretical study at NLO
in the four b-tag sample, demonstrating that the LHC
with

ffiffiffi
s

p
¼ 13 TeV should be capable of probing the

SM-strength top-Higgs coupling with ∼175 fb−1, and then
distinguishing between the CP-even and CP-odd couplings
with ∼1.8 ab−1. Improvements may be possible, for exam-
ple, by including the three b-tag sample, or adding addi-
tional discriminating variables.
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In Fig. 4, we also compare our analysis with another lab-

frame observable proposed in Ref. [17]. Here the angle is
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reductions in background can be obtained via substructure
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Probing CP violation in h ! ⌧�⌧+ at the LHC
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We propose a novel method to reconstruct event by event the full kinematics of the cascade decay
process, h ! ⌧+⌧� ! (⇡+⌫̄)(⇡�⌫), which allows us to measure the ⌧+⌧� spin correlation, a measure
of the CP property of the Higgs boson. By noting that the ⌧± momenta lie on the plane spanned by
the accurately measured impact parameter and momentum vectors of charged pions, we can obtain
the most likely momenta of the two missing neutrinos by using the probability distribution functions

of the ~p/T vector and the location of the primary vertex. A simple detector level simulation shows
an excellent agreement between the reconstructed and the true kinematics, both in the ⌧+⌧� and
the ⇡+⇡� rest frames. The method can be tested in Z ! ⌧+⌧� events, which should exhibit no
correlation.

CP property of the observed Higgs particle h(125) [1, 2]
is a window of the physics of mass generation. In general
the mass eigenstate h(125) can be a mixture of CP-even
and CP-odd scalar particles. While only one CP-even
scalar particle exists in the Standard Model (SM), many
of its extensions not only modify the Higgs couplings to
gauge bosons and fermions, but also predict additional
scalars and pseudo-scalars. If the Higgs sector is CP con-
serving, all the neutral mass eigenstates should have def-
inite CP parity. The pure CP eigenstate assumption has
been investigated experimentally by both ATLAS and
CMS collaborations [3–5], and the CP-odd hypothesis is
disfavored by nearly 3�.

However, if the h(125) particle is a mixture of the CP-
even and CP-odd states, the bound on the mixing pa-
rameter is rather weak and a large mixing in the Higgs
sector is still allowed [6–8]. (For the recent review see [9]
and references there in.) There are several channels that
can be used to measure the CP property of h(125). The
golden channel h ! ZZ⇤/Z�⇤/�⇤�⇤ ! (`¯̀)(`0 ¯̀0) has
been analyzed in Refs. [10–14]. The sensitivity is rather
low because of the dominance of the tree-level (CP-
even) hZZ? amplitudes and the small (loop suppressed)
hZ�⇤ and h�⇤�⇤ amplitudes. Processes pp ! hjj [15],
pp ! htt̄ [16], and h ! ⌧+⌧� [17, 18] have also been
analyzed. In Ref. [19], it was pointed out that the
correlation between planes spanned by ⇡± and ⇡0 from
the ⌧± ! ⇢±⌫⌧ ! ⇡±⇡0⌫⌧ decays can be used to mea-
sure CP violation, and the experimental sensitivity can
be improved by using the impact parameters [20]. Al-
ternatively, without using of the impact parameter, re-
construction of the internal substructure of those decay
modes can also enhance the sensitivity [21].

In Ref. [22], the 3-prong decay mode of tau was pro-
posed to measure CP violation, for which the tau mo-
mentum direction can be reconstructed directly, but the
sensitivity is low, because of small 3-prong decay rate

and the necessary spin projection to the longitudinal po-
larized state. In Refs. [23–25], a new observable made
of the impact parameters and the momenta of charged
decay products was proposed.
In this letter we report our study on the process pp !

h ! ⌧+(⇡+⌫̄⌧ )⌧�(⇡�⌫⌧ ), in which the impact parameter
vectors of the ⇡+ and ⇡� in ⌧+ and ⌧� decays are used
to reconstruct event by event the full kinematics.
In the analysis below we assume for simplicity the mea-

sured Higgs particle h(125) is a mixture of CP-even and
CP-odd scalars, denoted by H and A respectively,

h = cos ⇠H + sin ⇠A , (1)

where ⇠ is the Higgs mixing angle that has been assumed
to be real. We also assume the Yukawa interactions of H
and A with tau-lepton pair are CP conserving,

L = �gH⌧⌧H ⌧̄ ⌧ � igA⌧⌧A⌧̄ �5⌧ , (2)

such that the only source of CP violation is in the mixing
(1). The interactions between the mass eigenstate h(125)
and the tau-lepton pair are then described as

L = �gh⌧⌧h
�
cos ⇠h⌧⌧ ⌧̄ ⌧ + i sin ⇠h⌧⌧ ⌧̄ �

5⌧
�
, (3)

where

gh⌧⌧ =
p
(gH⌧⌧ cos ⇠)2 + (gA⌧⌧ sin ⇠)2, (4)

⇠h⌧⌧ = tan�1 [(gA⌧⌧/gH⌧⌧ ) tan ⇠] , (5)

are, respectively, the magnitude and the CP-odd phase
of the h⌧ ⌧̄ coupling. Although the CP-violating inter-
actions alter the branching ratios. However, we use in
this report the SM branching ratio of B(h ! ⌧+⌧�) =
6.1% [26] to estimate the experimental sensitivity. It
was shown in Ref. [21] that experimental sensitivity of
�⇠h⌧⌧ is about 0.2 for LHC14 with an integrated lumi-
nosity 3 ab�1. The sensitivity can reach 0.05 for ILC atp
s = 500GeV with 1 ab�1 [25].
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FIG. 2: Correlations between the true and reconstructed az-
imuthal angle di↵erence for the SM Higgs (⇠h⌧⌧ = 0) after the

cut |~b obs

⇡±,T | > 50 µm. The 422 data points correspond to an

integrated luminosity 3 ab�1.

|~b obs

⇡±,T | > 50 µm. The reconstructed �� distributes
around the true value within about ⇡/6 accuracy for
all ��(true) values. We find that the ��(rec)-��(true)
agreement is worse [41] in the ⌧+⌧� rest frame, because
the reconstructed ⌧± momenta have relatively larger er-
ror. We, therefore, propose to use the ⇡+⇡� rest frame
to study the decay plane correlation. Shown in Fig. 3 are
the reconstructed �� distribution of the signal events for
the SM (⇠h⌧⌧ = 0) in blue-solid and for maximum CP vi-
olation (⇠h⌧⌧ = ⇡/4) in pink-dashed lines, after the cut

|~b obs

⇡±,T | > 50 µm is applied. We can measure clearly CP
violation as a phase shift in the �� distribution (6), if
the background is absent.

Fig. 4 shows histograms of ��rec for signal, back-
ground and their sum after the cut |~b obs

⇡⌥,T | > 50 µm. The
blue-solid and pink-dashed lines denote the signal events
for ⇠h⌧⌧ = 0 and ⇡/4, respectively. The green-solid line
shows the background events. The red-solid and -dotted
curves show our fit to the sum of background and signal
events for ⇠h⌧⌧ = 0 and ⇠h⌧⌧ = ⇡/4, respectively. The
fit function is simply the sum of the function (6) and
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and the result of fitting. The blue-solid line show the signal
events of ⇠h⌧⌧ = 0, the green-solid line shows the background
events. The red-solid histogram shows their sum. The red-
solid curve shows our fit. The dashed line and histograms
are for ⇠h⌧⌧ = ⇡/4. In both cases, we use the same back-

ground events. We require |~b obs

⇡⌥,T | > 50 µm. The data points

correspond to an integrated luminosity 3 ab�1.

the constant background, where their normalizations and
the phase shift, ⇠h⌧⌧ in Eq. (6), are fitted to the binned
data as shown by the red histograms in Fig. 4. We find
for ⇠trueh⌧⌧ = 0 and ⇡/4, respectively, ⇠h⌧⌧ = 0.030 ± 0.19
at �2

min

/d.o.f = 14.8/9, and ⇠h⌧⌧ = 0.78 ± 0.18 at
�2

min

/d.o.f = 13.6/9. We checked the result is stable
under the change of bin size.

The sensitivity of �⇠h⌧⌧ ⇡ 0.2 from the ⌧+⌧� !
⇡+⇡�⌫⌫̄ mode only is encouraging. And what is more, we
find that the kinematical correlation as shown in Fig. 1
can be parametrized as a function of the cut-o↵ param-
eter, min(|~b obs

⇡± |). By modifying the fitting function to
account for the kinematical bias, we find significant im-
provements in the �⇠h⌧⌧ accuracy of possibly a factor of
10, details of which will be reported elsewhere [41]. We
believe that the method can be tested and improved by
using the side bands, e.g. for those events which satisfy
|mobs

⌧⌧ � mZ | < 10 GeV or mobs

⌧⌧ > 150 GeV, which are
dominated by Z ! ⌧+⌧� background.

In summary, by employing the impact parameter vec-
tors of ⇡± trajectories, we propose a novel method to
measure the CP violation in h ! ⌧+⌧� ! ⇡+⇡�⌫⌫̄.
Even through only part of the kinematical information
of tau leptons is stored in the ⇡± momenta and the im-
pact parameters, ~p⇡± and ~b⇡± , the spin correlation can
still be measured by maximizing the probability densities,

Eq. (9), for the missing transverse momenta, ~p/T . We find
an excellent agreement between the reconstructed and
true kinematics in the ⇡+⇡� rest frame, by using the typ-
ical experimental resolutions of the LHC detectors. The
experimental sensitivity is estimated to be �⇠h⌧⌧ ⇡ 0.2
with an integrated luminosity 3 ab�1 at

p
s = 14 TeV.
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FIG. 2: Correlations between the true and reconstructed az-
imuthal angle di↵erence for the SM Higgs (⇠h⌧⌧ = 0) after the

cut |~b obs

⇡±,T | > 50 µm. The 422 data points correspond to an

integrated luminosity 3 ab�1.

|~b obs

⇡±,T | > 50 µm. The reconstructed �� distributes
around the true value within about ⇡/6 accuracy for
all ��(true) values. We find that the ��(rec)-��(true)
agreement is worse [41] in the ⌧+⌧� rest frame, because
the reconstructed ⌧± momenta have relatively larger er-
ror. We, therefore, propose to use the ⇡+⇡� rest frame
to study the decay plane correlation. Shown in Fig. 3 are
the reconstructed �� distribution of the signal events for
the SM (⇠h⌧⌧ = 0) in blue-solid and for maximum CP vi-
olation (⇠h⌧⌧ = ⇡/4) in pink-dashed lines, after the cut

|~b obs

⇡±,T | > 50 µm is applied. We can measure clearly CP
violation as a phase shift in the �� distribution (6), if
the background is absent.

Fig. 4 shows histograms of ��rec for signal, back-
ground and their sum after the cut |~b obs

⇡⌥,T | > 50 µm. The
blue-solid and pink-dashed lines denote the signal events
for ⇠h⌧⌧ = 0 and ⇡/4, respectively. The green-solid line
shows the background events. The red-solid and -dotted
curves show our fit to the sum of background and signal
events for ⇠h⌧⌧ = 0 and ⇠h⌧⌧ = ⇡/4, respectively. The
fit function is simply the sum of the function (6) and
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integrated luminosity 3 ab�1.
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FIG. 4: The ��rec distribution of the signal and background
and the result of fitting. The blue-solid line show the signal
events of ⇠h⌧⌧ = 0, the green-solid line shows the background
events. The red-solid histogram shows their sum. The red-
solid curve shows our fit. The dashed line and histograms
are for ⇠h⌧⌧ = ⇡/4. In both cases, we use the same back-

ground events. We require |~b obs

⇡⌥,T | > 50 µm. The data points

correspond to an integrated luminosity 3 ab�1.

the constant background, where their normalizations and
the phase shift, ⇠h⌧⌧ in Eq. (6), are fitted to the binned
data as shown by the red histograms in Fig. 4. We find
for ⇠trueh⌧⌧ = 0 and ⇡/4, respectively, ⇠h⌧⌧ = 0.030 ± 0.19
at �2

min

/d.o.f = 14.8/9, and ⇠h⌧⌧ = 0.78 ± 0.18 at
�2

min

/d.o.f = 13.6/9. We checked the result is stable
under the change of bin size.

The sensitivity of �⇠h⌧⌧ ⇡ 0.2 from the ⌧+⌧� !
⇡+⇡�⌫⌫̄ mode only is encouraging. And what is more, we
find that the kinematical correlation as shown in Fig. 1
can be parametrized as a function of the cut-o↵ param-
eter, min(|~b obs

⇡± |). By modifying the fitting function to
account for the kinematical bias, we find significant im-
provements in the �⇠h⌧⌧ accuracy of possibly a factor of
10, details of which will be reported elsewhere [41]. We
believe that the method can be tested and improved by
using the side bands, e.g. for those events which satisfy
|mobs

⌧⌧ � mZ | < 10 GeV or mobs

⌧⌧ > 150 GeV, which are
dominated by Z ! ⌧+⌧� background.

In summary, by employing the impact parameter vec-
tors of ⇡± trajectories, we propose a novel method to
measure the CP violation in h ! ⌧+⌧� ! ⇡+⇡�⌫⌫̄.
Even through only part of the kinematical information
of tau leptons is stored in the ⇡± momenta and the im-
pact parameters, ~p⇡± and ~b⇡± , the spin correlation can
still be measured by maximizing the probability densities,

Eq. (9), for the missing transverse momenta, ~p/T . We find
an excellent agreement between the reconstructed and
true kinematics in the ⇡+⇡� rest frame, by using the typ-
ical experimental resolutions of the LHC detectors. The
experimental sensitivity is estimated to be �⇠h⌧⌧ ⇡ 0.2
with an integrated luminosity 3 ab�1 at

p
s = 14 TeV.
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A new observable to probe CP violation in H�� coupling
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⇠h⌧⌧ = ⇡/4

The diphoton invariant mass distribution of interference between gg ! H ! �� and gg ! �� at
leading order is an almost antisymmetric lineshape around Higgs mass MH . We propose an integral

odd around MH (
RMH �

R
MH

) to get the contribution of interference and divide it by the total cross

section of Higgs signal, which makes a new observable Aint. We investigate the Aint in Standard
Model and various CP -violating H�� cases. It could reach about 10% in SM, and the significance of
deviation caused by CP violation could be large as 5 ⇠ 10�, which could constrain the CP violation
phase ⇠� /2 [⇡/2, 3⇡/2] at 99.9% confidence level. The Aint with both CP -violating H�� and Hgg
couplings are also studied and the significance is given.

I. INTRODUCTION

The CP violation, as one of the three Sakharov con-
ditions [? ], is important while explaining the matter-
antimatter asymmetry in our universe [? ]. The source
of it is considered to have close relation with Higgs dy-
namics [? ]. Thus the CP properties of the Higgs boson
at 125GeV with spin zero is proposed to be probed at
Large Hadron Collider (LHC) from various channels [?
? ? ? ? ? ? ? ? ? ? ? ]. Among them, recently
the H ! ZZ ! 4` channel gives a constraint of the CP
odd/even mixture in HZZ coupling being less than 40%,
while in other channels there is nearly no sensitivity on
CP violation at current luminosity of ⇠ 30fb�1. Espe-
cially the H ! �� channel, which is the golden channel
discovering the Higgs boson and has a relative clean sig-
nature, gets no constraint on the possible CP violation.
It is because there is no CP -odd observable in the single
H ! �� process. The H ! �⇤�⇤ ! 4` is also studied
in [? ? ? ], but it su↵ers the low event rate of photon
decaying to two leptons. However, as the Higgs boson
is mainly produced through gluon-gluon fusion at LHC,
the interference with gg ! �� may help to constrain the
CP violation in H�� coupling.

The interference with gg ! �� has been studied in
many papers [? ? ? ? ? ? ? ]. Compared to the
Breit-Wigner lineshape of the Higgs boson’s signal, the
lineshape of the interference term could be roughly di-
vided into two parts: one is symmetric around MH and
the other is antisymmetric around MH . The two kinds
of lineshapes have di↵erent e↵ects: after doing integral
over a mass region symmetric around MH , the symmet-
ric one could reduce the signal’s total cross section by
⇠ 2% [? ] ; while the antisymmetric one could dis-
tort the signal lineshape, and shift the resonance peak
by ⇠ 150 MeV [? ? ]. Besides, an variable Ai is pro-
posed [? ? ] to quantify the interference e↵ect in a

⇤
wanxia@snnu.edu.cn

†
wangyk@snnu.edu.cn

sophisticated way, which defines an integral antisymmet-

ric around MH (e.g.
RMH

MH�5GeV dM �
RMH+5GeV
MH

dM)

in its numerator and an integral symmetric around MH

(e.g.
RMH

MH�5GeV dM+
RMH+5GeV
MH

dM) in its denominator,

with both the integrands being overall lineshape of signal
and interference. Theoretically all three ways could be
used to probe CP violation in H�� coupling, but their
sensitivities are di↵erent. As the symmetric lineshape of
interference gets its contribution mainly at the Next-to-
Leading order while the antisymmetric lineshape at lead-
ing order [? ? ], the e↵ect from antisymmetric lineshape
has better sensitivity. Compared to the mass shift of the
resonance peak that is an indirect e↵ect, Ai is a direct
observable and may have a better sensitivity. The de-
tailed analysis to compare their sensitivities are beyond
the scope of this study.

Nevertheless, experimentally Ai is not trivial, and
could be a↵ected a lot by the mass uncertainty of MH [?
]. The main reason is once MH was deviated a little, the
integral in the numerator would get a large extra value
from the lineshape of signal. To solve this problem, we
suggest to separate the antisymmetric lineshape from the
overall lineshape firstly, then replace the integrand in the
numerator with only antisymmetric lineshape of interfer-
ence. In this way the e↵ect from the mass uncertainty
is suppressed. The new modified observable is named as
Aint.

In this paper, we study to probe the CP violation in
H�� coupling through a new observable Aint that is con-
structed from the interference between gg ! H ! ��
and gg ! ��. The rest of the paper is organized as fol-
lows. In Section ?? we introduce an e↵ective model with
a CP -violating H�� coupling, and calculate the interfer-
ence between gg ! H ! �� and gg ! ��. Then we
construct the new observable Aint, and study its depen-
dence on CP violation. In Section ?? we simulate the
lineshapes of signal and interference, get the Aint values
under di↵erent CP -violation cases.....
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FIG. 2: Correlations between the true and reconstructed az-
imuthal angle di↵erence for the SM Higgs (⇠h⌧⌧ = 0) after the

cut |~b obs

⇡±,T | > 50 µm. The 422 data points correspond to an

integrated luminosity 3 ab�1.

|~b obs

⇡±,T | > 50 µm. The reconstructed �� distributes
around the true value within about ⇡/6 accuracy for
all ��(true) values. We find that the ��(rec)-��(true)
agreement is worse [41] in the ⌧+⌧� rest frame, because
the reconstructed ⌧± momenta have relatively larger er-
ror. We, therefore, propose to use the ⇡+⇡� rest frame
to study the decay plane correlation. Shown in Fig. 3 are
the reconstructed �� distribution of the signal events for
the SM (⇠h⌧⌧ = 0) in blue-solid and for maximum CP vi-
olation (⇠h⌧⌧ = ⇡/4) in pink-dashed lines, after the cut

|~b obs

⇡±,T | > 50 µm is applied. We can measure clearly CP
violation as a phase shift in the �� distribution (6), if
the background is absent.

Fig. 4 shows histograms of ��rec for signal, back-
ground and their sum after the cut |~b obs

⇡⌥,T | > 50 µm. The
blue-solid and pink-dashed lines denote the signal events
for ⇠h⌧⌧ = 0 and ⇡/4, respectively. The green-solid line
shows the background events. The red-solid and -dotted
curves show our fit to the sum of background and signal
events for ⇠h⌧⌧ = 0 and ⇠h⌧⌧ = ⇡/4, respectively. The
fit function is simply the sum of the function (6) and

(rec)φ∆
3− 2− 1− 0 1 2 3

φ∆
(1
/N
)d
N
/d

0
0.02

0.04

0.06

0.08
0.1

0.12

0.14

0.16

0.18
0.2

FIG. 3: Distributions of the reconstructed azimuthal angle
di↵erence for the h ! ⌧+⌧� ! ⇡+⇡�⌫⌫̄ events with ⇠h⌧⌧ =
0 (blue-solid line) and ⇠h⌧⌧ = ⇡/4 (pink-dashed line) after

the cut |~b obs

⇡±,T | > 50 µm. The data points correspond to an

integrated luminosity 3 ab�1.
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FIG. 4: The ��rec distribution of the signal and background
and the result of fitting. The blue-solid line show the signal
events of ⇠h⌧⌧ = 0, the green-solid line shows the background
events. The red-solid histogram shows their sum. The red-
solid curve shows our fit. The dashed line and histograms
are for ⇠h⌧⌧ = ⇡/4. In both cases, we use the same back-

ground events. We require |~b obs

⇡⌥,T | > 50 µm. The data points

correspond to an integrated luminosity 3 ab�1.

the constant background, where their normalizations and
the phase shift, ⇠h⌧⌧ in Eq. (6), are fitted to the binned
data as shown by the red histograms in Fig. 4. We find
for ⇠trueh⌧⌧ = 0 and ⇡/4, respectively, ⇠h⌧⌧ = 0.030 ± 0.19
at �2

min

/d.o.f = 14.8/9, and ⇠h⌧⌧ = 0.78 ± 0.18 at
�2

min

/d.o.f = 13.6/9. We checked the result is stable
under the change of bin size.

The sensitivity of �⇠h⌧⌧ ⇡ 0.2 from the ⌧+⌧� !
⇡+⇡�⌫⌫̄ mode only is encouraging. And what is more, we
find that the kinematical correlation as shown in Fig. 1
can be parametrized as a function of the cut-o↵ param-
eter, min(|~b obs

⇡± |). By modifying the fitting function to
account for the kinematical bias, we find significant im-
provements in the �⇠h⌧⌧ accuracy of possibly a factor of
10, details of which will be reported elsewhere [41]. We
believe that the method can be tested and improved by
using the side bands, e.g. for those events which satisfy
|mobs

⌧⌧ � mZ | < 10 GeV or mobs

⌧⌧ > 150 GeV, which are
dominated by Z ! ⌧+⌧� background.

In summary, by employing the impact parameter vec-
tors of ⇡± trajectories, we propose a novel method to
measure the CP violation in h ! ⌧+⌧� ! ⇡+⇡�⌫⌫̄.
Even through only part of the kinematical information
of tau leptons is stored in the ⇡± momenta and the im-
pact parameters, ~p⇡± and ~b⇡± , the spin correlation can
still be measured by maximizing the probability densities,

Eq. (9), for the missing transverse momenta, ~p/T . We find
an excellent agreement between the reconstructed and
true kinematics in the ⇡+⇡� rest frame, by using the typ-
ical experimental resolutions of the LHC detectors. The
experimental sensitivity is estimated to be �⇠h⌧⌧ ⇡ 0.2
with an integrated luminosity 3 ab�1 at

p
s = 14 TeV.
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While the Higgs decay mode h ! �� followed by conversion of both photons to e+e� pairs has recently been
suggested as a possible final state for probing Higgs CP properties [27, 28], we instead elect to utilize the h ! ⌧⌧
decay mode. The majority of previous studies on CP in h ! ⌧⌧ focus on methods for measuring the polarization
properties of the Higgs decay products [29–33]. This requires knowledge of the impact parameter or rest frame of the
⌧s, both of which are di�cult quantities to reconstruct in a hadron collider environment (although see [34, 35]).

Any collider study of Higgs CP properties must be compared with measurements from other sources. Particularly
relevant are measurements of electric dipole moments (EDMs) [36, 37], which lead to very strong constraints on mixing
between CP-even and CP-odd Higgs components. These constraints, however, rely on the existence of SM-strength
interactions of the Higgs to electrons, an assumption that cannot be put to the test at the LHC. Constraints from
EDM experiments are therefore complementary to the analysis strategy followed here. Conceivably, we might discover
evidence for CP violation in gluon fusion, which, together with a null signal from EDM experiments, would reveal
invaluable information about Higgs couplings to the first generation.

We find that using a set of cuts modeled on the current CMS h ! ⌧⌧ analysis [38] that data from the 8 TeV run
of the LHC is already su�cient to exclude a CP-odd Higgs boson at nearly 95% C.L.. This can be compared with
current bounds presented in ref. [39, 40], which reinterpret current data to set limits on Higgs CP properties using
measured rates for Higgs production and find constraints at a similar level. Note however that arguments based upon
rates alone will always have a flat direction due to possible rescalings of the couplings and Higgs width, and so a
di↵erential analysis strategy such as ours should be more robust.

The rest of this paper is organized as follows. In Section II we introduce the parameterization of CP violating e↵ects
which we will study: the Standard Model Lagrangian augmented with CP-violating terms and higher dimensional
operators encoding the e↵ects of particles running in loops. In Section III we discuss our methodology and simulations.
In Section IV we present our results for the expected limits from current LHC data and projections for the limits that
can be set with the 14 TeV dataset, before presenting our conclusions and possible directions for future research in
Section V.

II. THE MODEL

There is a wide variety of models in the literature that lead to CP violation in the Higgs sector, such as generalized
Two-Higgs Doublet Models, the CP violating Minimal Supersymmetric Standard Model (often studied in the CPX [41]
scenario), and other supersymmetric models that involve R-parity violation [5]. Such scenarios involve a rich UV
spectrum of states that is the subject of various LHC searches. In this article we wish to be as model independent as
possible and so keep only the 126 GeV Higgs as part of the spectrum, assuming that other BSM states are either out
of direct reach of the LHC or that their e↵ects are subdominant for this analysis.

Our model consists of the Standard Model but with the Lagrangian augmented in the following way to include
CP-violating couplings. Following [23] we include couplings between Standard Model fermions and the resonance h
which we associate with the Higgs boson:

Lhf̄f = cos↵ yf  ̄f fh+ sin↵ eyf  ̄f i�5 fh . (1)

We have introduced a mixing angle ↵ such that cos↵ = 1 (equivalently ↵ = 0) corresponds to a Standard Model-like
CP-even Higgs, while sin↵ = 1 (equivalently ↵ = ⇡/2) corresponds to a CP-odd pseudoscalar. This allows us to
study the CP properties of the resonance h as a continuous function of the mixing angle ↵. We will also assume that
yf = eyf = mf/v. Having fixed the interactions with fermions allows us to derive the dimension five operators that
govern the interaction of h with massless vector bosons, obtaining [42, 43]

Lhgg = cos↵
↵S

12⇡v
hGa

µ⌫G
a,µ⌫ + sin↵

↵S

4⇡v
hGa

µ⌫
eGa,µ⌫ (2)

for the gluonic interactions, where v is the vev of the SM Higgs, and eGµ⌫ = 1
2✏µ⌫⇢�G

⇢� is the dual field-strength
tensor. Note that when generating events for our analysis we do not integrate out the top quark, keeping its full mass
dependence throughout, so that the e↵ective operators in Eqn. 2 should be understood as convenient shorthand.

The leading order contribution to the interactions of the Higgs with the massive vector bosons is given by:

LhV V � cos↵
2m2

W

v
hWµW

µ + cos↵
2m2

Z

v
hZµZ

µ (3)

We neglect higher-order terms, which are loop suppressed by O (↵EW ) relative to this, although see [19] for a discussion
of how large these terms can become in some BSM models. Note that while the SM matter fields also induce dimension
five operators that lead to the decay h ! ��, they do not play a role in this article.
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FIG. 4: The projected 95% exclusion confidence limit on the mixing angle ↵ that can be set as a function of the integrated
luminosity at the 14 TeV run of the LHC.

could also be gained by using likelihood methods as in [64]. We are thus hopeful that it may be possible to improve
upon our projections. With a similar analysis it may even be possible to extract information from the h ! bb̄ decay.

V. CONCLUSIONS

Measuring the detailed CP properties of the Higgs is one of the most important aspects of the precision Higgs
program in the upcoming 14 TeV run at the LHC. Previous theoretical and current experimental analyses have
focused on exploiting the Higgs couplings to massive vector bosons. However, the CP-odd couplings to W and Z are
suppressed, so that analyses based on these couplings project out much of the physics of interest. Instead, we focus
on Higgs interactions that have the same parametric strength for the CP-even and odd Higgs components. This led
us to consider Higgs production in association with two jets, followed by Higgs decay into a pair of ⌧ leptons. Our
analysis exploits the jet correlations in Higgs production, and is thus relatively independent of the CP nature of the
h⌧⌧ coupling. Changes in the h⌧⌧ coupling will change the statistics, but not a↵ect in any fundamental way our
ability to set a limit on the CP mixing in this channel.

We have carried out a detailed simulation of the signal and backgrounds taking detector e↵ects such as acceptances
and fake rates into account and used a multivariate analysis to achieve excellent discriminating power in the mixing
angle ↵. We have presented estimates of the constraints that can be set using the current 8 TeV dataset, as well as
20 and 50 fb�1 of data at 14 TeV, corresponding to approximately one and two years of running. We find that the
8 TeV dataset should be able to achieve nearly 95% C.L. exclusion of a CP-odd Higgs relative to a CP-even one. This
should improve even further with the 14 TeV run such that ↵ � 0.7 could be excluded with 50 fb�1 and ↵ � 0.3 with
500 fb�1. By including other Higgs decay modes, e.g. H ! ��, the exclusion reach can be extended even further.
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FIG. 1: Observable distributions for the signal and background. From the top-left and proceeding clockwise: mjj , ��jj ,
sin(|��jj |/2) and �⌘jj . For each figure the yields are normalized to the expected yields at 8 TeV for the gluon fusion channel
at 20 fb�1 with ↵ = 0. Samples have been passed through the detector pseudo-simulation and subjected to the full selection
on all channels. The loose WBF selection and the additional category selections are applied in all cases.

we show are for events that have been showered and smeared using our detector pseudo-simulation. We have also
investigated the pT distribution of the leading jet, which shows some limited sensitivity to ↵ near the peak of the
distribution.

As a cross check of the possible performance gain that can be had by utilizing other observables we have applied
a boosted decision tree (BDT) that was trained to discriminate a fully simulated gluon fusion sample with ↵ = 1.2
from one with ↵ = 0. To train this decision tree, we used 18 observables obtained from the pseudo-simulation. These
include the two leading jet ⌘’s and pT ’s, the 3-vectors for the visible components of the ⌧ decays, the kinematically
fitted mass m⌧⌧ , the Higgs pT constructed from the MET and the visible decay products, the MET, the transverse
mass of either lepton combined with the MET, and the mjj , �⌘jj , and ��jj variables. The training was performed
separately for each channel, so as to improve the individual performance of each observable. The performance gain
of these variables with respect to sin (|��jj |/2) is shown in Fig. 2 for both 8 and 14 TeV.

As part of the optimization studies for the WBF selection, a BDT was used to train both the WBF and gluon
fusion signals against a weighted sum of all the backgrounds using the same variables as described in the previous
paragraph. After the optimization, only marginal gains were found beyond the addition of four main variables, mjj ,
|�⌘jj |, the di-⌧ mass m⌧⌧ , and ��jj . The addition of ��jj , in particular, brought a performance improvement of
20% in the WBF sensitivity. In both CMS and ATLAS, this variable had been used minimally, so as to avoid spin
sensitivity and to avoid complications resulting from theoretical modeling of the second jet in gluon fusion. Once
��jj was added, it was further found that a category-based analysis binning in mass, ��jj , mjj and �⌘jj performed
as well as a BDT trained on the full set of observables.

2

While the Higgs decay mode h ! �� followed by conversion of both photons to e+e� pairs has recently been
suggested as a possible final state for probing Higgs CP properties [27, 28], we instead elect to utilize the h ! ⌧⌧
decay mode. The majority of previous studies on CP in h ! ⌧⌧ focus on methods for measuring the polarization
properties of the Higgs decay products [29–33]. This requires knowledge of the impact parameter or rest frame of the
⌧s, both of which are di�cult quantities to reconstruct in a hadron collider environment (although see [34, 35]).

Any collider study of Higgs CP properties must be compared with measurements from other sources. Particularly
relevant are measurements of electric dipole moments (EDMs) [36, 37], which lead to very strong constraints on mixing
between CP-even and CP-odd Higgs components. These constraints, however, rely on the existence of SM-strength
interactions of the Higgs to electrons, an assumption that cannot be put to the test at the LHC. Constraints from
EDM experiments are therefore complementary to the analysis strategy followed here. Conceivably, we might discover
evidence for CP violation in gluon fusion, which, together with a null signal from EDM experiments, would reveal
invaluable information about Higgs couplings to the first generation.

We find that using a set of cuts modeled on the current CMS h ! ⌧⌧ analysis [38] that data from the 8 TeV run
of the LHC is already su�cient to exclude a CP-odd Higgs boson at nearly 95% C.L.. This can be compared with
current bounds presented in ref. [39, 40], which reinterpret current data to set limits on Higgs CP properties using
measured rates for Higgs production and find constraints at a similar level. Note however that arguments based upon
rates alone will always have a flat direction due to possible rescalings of the couplings and Higgs width, and so a
di↵erential analysis strategy such as ours should be more robust.

The rest of this paper is organized as follows. In Section II we introduce the parameterization of CP violating e↵ects
which we will study: the Standard Model Lagrangian augmented with CP-violating terms and higher dimensional
operators encoding the e↵ects of particles running in loops. In Section III we discuss our methodology and simulations.
In Section IV we present our results for the expected limits from current LHC data and projections for the limits that
can be set with the 14 TeV dataset, before presenting our conclusions and possible directions for future research in
Section V.

II. THE MODEL

There is a wide variety of models in the literature that lead to CP violation in the Higgs sector, such as generalized
Two-Higgs Doublet Models, the CP violating Minimal Supersymmetric Standard Model (often studied in the CPX [41]
scenario), and other supersymmetric models that involve R-parity violation [5]. Such scenarios involve a rich UV
spectrum of states that is the subject of various LHC searches. In this article we wish to be as model independent as
possible and so keep only the 126 GeV Higgs as part of the spectrum, assuming that other BSM states are either out
of direct reach of the LHC or that their e↵ects are subdominant for this analysis.

Our model consists of the Standard Model but with the Lagrangian augmented in the following way to include
CP-violating couplings. Following [23] we include couplings between Standard Model fermions and the resonance h
which we associate with the Higgs boson:

Lhf̄f = cos↵ yf  ̄f fh+ sin↵ eyf  ̄f i�5 fh . (1)

We have introduced a mixing angle ↵ such that cos↵ = 1 (equivalently ↵ = 0) corresponds to a Standard Model-like
CP-even Higgs, while sin↵ = 1 (equivalently ↵ = ⇡/2) corresponds to a CP-odd pseudoscalar. This allows us to
study the CP properties of the resonance h as a continuous function of the mixing angle ↵. We will also assume that
yf = eyf = mf/v. Having fixed the interactions with fermions allows us to derive the dimension five operators that
govern the interaction of h with massless vector bosons, obtaining [42, 43]

Lhgg = cos↵
↵S

12⇡v
hGa

µ⌫G
a,µ⌫ + sin↵

↵S

4⇡v
hGa

µ⌫
eGa,µ⌫ (2)

for the gluonic interactions, where v is the vev of the SM Higgs, and eGµ⌫ = 1
2✏µ⌫⇢�G

⇢� is the dual field-strength
tensor. Note that when generating events for our analysis we do not integrate out the top quark, keeping its full mass
dependence throughout, so that the e↵ective operators in Eqn. 2 should be understood as convenient shorthand.

The leading order contribution to the interactions of the Higgs with the massive vector bosons is given by:

LhV V � cos↵
2m2

W

v
hWµW

µ + cos↵
2m2

Z

v
hZµZ

µ (3)

We neglect higher-order terms, which are loop suppressed by O (↵EW ) relative to this, although see [19] for a discussion
of how large these terms can become in some BSM models. Note that while the SM matter fields also induce dimension
five operators that lead to the decay h ! ��, they do not play a role in this article.
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FIG. 1. An illustration of an example of a CPV sensitive observable in h ! �� ! 4e. The

Higgs decays to on-shell photons which convert in the detector. The distribution of the azimuthal

angle ' between the two planes formed by each positron and its parent photon depends on the

Higgs couplings to CP even and odd operators. The electrons do not need to be co-planar with

the corresponding photon-positron planes. The positron-photon plane is shown in magenta and

the electron-photon plane in blue. For further details and subtleties see the main text.

Secondly, small CPV signals are only linearly suppressed in this interference term.

The h ! �� phase space distribution alone, however, is not sensitive to CP violating

e↵ects, since the Higgs decays isotropically to two photons. Nevertheless, the underlying

CPV structure in the di↵erential h ! �� rate may be determined if one is able to measure

the linear polarizations of the outgoing photons. This in itself is an old idea, first proposed

for the determination of the ⇡

0 parity [21–23] and, more recently, to probe NP e↵ects in

radiative B decays [24]. It relies on the fact that a spin-0 particle decays to either two positive

or two negative helicity photon states, which acquire a relative CPV phase in the presence

of non-trivial CP structure. The linearly polarized photon states are a superposition of both

helicities, permitting one to extract this CPV phase. It is not feasible to directly measure the

linear polarization of O(60 GeV) photons from Higgs decay. However, in both the ATLAS

[25] and CMS [26] detectors roughly half of the photons from Higgs decays convert via the

well-known Bethe-Heitler (BH) process into e

+
e

� pairs inside the silicon tracker. This has

an important benefit: the orientation of the produced e

+
e

� pairs encodes the underlying

CP structure. Figure 1 illustrates an observable expected to be sensitive to CPV.

Previous proposals to measure CPV in h ! ��, or in other neutral meson diphoton

decays, via double photon conversion appear in Refs. [3, 23, 27]. We extend these studies
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We explore the sensitivity of the Higgs decay to four leptons, the so-called golden channel, to higher
dimensional loop-induced couplings of the Higgs boson to ZZ, Zγ, and γγ pairs, allowing for general CP
mixtures. The larger standard model tree level coupling hZμZμ is the dominant “background” for the loop-
induced couplings. However, this large background interferes with the smaller loop-induced couplings,
enhancing the sensitivity. We perform a maximum likelihood analysis based on analytic expressions of the
fully differential decay width for h → 4l (4l≡ 2e2μ; 4e; 4μ), including all interference effects. We find
that the spectral shapes induced by Higgs couplings to photons are particularly different than the hZμZμ

background leading to enhanced sensitivity to these couplings. We show that even if the h → γγ and
h → 4l rates agree with that predicted by the standard model, the golden channel has the potential to probe
both the CP nature as well as the overall sign of the Higgs coupling to photons well before the end of a
high-luminosity LHC.
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Introduction.—With the recent discovery of the Higgs
boson at the LHC [1,2] the focus now shifts to the
determination of its detailed properties and, in particular,
whether or not it possesses any anomalous couplings not
predicted by the standard model (SM). The Higgs decay to
electrons and muons through electroweak gauge bosons,
the so-called golden channel, has been well established as a
means towards accomplishing this goal as evidenced by
the many studies of this channel [3–30]. Various methods
were established to probe the Higgs couplings to ZZ pairs
motivating experimental studies of their CP properties
[31–33], where CP odd-even mixtures as large as ∼40%
are found to still be allowed. However, apart from
recent studies [34–37], the potential for the h → 4l
(4l≡ 2e2μ; 4e; 4μ) decay to probe the Higgs couplings
to Zγ and γγ pairs (we do not distinguish between on- or
off-shell vector bosons) has largely been neglected.
It is typically thought that these contributions are too

small to be detected in the golden channel since they only
first occur at loop level with the photon forced to be off
shell. The study of these couplings is thus done solely using
the rates of the decays h → Zγ and h → γγ, respectively. In
this note we show that large differences in shapes of the
kinematic distributions allow for the possibility of meas-
uring these couplings in the golden channel even if no
significant deviations from the SM prediction are seen in
the overall decay rates of h → γγ, h → 4l, or h → Zγ.
Interference effects, in particular those with the tree level
SM hZμZμ operator, also allow for the CP properties of
these couplings to be studied.
The sensitivity to the loop-induced couplings of the

Higgs boson to photons is especially strong. Using a

maximum likelihood analysis based on an analytic frame-
work developed in [36], we find that the golden channel
has excellent prospects to begin directly probing these
couplings during LHC running with ∼100–400 fb−1 of
luminosity (depending on detector performance and pro-
duction uncertainties) with less optimistic prospects for the
Zγ and even less so for the loop-induced ZZ couplings.
Examining the golden channel: Higgs couplings to EW

bosons.—We consider the leading contributions to the
Higgs couplings to neutral electroweak (EW) gauge bosons
allowing for general CP odd-even mixtures as well as for
ZZ, Zγ, and γγ to contribute simultaneously. These
couplings are parametrized by the following Lagrangian,

L ⊃
h
4v

ð2AZZ
1 m2

ZZ
μZμ þ AZZ

2 ZμνZμν þ AZZ
3 Zμν ~Zμν

þ 2AZγ
2 FμνZμν þ 2AZγ

3 Fμν ~Zμν þ Aγγ
2 F

μνFμν

þ Aγγ
3 F

μν ~FμνÞ; ð1Þ

where we have taken h real. We consider only up to
dimension five operators and Zμ is the Z field while Vμν ¼
∂μVν − ∂νVμ are the usual bosonic field strengths. The dual
field strengths are defined as ~Vμν ¼ 1

2 ϵμνρσV
ρσ. We work

within Higgs effective theory and approximate all cou-
plings to be real, dimensionless, and constant.
The fully differential decay rate.—For the purpose of our

analysis it is useful to note that the fully differential decay
width for h → 4l [35,36] is a sum over terms quadratic in
the couplings which we can write schematically as
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We indicate by the green dashed line the value ∼0.008,
corresponding to the magnitude of the leading-order SM
prediction for Aγγ

2 at 125 GeV [42]. On the top axis we also
show an estimate for the expected LHC luminosity multi-
plied by efficiency while the vertical gray dashed line
indicates a rough estimate for the final LHC luminosity
which will be achieved (∼3000 fb−1). We have used
production cross sections for both gluon fusion and vector
boson fusion as well as the h → 4l branching fraction
values provided by the LHC Higgs Cross Section Working
Group [43,44].
We see in Fig. 4 that the sensitivity to the γγ couplings is

significantly greater than for Zγ and even more so than for
ZZ. This was to be expected from our considerations of the
differential spectra as well as integrated magnitudes defined
in Eq. (4). In fact, we see that for the γγ couplings, σðAγγ

2;3Þ
reaches values ≲Oð10−2Þ with ≳800 events, which corre-
sponds to roughly 100 fb−1 of luminosity assuming 100%
efficiency. We estimate this number of events can be
reached with ∼300–400 fb−1 after accounting for detector
efficiencies [32].
Establishing the hγγ CP properties.—The results shown

in Fig. 4 indicate that the golden channel should be able to
establish the CP nature and overall sign of the Higgs
couplings to photons for couplings roughly of the same size
as those predicted by the SM. To demonstrate this we
perform a second parameter extraction. This time we fit to
the ‘true’ point ~Ao ¼ ð0; 0; 0; 0;−0.008; 0Þ again allowing
all couplings to float. We have chosen Aγγ

2 ¼ −0.008 which
is the leading contribution predicted by the SM at
125 GeV [42].
We show in Fig. 5 the results for a large set of

pseudoexperiments each containing 12 800 events. This
corresponds roughly to an integrated luminosity of
3000 fb−1 assuming a uniform efficiency of 60% [32].
We show fit results in the 2D plane for Aγγ

2 vs Aγγ
3 , where

the turquoise circles correspond to the 68% and 95%
confidence intervals obtained in our fit. The pink ring
indicates the projected 1σ confidence interval which will be
achieved in the h → γγ decay channel [45] for the same
luminosity. The pink ring makes it clear that the h → γγ
process is only sensitive to the combination jAγγ

2 j2 þ jAγγ
3 j2

and thus cannot directly probe the CP nature of these
couplings. We also show in the thin green line the very
strong, but highly model dependent, constraint coming
from the electron EDM [46,47]. For this constraint we have
assumed the couplings of the Higgs boson to first gen-
eration fermions is of the order of their SM value and that
the mass of the states which generate these operators is
∼TeV. This constraint can be completely relaxed in other
models [46]. The green line makes it clear that even with
these model dependent assumptions, EDM measurements
cannot establish the overall sign of the Higgs photon
coupling.

Conclusions.—We have examined the expected sensitiv-
ity of the h → 4l golden channel to the loop-induced
couplings of the Higgs boson to ZZ, Zγ, and γγ gauge
boson pairs for values approximating those predicted by the
standardmodel.We have demonstrated qualitatively that the
golden channel has excellent prospects of directly establish-
ing the CP nature of the Higgs couplings to photons, well
before the end of the LHC running, with less optimistic
prospects for the ZZ and Zγ loop-induced couplings.
Specifically, we find that for standard CMS-like cuts and

reconstruction with ∼100–400 fb−1 of luminosity, the LHC
will reach the precision necessary to begin distinguishing
between zero and values corresponding to the loop-induced
standard model effects which generate the Higgs coupling
to photons and, in particular, the overall sign of this
coupling can be established. This of course warrants further
study, but indicates that the golden channel is capable of
directly probing the CP properties of the Higgs couplings
to photons at the LHC, something which is not currently
possible by any other means.
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FIG. 5 (color online). The results of our parameter extraction
(turquoise circles) in h → 4l for the true point ~Ao ¼
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h → γγ rate (pink ring) and EDM constraints (thin green line).
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Methods and Feasibility

coupling decay channel sensitive feasibility feasibility
observable @LHC, @HL-LHC @CEPC

HWW H ! WW ! 2`2⌫ ��``

Htt̄ H ! tt̄ ! 2`2⌫bb̄ ��``

H⌧⌧ H ! ⌧⌧ ! ⇡+⇡�2⌫ ��⇡+⇡�

HZZ H ! ZZ ! 4` ��
Hgg gg ! Hjj ��jj

H�� H ! �� ! 4` ��
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Figure 15: The likelihood scan for the signal strength where the value of the standard model
Higgs boson mass is profiled in the fit.
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Figure 16: Signal strength modifiers measured for each process (black points) for profiled mH,
compared to the overall signal strength (green band) and to the SM expectation (dashed red
line).
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Figure 14: Expected fraction of signal events per production mode in the different categories.
For each category, the se f f and sHM of the signal model are given, as described in the text. The
ratio of the number of signal events (S) to the number of signal plus background events (S+B)
is shown on the right hand side.

A likelihood scan of the signal strength is performed, profiling all other nuisances. The results
can be found in Fig. 15. In this scan, the mass of the Higgs boson was profiled in the same way
as other nuisances in the fit. The best-fit signal strength measured for all categories combined
using this method is bµ = 1.16+0.15

�0.14 = 1.16+0.11
�0.10 (stat.) +0.09

�0.08 (syst.) +0.06
�0.05 (theo.)

The results of a fit to the signal strength for each production mode, defined analagously to the
overall µ above, are shown in Fig. 16. We note that the observed best-fit signal strength for the
tt̄H production mode is 2.2+0.9

�0.8, corresponding to a 3.3s excess with respect to the absence of
tt̄H production, compatible within 1.6s with the SM tt̄H prediction. The expected excess, for
the SM with respect to the absence of tt̄H production, is 1.5s. The observed (expected) excess
for VH is 2.4s (1.2s), and for VBF 1.1s (1.9s), in both cases with respect to the absence of that
production mode. Fig. 17 shows the cross section ratios measured for each process in the Stage
0 STXS framework.

A two-dimensional likelihood scan of the signal strength µggH,tt̄H for fermionic production
modes (ggH and tt̄H) and µVBF,VH for vector boson production modes (VBF, ZH, WH), with
the value of the parameter mH profiled in the fit, is performed. Fig. 18 shows the 1s and 2s
contours. The best-fit values for each modifier are µggH,tt̄H = 1.19+0.20

�0.18 and µVBF,VH = 1.01+0.57
�0.51.

Two-dimensional likelihood scans of the Higgs boson coupling modifiers are produced: k f
versus kV , the coupling modifiers to bosons and fermions; and kg and kg, the effective coupling
modifiers to photons and gluons [35]. The k parameters other than those varied are fixed to 1
in each case. Fig. 19 shows the 1s and 2s contours for each scan and shows the test statistic
q, equal to twice the negative log likelihood ratio [36]. The point (kV , k f ) = (1,�1) has an
observed (expected) q of 35.6 (43.6), inconsistent with the best fit to an observed (expected)
level of 5.6s (6.3s).

24 10 Results

Ev
en

ts
 / 

G
eV

0

5000

10000

15000

20000

25000
Data
S+B fit
B component

σ1 ±
σ2 ±

All categories=1.16µ=125.4 GeV, Hm --

Preliminary CMS TeV)  (13-1 35.9 fb
γγ→H

 (GeV)γγm
100 110 120 130 140 150 160 170 180400−

200−

0

200
400

600 B component subtracted

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

0

2000

4000

6000

8000

10000

12000

14000

Data
S+B fit
B component

σ1 ±
σ2 ±

S/(S+B) weighted
All categories=1.16µ=125.4 GeV, Hm

--

Preliminary CMS TeV)  (13-1 35.9 fb
γγ→H

 (GeV)γγm
100 110 120 130 140 150 160 170 180

200−

0

200
400

600 B component subtracted

Figure 13: Data points (black) and signal plus background model fits for all categories summed
(left) and where the categories are summed weighted by their sensitivity (right). The one stan-
dard deviation (green) and two standard deviation bands (yellow) include the uncertainties in
the background component of the fit. The bottom plot shows the residuals after background
subtraction.

MH = 125.4± 0.15(stat.)± 0.2 ⇠ 0.3(syst.) GeV
CMS-PAS-HIG-16-040



Precise measurement from 
• Include Signal strength, Mass, Width, Spin

16

H ! ��
Precision predictions for gg (→ H) → γγ signal-background interference

L. Dixon, Y. Li arXiv:1305.3854 (NLO analysis and Higgs width constraint)
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ΓH < 15 ΓSM
H (14 TeV, 3 ab−1, 95% CL)
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Figure 2: Distributions of background-subtracted data as a function of | cos θ∗| for the nominal analysis

(in (a), for the signal region only) and the alternative analysis (b). The two sets of points correspond to

the subtraction of the different profiled background shapes in the case of the conditional spin-0 and spin-2

fits (assuming the spin-0/spin-2 | cos θ∗| shapes). The spin-0 and spin-2 (produced by gluon fusion) pdfs

(normalized to the fitted number of signal events) are overlaid. The cyan bands around the horizontal

line at zero show the systematic uncertainties on the background modelling before the fits which, for the

nominal analysis, includes the statistical uncertainty on the data sidebands. The error bars on the points

reflect only the data statistics.
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Figure 3: Expected distributions of the test statistics q for the spin-0 and spin-2 (produced by gluon

fusion) hypotheses for the nominal (a) and alternative (b) analyses. The observed value is indicated by a

vertical line. The coloured areas correspond to the integrals of the expected distributions used to compute

the p-values for the rejection of each hypothesis.
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Spin-2 is excluded at 99.9% C.L.
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Probe CP violation in H�� coupling through interference

Precision predictions for gg (→ H) → γγ signal-background interference

L. Dixon, Y. Li arXiv:1305.3854 (NLO analysis and Higgs width constraint)

120 122 124 126 128 130

!0.10

!0.05

0.00

0.05

0.10

MΓΓ !GeV"

d
Σ

in
t #

d
M
Γ
Γ
!f

b
#G

eV
"

Interference $ NLO $gg%

Interference $ LO $qg%

Interference $ LO $gg%

NLO (gg): +

+ +

LO (gg): H LO (qg):

0 5 10 15 20
!400

!300

!200

!100

0

100

200

300

%H #%H
SM

&
M

H
#

M
eV

Constructive Interf.

Destructive Interf. $SM%

0 20 40 60 80 100
!120

!100

!80

!60

!40

!20

0

20

pT ,H # GeV

&
M

H
#

M
eV

H'g#q $ O$ΑS
3%

H'g#q $ O$ΑS
3%#O$ΑS

2%

H'g $ O$ΑS
3%

SM mass shift: ∆Mγγ = −70 MeV at NLO

Vary Higgs width and couplings (maintaining on-peak SM signal strenghts):

ΓH < 15 ΓSM
H (14 TeV, 3 ab−1, 95% CL)

N. Kauer Theory Higgs: Lineshape and Interference Higgs Hunting 2017 Orsay–Paris 24 July 2017 18 / 34



Interference

18

Precision predictions for gg (→ H) → γγ signal-background interference

L. Dixon, Y. Li arXiv:1305.3854 (NLO analysis and Higgs width constraint)

120 122 124 126 128 130

!0.10

!0.05

0.00

0.05

0.10

MΓΓ !GeV"

d
Σ

in
t #

d
M
Γ
Γ
!f

b
#G

eV
"

Interference $ NLO $gg%

Interference $ LO $qg%

Interference $ LO $gg%

NLO (gg): +

+ +

LO (gg): H LO (qg):

0 5 10 15 20
!400

!300

!200

!100

0

100

200

300

%H #%H
SM

&
M

H
#

M
eV

Constructive Interf.

Destructive Interf. $SM%

0 20 40 60 80 100
!120

!100

!80

!60

!40

!20

0

20

pT ,H # GeV

&
M

H
#

M
eV

H'g#q $ O$ΑS
3%

H'g#q $ O$ΑS
3%#O$ΑS

2%

H'g $ O$ΑS
3%

SM mass shift: ∆Mγγ = −70 MeV at NLO

Vary Higgs width and couplings (maintaining on-peak SM signal strenghts):

ΓH < 15 ΓSM
H (14 TeV, 3 ab−1, 95% CL)

N. Kauer Theory Higgs: Lineshape and Interference Higgs Hunting 2017 Orsay–Paris 24 July 2017 18 / 34

2

Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg
v

hGa
µ⌫G

aµ⌫ (1)

where F , Ga denote the � and gluon field strengths,
a = 1, ..., 8 are SU(3)c adjoint representation indices for
the gluons, v = 246 GeV is the electroweak vacuum
expectation value, the dual field strength is defined as
X̃µ⌫ = ✏µ⌫�⇢X�⇢, c� and cg are e↵ective couplings in SM
at leading order, ⇠� 2 [0, 2⇡) is a phase that parametrize
CP violation. When ⇠� = 0, it is the SM case; when
it is non-zero, there must exist CP violation (except for
⇠� = ⇡ ) and new physics beyond SM.

In SM at leading order c� is introduced by fermion
and W loops and cg is introduced by fermion loops only,
which have the expression as
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where a, b = 1, ..., 8 are SU(3)c adjoint representation
indices for the gluons, Nc = 3, Qf and mf are electric
charge and mass of fermions, and

F1/2(⌧) = �2⌧ [1 + (1� ⌧)f(⌧)], (4)
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The helicity amplitudes for gg ! H ! �� and gg !
�� can be written as,
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where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
duced 1-loop helicity amplitudes of gg ! �� mediated by
five flavor quarks, while the contribution from top quark
is much suppressed [19] and is neglected in our analysis.
The Abox for non-zero interference are
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where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.

After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
signal and interference, which have expressions as
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where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
ric and symmetric parts around Higgs boson’s mass. It
is worthy to notice that at leading order Im

�
cSM
g cSM

�

�
is

suppressed by mb/mt compare to Re
�
cSM
g cSM

�

�
because

the imaginary part of cSM
g , cSM

� are mainly from bottom
quark loop while their real part are from top quark or
W boson loop. Thus the symmetric part of interference
term is much suppressed at leading order and its integral
value for the total cross section is mainly from contribu-
tion at Next-to-Leading order [19, 25]. In contrast, the
antisymmetric part could have a larger integral value if
the integral region are not symmetric around MH .
The observable Aint uses an integral antisymmetric

around MH to extract the antisymmetric part of inter-
ference, which is defined as
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where the integral of dM�� choose around Higgs reso-
nance, MH is the Higgs boson’s mass, the ⇥-function is

⇥(x) ⌘
⇢

�1, x < 0
1, x > 0

So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-

ric around MH . Since the signal term
d�sig

dM��
is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define

ASM
int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) as

Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM

int . Although ⇠� = ⇡ represents an in-
verse H�� coupling from new physics with CP-even but
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f/ŝ), (2)

c� =
↵

8⇡

2

4F1(4m
2
W /ŝ) +
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is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define

ASM
int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) as

Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM

int . Although ⇠� = ⇡ represents an in-
verse H�� coupling from new physics with CP-even but
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where F , Ga denote the � and gluon field strengths,
a = 1, ..., 8 are SU(3)c adjoint representation indices for
the gluons, v = 246 GeV is the electroweak vacuum
expectation value, the dual field strength is defined as
X̃µ⌫ = ✏µ⌫�⇢X�⇢, c� and cg are e↵ective couplings in SM
at leading order, ⇠� 2 [0, 2⇡) is a phase that parametrize
CP violation. When ⇠� = 0, it is the SM case; when
it is non-zero, there must exist CP violation (except for
⇠� = ⇡ ) and new physics beyond SM.

In SM at leading order c� is introduced by fermion
and W loops and cg is introduced by fermion loops only,
which have the expression as
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where a, b = 1, ..., 8 are SU(3)c adjoint representation
indices for the gluons, Nc = 3, Qf and mf are electric
charge and mass of fermions, and
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The helicity amplitudes for gg ! H ! �� and gg !
�� can be written as,
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where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
duced 1-loop helicity amplitudes of gg ! �� mediated by
five flavor quarks, while the contribution from top quark
is much suppressed [19] and is neglected in our analysis.
The Abox for non-zero interference are
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where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.

After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
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d�sig

dM��
/ |cgc� |2

(M2
�� �M2

H) +M2
H�2

H

(9)

d�int

dM��
/

(M2
�� �M2

H)Re (cgc�) +MH�H Im (cgc�)

(M2
�� �M2

H) +M2
H�2

H

⇥
Z

dz[A++++
box +A++��

box ] cos ⇠� , (10)

where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
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tion at Next-to-Leading order [19, 25]. In contrast, the
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at leading order, ⇠� 2 [0, 2⇡) is a phase that parametrize
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it is non-zero, there must exist CP violation (except for
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where a, b = 1, ..., 8 are SU(3)c adjoint representation
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charge and mass of fermions, and
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Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
duced 1-loop helicity amplitudes of gg ! �� mediated by
five flavor quarks, while the contribution from top quark
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where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.
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tion at Next-to-Leading order [19, 25]. In contrast, the
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So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-
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is almost
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d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define
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int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) as

Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM

int . Although ⇠� = ⇡ represents an in-
verse H�� coupling from new physics with CP-even but



Lineshape of Interference (SM)

19

3

no CP violation, we also include in our discussion for the
interest of new physics.

III. SIMULATION

The lineshapes of signal and interference are simulated
in proton-proton collision under SM and various CP vi-
olation cases. Based on the simulation, firstly ASM

int is
calculated and its dominant error is discussed; then the
significance of CP -violating Aints are given and the con-
straint on the CP-violation parameter is discussed.

The simulation is performed using a modified MCFM [28]
package for a proton-proton collider with

p
s = 14 TeV.

Each photon is required to have p�T > 20 GeV and |⌘� | <
2.5. The Higgs boson’s mass and width are set as MH =
126 GeV, and �H = 4.3 MeV.

A. ASM
int

Fig. 1 shows the theoretical lineshapes of signal and in-
terference. The lineshape of signal is a sharp peak shown
in the black histogram, while the lineshape of interfer-
ence is a peak and dig shown in the red histogram. The
red histogram drops slower and have a longer tail than
the black histogram, but the black histogram has a much
higher peak about 4 times more than the red histogram as
shown in the bottom-left insert plot. The top-right insert
plot is a close-up of the resonance region, which shows
the contribution of interference exceeds that of signal at
about one Higgs boson’s width (⇠ 4.3 Mev) below the
resonance peak. After doing the integral, the ASM

int is
36% as shown in table I, which is quite marvelous. As
the mass resolution is not considered yet, we mark it as
the �MR = 0 case.

The invariant mass of diphoton M�� has a mass res-
olution of about 1 ⇠ 2 GeV at LHC experiment [29].
For simplicity we include the mass resolution e↵ect by
convoluting the histograms with a Gaussian function of
mass resolution width �MR = 1.1, 1.3, 1.5, 1.7, 1.9 GeV.
This convolution is also called Gaussian smear. Fig. 2
shows the histograms after Gaussian smear with �MR =
1.5 GeV. The black histogram becomes a wide bump,
however, in the red histogram the widened peak and dip
cancel each other a lot near MH and there leave a flat
bump and down. The ASM

int after Gaussian smear is thus
much reduced, which range from 10.4% to 7.5% when
�MR goes from 1.1 to 1.9 GeV as shown in table I.

The resonance mass uncertainty at LHC experiment
is less than 0.4 GeV after combining its statistical and
systematic errors [29]. This e↵ect is included by changing
MH to 126.0±0.4 GeV when calculating ASM

int . The A
SM
int

could be reduced less than 0.1% for �MR = 1.1�1.9 GeV
cases, which is reasonable because the smeared lineshape
of interference (as shown in Fig. 2) is flat and nearly zero
near the resonance peak and thus it has only a limited
impact for the integral.
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FIG. 1. Diphoton invariant mass M�� distribution of sig-
nal and interference term at leading order as in Eq. (9) (10).
⇠� = 0 represents SM case, �MR = 0 represents the theoretical
distribution before Gaussian smearing. The bottom-left insert
is an overall plot and the top-right insert is a close-up of the
resonance region.
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FIG. 2. Diphoton invariant mass M�� distribution of signal
and interference term after Gaussian smearing with its mass
resolution width �MR = 1.5 GeV.

As both the statistical and systematic uncertainties on
signal strength in H ! �� process reach about 10% [29],
ASM

int (see in table I) becomes comparable to the strength
uncertainties, which make it quite possible to separate
the antisymmetric lineshape out from the symmetric one
by a simultaneous fitting method. At the same time the
shift e↵ect of resonance peak is removed, and a more pre-
cise mass could be obtained. However, a simultaneous fit-
ting with both antisymmetric and symmetric lineshapes
is beyond the scope of this study.
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no CP violation, we also include in our discussion for the
interest of new physics.

III. SIMULATION

The lineshapes of signal and interference are simulated
in proton-proton collision under SM and various CP vi-
olation cases. Based on the simulation, firstly ASM

int is
calculated and its dominant error is discussed; then the
significance of CP -violating Aints are given and the con-
straint on the CP-violation parameter is discussed.

The simulation is performed using a modified MCFM [28]
package for a proton-proton collider with

p
s = 14 TeV.

Each photon is required to have p�T > 20 GeV and |⌘� | <
2.5. The Higgs boson’s mass and width are set as MH =
126 GeV, and �H = 4.3 MeV.

A. ASM
int

Fig. 1 shows the theoretical lineshapes of signal and in-
terference. The lineshape of signal is a sharp peak shown
in the black histogram, while the lineshape of interfer-
ence is a peak and dig shown in the red histogram. The
red histogram drops slower and have a longer tail than
the black histogram, but the black histogram has a much
higher peak about 4 times more than the red histogram as
shown in the bottom-left insert plot. The top-right insert
plot is a close-up of the resonance region, which shows
the contribution of interference exceeds that of signal at
about one Higgs boson’s width (⇠ 4.3 Mev) below the
resonance peak. After doing the integral, the ASM

int is
36% as shown in table I, which is quite marvelous. As
the mass resolution is not considered yet, we mark it as
the �MR = 0 case.

The invariant mass of diphoton M�� has a mass res-
olution of about 1 ⇠ 2 GeV at LHC experiment [29].
For simplicity we include the mass resolution e↵ect by
convoluting the histograms with a Gaussian function of
mass resolution width �MR = 1.1, 1.3, 1.5, 1.7, 1.9 GeV.
This convolution is also called Gaussian smear. Fig. 2
shows the histograms after Gaussian smear with �MR =
1.5 GeV. The black histogram becomes a wide bump,
however, in the red histogram the widened peak and dip
cancel each other a lot near MH and there leave a flat
bump and down. The ASM

int after Gaussian smear is thus
much reduced, which range from 10.4% to 7.5% when
�MR goes from 1.1 to 1.9 GeV as shown in table I.

The resonance mass uncertainty at LHC experiment
is less than 0.4 GeV after combining its statistical and
systematic errors [29]. This e↵ect is included by changing
MH to 126.0±0.4 GeV when calculating ASM

int . The A
SM
int

could be reduced less than 0.1% for �MR = 1.1�1.9 GeV
cases, which is reasonable because the smeared lineshape
of interference (as shown in Fig. 2) is flat and nearly zero
near the resonance peak and thus it has only a limited
impact for the integral.
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FIG. 1. Diphoton invariant mass M�� distribution of sig-
nal and interference term at leading order as in Eq. (9) (10).
⇠� = 0 represents SM case, �MR = 0 represents the theoretical
distribution before Gaussian smearing. The bottom-left insert
is an overall plot and the top-right insert is a close-up of the
resonance region.
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FIG. 2. Diphoton invariant mass M�� distribution of signal
and interference term after Gaussian smearing with its mass
resolution width �MR = 1.5 GeV.

As both the statistical and systematic uncertainties on
signal strength in H ! �� process reach about 10% [29],
ASM

int (see in table I) becomes comparable to the strength
uncertainties, which make it quite possible to separate
the antisymmetric lineshape out from the symmetric one
by a simultaneous fitting method. At the same time the
shift e↵ect of resonance peak is removed, and a more pre-
cise mass could be obtained. However, a simultaneous fit-
ting with both antisymmetric and symmetric lineshapes
is beyond the scope of this study.

4

TABLE I. The ASM
int values with di↵erent mass resolution

widths. The �MR = 0 represents the theoretical case before
Gaussian smearing.

�MR ASM
int denominator ASM

int numerator ASM
int

(GeV) (fb) (fb) (%)

0 39.3 14.3 36.3

1.1 39.3 4.1 10.4

1.3 39.3 3.8 9.6

1.5 39.3 3.5 8.8

1.7 39.3 3.2 8.2

1.9 39.3 3.0 7.5
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FIG. 3. Diphoton invariant mass M�� distribution of inter-
ference term after Gaussian smearing when ⇠� = 0, ⇡, ⇡/2.

B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.

The significance of Aint deviated from ASM
int is esti-

mated as following,

Significance =
|Aint �ASM

int |p
|�Aint|2 + |�ASM

int |2
(13)

�Aint = Aint ⇥
1p
L

s
1

|�I
int|

+
1

�I
sig

, (14)

TABLE II. Aint and its significance for di↵erent ⇠� choices.

⇠� Aint(%) Significance(L = 30fb�1)

0 8.8 -

⇡ -8.8 9
⇡
2 0 7

�I
int =

Z I

dM
d�int

dM
, �I

sig =

Z I

dM
d�sig

dM
, (15)

where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as

Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg cos ⇠g

v
hGa

µ⌫G
aµ⌫ +

cg sin ⇠g
2v

hGa
µ⌫G̃

aµ⌫ .(16)

After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are
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where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
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five flavor quarks, while the contribution from top quark
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where z = cos ✓, with ✓ being the scattering angle of � in
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TABLE I. The ASM
int values with di↵erent mass resolution

widths. The �MR = 0 represents the theoretical case before
Gaussian smearing.
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int denominator ASM
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FIG. 3. Diphoton invariant mass M�� distribution of inter-
ference term after Gaussian smearing when ⇠� = 0, ⇡, ⇡/2.

B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.

The significance of Aint deviated from ASM
int is esti-

mated as following,
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TABLE II. Aint and its significance for di↵erent ⇠� choices.

⇠� Aint(%) Significance(L = 30fb�1)

0 8.8 -

⇡ -8.8 9
⇡
2 0 7
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dM
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dM
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Z I

dM
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where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as
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After that, the helicity amplitude in Eq. (7) and dif-
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where F , Ga denote the � and gluon field strengths,
a = 1, ..., 8 are SU(3)c adjoint representation indices for
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Qf is the electric charge of fermion, Ah1h2h3h4
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where z = cos ✓, with ✓ being the scattering angle of � in
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where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
ric and symmetric parts around Higgs boson’s mass. It
is worthy to notice that at leading order Im

�
cSM
g cSM

�

�
is

suppressed by mb/mt compare to Re
�
cSM
g cSM

�

�
because

the imaginary part of cSM
g , cSM

� are mainly from bottom
quark loop while their real part are from top quark or
W boson loop. Thus the symmetric part of interference
term is much suppressed at leading order and its integral
value for the total cross section is mainly from contribu-
tion at Next-to-Leading order [19, 25]. In contrast, the
antisymmetric part could have a larger integral value if
the integral region are not symmetric around MH .
The observable Aint uses an integral antisymmetric

around MH to extract the antisymmetric part of inter-
ference, which is defined as

Aint(⇠�) =

R
dM��

d�int

dM��
⇥(M�� �MH)

R
dM��

d�sig

dM��

, (11)

where the integral of dM�� choose around Higgs reso-
nance, MH is the Higgs boson’s mass, the ⇥-function is

⇥(x) ⌘
⇢

�1, x < 0
1, x > 0

So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-

ric around MH . Since the signal term
d�sig

dM��
is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define

ASM
int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) as

Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM

int . Although ⇠� = ⇡ represents an in-
verse H�� coupling from new physics with CP-even but
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TABLE I. The ASM
int values with di↵erent mass resolution

widths. The �MR = 0 represents the theoretical case before
Gaussian smearing.
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FIG. 3. Diphoton invariant mass M�� distribution of inter-
ference term after Gaussian smearing when ⇠� = 0, ⇡, ⇡/2.

B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.

The significance of Aint deviated from ASM
int is esti-

mated as following,

Significance =
|Aint �ASM

int |p
|�Aint|2 + |�ASM

int |2
(13)

�Aint = Aint ⇥
1p
L

s
1

|�I
int|

+
1

�I
sig

, (14)

TABLE II. Aint and its significance for di↵erent ⇠� choices.

⇠� Aint(%) Significance(L = 30fb�1)

0 8.8 -

⇡ -8.8 9
⇡
2 0 7

�I
int =

Z I

dM
d�int

dM
, �I

sig =

Z I

dM
d�sig

dM
, (15)

where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as

Lh =
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v
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µ⌫ +
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2v
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µ⌫

+
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v
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aµ⌫ +

cg sin ⇠g
2v

hGa
µ⌫G̃

aµ⌫ .(16)

After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are

M = �e�ih1⇠ge�ih3⇠� �h1h2�h3h4
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B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.
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where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from
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If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],
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2. Even

though, the significances are still large enough to distin-
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of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
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B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.
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where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as

Lh =
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v
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After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are

M = �e�ih1⇠ge�ih3⇠� �h1h2�h3h4
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⇠� /2 [⇡/2, 3⇡/2] at 99.9% C.L.
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Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg
v

hGa
µ⌫G

aµ⌫ (1)

where F , Ga denote the � and gluon field strengths,
a = 1, ..., 8 are SU(3)c adjoint representation indices for
the gluons, v = 246 GeV is the electroweak vacuum
expectation value, the dual field strength is defined as
X̃µ⌫ = ✏µ⌫�⇢X�⇢, c� and cg are e↵ective couplings in SM
at leading order, ⇠� 2 [0, 2⇡) is a phase that parametrize
CP violation. When ⇠� = 0, it is the SM case; when
it is non-zero, there must exist CP violation (except for
⇠� = ⇡ ) and new physics beyond SM.

In SM at leading order c� is introduced by fermion
and W loops and cg is introduced by fermion loops only,
which have the expression as

cg = �ab
↵s

16⇡

X

f

F1/2(4m
2
f/ŝ), (2)

c� =
↵

8⇡

2

4F1(4m
2
W /ŝ) +

X

f

NcQ
2
fF1/2(4m

2
f/ŝ)

3

5 .(3)

where a, b = 1, ..., 8 are SU(3)c adjoint representation
indices for the gluons, Nc = 3, Qf and mf are electric
charge and mass of fermions, and

F1/2(⌧) = �2⌧ [1 + (1� ⌧)f(⌧)], (4)

F1(⌧) = 2 + 3⌧ [1 + (2� ⌧)f(⌧)], (5)

f(⌧) =

(
arcsin2

p
1/⌧ ⌧ � 1 ,

� 1
4

h
log 1+

p
1�⌧

1�
p
1�⌧

� i⇡
i2

⌧ < 1 .
(6)

The helicity amplitudes for gg ! H ! �� and gg !
�� can be written as,

M = �e�ih3⇠� �h1h2�h3h4

M4
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v2
4cgc�

M2
�� �M2

H + iMH�H

+ 4↵↵s�
ab

X

f=u,d,c,s,b

Q2
fA

h1h2h3h4
box , (7)

where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
duced 1-loop helicity amplitudes of gg ! �� mediated by
five flavor quarks, while the contribution from top quark
is much suppressed [19] and is neglected in our analysis.
The Abox for non-zero interference are

A++++
box = A����

box = 1

A++��
box = A��++

box =

�1 + z ln

✓
1 + z

1� z

◆
� 1 + z2

4


ln2
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1� z

◆
+ ⇡2

�
, (8)

where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.

After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
signal and interference, which have expressions as
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dM��
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box ] cos ⇠� , (10)

where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
ric and symmetric parts around Higgs boson’s mass. It
is worthy to notice that at leading order Im

�
cSM
g cSM

�

�
is

suppressed by mb/mt compare to Re
�
cSM
g cSM

�

�
because

the imaginary part of cSM
g , cSM

� are mainly from bottom
quark loop while their real part are from top quark or
W boson loop. Thus the symmetric part of interference
term is much suppressed at leading order and its integral
value for the total cross section is mainly from contribu-
tion at Next-to-Leading order [19, 25]. In contrast, the
antisymmetric part could have a larger integral value if
the integral region are not symmetric around MH .
The observable Aint uses an integral antisymmetric

around MH to extract the antisymmetric part of inter-
ference, which is defined as

Aint(⇠�) =
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dM��

d�int

dM��
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, (11)

where the integral of dM�� choose around Higgs reso-
nance, MH is the Higgs boson’s mass, the ⇥-function is

⇥(x) ⌘
⇢

�1, x < 0
1, x > 0

So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-

ric around MH . Since the signal term
d�sig

dM��
is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define

ASM
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Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM
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verse H�� coupling from new physics with CP-even but
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diphoton center of mass frame.

After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
signal and interference, which have expressions as

d�sig

dM��
/ |cgc� |2

(M2
�� �M2

H) +M2
H�2

H

(9)

d�int

dM��
/

(M2
�� �M2

H)Re (cgc�) +MH�H Im (cgc�)

(M2
�� �M2

H) +M2
H�2

H

⇥
Z

dz[A++++
box +A++��

box ] cos ⇠� , (10)

where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
ric and symmetric parts around Higgs boson’s mass. It
is worthy to notice that at leading order Im

�
cSM
g cSM

�

�
is

suppressed by mb/mt compare to Re
�
cSM
g cSM

�

�
because

the imaginary part of cSM
g , cSM

� are mainly from bottom
quark loop while their real part are from top quark or
W boson loop. Thus the symmetric part of interference
term is much suppressed at leading order and its integral
value for the total cross section is mainly from contribu-
tion at Next-to-Leading order [19, 25]. In contrast, the
antisymmetric part could have a larger integral value if
the integral region are not symmetric around MH .
The observable Aint uses an integral antisymmetric

around MH to extract the antisymmetric part of inter-
ference, which is defined as

Aint(⇠�) =

R
dM��

d�int

dM��
⇥(M�� �MH)

R
dM��

d�sig

dM��

, (11)

where the integral of dM�� choose around Higgs reso-
nance, MH is the Higgs boson’s mass, the ⇥-function is

⇥(x) ⌘
⇢

�1, x < 0
1, x > 0

So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-

ric around MH . Since the signal term
d�sig

dM��
is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define

ASM
int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) as

Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM

int . Although ⇠� = ⇡ represents an in-
verse H�� coupling from new physics with CP-even but

3

no CP violation, we also include in our discussion for the
interest of new physics.

III. SIMULATION

The lineshapes of signal and interference are simulated
in proton-proton collision under SM and various CP vi-
olation cases. Based on the simulation, firstly ASM

int is
calculated and its dominant error is discussed; then the
significance of CP -violating Aints are given and the con-
straint on the CP-violation parameter is discussed.

The simulation is performed using a modified MCFM [28]
package for a proton-proton collider with

p
s = 14 TeV.

Each photon is required to have p�T > 20 GeV and |⌘� | <
2.5. The Higgs boson’s mass and width are set as MH =
126 GeV, and �H = 4.3 MeV.

A. ASM
int

Fig. 1 shows the theoretical lineshapes of signal and in-
terference. The lineshape of signal is a sharp peak shown
in the black histogram, while the lineshape of interfer-
ence is a peak and dig shown in the red histogram. The
red histogram drops slower and have a longer tail than
the black histogram, but the black histogram has a much
higher peak about 4 times more than the red histogram as
shown in the bottom-left insert plot. The top-right insert
plot is a close-up of the resonance region, which shows
the contribution of interference exceeds that of signal at
about one Higgs boson’s width (⇠ 4.3 Mev) below the
resonance peak. After doing the integral, the ASM

int is
36% as shown in table I, which is quite marvelous. As
the mass resolution is not considered yet, we mark it as
the �MR = 0 case.

The invariant mass of diphoton M�� has a mass res-
olution of about 1 ⇠ 2 GeV at LHC experiment [29].
For simplicity we include the mass resolution e↵ect by
convoluting the histograms with a Gaussian function of
mass resolution width �MR = 1.1, 1.3, 1.5, 1.7, 1.9 GeV.
This convolution is also called Gaussian smear. Fig. 2
shows the histograms after Gaussian smear with �MR =
1.5 GeV. The black histogram becomes a wide bump,
however, in the red histogram the widened peak and dip
cancel each other a lot near MH and there leave a flat
bump and down. The ASM

int after Gaussian smear is thus
much reduced, which range from 10.4% to 7.5% when
�MR goes from 1.1 to 1.9 GeV as shown in table I.

The resonance mass uncertainty at LHC experiment
is less than 0.4 GeV after combining its statistical and
systematic errors [29]. This e↵ect is included by changing
MH to 126.0±0.4 GeV when calculating ASM

int . The A
SM
int

could be reduced less than 0.1% for �MR = 1.1�1.9 GeV
cases, which is reasonable because the smeared lineshape
of interference (as shown in Fig. 2) is flat and nearly zero
near the resonance peak and thus it has only a limited
impact for the integral.
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FIG. 1. Diphoton invariant mass M�� distribution of sig-
nal and interference term at leading order as in Eq. (9) (10).
⇠� = 0 represents SM case, �MR = 0 represents the theoretical
distribution before Gaussian smearing. The bottom-left insert
is an overall plot and the top-right insert is a close-up of the
resonance region.
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FIG. 2. Diphoton invariant mass M�� distribution of signal
and interference term after Gaussian smearing with its mass
resolution width �MR = 1.5 GeV.

As both the statistical and systematic uncertainties on
signal strength in H ! �� process reach about 10% [29],
ASM

int (see in table I) becomes comparable to the strength
uncertainties, which make it quite possible to separate
the antisymmetric lineshape out from the symmetric one
by a simultaneous fitting method. At the same time the
shift e↵ect of resonance peak is removed, and a more pre-
cise mass could be obtained. However, a simultaneous fit-
ting with both antisymmetric and symmetric lineshapes
is beyond the scope of this study.

MH = 125.4± 0.15(stat.)± 0.2 ⇠ 0.3(syst.) GeV

Mass uncertainty of ~0.4 GeV doesn’t affect much 
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TABLE I. The ASM
int values with di↵erent mass resolution

widths. The �MR = 0 represents the theoretical case before
Gaussian smearing.

�MR ASM
int denominator ASM

int numerator ASM
int

(GeV) (fb) (fb) (%)

0 39.3 14.3 36.3

1.1 39.3 4.1 10.4

1.3 39.3 3.8 9.6

1.5 39.3 3.5 8.8

1.7 39.3 3.2 8.2

1.9 39.3 3.0 7.5
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FIG. 3. Diphoton invariant mass M�� distribution of inter-
ference term after Gaussian smearing when ⇠� = 0, ⇡, ⇡/2.

B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.

The significance of Aint deviated from ASM
int is esti-

mated as following,

Significance =
|Aint �ASM

int |p
|�Aint|2 + |�ASM

int |2
(13)

�Aint = Aint ⇥
1p
L

s
1

|�I
int|

+
1

�I
sig

, (14)

TABLE II. Aint and its significance for di↵erent ⇠� choices.

⇠� Aint(%) Significance(L = 30fb�1)

0 8.8 -

⇡ -8.8 9
⇡
2 0 7

�I
int =

Z I

dM
d�int

dM
, �I

sig =

Z I

dM
d�sig

dM
, (15)

where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as

Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg cos ⇠g

v
hGa

µ⌫G
aµ⌫ +

cg sin ⇠g
2v

hGa
µ⌫G̃

aµ⌫ .(16)

After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are

M = �e�ih1⇠ge�ih3⇠� �h1h2�h3h4

M4
��

v2
4cgc�

M2
�� �M2

H + iMH�H

+ 4↵↵s�
ab

X

f=u,d,c,s,b

Q2
fA

h1h2h3h4
box , (17)
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Gaussian smearing.
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FIG. 3. Diphoton invariant mass M�� distribution of inter-
ference term after Gaussian smearing when ⇠� = 0, ⇡, ⇡/2.

B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.

The significance of Aint deviated from ASM
int is esti-

mated as following,

Significance =
|Aint �ASM

int |p
|�Aint|2 + |�ASM

int |2
(13)

�Aint = Aint ⇥
1p
L

s
1

|�I
int|

+
1

�I
sig

, (14)

TABLE II. Aint and its significance for di↵erent ⇠� choices.

⇠� Aint(%) Significance(L = 30fb�1)

0 8.8 -

⇡ -8.8 9
⇡
2 0 7

�I
int =

Z I

dM
d�int

dM
, �I

sig =

Z I

dM
d�sig

dM
, (15)

where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as

Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg cos ⇠g

v
hGa

µ⌫G
aµ⌫ +

cg sin ⇠g
2v

hGa
µ⌫G̃

aµ⌫ .(16)

After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are

M = �e�ih1⇠ge�ih3⇠� �h1h2�h3h4

M4
��

v2
4cgc�

M2
�� �M2

H + iMH�H

+ 4↵↵s�
ab

X

f=u,d,c,s,b

Q2
fA

h1h2h3h4
box , (17)
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TABLE III. Aint and its significance for di↵erent ⇠g, ⇠�
choices.

⇠g ⇠� Aint(%) Significance(L = 30fb�1)

0 0 8.8 -
⇡
2

⇡
2 14.5 3

⇡
2

3⇡
2 -14.5 10

0 ⇡
2 0 7

d�int

dM��
/

(M2
�� �M2

H)Re (cgc�) +MH�H Im (cgc�)

(M2
�� �M2

H) +M2
H�2

H

⇥
Z

dz[cos(⇠g + ⇠�)A++++
box + cos(⇠g � ⇠�)A++��

box ] .(18)

Then ASM
int ⌘ Aint(⇠g = 0, ⇠� = 0) and

Aint(⇠g, ⇠�) = ASM
int ⇥

R
dz[cos(⇠g + ⇠�)A++++

box + cos(⇠g � ⇠�)A++��
box ]R

dz[A++++
box +A++��

box ]
,(19)

where the integral could be calculated numerically once
the the integral region of z is given. For example, if the
pseudorapidity of � is required to be |⌘� | < 2.5, that is,
z 2 [�0.985, 0.985], the integral

R
dzA++��

box ⇡ �9, and
Eq. (19) could be simplified as

Aint(⇠g, ⇠�) ⇡ ASM
int ⇥ 2 cos(⇠g + ⇠�)� 9 cos(⇠g � ⇠�)

�7
.

(20)
Aint(⇠g, ⇠�) thus has a maximum and minimum of about
1.6 times of ASM

int . If ⇠g = 0, Aint(⇠g = 0, ⇠�) will de-
generate to the Aint(⇠�) in Eq. (12). By constrast, if
⇠� = 0,

Aint(⇠g) = ASM
int ⇥ cos(⇠g), (21)

which shows the same dependence of Aint(⇠�) on ⇠� when
⇠g = 0 as in Eq. (12). So a CP -violating Hgg coupling
could cause similar deviation of Aint to ASM

int as a CP -
violatingH�� coupling, and an observed Aint value could

not distinguish them. It could be understandable since
there are two free parameters for one observable, so some
other methods should be used if need to distinguish them.

Fig. 4 shows the lineshapes of interference for di↵erent
⇠g, ⇠� choices. The red histogram (⇠g = 0, ⇠� = 0)
represents the SM case; the magenta histogram (⇠g =
⇡
2 , ⇠� = ⇡

2 ) could get largest Aint; the cyan histogram

(⇠g = ⇡
2 , ⇠� = 3⇡

2 ) corresponds to the smallest Aint ;
and the black histogram is from the ⇠g = 0, ⇠� = ⇡

2 case
with Aint equal to zero. The corresponding Aint values
and their significances are listed in Table III. For the
general case of both ⇠g, ⇠� being free parameters, Aint

could have a larger value, which makes it easier to be
probed in future experiment.
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ference term after Gaussian smearing in various ⇠g, ⇠� cases.
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TABLE III. Aint and its significance for di↵erent ⇠g, ⇠�
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1.6 times of ASM
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generate to the Aint(⇠�) in Eq. (12). By constrast, if
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which shows the same dependence of Aint(⇠�) on ⇠� when
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could cause similar deviation of Aint to ASM

int as a CP -
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there are two free parameters for one observable, so some
other methods should be used if need to distinguish them.
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general case of both ⇠g, ⇠� being free parameters, Aint

could have a larger value, which makes it easier to be
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TABLE III. Aint and its significance for di↵erent ⇠g, ⇠�
choices.

⇠g ⇠� Aint(%) Significance(L = 30fb�1)
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⇡
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⇡
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dz[cos(⇠g + ⇠�)A++++

box + cos(⇠g � ⇠�)A++��
box ]R

dz[A++++
box +A++��

box ]
,(19)

where the integral could be calculated numerically once
the the integral region of z is given. For example, if the
pseudorapidity of � is required to be |⌘� | < 2.5, that is,
z 2 [�0.985, 0.985], the integral

R
dzA++��

box ⇡ �9, and
Eq. (19) could be simplified as

Aint(⇠g, ⇠�) ⇡ ASM
int ⇥ 2 cos(⇠g + ⇠�)� 9 cos(⇠g � ⇠�)

�7
.

(20)
Aint(⇠g, ⇠�) thus has a maximum and minimum of about
1.6 times of ASM

int . If ⇠g = 0, Aint(⇠g = 0, ⇠�) will de-
generate to the Aint(⇠�) in Eq. (12). By constrast, if
⇠� = 0,

Aint(⇠g) = ASM
int ⇥ cos(⇠g), (21)

which shows the same dependence of Aint(⇠�) on ⇠� when
⇠g = 0 as in Eq. (12). So a CP -violating Hgg coupling
could cause similar deviation of Aint to ASM

int as a CP -
violatingH�� coupling, and an observed Aint value could

not distinguish them. It could be understandable since
there are two free parameters for one observable, so some
other methods should be used if need to distinguish them.

Fig. 4 shows the lineshapes of interference for di↵erent
⇠g, ⇠� choices. The red histogram (⇠g = 0, ⇠� = 0)
represents the SM case; the magenta histogram (⇠g =
⇡
2 , ⇠� = ⇡

2 ) could get largest Aint; the cyan histogram

(⇠g = ⇡
2 , ⇠� = 3⇡

2 ) corresponds to the smallest Aint ;
and the black histogram is from the ⇠g = 0, ⇠� = ⇡

2 case
with Aint equal to zero. The corresponding Aint values
and their significances are listed in Table III. For the
general case of both ⇠g, ⇠� being free parameters, Aint

could have a larger value, which makes it easier to be
probed in future experiment.
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• CP violation have been studied variously in Higgs decays. For single chan-
nels with multiple final states such as HZZ ! 4l, H ! tt̄ ! 2`2⌫2jet,
��(��``) is a sensitive observable. But it is not suitable for H ! ��.

• Interference between gg ! H ! �� and gg ! �� is studied. Based on
the antisymmetric line shape of interference at leading order, We propose

an integral odd around MH (
RMH �

R
MH

) to get the contribution of in-
terference and divide it by the total cross section of Higgs signal, which
makes a new observable Aint.

• Aint could reach about 10% in SM, and the significance of deviation caused
by CP violation could be large as 5 ⇠ 10�, which could constrain the CP
violation phase ⇠� /2 [⇡/2, 3⇡/2] at 99.9% confidence level.

• The Aint with both CP -violatingH�� andHgg couplings are also studied,
which could have larger deviation and significance.
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How to separate lineshapes
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3

no CP violation, we also include in our discussion for the
interest of new physics.

III. SIMULATION

The lineshapes of signal and interference are simulated
in proton-proton collision under SM and various CP vi-
olation cases. Based on the simulation, firstly ASM

int is
calculated and its dominant error is discussed; then the
significance of CP -violating Aints are given and the con-
straint on the CP-violation parameter is discussed.

The simulation is performed using a modified MCFM [28]
package for a proton-proton collider with

p
s = 14 TeV.

Each photon is required to have p�T > 20 GeV and |⌘� | <
2.5. The Higgs boson’s mass and width are set as MH =
126 GeV, and �H = 4.3 MeV.

A. ASM
int

Fig. 1 shows the theoretical lineshapes of signal and in-
terference. The lineshape of signal is a sharp peak shown
in the black histogram, while the lineshape of interfer-
ence is a peak and dig shown in the red histogram. The
red histogram drops slower and have a longer tail than
the black histogram, but the black histogram has a much
higher peak about 4 times more than the red histogram as
shown in the bottom-left insert plot. The top-right insert
plot is a close-up of the resonance region, which shows
the contribution of interference exceeds that of signal at
about one Higgs boson’s width (⇠ 4.3 Mev) below the
resonance peak. After doing the integral, the ASM

int is
36% as shown in table I, which is quite marvelous. As
the mass resolution is not considered yet, we mark it as
the �MR = 0 case.

The invariant mass of diphoton M�� has a mass res-
olution of about 1 ⇠ 2 GeV at LHC experiment [29].
For simplicity we include the mass resolution e↵ect by
convoluting the histograms with a Gaussian function of
mass resolution width �MR = 1.1, 1.3, 1.5, 1.7, 1.9 GeV.
This convolution is also called Gaussian smear. Fig. 2
shows the histograms after Gaussian smear with �MR =
1.5 GeV. The black histogram becomes a wide bump,
however, in the red histogram the widened peak and dip
cancel each other a lot near MH and there leave a flat
bump and down. The ASM

int after Gaussian smear is thus
much reduced, which range from 10.4% to 7.5% when
�MR goes from 1.1 to 1.9 GeV as shown in table I.

The resonance mass uncertainty at LHC experiment
is less than 0.4 GeV after combining its statistical and
systematic errors [29]. This e↵ect is included by changing
MH to 126.0±0.4 GeV when calculating ASM

int . The A
SM
int

could be reduced less than 0.1% for �MR = 1.1�1.9 GeV
cases, which is reasonable because the smeared lineshape
of interference (as shown in Fig. 2) is flat and nearly zero
near the resonance peak and thus it has only a limited
impact for the integral.
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FIG. 1. Diphoton invariant mass M�� distribution of sig-
nal and interference term at leading order as in Eq. (9) (10).
⇠� = 0 represents SM case, �MR = 0 represents the theoretical
distribution before Gaussian smearing. The bottom-left insert
is an overall plot and the top-right insert is a close-up of the
resonance region.
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FIG. 2. Diphoton invariant mass M�� distribution of signal
and interference term after Gaussian smearing with its mass
resolution width �MR = 1.5 GeV.

As both the statistical and systematic uncertainties on
signal strength in H ! �� process reach about 10% [29],
ASM

int (see in table I) becomes comparable to the strength
uncertainties, which make it quite possible to separate
the antisymmetric lineshape out from the symmetric one
by a simultaneous fitting method. At the same time the
shift e↵ect of resonance peak is removed, and a more pre-
cise mass could be obtained. However, a simultaneous fit-
ting with both antisymmetric and symmetric lineshapes
is beyond the scope of this study.
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4

TABLE I. The ASM
int values with di↵erent mass resolution

widths. The �MR = 0 represents the theoretical case before
Gaussian smearing.

�MR ASM
int denominator ASM

int numerator ASM
int

(GeV) (fb) (fb) (%)

0 39.3 14.3 36.3

1.1 39.3 4.1 10.4

1.3 39.3 3.8 9.6

1.5 39.3 3.5 8.8

1.7 39.3 3.2 8.2

1.9 39.3 3.0 7.5
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FIG. 3. Diphoton invariant mass M�� distribution of inter-
ference term after Gaussian smearing when ⇠� = 0, ⇡, ⇡/2.

B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.

The significance of Aint deviated from ASM
int is esti-

mated as following,

Significance =
|Aint �ASM

int |p
|�Aint|2 + |�ASM

int |2
(13)

�Aint = Aint ⇥
1p
L

s
1

|�I
int|

+
1

�I
sig

, (14)

TABLE II. Aint and its significance for di↵erent ⇠� choices.

⇠� Aint(%) Significance(L = 30fb�1)

0 8.8 -

⇡ -8.8 9
⇡
2 0 7

�I
int =

Z I

dM
d�int

dM
, �I

sig =

Z I

dM
d�sig

dM
, (15)

where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as

Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg cos ⇠g

v
hGa

µ⌫G
aµ⌫ +

cg sin ⇠g
2v

hGa
µ⌫G̃

aµ⌫ .(16)

After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are

M = �e�ih1⇠ge�ih3⇠� �h1h2�h3h4

M4
��

v2
4cgc�

M2
�� �M2

H + iMH�H

+ 4↵↵s�
ab

X

f=u,d,c,s,b

Q2
fA

h1h2h3h4
box , (17)
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Figure 14: Expected fraction of signal events per production mode in the different categories.
For each category, the se f f and sHM of the signal model are given, as described in the text. The
ratio of the number of signal events (S) to the number of signal plus background events (S+B)
is shown on the right hand side.

A likelihood scan of the signal strength is performed, profiling all other nuisances. The results
can be found in Fig. 15. In this scan, the mass of the Higgs boson was profiled in the same way
as other nuisances in the fit. The best-fit signal strength measured for all categories combined
using this method is bµ = 1.16+0.15

�0.14 = 1.16+0.11
�0.10 (stat.) +0.09

�0.08 (syst.) +0.06
�0.05 (theo.)

The results of a fit to the signal strength for each production mode, defined analagously to the
overall µ above, are shown in Fig. 16. We note that the observed best-fit signal strength for the
tt̄H production mode is 2.2+0.9

�0.8, corresponding to a 3.3s excess with respect to the absence of
tt̄H production, compatible within 1.6s with the SM tt̄H prediction. The expected excess, for
the SM with respect to the absence of tt̄H production, is 1.5s. The observed (expected) excess
for VH is 2.4s (1.2s), and for VBF 1.1s (1.9s), in both cases with respect to the absence of that
production mode. Fig. 17 shows the cross section ratios measured for each process in the Stage
0 STXS framework.

A two-dimensional likelihood scan of the signal strength µggH,tt̄H for fermionic production
modes (ggH and tt̄H) and µVBF,VH for vector boson production modes (VBF, ZH, WH), with
the value of the parameter mH profiled in the fit, is performed. Fig. 18 shows the 1s and 2s
contours. The best-fit values for each modifier are µggH,tt̄H = 1.19+0.20

�0.18 and µVBF,VH = 1.01+0.57
�0.51.

Two-dimensional likelihood scans of the Higgs boson coupling modifiers are produced: k f
versus kV , the coupling modifiers to bosons and fermions; and kg and kg, the effective coupling
modifiers to photons and gluons [35]. The k parameters other than those varied are fixed to 1
in each case. Fig. 19 shows the 1s and 2s contours for each scan and shows the test statistic
q, equal to twice the negative log likelihood ratio [36]. The point (kV , k f ) = (1,�1) has an
observed (expected) q of 35.6 (43.6), inconsistent with the best fit to an observed (expected)
level of 5.6s (6.3s).

Separate lineshape of  
signal and interference 

 is hopeful


