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Figure 7. The di↵erential cross section for pp ! H ! �� as a function of (a) the dijet rapidity
separation, |�yjj |, and (b) the azimuthal angle between the dijet and diphoton systems presented
as |⇡ �����,jj |. The data and theoretical predictions are presented the same way as in figure 4,
although the SM prediction is now defined using the Minlo HJJ prediction for gluon fusion and
the default MC samples for the other production mechanisms. The Minlo HJJ prediction is
normalised to the LHC-XS prediction using a K-factor of K

ggF

= 1.10.

2.3�. This deviation remains present if the azimuthal angle between the jets is constructed

using only central jets (|y| < 2.4) with an increased JVF cut, which suggests that pileup is

not responsible for the additional back-to-back jets. Similarly, the contribution of double

parton scattering to H+2 jet production was estimated to be just 1.3%, using the e↵ective

area parameter for double parton scattering measured in W +2 jet events at ATLAS [110].

The azimuthal angle between the jets is sensitive to the charge conjugation and parity

properties of the Higgs boson interactions. For example, in gluon fusion, a CP-even coupling

has a dip at ⇡/2 and peaks at 0 and ⇡, whereas a purely CP-odd coupling would present as a

peak at ⇡/2 and dips at 0 and ⇡ [19–21]. For VBF, the SM prediction is approximately flat

with a slight rise towards |��jj | = ⇡ [18]. Any additional anomalous CP-even or CP-odd

contribution to the interaction between the Higgs boson and weak bosons would manifest

itself as an additional oscillatory component, and any interference between the SM and

anomalous couplings can produce distributions peaked at either |��jj | = 0 or |��jj | = ⇡

[18]. The shape of the distribution is therefore sensitive to the relative contribution of

gluon fusion and vector-boson fusion, as well as the tensor structure of the interactions

between the Higgs boson and gluons or weak bosons. To further quantify the structure of

the azimuthal angle between the two jets, an asymmetry is defined as
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gg → γγ technically begins at next-to-next-to-leading
order (NNLO), but it is greatly enhanced by the large
gluon parton distribution function (PDF) at small x.)
Here we present the dominant NLO corrections to the
interference between the Higgs signal and background in
QCD.
Figure 1 shows, first, the leading-order (LO) contri-

bution to the interference [denoted by LO (gg)] of the
resonant amplitude gg → H → γγ with the one-loop
continuum gg → γγ amplitude mediated by the five
light quark flavors. We also include the tree-level pro-
cess qg → γγq, whose interference with qg → Hq → γγq
[denoted by LO (qg)] is at the same order in αs as the
leading gg → H → γγ interference, although suppressed
by the smaller quark PDF. It was already considered in
refs. [6, 7]. The contribution from qq̄ → Hg → γγg is
numerically tiny [6, 7] and we will neglect it.
Finally, fig. 1 depicts the three types of continuum am-

plitudes mediated by light quark loops that we include in
the dominant NLO corrections [denoted by NLO (gg)]:
the real radiation processes, gg → γγg and qg → γγq
at one loop, and the virtual two-loop gg → γγ process.
All these amplitudes are adapted from refs. [18–20]. The
soft and collinear divergences in the real radiation pro-
cess are handled by dipole subtraction [21, 22]. Although
the contribution from qg → γγq via a light quark loop is
not the complete contribution to this amplitude, it forms
a gauge-invariant subset and it is enhanced by a sum over
quark flavors, so that it gives a significant contribution
to the interference at finite Higgs transverse momentum.

NLO (gg): +

+ +

LO (gg): H LO (qg):

FIG. 1. Representative diagrams for interference between the
Higgs resonance and the continuum in the diphoton channel.
The dashed vertical lines separate the resonant amplitudes
from the continuum ones.

In order to parametrize possible deviations from the
SM in the coupling of the Higgs boson to the massless
vector boson pairs gg and γγ, we adopt the notation of
ref. [23] for the effective Lagrangian,

L = −
!αs

8π
cgbgGa,µνG

µν
a +

α

8π
cγbγFµνF

µν
" h

v
, (1)

where bg,γ are defined to absorb all SM contributions, and
cg,γ differ from 1 in the case of new physics. We divide
the lineshape for the Higgs boson into a pure signal term

and an interference correction, written schematically in
the narrow-width approximation (NWA) as,

dσsig

dMγγ
=

S

(M2
γγ −m2

H)2 +m2
HΓ2

H

, (2)

dσint

dMγγ
=

(M2
γγ −m2

H)R +mHΓHI

(M2
γγ −m2

H)2 +m2
HΓ2

H

. (3)

The signal factor S is proportional to c2gc
2
γ , while the

real and imaginary parts of the interference terms, R
and I, are proportional to cgcγ . We take the resonance
mass to be mH = 125 GeV and the SM width to be
ΓSM
H = 4 MeV [24]. In the NWA, the integral of the cross

section over the resonance is given by πS/(2m2
HΓH) and

πI/(2mH) for signal and interference respectively. Note
that R has a different dependence on the Higgs width
and couplings than does the integrated signal, i.e. cgcγ
versus c2gc

2
γ/ΓH . Hence any effect due to R could be used

to constrain ΓH independently of the Higgs couplings.
The theoretical lineshapes (2) and (3) are very nar-

row, and strongly broadened by the experimental reso-
lution. The main effect of the real term R after this
broadening is to shift the apparent mass slightly [5]. Fol-
lowing ref. [5], we model the experimental resolution by
a Gaussian distribution. Although a definitive study of
the apparent mass shift has to be performed by the ex-
perimental collaborations, using a complete description
of the resolution and the background model, we estimate
it as follows: For the distribution in the diphoton invari-
ant mass M , the likelihood of obtaining N events with
M = M1,M2, . . . ,MN is,

L =
#LN

N !
e−Ñ

N
#

i=1

dσ̃

dM

$

$

$

$

M=Mi

, (4)

where #L is the integrated luminosity. Variables with
tildes denote the prediction of the “experimental model,”
a pure Gaussian with a variable mass parameter m̃H . For
the true distribution, obtained by convoluting the sum
of eqs. (2) and (3) with a Gaussian of the same width,
σ = 1.7 GeV, we use variables without tildes.
To fit for the shifted mass, we minimize the test statis-

tic t = −2 lnL with respect to m̃H . We derived the
following equation determining the mass shift ∆mH ≡
m̃H −mH :

0 = δ⟨t⟩ ∝
%

dM
dσ̃
dM − dσ

dM
dσ̃
dM

δ
dσ̃

dM
≈
%

dM
dσ̃
dM − dσ

dM
dσ
dM

δ
dσ̃

dM

= δ

&

%

dM

'

dσ̃
dM

− dσ
dM

(2

2 dσ
dM

)

, (5)

where δ ≡ δ/δm̃H . Because dσ
dM

in the denominator
should include the large continuum background, which is
roughly constant throughout the range of consideration,
eq. (5) reduces to a simple least-squares fit. The mass



General Idea

• Translate line shape or apparent mass shift into a limit on the Higgs Width

• Three Methods I can think of:  
I. Directly use apparent mass shift with an external control mass. 
II. Use apparent mass shift with an internal control mass. 
III. Analyze full line shape
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which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the difference
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to differ from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

mHΓH
+ cgγI =

!

S

mHΓSM
H

+ I

"

µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction

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#

FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal strength, in this case µγγ = 1.

(σ/σSM). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mHΓSM

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
#

µγγΓH/ΓSM
H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
ΓH for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution differs from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking ΓH = 200ΓSM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, ΓH < 6.9 GeV at 95% confidence level [29].
A measurement of ∆mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on ∆mH will drop to 50 MeV

Dixon, Li  
[arXiv:1305.3854]



Method 1: External control mass method with H →4l

• Exploits that in the on-shell region in H →4l almost no interference effects 
present.  

• Non-Sizeable systematic correlation between both channels. Non-correlated 
systematics cannot be reduced (e.g. muon versus photon energy scale)
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Figure 7: The profile likelihood as a function of mH for the combination of all H ! ZZ⇤ ! 4` channels and for the individual channels for the
combined 7 TeV and 8 TeV data samples. The combined result is shown both with (solid line) and without (dashed line) systematic uncertainties,
and the two results are almost indistinguishable.

20

• Systematic correlation mainly 
originating from electron 
versus photon energy scale 
calibration from Z → ee 

Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41
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9

ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.
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• Translation of an observed mass difference into a limit involves a couple of steps: 

I. Need to reproduce the Dixon/Li plot based on the expected mass shift between 
both channels from the combination (non-trivial) 

II. Interpretation: E.g. construct confidence belt to translate an observed mass shift 
into a limit on the Width using Pseudo-Experiments or Asimov data sets.

�mH ± 68% error

�mH

�H/�SM
H

Expected mass shift

Expected experimental error

Observed Mass shift 
(could be a function of Width)
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which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the difference
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to differ from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

mHΓH
+ cgγI =

!

S

mHΓSM
H

+ I

"

µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal strength, in this case µγγ = 1.

(σ/σSM). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mHΓSM

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
#

µγγΓH/ΓSM
H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
ΓH for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution differs from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking ΓH = 200ΓSM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, ΓH < 6.9 GeV at 95% confidence level [29].
A measurement of ∆mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on ∆mH will drop to 50 MeV

Dixon, Li  
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which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the difference
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to differ from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

mHΓH
+ cgγI =

!

S

mHΓSM
H

+ I

"

µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal strength, in this case µγγ = 1.

(σ/σSM). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mHΓSM

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
#

µγγΓH/ΓSM
H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
ΓH for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution differs from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking ΓH = 200ΓSM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, ΓH < 6.9 GeV at 95% confidence level [29].
A measurement of ∆mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on ∆mH will drop to 50 MeV

Dixon, Li  
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• Translation of an observed mass difference into a limit involves a couple of steps: 

I. Need to reproduce the Dixon/Li plot based on the expected mass shift between 
both channels from the combination (non-trivial) 

II. Interpretation: E.g. construct confidence belt to translate an observed mass shift 
into a limit on the Width using Pseudo-Experiments or Asimov data sets.

�mH ± 68% error

�mH

�H/�SM
H

Expected mass shift

Expected experimental error

68% CI for 
 Higgs Width

Observed Mass shift 
(could be a function of Width)

The broader the Higgs, 
the larger the uncertainty 
on the mass difference!



Method 2: H →ɣɣ control mass

• Another method is to repeat this exercise and to use a control mass directly in 
H →ɣɣ 

• Advantage: most dominant systematic uncertainties cancel (e.g. Photon 
energy scale) 

• Disadvantage: need to understand interference contributions at a level that 
allows for a categorization.

3

shift obtained from this fit is stable once we include in-
variant masses ranging out to three times the Gaussian
width.
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FIG. 2. Diphoton invariant mass Mγγ distribution for pure
signal (top panel) and interference term (bottom panel) after
Gaussian smearing.

The top panel of fig. 2 shows the Gaussian-smeared
diphoton invariant mass distribution for the pure signal
at both LO and NLO in QCD. We use the MSTW2008
NLO PDF set and αs [25] throughout, and set α = 1/137.
Standard acceptance cuts are applied to the photon

transverse momenta, phard/softT,γ > 40/30 GeV, and rapidi-
ties, |ηγ | < 2.5. In addition, events are discarded when a
jet with pT,j > 3 GeV is within ∆Rγj < 0.4 of a photon.
A jet veto is simulated by throwing away events with
pT,j > 20 GeV and ηj < 3. The scale uncertainty bands
are obtained by varying mH/2 < µF , µR < 2mH inde-
pendently. Note that the NLO (gg) channel includes the
contribution from the qg channel where the quark splits
to a gluon; this reduces dependence on the factorization
scale µF . As a result, the scale uncertainty bands mostly
come from varying the renormalization scale µR.

The bottom panel of fig. 2 shows the corresponding
Gaussian-smeared interference contributions. The con-
tribution involving the SM tree amplitude for qg → γγq

is denoted by LO (qg). The destructive interference from
the imaginary part I in eq. (3) shows up at two-loop or-
der in the gluon channel in the zero mass limit of light
quarks [4]. It produces the offset of the NLO (gg) curve
from zero at Mγγ = 125 GeV.
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FIG. 3. Apparent mass shift for the SM Higgs boson versus
the jet veto pT .
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FIG. 4. Apparent mass shift for the SM Higgs boson versus
the lower cut on the Higgs transverse momentum, pT > pT,H .

MASS SHIFT AND WIDTH DEPENDENCE

In fig. 3 we plot the apparent Higgs boson mass shift
versus the jet veto pT cut. The mass shift for inclu-
sive production (large pT,veto) is around 70 MeV at NLO,
significantly smaller than the LO prediction of 120 MeV.
The reduction is mainly due to the large NLO QCD Higgs
production K factor. The K factor for the SM contin-
uum background is also sizable due to the same gluon
incoming states. But the Higgs signal is enhanced addi-
tionally by the virtual correction to the top quark loop,

Dixon, Li  
[arXiv:1305.3854]

• Possible categorization: Low and high Higgs pT 

• Prediction for Signal & Interference at NLO 

• unclear how the fixed order dependence is 
preserved (a lot of the Higgs boson 
radiation is soft and not accounted for here)

Using e.g. Sherpa/MC@NLO to produce such decays 
and tuning the PS implied a breakdown of this curve.



• VBF region as a control mass or additional method 
could be a possibility: 

[arXiv:1504.05215] 6
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FIG. 6. Plot of mass shift for different values of mass reso-
lution σMR. All the results have a cut of Mjj > 400 GeV.
The solid blue line shows the results with no additional cuts;
the dotted red line for a cut of |∆ηjj | > 2.8; the dashed
green line for |∆ηjj | > 5; the long dashed magenta line for
pmin
T,H > 40 GeV and |∆ηjj | > 2.8; and the dot-dashed black

line for pmin
T,H > 80 GeV and |∆ηjj | > 2.8.

almost zero. This makes it useful as a reference mass for
experimental measurement of the mass difference,

∆mγγ
H ≡ δmγγ, incl

H − δmγγ,VBF
H , (7)

where δmγγ, incl
H is the mass shift in the inclusive chan-

nel, as computed at NLO in Ref. [9], and δmγγ,VBF
H

is the quantity computed in this paper. In computing
δmγγ,VBF

H for use in eq. (7) we impose the basic photon
and jet pT and η cuts, and Mjj > 400 GeV, but no addi-
tional cuts on pT,H or ∆ηjj . This choice of cuts results
in a small reference mass shift and a relatively large rate
with which to measure it.

All the calculations we have presented so far were car-
ried out by setting the Higgs width Γ to the one predicted
by the SM: ΓSM = 4.07 MeV. In this section we use the
lineshape model of Ref. [9] to compute the mass shift for
a variable width Γ, in a way that is relatively independent
of the new physics that increases Γ from the SM value.
To be consistent with the Higgs signal strength measure-
ments already made by the LHC, if the value of the Higgs
width is varied its couplings must also be modified, in or-
der to prevent the total cross section from suffering large
variations. We assume a model in which the couplings of
the Higgs boson to the top quark and the massive weak
bosons deviate from the SM predictions by real factors
ct and cV respectively. This generates a variation in the
effective coupling of the Higgs to gluons and photons by
real factors cg and cγ . We adjust Γ to maintain the Higgs
signal strength near the SM value. For example, for the
γγ channel we have, integrating over the resonance in the
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FIG. 7. Plot of measurable mass shift∆mγγ
H defined in eq. (7),

as a function of Γ/ΓSM.

narrow-width approximation [9],

c2gγS

mHΓ
+ cgγI =

!

S

mHΓSM
+ I

"

µGF , (8)

where cgγ ≡ cgcγ , S is the SM Higgs signal cross sec-
tion, and µGF denotes the ratio of the experimental
signal strength in gg → H → γγ to the SM pre-
diction (σ/σSM). The interference term I is negligi-
ble; the fractional destructive interference in the SM is
mHΓSM I/S ≈ −1.6% [5].
An analogous equation holds for the VBF production

of Higgs bosons decaying to γγ,

c2V γS

mHΓ
=

S

mHΓSM
µVBF , (9)

where cV γ ≡ cV cγ , and µVBF denotes the ratio of the
experimental signal strength to SM prediction in VBF
production with decay to γγ. We have dropped the cor-
responding interference term I because it is even smaller
in this case. Neglecting I also in eq. (8), we see that
c2gγ/Γ = µGF/ΓSM and c2V γ/Γ = µVBF/ΓSM, whose solu-
tion is

cgγ =

#

µGFΓ

ΓSM
, cV γ =

#

µVBFΓ

ΓSM
. (10)

The current experimental values for the signal strengths
from ATLAS are µVBF = 0.8±0.7 and µGF = 1.32±0.38
[43], and from CMS µ̂VBF = 1.58±0.7 and µ̂GF = 1.12±
0.37 [11], which are compatible with the SM predictions.§

We used for our analysis the values µGF = µVBF = 1.

§ These are not precisely the same quantities as we have defined,
since they include information from the ZZ∗ final state as well
as γγ.
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FIG. 18. The signal strength for a Higgs boson of mass
mH = 125.4 GeV decaying via H ! �� as measured in groups
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the combined signal strength, for the combination of the
7 TeV and 8 TeV data. The vertical hatched band indicates
the 68% confidence interval of the combined signal strength.
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limit below which the fitted signal plus background mass dis-
tribution for the combination of the V H categories becomes
negative for some mass in the fit range.
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lation between the fitted values of µ
ggF

and µ
VBF

has

been studied by still fixing both µtH and µb¯bH to 1 and
profiling3 the remaining signal strengths µZH , µWH , and
µt¯tH . The best-fit values of µ

ggF

and µ
VBF

and the 68%
and 95% CL contours are shown in Fig. 20.
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FIG. 20. The two-dimensional best-fit value of (µ
VBF

, µ
ggF

)
for a Higgs boson of mass mH = 125.4 GeV decaying via
H ! �� when fixing both µtH and µb¯bH to 1 and profil-
ing all the other signal strength parameters. The 68% and
95% CL contours are shown with the solid and dashed lines,
respectively. The result is obtained for mH = 125.4 GeV and
the combination of the 7 TeV and 8 TeV data.

Compared with the measured tt̄H signal strength pa-
rameter µt¯tH = 1.3 +2.5

�1.7 (stat.) +0.8
�0.4 (syst.) in Ref. [96],

µt¯tH measured in this analysis profits from the contribu-
tion of tt̄H events in other categories such as V H Emiss

T

and V H one-lepton. In addition, in this measurement
the other contributions to the signal strength are pro-
filed, whereas they are fixed at the SM predictions in
Ref. [96].

As mentioned in the introduction, in order to test the
production through VBF and associated production with
aW or Z boson or a tt̄ pair, independently of theH ! ��
branching ratio, the ratios µ

VBF

/µ
ggF

, µV H/µ
ggF

, and
µt¯tH/µ

ggF

are fitted separately by fixing µtH and µb¯bH

to 1 and profiling the remaining signal strengths. The
measured ratios

µ
VBF

/µ
ggF

= 0.6 +0.8
�0.5,

µV H/µ
ggF

= 0.6 +1.1
�0.6,

µt¯tH/µ
ggF

= 1.2 +2.2
�1.4,

although not significantly di↵erent from zero, are
consistent with the SM predictions of 1.0. Like-
lihood scans of these ratios are presented in

3 Profiling here means maximizing the likelihood with respect to
all parameters apart from the parameters of interest µ

ggF

and
µ
VBF

.

Reasonable purity, but still ggF 
contamination; non-trivial kinematic 
cuts to select VBF



Method 3: Line shape analysis

• The last approach is basically what is used right now in 
the direct width determination: 

• The line-shape is directly probed by confronting the 
data with PDFs of larger and larger width until a width 
is probed that describes the data so poorly that it can 
be excluded at 95% CL.

SM Width

1000 times SM Width



• Uses the full categorization; kinematic cuts —> Very challenging 
with current tools. Unclear e.g. how well interference pTt 
dependence is modelled.  

• Experimentally likely the nicest approach, since the full line-
shape is evaluated. But also the most complicated one (as oen 
needs to produce a prediction for the full signal + interference 
line shape. 

• Other information, such as H →4l could be incorporated directly. 

• Needs as well a very good understanding of the background 
itself, as a bias in the background shape could complicate 
things.



Summary

• Using interference methods in Higgs to diphoton is an 
interesting approach.  

• Experimentally right now challenging to go beyond the use 
of external control masses (predictions only at fixed-order, 
hard to gauge how well efficiencies are modelled). 

• Method orthogonal to off-shell methods but less sensitive.  

• Overall though a great interest in the experimental 
community to take into account the (SM) width properly in 
the line shape & to do an analysis like this in Run 2.


