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We consider interference between the Higgs signal and QCD background in gg — h — v and
its effect on the on-shell Higgs rate. The existence of sizable strong phases leads to destructive
interference of about 2% of the on-shell cross section in the Standard Model. This effect can be
enhanced by beyond the standard model physics. In particular, since it scales differently from the
usual rates, the presence of interference allows indirect limits to be placed on the Higgs width in a
novel way, using on-shell rate measurements. Our study motivates further QCD calculations to re-
duce uncertainties. We discuss possible width-sensitive observables, both using total and differential
rates and find that the HL-LHC can potentially indirectly constrain widths of order tens of MeV.

Introduction.— The recent discovery of a Standard
Model (SM)-like Higgs boson at the LHC opens a new
era of research in particle physics. The Higgs boson is
directly connected to the origin of mass of fundamental
particles and the electroweak scale. Therefore, precision
tests of the properties of the Higgs boson provide a unique
window into these basic questions. At the LHC, the cur-
rent sensitivity in the cleanest Higgs boson channels is
already exceeding expectations, while projections for fu-
ture sensitivity after the high luminosity LHC (HL-LHC)
run are at the few percent level [1, 2]. In anticipation
of the coming era of high precision Higgs physics, small
effects in Higgs production and decay rates should be
carefully scrutinized, and together with new observables,
they may shed light on beyond the standard model effects
encoded in the Higgs partial and total decay widths.

In this letter, we explore the physics potential for con-
straining the SM Higgs total decay width from the change
in on-shell Higgs rates due to interference effects between
the Higgs signal and the QCD background. This change
in rates requires the existence of a so-called strong phase
in the amplitudes, that can be present both in the Higgs
signal and in the continuum background, as is the case in
the SM. We shall demonstrate that, the different scaling
behavior between the strong phase induced interference
and the Breit-Wigner parts of the on-shell Higgs rate may
allow the placement of bounds on, or even measurements
of, the Higgs boson total width. Both theoretical and ex-
perimental uncertainties are the leading limiting factors
in this program. On the other hand, without the strong
phase induced interference effects, fits to on-shell Higgs
rates can only place bounds on the total width by making
definite theoretical assumptions [3-5].

In the following we shall focus on the process gg —
h — 77, which will be measured with very high precision
at the LHC. The interference effect affecting the Higgs
production rate through this process was estimated more
than a decade ago in Refs. [6, 7]. We explore this effect
further and highlight for the first time the resulting sen-

sitivity to the Higgs boson total decay width. We study
the change in the cross section as a function of a veto
on the Higgs boson transverse momentum and as a func-
tion of the photon scattering angle in the diphoton rest
frame. More recently, interference effects in this chan-
nel have been studied extensively in [8-11], putting the
main emphasis on the interference part proportional to
the real component of the scalar propagator that shifts
the Higgs diphoton invariant mass peak at the +10 MeV
to —70 MeV level, depending on the cuts. The interfer-
ence effect investigated in this work is complementary to
those studies in the sense that, it is proportional to the
imaginary component of the propagator and provides in-
formation on the Higgs total decay width from an on-shell
Higgs boson cross section measurement. Our effect is also
complementary to the off-shell method [12-14], since it is
independent of new physics effects that may distort the
measurements in the far off-shell region.

Interference effects and sensitivity to the Higgs
Width.— To quantify the effect of the Higgs boson on
the diphoton production rate, including the effect of in-
terference with QCD background, we compute observ-
ables based on the following combination of amplitudes,

IMp|* = |Ap + Avig|* — |Abkg|*
= |Ah|2 + 2Re [AhA;;kg] s (1)

where Aj, and Apk, are amplitudes for diphoton produc-
tion through an s-channel Higgs and for the rest of inter-
fering SM processes, respectively. For simplicity, helicity
indices are suppressed in this section. In the following,
it is useful to write the amplitude for gg — h — v
in a form which explicitly factors out the loop-induced



couplings to gluons (F,y) and photons (F,),"
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Ap = Aggsnsyy X FogFyy . (2)
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Considering Eq. (1), the interference term can come from
different contributions. Taking both Fj, and F,, as real
Wilson coeflicients of effective vertices is sufficient for
most purposes. In such a case, Ay is purely imaginary
when exactly on-shell, § = m%. In addition, the phase of
the leading order QCD background amplitude for gg —
v is often neglected. These two approximations imply
that the interference term in Eq. (1) vanishes at § = m3.
Moreover, under the above conditions, the interference
term is proportional to the real part of Ay, and hence an
odd function of § — m3?. Therefore, upon d$ integration
the interference term does not change the overall rate but
rather shift in the location of the peak [8-11].%

Interestingly, a careful inspection of additional contri-
butions to the interference term reveals effects that are
not captured in the above discussion. Both the Higgs
couplings Iy, and F,, as well as the background am-
plitude Ay, receive absorptive contributions that arise
from loops of particles that are sufficiently light to be on
shell. The resulting induced phases are usually dubbed
‘strong phases’ in the flavor literature and we will adopt
this terminology here.? In the presence of a strong phase
we can write the interference term as

2|A Fyl||F

(M [2= 2Re[AnAfy,] = (é—ltzgg')fi"r{rjzl,% (3)

x [(8 — m}) cos(Sbkg — 6n) +maTh sin(Sbrg — 61,

where we have taken §, = arg[Fy,| + arg[F,,] and
dbkg = arg[Apke] as the signal and background strong
phases, respectively. The first term in the square bracket
is the contribution to the interference term that, as we
discussed below Eq. (2), does not modify the overall rate
upon integration over §. The second term is the sub-
ject of this work and leads to a modified rate in the
presence of a strong phase. For convenience, we define
|IMp|2, = RM + it and §5 = dpkg — 05, such that

2|Abkg||FggHFw|
(s —mj)? + Tmj
2|Abkg||FggHFw|
(s —mj)? + Timj;

Rint = (5 —m3) cos b

Tint = mpTp sin 0. (4)

1 The use of alternatives to the Breit-Wigner form used here, such
as the scheme advocated in Ref. [15], would lead to differences
much smaller than one per mille to the on-shell rate.

This argument is correct up to very small corrections due to the
slope of the PDF and a slight §-dependence for the interference
term that generate an asymmetric contribution around the pole.
These effects are parametrically much smaller than the effect we
will study thus arer neglect here.

Strong phases, which are CP even, get their name because they
often arise in flavor physics from QCD dynamics. This is in
contrast with CP odd weak phases, e.g., the relative size of the
Higgs couplings to F'F' versus F'F
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FIG. 1. The lineshape induced by various contributions to

the cross-section for gg — h — v in the SM. The Breit-
Wigner line-shape, with no interference, is shown in blue
(dashed) while the effect of RI™ and Zi** (multiplied by a
factor of 10) are shown in red (dotted) and green (solid), re-
spectively. The overall effect of the interference in the full
NLO calculation is given by the brown (solid) line. The in-
sert in the top right is a magnification of the corresponding
interference lineshapes.

In the SM the dominant contribution to I}L“t comes
from the phase of the background amplitude at two
loops [6, 7]. The signal amplitude also contains a strong
phase, mainly due to bottom quark loops. We have per-
formed a calculation of the interference effect that ac-
counts for absorptive effects from both signal and back-
ground. In Fig. 1 we illustrate the features of the in-
terference effects. The line shape, the differential cross-
section as a function of 3, is shown for the pure Breit-
Wigner (only |Ap|?), and for the interference contribu-
tions Zi" and RI" as well as for the sum of both. For
visualization, the interference contribution I}L"t has been
magnified by a factor of 10. In this figure we show the
lineshapes obtained including NLO effects with virtual
corrections only. After summing over different interfer-
ing helicity amplitudes, we obtain averaged strong phases
0n = (m +0.036) and dpkg = —0.205 for the signal and
background, respectively.

Given that the interference term Z"* and the Breit-
Wigner term have a different dependence on the Higgs
boson total width and most other on-shell Higgs cross
sections are with negligible interference contribution, it
follows that the on-shell cross section of gg — h — vy
gains sensitivity to the total width. Schematically,
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This equation can be identified as expressing the para-
metric dependence of the cross section in the form of



0 = opw(l 4 Oint/oBw). The first term in this equation
displays the usual dependence of an on-shell cross section
on the decay width, identical to that of the narrow-width-
approximation result. In the absence of the interference
effect it implies that such cross sections are insensitive
to simultaneous changes to the Higgs couplings and to-
tal width that leave the quantity |Fyq|?|Fy-|?/T) invari-
ant — this is the so-called flat direction in this parame-
ter space. Combining the ~+v rate with other channels
will not eliminate this ambiguity since all on-shell rates
exhibit an identical scaling with the corresponding cou-
plings, namely g7g7 /T, where g; and gy are the couplings
for production and decay of the corresponding channel,
respectively. However the presence of the second inter-
ference term in Eq. (5) lifts this degeneracy. This spe-
cial dependence on the total width can, in the fullness
of time, be exploited by global fits of experimental data
that determine Higgs properties.

As a concrete example that demonstrates the poten-
tial of this novel effect, without loss of generality we can
consider excursions in the flat direction corresponding to,

[Fog*|Pnl* _ T
_ I
FEHPIFRE T

(6)

The total Higgs cross section can then be written as,

SM
Uin Fh Fh
o= Ulsahv@<1+a%1\$4v\/ FShM> = U%%G—Q%UF}SLM) (7)

The result of a full NLO calculation of the interference
effect are presented in Fig. 2, that shows the relative size
of the interference effect as a function of the total width,
normalized to its SM value, for parameter excursions de-
fined by Eq. (6). * The variation of the interference
effect with the total width is shown imposing a 20 GeV
ph-veto, with and without LHC cuts on the final state
photons. Since the interference effect is largest at small
scattering angles (see Fig. 3), the photon cuts reduce
the expected interference. This small consideration in
the SM leads to much bigger differences for T'j, > F%M.
Observe that in the SM the interference contribution is
destructive. However, if the sign of Fy F,., were flipped,
(6s — 7+ d5), the interference effect would lead to an
enhancement of the diphoton rate rather than a suppres-
sion. The theoretical scale uncertainty is shown in the
bottom panel of Fig. 2 and amounts to about fgggg For

example, the interference effect is —(2.201598)% without
photon cuts for SM Higgs. Although a measurement at
the 2% level may be challenging at the LHC, this shows
that a precise measurement of the gg — h — 7y rate can
place a limit on the width of the Higgs boson. In this

4 For details of the NLO calculation , see the supplemental material
with Refs [16-28].
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FIG. 2. The total signal rate change due to the interference
effect as a function of the Higgs total width normalized to
its SM value, while keeping the Breit-Wigner cross section
identical to that of the SM Higgs. The magenta and blue
(solid) lines represent the cases with and without LHC cuts
on the final state photons, respectively. The lower panel shows
the scale variation uncertainties for these interference terms
as bands delimited by the blue (dashed) and magenta (solid)
lines. The curves are obtained with a veto on the Higgs boson
pr at 20 GeV.

respect a measurement of the ratio of the v rate to the
4/ rate is a promising route to reduce many of the sys-
tematic and theoretical, e.g. PDF and other parametric,
uncertainties.

Kinematic Dependence of the Interference.— It
is important to understand the variation of the inter-
ference effect with kinematic variables. In Fig. 3 we
show the differential distribution of the ratio oi./oBw
as a function of the photon scattering angle (in the v
rest frame) for different orders of the signal and back-
ground amplitudes for the SM Higgs. The brown dot-
ted line shows the interference effect at LO (1-loop) in
both signal and background, but without including the
signal strong phase. Staying at this order, but now in-
cluding the strong phase in the Higgs amplitude leads
to a somewhat larger effect, shown by the green dashed
line. The background strong phase is suppressed by the
masses of light quarks at one loop, but this suppression
is absent at the two loop level. We therefore see a sizable
enhancement in this interference effect once we include
the background amplitude at two loops (magenta, dot-
dashed line). This curve is similar to the estimate of
Ref. [7]. The full NLO calculation is shown by the solid
blue line. The slight dilution of the effect going from the



gg—h(125 GeV)—-yy

orT T — T

8 -5~ -

L i

|8 Lo/ B

I ]

E i E

g g ~-10 7’1 Background one—loop |

L' - -~ Higgs one-loop i

L -=- Background two—loop l

-15— — FRUINLO —

5 1= —]

Q | .
<

> F \ ]

3 Of ]

(}S C ]

-1k — — — [

0 20 40 60 80

FIG. 3. Parton level cross section change due to the interfer-
ence effect as a function of the photon scattering angle in the
diphoton rest frame for the SM Higgs. The full NLO result is
shown in solid blue curve. The blue band in the lower panel
represents the scale uncertainty in the calculation of this ef-
fect. The dotted, dashed and dot-dashed lines correspond to
partial calculations where the strong phase is included at var-
ious orders (see text). The partial calculations include only
virtual corrections while the full calculation result includes a
Higgs pr veto of 20 GeV.

dot-dashed line to full NLO originates from an enhance-
ment of ogw from real emission effects. For all curves we
see that the interference effect is largest in the forward
direction due to the kinematic behavior of the interfering
background in this region.

Strategies for constraining the Higgs Boson
Width.— The most straightforward approach is to com-
pare the on-shell Higgs rate to the standard model pre-
diction, with and without the inclusion of the interfer-
ence term. The different parametric dependence of the
Breit-Wigner and interference terms would allows us to
access the Higgs total width. The HL-LHC projections
for the statistical uncertainty in the rate of the 0-jet and
1-jet tagged Higgs to diphoton channels are 4% and 5%,
respectively [2]. These measurements, however, are dom-
inated by larger systematic and theoretical uncertain-
ties, including those of beam luminosity and PDF. The
best measured channels at the LHC, gg — h — v and
gg — h — 4¢, provide the most accurate cross section
ratio, projected to be measurable at the 4% level [2]. In
contrast to single cross section measurements, the pre-
cision on this ratio is statistically limited. We observe,
however, that if we naively scale the statistical uncer-
tainty from the 8 TeV measurement [29] as the square
root of the number of events, one reaches an impres-
sive statistical uncertainty of 1-1.5% at the HL-LHC. To-
gether with the potential for improved analyses, it is not

unreasonable to have high expectations for future HL-
LHC performance. Regardless of the ultimate reach of
the HL-LHC, a few percent level is interestingly within
striking distance of this novel interference effect.

Keeping the current theoretical uncertainty band in
mind, the projected sensitivity of 4% on the ratio of
vy to 4¢ yields can be translated into an upper limit
of 22, 14, and 8 on I, /T5M at 1-0 level, for low, central
and high theoretical expectations on this interference ef-
fect, respectively.® These expected sensitivities assume
the observed measurement will agree with the standard
model prediction, including our interference effect. This
also assumes that the couplings to photons and Z bosons
maintain their SM ratio and the photon and gluon cou-
plings respect Eq. (6). The Higgs cross section precisions
are anticipated to improve by at least one order of mag-
nitude at a future circular pp collider [33, 34]. This can
be naively translated into lower and upper limits on the
Higgs total width of 0.5 < T',/T%M < 1.6 at 1-o level
using the central value from our NLO theory calculation.
This high level of precision may thus establish the exis-
tence of the interference effect at 3-o level and differential
distribution study will further improve it. ©

The interference effect on the total rate cannot be mea-
sured separately from the rate itself. Therefore it is im-
portant to consider strategies for limiting the size of the
interference effect independent of a flat direction or any
additional theory input for the ratio of the Higgs bo-
son branching fractions. The effects of interference can
be measured independently from the rate by probing its
dependence on kinematic observables such as the scat-
tering angle shown in Figs. 3. The best sensitivity to
this effect would presumably be achieved by employing a
multi-variate analysis on the data. Here we will simply
consider a coarse binning of these distributions that can
be compared with data as the precision improves.

The isotropic nature of the Higgs boson decay means
that, in principle, the interference effect can be mapped
out by measuring the photon polar angle in the Higgs
boson rest frame. Table I shows the size of the inter-
ference effect, as a fraction of the Breit-Wigner part of

5 This limit is worse by one order of magnitude than the off-shell
Higgs measurement that constrains the Higgs total width [12—
14]. However, unlike the off-shell Higgs measurement, our effect
is independent from the assumptions on the high-energy behavior
of the Higgs boson and the absence of new physics contribution
in the off-shell region. For more detailed discussion, see e.g.,
chapter 1.8 of the Higgs Yellow Report [30] and Refs. [31, 32].
Although the Higgs total width might be measured well by fu-
ture lepton colliders, our interference effect would still be impor-
tant for precision studies of the gg — H — ~~ process at the
FCC-hh. For example, our interference effect, together with the
diphoton invariant mass shift [8-11], would test the Higgs am-
plitude in both its I}L“t and Rih“t components. Furthermore, our
effect will be sensitive to CP-violation effects in the gluon-gluon-
Higgs coupling at the Higgs mass, which can hardly be tested
elsewhere. We leave this for future work.
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TABLE 1. The effect of the interference in bins of the photon
polar angle in the Higgs rest frame. The effect is shown for
three cases: no cuts, only a p veto of 20 GeV, and LHC
photon cuts in addition to the p/ veto. The scale uncertainties
are correlated across the various bins. Furthermore, the size
of the effect grows uniformly in all table entries as ~ /T"/T'swm,
for parameter excursions in which all other Higgs yields are
held fixed.

—0int/oBwW (%)
cos no cuts b veto cuts+veto

0.0-0.2| 0871035 | 1.28%053 | 1.3470%%
0.2-0.4| 0.91%03% | 1355057 | 1417072
0.4-0.6| 1.04%03) | 1531070 | 1.6270%3
0.6-0.8 1.37%95% | 1.9979% | 1.65797>
0.8-1.0| 3.55%0% | 4.85773% N

0.0-1.0| 1.52%082 | 2207388 | 1.487072

the Higgs boson signal, for a few bins in |cosé|. Here
we consider three selection criteria - the application of
no cuts at all, no photon cuts but the application of our
Higgs pr veto, and finally our LHC photon cuts together
with the veto. We will not attempt to estimate the reach
of this analysis method. However, observe that, for the
2 — 2 scattering configurations that dominate the inter-
ference effect, the value of |cosf)| is constrained by the
photon selection cuts. It would be possible to observe a
significantly larger interference if the photon acceptance
coverage were enlarged.

Conclusion.— In this letter we discuss the change in
the g9 — h — 7 on-shell rate, due to interference be-
tween the Higgs signal and the QCD background ampli-
tudes, as a way to provide a novel handle to constrain - or
even measure - the Higgs boson total width. We perform
a full NLO calculation at order o2 of the interference ef-
fect and find that in the standard model it leads to a
reduction of the on-shell rate by ~ 2%. The proposed
method for gaining sensitivity to the Higgs boson width
is complementary to other methods that have been dis-
cussed in the literature. Altogether our study aims at
motivating a more thorough examination of Higgs preci-
sion physics taking into account the strong phase induced
interference effect in different Higgs boson observables.
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