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Higgs Boson 
Discovered!

CMS-PAS-HIG-13-001
ATLAS-CONF-2012-168

Biggest discovery in years

Great achievement of SM

How much can we learn 
about Higgs from LHC?



Outline

Interference in gg → H → γγ

Real part interference: mass shift
NLO corrections to interference
Bounding ΓH using mass shift
Non-SM Higgs: CP mixed state
Non-SM Higgs: spin-2 scenario
Conclusion



Higgs Production

Dominated by gluon fusion through a top quark loop

To make higher order correction feasible, 
approximate top quark loop by effective ggH vertex
Similarly, photon couples to Higgs through top 
quark and W boson loop, can also be approximated 
by effective γγH vertex

Higgs total cross section σH

pp → H + X at LHC (or Tevatron) is dominated by
gluon-gluon fusion through a top quark loop

g

g

t H ⇒
g

g

H⊗

NLO QCD K factor for σH is huge, about 1.7–1.8 at LHC.
Djouadi, Spira, Zerwas; Dawson; Spira, Djouadi, Graudenz, Zerwas

To make NNLO computation feasible, approximate
top quark loop by effective ggH vertex (mH " 2mt).
Catani, De Florian, Grazzini; Harlander, Kilgore Harlander, Kilgore; Anastasiou, Melnikov

Residual error from NNLO/NNLL approximation
probably ≈ 15% now. (σNNNLO

H ???)
Resonance-Continuum Interferencein the LHC H → γγ Signal – p.8/20
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where we have used the assumption that the given model
describes the experimental observation su�ciently well.
Given a dominant background which is roughly constant
throughout the range of consideration, which happens in
the case of diphoton decay channel of Higgs boson, it is
equivalent to estimate the model parameters by simply
applying a least square fit.

To study the mass shift caused by interference between
Higgs signal and SM continuum background, we simulate
the detector e↵ect by convoluting the diphoton invari-
ant mass spectrum with a Gaussian distribution of width
1.7 GeV, and model the spectrum as a Gaussian distri-
bution peaked around the Higgs mass, which should be
su�cient for the purpose of this letter. The mass shift
is defined as the di↵erence between fitted peak positions
of the Gaussian distribution when interference is on and
o↵. We choose mH = 125 GeV and �H = 4 MeV in our
study and MSTW2008 NLO PDF is used throughout the
letter [11]. We found that the mass shift is stable once
we include more than three times of the width when per-
forming the least square fit to a Gaussian distribution.
Due to narrow decay width of Higgs boson in SM, the
width of the fitted Gaussian distribution roughly coin-
cides with the smearing width 1.7 GeV.

THEORETICAL DESCRIPTION

The NLO QCD formulae for Higgs production through
gluon fusion have been known for a long time [12]. The
SM continuum background of gluon fusion into two pho-
tons was first calculated at NLO in QCD in ref. [16]. In
this letter, we present the NLO correction to the inter-
ference between Higgs signal and background in QCD.
The soft and collinear divergence are handled by dipole
subtraction formalism [18, 19] and the real radiation,
and virtual matrix element for diphoton production via
quark loop are adapted from Refs. [13–15]. Compared to
ref. [16], the quark pdf contribution is also included in
our calculation where quark splits into gluon and fuses
with other gluon to produce diphoton either via Higgs or
light quark loop. It reduces the factorization scale de-
pendence to less than 1%, when we vary µF from mH/2
to 2mH . In addition, we show that it contributes con-
siderably to the interference of Higgs plus one jet due to
the enhancement from the sum of light quark loop. For
completeness, the interference with the SM tree level di-
agram of quark gluon scattering to diphoton and quark
is also included, which is at the same perturbation order

in QCD as LO gluon channel interference, and was first
considered in ref. [21]. The quark antiquark contribution
is numerically small [20, 21] and neglected throughout
our analysis.
We adopt the notation of Ref. [6] for the coupling of

Higgs boson to massless boson pairs gg and ��:
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where bg,� absorb all SM contribution and cg,� incorpo-
rate modifications from new physics for any deviate from
1. And the di↵erential cross section (before smearing) for
signal and interference schematically can be written as,
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Apparently, S(M��) is proportional to c2gc
2

� , while the
real and imaginary part of interference, R(M��) and
I(M��), are proportional to cgc� . In narrow width
approximation (NWA), the integrated cross section are
given by ⇡S(mH)/(2m2

H�H) and ⇡I(mH)/(2mH) for sig-
nal and interference respectively. An important feature
is that the interference contribution does not depend on
the Higgs width and could potentially be used to decouple
the Higgs coupling from the width from signal strength
measurement.
In FIG. 1, we show the diphoton invariant mass dis-

tribution for signal and background respectively for both
LO and NLO in QCD in gluon gluon and gluon quark
channel separately. The standard acceptance cuts ap-

plied are p
hard/soft

T,� > 40/30 GeV, |⌘� | < 2.5. In addition,
events are discarded when the following isolation crite-
rion are not met: dR�j < 0.4, pT,j > 3 GeV. Further-
more, jet veto is simulated by throwing away events with
pT,j > 20 GeV and ⌘j < 3. The scale uncertainty bands
are obtained by varying mH/2 < µF , µR < 2mH inde-
pendently. Note that the NLO gluon gluon channel has
combined the contribution from the quark gluon channel
where the quark splits to gluon in order to reduce fac-
torization scale µF dependence. As a result, the scale
uncertainty bands mostly come from of the variation of
renormalization scale µR. For the interference mass spec-
trum, the contribution involving SM quark gluon tree
level amplitudes is also presented and marked as quark
gluon channel at LO. The primary destructive interfer-
ence from the imaginary part of Breit-Wigner propagator
shows up at two-loop order in gluon channel in the zero
mass limit of light quarks [17]. In FIG. 2, we plot the
destructive e↵ect on total event rates as a function of jet
veto pT cut. The 1-loop destructive interference domi-
nantly comes from the finite mass of bottom quark and
is negligibly small. We normalize the 2-loop destructive
interference with respect to both LO and NLO signal

new physics correction
SM : bg,� =

2

3
,
47

9
at LO in heavy top/W limit



Higgs Decay

For mH ~ 125GeV, Higgs 
resonance is weak
Diphoton decay

excellent experimental photon energy 
resolution ⇒ γγ signal visible even though 
Br(H→γγ) ~ 0.0023 

fully reconstructed invariant mass

large SM background
data in reasonable agreement with SM 
prediction

Additional invisible/
undetectable decay channels 
could increase Higgs total 
width and reduce γγ BR



Full Diphoton Amplitude

Gluon pair to diphoton full amplitude

Higgs signal appears as resonance in diphoton 
invariant mass Mγγ spectrum
Signal strength in narrow width approximation

In SM, all Higgs properties dictated by mH, how well 
can we test them at LHC?
Need to decouple width from couplings in LHC
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Interference

The interference contribution

Integrated cross section of interference term has 
different dependence on total width: suppressed 
by small Higgs width w.r.t pure signal
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FIG. 1: Sample Feynman diagrams contributing to the interference of gg → H → γγ with the

continuum background. Only one diagram is shown at each loop order, for each amplitude. The

blob contains W and t loops, and small contributions from lighter charged fermions.

level. A potential worry, addressed in this letter, is the interference between the resonant

Higgs amplitude gg → H → γγ, and the continuum gg → γγ scattering process induced

by light quark loops. Higgs resonance-continuum interference has been studied previously

in gg → H → tt̄ at a hadron collider [15], and in γγ → H → W+W− and ZZ at a

photon collider [16]. These studies assumed that the Higgs boson is heavy enough to have a

GeV-scale width. In the case of a light (mH < 2min(mW , mt)), narrow-width Higgs boson,

the interference in gg → H → γγ was considered [8], but the dominant contribution in

the SM was not identified. Resonance-continuum interference effects are usually tiny for a

narrow resonance, and for mH < 150 GeV the width ΓH is less than 17 MeV. However, the

gg → H → γγ resonance is also rather weak. As shown in fig. 1, it consists of a one-loop

production amplitude followed by a one-loop decay amplitude. Thus a one-loop (or even

two-loop) continuum amplitude can partially compete with it.

In the SM, the production amplitude gg → H is dominated by a top quark in the loop.

The decay H → γγ is dominated by the W boson, with some t quark contribution as well.

For mH < 160 GeV, the Higgs is below the tt̄ and WW thresholds, so the resonant amplitude

is mainly real, apart from the relativistic Breit-Wigner factor. The full gg → γγ amplitude

is a sum of resonance and continuum terms,

Agg→γγ =
−Agg→HAH→γγ

ŝ − m2
H + imHΓH

+ Acont , (1)

where ŝ is the gluon-gluon invariant mass. The interference term in the partonic cross section

3

L.Dixon, M.Siu, hep-ph/0302233
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Interference

Interference has two pieces

Real part of Breit-Wigner: asymmetric around 
Higgs peak, negligible contribution to 
integrated cross section given that R doesn’t 
vary too quickly
Imaginary part of Breit-Wigner: constructive 
or destructive depending on the relative phase 
between signal and background

D.Dicus, S.Willenbrock, Phys.Rev.D37,1801
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 Imaginary part of Interference

Need imaginary part from SM background for the relative phase
SM continuum contribution starts at 1-loop

vanishing imaginary part in massless quark limit at LO

2-loop imaginary part leads to 1-2% destructive interference
Too small an effect to see ... Theoretical uncertainty on signal~15%
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FIG. 1: Sample Feynman diagrams contributing to the interference of gg → H → γγ with the

continuum background. Only one diagram is shown at each loop order, for each amplitude. The

blob contains W and t loops, and small contributions from lighter charged fermions.

level. A potential worry, addressed in this letter, is the interference between the resonant

Higgs amplitude gg → H → γγ, and the continuum gg → γγ scattering process induced

by light quark loops. Higgs resonance-continuum interference has been studied previously

in gg → H → tt̄ at a hadron collider [15], and in γγ → H → W+W− and ZZ at a

photon collider [16]. These studies assumed that the Higgs boson is heavy enough to have a

GeV-scale width. In the case of a light (mH < 2min(mW , mt)), narrow-width Higgs boson,

the interference in gg → H → γγ was considered [8], but the dominant contribution in

the SM was not identified. Resonance-continuum interference effects are usually tiny for a

narrow resonance, and for mH < 150 GeV the width ΓH is less than 17 MeV. However, the

gg → H → γγ resonance is also rather weak. As shown in fig. 1, it consists of a one-loop

production amplitude followed by a one-loop decay amplitude. Thus a one-loop (or even

two-loop) continuum amplitude can partially compete with it.

In the SM, the production amplitude gg → H is dominated by a top quark in the loop.

The decay H → γγ is dominated by the W boson, with some t quark contribution as well.

For mH < 160 GeV, the Higgs is below the tt̄ and WW thresholds, so the resonant amplitude

is mainly real, apart from the relativistic Breit-Wigner factor. The full gg → γγ amplitude

is a sum of resonance and continuum terms,

Agg→γγ =
−Agg→HAH→γγ

ŝ − m2
H + imHΓH

+ Acont , (1)

where ŝ is the gluon-gluon invariant mass. The interference term in the partonic cross section

3

±

±

The full ggH and γγH 
amplitudes are dominantly real 
for mH<2mt,2mW as top and W 
contribute most to the effective 
couplings; small imaginary part 
from light quark loops is 
suppressed by Yukawa couplings

Source of the phase?

Interference in diagrams:

g

g

t, b
H

γ

γ

W, t
b, c, τ · · ·

b, c, . . . u, c, d, s, b · · ·

∗

In SM, Agg→H and AH→γγ are mainly real, due to t,W

dominance in loop, for mH < 2mW .

At 1-loop, A∗
cont is also mainly real, because Dicus, Willenbrock

Atree(g±g± → qq̄) = Atree(qq̄ → γ±γ±) = 0 for mq = 0.

Dominant phase is from A2−loop
gg→γγ, in particular Im F L

−−++.

Resonance-Continuum Interferencein the LHC H → γγ Signal – p.10/20
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LO Mass Shift

Real-part interference
non-vanishing at 1-loop with massless quarks

odd around Higgs mass ⇒ Higgs mass peak shift

generically, asymmetric shape peaks/dips at mH ± ΓH/
2 ⇒ mass shift ~ ΓH

Different story when including effect 
of finite detector resolution

considerable contribution from Breit-Wigner tails 

potentially visible shift of Higgs mass peak ~ 100 
MeV
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FIG. 1: The distribution of diphoton invariant masses from the real interference term in eq. (12), as a
function of Mγγ =

√
ŝ, from eq. (10), before including experimental resolution effects. The right panel is a

close-up of the left panel, showing the maximum and minimum near Mγγ = MH ± ΓH/2.
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FIG. 2: The distribution of diphoton in-
variant masses from the real interference,
as in Figure 1, but now smeared by vari-
ous Gaussian mass resolutions with widths
σMR.

2.4 GeV. This has the effect of reducing the peak and dip in the interference, and moving their

points of maximal deviations from 0 much farther from MH .

To obtain the size of the shift in the Higgs peak diphoton distribution, one can now combine the

interference contribution with the non-interference contribution from eqs. (10) and (11). The results

are shown in Figure 3 for the case of a Gaussian mass resolution σMR = 1.7 GeV. The distribution

obtained including the interference effect is shifted slightly to the left of the distribution obtained

neglecting the interference. In order to quantify the magnitude of the shift, it will be necessary

to specify the precise method used to fit the signal; this is again beyond the scope of the present
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√
ŝ, from eq. (10), before including experimental resolution effects. The right panel is a
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FIG. 2: The distribution of diphoton in-
variant masses from the real interference,
as in Figure 1, but now smeared by vari-
ous Gaussian mass resolutions with widths
σMR.

2.4 GeV. This has the effect of reducing the peak and dip in the interference, and moving their

points of maximal deviations from 0 much farther from MH .

To obtain the size of the shift in the Higgs peak diphoton distribution, one can now combine the

interference contribution with the non-interference contribution from eqs. (10) and (11). The results

are shown in Figure 3 for the case of a Gaussian mass resolution σMR = 1.7 GeV. The distribution

obtained including the interference effect is shifted slightly to the left of the distribution obtained

neglecting the interference. In order to quantify the magnitude of the shift, it will be necessary

to specify the precise method used to fit the signal; this is again beyond the scope of the present

S.Martin, hep-ph/1208.1533

Interference only (LO)



LO Mass Shift
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FIG. 2.1: The diphoton invariant mass distri-
bution, with and without interference included,
before including any experimental resolution ef-
fects, computed for pp → γγ at leading order as
described in section II from the partonic process
gg → γγ, for 8 TeV pp collisions at the LHC,
with pT > 40 GeV and |η| < 2.5 for the pho-
tons. Here Mγγ =

√
h is the diphoton mass.

The three panels show exactly the same results
but with different scales on the axes.

For pp → γγ, the cuts on the transverse momenta and pseudo-rapidity of the photons are

pTγ > pcutTγ = 40 GeV, (2.11)

|ηγ | < ηcutγ = 2.5. (2.12)

These cuts are implemented in the numerical integration of this section (with no extra jet) simply

by imposing the restrictions that |y| < ηcutγ and that |z| is less than both
√

1− 4(pcutTγ )
2/h and

tanh(ηcutγ − |y|). The results below therefore differ from ref. [30], where these cuts on the photons

were mentioned but not directly applied. The impact of this is to reduce the mass shift due to the

interference somewhat.

For purposes of illustration, I take MH = 125 GeV and ΓG = 4.2 MeV. The parameter Cγ

is evaluated using mt = 168.2 GeV, mb = 2.78 GeV, mc = 0.72 GeV, mτ = 1.744 GeV, and

α = 1/127.5. Also, to facilitate comparison with an eventual NLO calculation, I have used MSTW

2008 NLO [54] parton distribution functions with factorization scale µF = MH , and evaluated

the corresponding strong coupling at the same renormalization scale µR = MH ; explicitly this is

αS(MH) = 0.114629. The unsmeared diphoton lineshape is shown in Figure 2.1. For
√
h very close
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FIG. 2.2: The diphoton invariant mass distribution for pp → γγ at leading order, with and without interfer-
ence included, as in Figure 2.1, but now including the effects of a Gaussian mass resolution with σMR = 1.7
GeV. The two panels show the same results with different scales on the axes.

to MH , the lineshapes are nearly indistinguishable, but for |
√
h−MH | ∼> 50 MeV, the magnitude of

the interference term is much larger than the pure resonance contribution, due to the long tails of

the square root of the Breit-Wigner lineshape. The effect of the interference is to produce slightly

more events below MH than above MH , because the function I(h) in eq. (1.3) is negative near√
h = MH .

The effects of detector resolution are complicated, depending on the location and type of inter-

action of photons in the detector. For simplicity, I assume a Gaussian invariant mass resolution,

with mass resolution widths σMR. For a typical case σMR = 1.7 GeV, the diphoton lineshape after

this Gaussian smearing is shown in Figure 2.2. After Gaussian smearing there remains a potentially

detectable shift in the diphoton mass distribution.

The magnitude of this shift will depend on the methods used by the experimental collaborations

to fit to the lineshape, in particular the background. In [30], one measure of this shift was described,

but a simpler and better method is to simply do a least-squares fit of the lineshapes with and

without interference to a Gaussian with the same width σMR as was used to model the mass

resolution. For the purely resonant contribution without interference included, the peak of the

distribution is at
√
h = MH to very high accuracy. In the following, the difference between

the centers of the Gaussian fits with and without interference included will be called ∆Mγγ ≡
Mpeak

γγ −MH . The fit is performed over a range of
√
h from 115 GeV to 135 GeV, but the results

are not very sensitive to this particular choice. (Even a range 120 to 130 GeV gives nearly the

same results, except when σMR is larger than about 2.5 GeV.) The magnitude of the shift by this

measure is shown in Figure 2.3, for varying σMR used for both the smearing and the fit. The

magnitude of the shift according to this measure actually increases nearly linearly with increasing

mass resolution width σMR. For a typical average value σMR = 1.7 GeV, the shift is about

∆Mγγ = −125 MeV after cuts; it would be about −165 MeV before the photon pT and η cuts.

This is because the continuum amplitude has larger support at small scattering angles (z near ±1),

S.Martin, hep-ph/1303.3342



NLO QCD Correction
Known large K factor of Higgs production and 
SM background in QCD at NLO

more uncertainty when pT veto is involved

Interplay between real and imaginary part of the 
interference leads to K factor depending on Mγγ 

imaginary part interference starts at 2-loop and is small

real part interference receives a relative constant K 
factor (~2 for inclusive case) between that of pure signal 
(~2.5) and background (~1.5)

LHC @ 8 TeV �MR = 1.7 GeV

mH/2 < µR, µF < 2mH
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smaller background K factor ⇒ reduced mass shift
with radiation, the extra contribution from the 
interference with tree level diagram in quark gluon 
channel, LO(qg), partly cancels with interference of gluon 
gluon channel, (N)LO(gg) ⇒ further reduces mass shift

mostly insensitive to pT veto choice because of  large 
contribution from virtual correction
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D. de Florian etc. hep-ph/1303.1397



Probing Mass Shift
Need a reference channel to measure the shift:

ZZ* channel where interference near Higgs resonance is negligible
do it within γγ channel alone?

Cancellation between qg and gg channels results in strong dependence on 
Higgs pT

Potentially observable with high luminosity data: better choice because 
experimental systematic uncertainty may cancel to some extent

enhanced by ⌃Q2
and gluon PDF

enhanced by ⌃Q2

tree level
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Bounding Higgs Width

Mass shift sensitive to 
Higgs width due to 
modified couplings

must keep constant signal yields 
to be consistent with current 
experimental observation

simple solution if vanishing 
destructive (constructive) 
interference

In case NP flips the sign 
of Higgs amplitude ⇒ 
Constructive Interference

Constrain/determine 
Higgs width!
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FIG. 5. Higgs mass shift as a function of Higgs width. The
coupling in the Higgs to diphoton amplitude is adjusted ac-
cording to di↵erent total width to by maintaining the constant
signal yields

If we allow the Higgs width to be di↵erent from the
SM prediction, the coupling in Higgs diphoton decay has
to change accordingly in order to maintain SM signal
yields, which is currently in reasonable agreement with
LHC measurement. We solve the modification of cou-
plings by the following equation,

c2g�S(mH)

�H
+ cg�I(mH) =

S(mH)

�SM
H

+ I(mH), (5)

where cg� = cgc� . Note that, the solution is exactly

cg� =
q
�SM
H /�H when interference from the imaginary

part of Breit-Wigner propagator, I(mH), vanishes, which
is indeed the case at LO in the massless quark limit, and
as a result the mass shift depends linearly on

p
�H . The

solution of the modified coupling is more involved when
the 2-loop interference is included. In FIG. 5, we show

the mass shift dependence on variable Higgs width while
keeping the signal yields constant. At small Higgs width,
the destructive interference is small and mass shift still
changes linearly with

p
�H . The behavior is modified for

large Higgs width due to the increasing destructive inter-
ference, where the mass shift changes almost linearly with
�H . New physics, such as a charged heavy fermion which
couples to Higgs boson, may reverse the sign the Higgs
diphoton amplitude, leading to a positive mass shift in-
stead. The dependence on variable Higgs width in this
alternative case is also included in FIG. 5.

DISCUSSION

In this letter, we studied the interference of a SM Higgs
with the SM diphoton continuum background at NLO in
QCD. The mass shift is found to be largely stable for
moderate jet veto pT cuts. In addition, we provides a
more precise prediction of the dependence of mass shift
on Higgs finite pT by including the contribution from
quark gluon scattering via quark loops, and point out
that the possibility of measuring such dependence in LHC
in the future. Furthermore, we consider the scenario
where new physics modifies Higgs width but keeping the
same event rates in the diphoton channel, in order to
be consistent with current experimental observation, and
shows the correlation between mass shift and the Higgs
width, which could potentially help experimentalists in-
directly put bounds on the Higgs width.
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is indeed the case at LO in the massless quark limit, and
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solution of the modified coupling is more involved when
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the mass shift dependence on variable Higgs width while
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Recap

The interference of Higgs signal and SM continuum 
background survives at NLO, allowing the width to be 
measured separately from couplings experimentally

Part of interference proportional to real part of BW 
propagator yields potentially observable mass shift with 
finite detector resolution
Strong dependence of mass shift on finite Higgs pT 
provides way of detecting without reference to ZZ*
Increasing Higgs width leads to considerably larger mass 
shift and enhanced constructive/destructive interference



The discussion so far applies to any CP-even spin-0 
particles that couples to photons and gluons similar to 
SM Higgs
Could the observed “Higgs” be in a mixed state of 
CP, or even a spin-2 particle?

Interference could modify angular distribution of diphoton final states

Possible large constructive/destructive interference to signal strength

Other Scenarios



Higgs in Mixed CP State

New CP-odd couplings in the effective 
Lagrangian

In SM, cg/γ=1 is reserved for adjusting couplings for 
Higgs in mixed CP state; bg/γ is given via matching from 
full theory; sg/γdg/γ=0 when Higgs is a CP-even scalar

sg/γ  is reserved for the same purpose as cg/γ

Define dg/γ so that when we turn off original CP-even 
coupling (cg/γbg/γ=0) and set sg/γ=1, the total cross 
section of SM Higgs signal is reproduced ⇒ dg/γ = bg/γ 
at LO

I. INTRODUCTION

The LHC experiments have recently discovered a new boson with a mass of about 125

GeV [1, 2]. It is important to test as many of its properties as possible.

II. THEORETICAL DESCRIPTION

In order to parametrize possible deviations from the SM in the coupling of the Higgs

boson to the massless vector boson pairs gg and ��, we adopt the following notation for the

e↵ective Lagrangian,

L = �

↵s

8⇡
(cgbgGa,µ⌫G

µ⌫
a + sgdgGa,µ⌫G̃

µ⌫
a ) +

↵

8⇡
(c�b�Fµ⌫F

µ⌫ + s�d�Fµ⌫F̃
µ⌫)

�
h

v
, (2.1)

where bg,� are defined to absorb all SM contributions, and cg,� di↵er from 1 in the case of

new physics, while sg,� and dg,� model CP-odd couplings of Higgs to gluons and photons

and should vanish for SM case. We define dg,� this ways so that when we turn o↵ the

CP-even couplings of Higgs to gluons and photons cg,� and set sg,� to unit, we obtain the

same amplitude for gluon/photon pair to Higgs for the gluon/photon pair have the same +

helicity, i.e.

Ag+g+H(cg = 1, bg, sgdg = 0) = Ag+g+H(cgbg = 0, sg = 1, dg),

A�+�+H(c� = 1, b�, s�d� = 0) = A�+�+H(c�b� = 0, s� = 1, d�). (2.2)

For the convenience, let’s define the SM amplitude as

Ag = Ag+g+H(cg = 1, bg, sgdg = 0),

A� = A�+�+H(c� = 1, b�, s�d� = 0). (2.3)

Finally, we can write down the matrix element for gluon fusion into diphoton as,

Msig
g+g+!�+�+ = (cgc� + cgs� + sgc� + sgs�)

AgA�

(M2
�� �M2

H) + i�HMH

,

Msig
g�g�!���� = (cgc� � cgs� � sgc� + sgs�)

AgA�

(M2
�� �M2

H) + i�HMH

,

Msig
g+g+!���� = (cgc� � cgs� + sgc� � sgs�)

AgA�

(M2
�� �M2

H) + i�HMH

,

Msig
g�g�!�+�+ = (cgc� + cgs� � sgc� � sgs�)

AgA�

(M2
�� �M2

H) + i�HMH

. (2.4)

2



Higgs in CP Mixed State
To keep constant signal yield, it’s not hard to find the solution: cg/γ2+sg/γ2=1, 
naturally parametrized as cg/γ, sg/γ = cos(ηg/γ), sin(ηg/γ)

If we treat the two CP phases (ηg,ηγ) independently, the interference could change signs, resulting in 
positive mass shift

The mass shift is roughly 1.5 times stronger in pure CP-odd case compared to CP-even case at LO, though 
CP-odd case strongly disfavored experimentally

A(g±g±H) = (cg ± isg)ASM(g±g±H)

A(�±�±H) = (c� ± is�)ASM(�±�±H)

Prelimin
ary

NLO effect is hard to tell (depending 
on the full theory giving rise to the 
CP-odd couplings) but is expected 
to increase signal and interference 
both as in the SM case

pure CP-odd: ⌘g,� = ±⇡

2
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Higgs with Finite pT

The mass shift dependence of finite pT as CP phases vary has similar 
behavior to the zero pT case

solid line is for SM; dotted line is for cg/γ=0, sg=sγ=1; dashed line is for cg/γ=0, sg=-sγ=1

mass shift no longer crosses 0 in pure CP-odd case

0 20 40 60 80 100
!200

!100

0

100

200

pT ,H ! GeV

"
M

H
!MeV

H#g!q $ O"ΑS3#H#g!q $ O"ΑS3#!O"ΑS2#H#g $ O"ΑS3#

A(g±g+g+H) = (cg ± isg)ASM(g±g+g+H)

A(q±q̄⌥g+H) = (cg ± isg)ASM(q±q̄⌥g+H)
Prelimin
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analysis
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Higgs with Spin-2

The interference btw signal and background occurs with 
different helicity configurations (compared to spin-0 
case)

Gluon and photon pairs have opposite helicity due to spin conservation

Thus non-vanishing imaginary part of SM background amplitude in 
massless quark limit at LO

Graviton-like: photon and gluon couples to spin-2 
particle via stress energy tensor

Dictates couplings to photon and gluon with the same sign

Also discuss couplings with different signs here for completeness

Direct coupling of H to quarks not included as it’s small for graviton-
like case



Signal vs. Interference

Prelimin
ary

almost flat profile for small scattering angle

the light-quark contribution for all scattering angles.) We take α = 1/137 throughout, as

is appropriate for real-photon emission. Since s12 > 0, the logarithm ln(−s12) has to be

continued, picking up an imaginary part, ln(−s12) → ln s12 − iπ.

After letting s12 = ŝ, s23 = −1
2 ŝ(1−c) and s13 = −1

2 ŝ(1+c) with c = cos θ, the interference

product, summed over colors, for this helicity configuration is given by

[AresA
∗
cont](1

−
g , 2+

g , 3−γ , 4+
γ ) = 16 Ggγ ααsQ

2
sum

1

ŝ − M2 + iMΓ

×

[

(

1 +
(1 − c)2

4

)

ln
(

2

1 − c

)(

ln
(

2

1 − c

)

+ 2iπ
)

−
(1 + c)(3 − c)

2

(

ln
(

2

1 − c

)

+ iπ
)

+
(1 + c)2

2

]

. (2.4)

We now add the complex conjugate term, as well as the square of the signal amplitude.

Then we average (sum) over initial (final) spins and color, and include a factor of 1/2 for

the identical photons in the final state. Separating out the even and odd terms, we arrive

at

|A|2 =

[

G2
gγ

256
f0(c) + πξMΓfi(c)

]

1

(ŝ − M2)2 + M2Γ2

+ ξfr(c)
ŝ − M2

(ŝ − M2)2 + M2Γ2
, (2.5)

where

f0(c) = 1 + 6c2 + c4 , (2.6)

fi(c) = 2

[

(

1 +
(1 − c)2

4

)

ln
( 2

1 − c

)

+
(

1 +
(1 + c)2

4

)

ln
( 2

1 + c

)

]

− 3 + c2 , (2.7)

fr(c) =
(

1 +
(1 − c)2

4

)

ln2
(

2

1 − c

)

−
(1 + c)(3 − c)

2
ln

(

2

1 − c

)

+
(

1 +
(1 + c)2

4

)

ln2
(

2

1 + c

)

−
(1 − c)(3 + c)

2
ln

(

2

1 + c

)

+ 1 + c2 , (2.8)

and

ξ =
11

72
Ggγααs . (2.9)

Remarkably, the ratio fi(c)/f0(c) is almost independent of cos θ for cos θ < 0.77, as

shown in fig. 1. At leading order, cos θ < 0.77 is required by the typical experimental cut

on the photon transverse momentum, pγ
T > 40 GeV. Therefore the cos θ distribution will be

distorted very little in the experimentally accessible region, even if the interference effect is

large enough to have a sizable effect on the rate.
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on the photon transverse momentum, pγ
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c = cos ✓

Gg� > 0 for heavy graviton

Normalize the spin-2 coupling so that signal yield is the 
same as the SM Higgs 

Need non-zero photon pT cut for finite interference 
contribution in spin-2 case

Choose pTcut = 40 GeV to solve for Ggγ by equating the 
yields for spin-0 and spin-2

Moderate pT cut (40 GeV) limits photon to central 
region where interference and signal has relatively 
similar angular dependence

signal-only angular distribution analysis largely 
unaffected by interference contribution
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Strong constructive/
destructive interference at 
large width because 
imaginary part interference 
starts at LO

FIG. 4: Ratio of the event yield for a photon pT cut of 40 GeV, including interference with the

continuum, to the yield neglecting the interference, as a function of the resonance width. The solid

(red) line arises when Gg and Gγ have the same sign; the dashed line when they have the opposite

sign.

The apparent mass shift can be tens or even hundreds of MeV.

We did not study any non-minimal coupling case yet. However, it seems likely that the dis-

tortions of the angular distributions would generically be larger in this case. That is because

the only continuum helicity amplitude that has an imaginary part is Acont(1−g , 2+
g , 3−γ , 4+

γ ),

and its imaginary part was remarkably proportional to the resonant amplitude for large

scattering angles. Non-minimal spin 2 couplings generically allow for other helicity configu-

rations, which change the resonant amplitude’s angular behavior, disrupting its proportion-

ality to the interference term imaginary part.

We thank Narei Lorenzo Martinez for stimulating this work and for helpful discussions.

This research was supported by the US Department of Energy under contract DE–AC02–
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Interference on Signal Yields (Spin-2)

FIG. 5: The lineshape for a spin 2, minimally coupled (2+m) resonance in gg → G → γγ with a

width Γ = 100 MeV and Ggγ > 0, at a scattering angle of θ = 45◦. The dashed line is the resonance

lineshape neglecting interference with the continuum. The solid red line shows the constructive

interference from the imaginary part. The solid green line gives the contribution from the real

part. The total is given by the solid black line.

scattering angles. Non-minimal spin 2 couplings generically allow for other helicity configu-

rations, which change the resonant amplitude’s angular behavior, disrupting its proportion-

ality to the interference term imaginary part.

We thank Narei Lorenzo Martinez for stimulating this work and for helpful discussions.

This research was supported by the US Department of Energy under contract DE–AC02–

76SF00515.
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for Γ = 100 MeV : O(1) correction to 
signal yields (~50%)

Affect the coupling measurement in 
spin-2 interpretation

Prelim
inary



Future Work

Continue study of interference with jets: important 
due to strong dependence on finite pT in Higgs 
case

Calculation implemented in Sherpa for further angular 
correlation analysis
Higher order correction with resummation helpful for 
future precision studies

What role interference plays in Higgs production 
via vector boson fusion?

most likely small but needs to be examined



Conclusion

The interference in Higgs diphoton 
decay channel provides additional 
degree of freedom to constrain/measure 
Higgs width
Interference can also be used to probe 
other properties of Higgs: spin, CP ...



Backup slides



Interference in ZZ and γγ
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FIG. 2.1: The diphoton invariant mass distri-
bution, with and without interference included,
before including any experimental resolution ef-
fects, computed for pp → γγ at leading order as
described in section II from the partonic process
gg → γγ, for 8 TeV pp collisions at the LHC,
with pT > 40 GeV and |η| < 2.5 for the pho-
tons. Here Mγγ =

√
h is the diphoton mass.

The three panels show exactly the same results
but with different scales on the axes.

For pp → γγ, the cuts on the transverse momenta and pseudo-rapidity of the photons are

pTγ > pcutTγ = 40 GeV, (2.11)

|ηγ | < ηcutγ = 2.5. (2.12)

These cuts are implemented in the numerical integration of this section (with no extra jet) simply

by imposing the restrictions that |y| < ηcutγ and that |z| is less than both
√

1− 4(pcutTγ )
2/h and

tanh(ηcutγ − |y|). The results below therefore differ from ref. [30], where these cuts on the photons

were mentioned but not directly applied. The impact of this is to reduce the mass shift due to the

interference somewhat.

For purposes of illustration, I take MH = 125 GeV and ΓG = 4.2 MeV. The parameter Cγ

is evaluated using mt = 168.2 GeV, mb = 2.78 GeV, mc = 0.72 GeV, mτ = 1.744 GeV, and

α = 1/127.5. Also, to facilitate comparison with an eventual NLO calculation, I have used MSTW

2008 NLO [54] parton distribution functions with factorization scale µF = MH , and evaluated

the corresponding strong coupling at the same renormalization scale µR = MH ; explicitly this is

αS(MH) = 0.114629. The unsmeared diphoton lineshape is shown in Figure 2.1. For
√
h very close
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Figure 16. MZZ distributions for gg → H → ZZ → !!̄ν!ν̄! for MH = 125GeV. Interference effects
in the region of the Higgs resonance and the Z-pair threshold are shown. Details as in Fig. 15.
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Figure 17. MZZ distributions for gg → H → ZZ → !!̄ν!ν̄! for MH = 125GeV. Off-shell and
interference effects in the vicinity of the Higgs resonance are shown. Details as in Fig. 15.

space region, which is also affected by sizable Higgs-continuum interference, contributes.

– 19 –

interference 
in ZZ is very 

small

The mass measurement can be approximated by a least square 
fit of the mass peak, which can be shown via likelihood 
analysis by assuming a relatively constant and well-modeled 
background in the mass range of consideration
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