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In this note, we present a novel method of extracting the couplings of a heavy particle to the
Standard Model states. Contrary to the usual discovery process which involves studying the on-
shell production, we look at regions away from resonance to take advantage of the simple scaling
of the cross-section with the couplings. We illustrate the procedure with the example of a heavy
quark.
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INTRODUCTION

With the discovery of the Higgs boson [1], the particle
content of the Standard Model (SM) is well established.
The future aim of the Large Hadron Collider (LHC) lies
in uncovering clues for Beyond the SM (BSM) physics -
we expect these would manifest in the form of TeV scale
resonances. To make connection with theoretical models,
we would need to measure both the mass of such a reso-
nance and its coupling to the SM particles. However, it
is not straightforward to measure the couplings of a mas-
sive particle in a hadron collider environment, where the
momenta of the interacting partons are not known for
any single event. Generally, it is easier to measure ratios
of couplings or production rate times branching ratios
(BRs). From these, in principle, it is possible to measure
any coupling if the total decay width of the particle is
also known. However, since unlike the BRs, measuring
the width of a particle accurately can be quite difficult,
this way of measuring couplings may lead to large uncer-
tainties. In this note we present a method of extracting
couplings at a hadron collider that depends only on the
BRs but not on the measured width or the production
mechanisms of the particle in question.

Motivation for this method comes from the simple ob-
servation that the decay of an off-shell particle is sensitive
to the coupling involved. This idea, in itself, is not new
and has been used, for example, in studies about con-
straining the Higgs width [2] and also in Ref. [3] where
it was hinted that it can be used to measure new physics
couplings. What we propose in this note is a systematic
way of extracting unknown couplings using this observa-
tion by identifying a set of new physical variables that
are sensitive to the coupling of interest.

OFF-SHELL ANALYSIS AND COUPLING

EXTRACTION

When a massive unstable particle decays to lighter par-
ticles, the invariant mass of the daughter particles shows
a distribution peaked about the mass of the particle. The
shape of the distribution is well approximated by the fa-
mous Breit-Wigner distribution around the peak (reso-
nance) and its width gives us the decay rate. Discov-
ery of a new unstable particle usually entails looking at
this distribution, designing cuts to isolate regions close
to the peak as its position gives us the mass of the parti-
cle. However, the same distribution can also be used to
extract information about the coupling involved in the
decay since both the width and the height of the distri-
bution depend on it. If instead of looking near the reso-
nance we look at regions away from it, the cross-sections
increase with the coupling as the width grows. At the
same time, the height of the peak decreases with the in-
creasing coupling keeping the total cross-section roughly
the same. In other words, when the coupling involved
in the decay increases, the distribution spreads out keep-
ing the area covered roughly constant. This tells us it
may be possible to learn about the coupling involved in
the decay if instead of the total cross-section we focus on
parts of the phase-space.

To begin with, let us consider the single production of
a heavy particle Φ within a toy model at the LHC. The Φ
decays to two SM particles, q and q′, with the decay con-
trolled by an unknown coupling λqq′ . The actual method
of production of Φ does not concern us here as we are in-
terested in its decay and the final state kinematics. Our
analysis would hold even if Φ is produced in association
with a different particle or produced in pairs.

The width-dependent part of the amplitude for the
process pp → Φ → qq′ can be written as:

M (Φ → qq′) ∝ λqq′/
[(

p2Φ −M2
Φ

)

+ iΓΦ(λqq′ )MΦ

]

, (1)
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where pΦ is the momentum of Φ. From this, it is clear
that for p2Φ ≈ M2

Φ, i.e., near the resonance, the cross-
section scales as (λqq′/ΓΦ)

2. If Φ → qq′ is the dominant
decay mode of Φ, then ΓΦ ∼ λ2

qq′ and so (λqq′/ΓΦ)
2 ≈

1/λ2
qq′ . On the other hand, in the kinematic region where

|p2 −M2
Φ| ≫ ΓΦMΦ, the cross-section scales like λ2

qq′ .
Our minimal assumptions at this point are that both

MΦ and BR(Φ → qq′) are known fairly accurately from
experiments.1 Below, we outline the main steps that one
could follow to obtain λqq′ .
1. The first step is to numerically simulate the process

for many different values of λqq′ = λi
qq′ using Γ

i
Φ obtained

from the theoretically computed partial width and the
experimentally measured BR as Γi

Φ = Γi
qq′/BR(Φ → qq).

This way, one can avoid using the measured width but
rely on the BR that can be measured more accurately.
2. The regions outside the resonance can be accessed

with an invariant mass cut on M(qq′) defined by a
new parameter γO that parametrizes the degree of off-
shellness of the intermediate Φ:

|M(qq′)−MΦ| ≥ γOMΦ . (2)

We note that the above cut is similar to the one used
in [3]. For each λi

qq′ and for various choices of γO, one
could compute the following ratio:

R(λi
qq′ )

∣

∣

∣

∣

γR,γO

=
σΦ(λ

i
qq′ , γO)

σ̂Φ(λi
qq′ , γR)

, (3)

where σ̂Φ is the on-shell cross-section, computed using a
cut that isolates the resonance:

|M(qq′)−MΦ| ≤ γRMΦ . (4)

The advantage of working with the ratio R(λi
qq′ ) instead

of either cross-section is that most uncertainties associ-
ated with the production mechanism involving pdfs etc.
get canceled in the ratio. And more importantly, any
other unknown coupling present in the production of Φ,
i.e., pp → Φ, also gets canceled. Now, for each combina-
tion of {γR, γO}, one can prepare a “calibration curve”
(CC) by interpolating between R(λi

qq′ )’s and thus pre-
pare a family of such curves.
3. From the experiment one can measure the ratio

R = Rexp ± ∆Rexp for all the {γR, γO} combinations
considered to prepare the CCs. Here, we have accounted
for errors in the cross-section measurements by a fac-
tor ∆Rexp. Now, in principle, one could simply match
Rexp for any single combination of {γR, γO} with the

1 With these two assumptions, extracting the couplings involved
in the decay of Φ is equivalent to measuring its decay width.
Hence the recent studies about constraining the Higgs width [2]
are actually similar in spirit to this study.

corresponding theoretical CC and read off the coupling.
However, there are some difficulties associated with this
procedure. The efficiency of coupling extraction is not
uniform for a particular CC since it depends on the steep-
ness (or slope) of the curve - for instance, if a particular
CC is almost flat, it is not possible to extract a unique
value of the coupling by matching on to the experiment.
A priori, it is not clear how to select the optimal com-
bination of {γR, γO}. One could also take the average of
the couplings extracted from different CCs but the issue
of assigning proper weight factors for averaging may be-
come an ambiguous issue. Instead, one can extract λqq′

from a simultaneous fit using all the CCs. This can be
done, e.g., by maximizing a likelihood function defined
as:

L =
∏

k

1√
2π ∆Rk

exp

exp



−
(

Rk (λqq′ )−Rk
exp√

2 ∆Rk
exp

)2


 ,(5)

where the index k runs over all the combinations of
{γR, γO}. The λqq′ thus extracted will correspond to the
value for which R (λqq′ ) best describes Rexp for all the
{γR, γO} combinations.
For these outlined steps to work optimally, the process

in question should have a large enough cross-section so
that there are an appreciable number of events left over
after the off-shell cuts. If the cross-section is small it may
not be possible to measureRexp reasonably accurately for
many {γR, γO} combinations which in turn will increase
the error in fitting. Also, the method works better with
a broad resonance. Thus far, our discussion has been
purely about the signal process. However, in practice,
handling the SM backgrounds is an important issue. The
preparation of the CC’s should thus also include the effect
of the SM background and its interference with the signal.
Inclusion of these effects could change the dependence of
the CC’s on the coupling (due to the interference term).
However, since the method does not rely on the nature
of the dependence and only on the fact that there is one,
we expect the outlined steps to work. We demonstrate
this within the context of an illustrative example in the
next section.

ILLUSTRATIVE EXAMPLE

To demonstrate the above method with an example, we
consider a simple model with a new, heavy color triplet
b′ quark with electric charge −1/3. 2 We make the sim-
plifying assumption that it decays to tW via:

Lint ⊃
gW√
2
λtW t̄Lγ

µb′LW
+
µ +H.c. (6)

2 Such heavy fermions are part of many well motivated extensions
of the SM [3, 4].
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FIG. 1: The invariant mass distribution of the tW pair in
the process pp → b′tW for different values of λtW (events
generated with with Madgraph5 [5]). Here, we fix Mb′ = 1
TeV and BR(b′ → tW ) = 0.75.

In the Lagrangian above, λtW is the unknown coupling
that we want to extract. At the LHC, if the b′ is not
too heavy, QCD mediated pair production will be the
dominant production channel. There will also be the W
mediated single production channel of b′, like qq′ → b′t.
Following the steps described before one can use the sin-
gle production process to probe λtW . However, as this
process is weak interaction mediated, its cross-section
will be quite small and it will be more so if λtW is also
small. Hence, to take advantage of the enhanced cross-
sections, here we make use of pair production and simply
apply off-shell cuts to one of the two final state particles -
this reiterates our earlier point that this analysis depends
only on the kinematics of the final state particles and we
are free to choose the particular production process that
would serve our purpose well. We note, however, that in
our analysis below we will include all possible contribu-
tions to the pp → b′tW → tWtW process, although the
pair production will dominate.

In Fig. 1 we show the invariant mass distributions of
the tW pair in pp → b′tW for different values of λtW .
As Γb′ increases with increasing λtW , the distribution
spreads out and, with the increasing width, the height of
the distribution decreases so that the area contained by
the distribution remains approximately constant, i.e, the
total cross-section is not very sensitive to λtW , reiterating
our point at the beginning of the last section. But as
can be seen, there are parts of the phase space that are
sensitive to λtW . For example, if we look away from the
mass peak, i.e., when the tW pair is not coming from
a close to on-shell b′, the cross-section becomes highly
sensitive to λtW , in keeping with our discussion earlier.
Of course, the price to pay for looking away from the
resonance is the reduced cross-section compared to the
resonant production. However, we can mitigate this to a
large extent by considering “mixed states” where one b′

is produced resonantly.
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FIG. 2: The dependence of σtWtW (λtW , γR, γO) on λtW with
γR/O cuts defined in Eqs. (7a) & (7b). The curves marked
with only γR show σ̂b′b′ (λtW , γR).

To extract λtW , we follow the steps outlined before.
Assuming Mb′ and BR(b′ → tW ) are known from ex-
periments, we generate events for pp → tWtW in Mad-

graph5 [5] (including both b′ and SM contributions as
well as their interference) for different values of λtW

where we compute Γi
b′ as Γ

i
b′ = Γi

tW /BR(b′ → tW ). For
this example, we set Mb′ = 1 TeV and BR(b′ → tW ) =
0.75 and generate events for the 14 TeV LHC. Since in
this case we are considering pair production, rather than
using the cut defined in Eq. 2, we modify it to include
two cuts on the tW pairs, one on-shell and one off-shell:

I. |M(t1Wp)−Mb′ | ≤ γRMb′ , (7a)

II. |M(t2Wq)−Mb′ | ≥ γOMb′ , (7b)

where p, q = {1, 2} or {2, 1} and the numbers imply that
the particles are pT-ordered. Condition (I) reconstructs
the resonant b′ while condition (II) accesses the λtW sen-
sitive off-shell region. Our expression forR(λi

tW ) is given
by:

R(λi
tW )

∣

∣

∣

∣

γR,γO

=
σtWtW (λi

tW , γR, γO)

σ̂b′b′(λi
tW , γR)

, (8)

where σ̂b′b′(λ
i
tW , γR) is now computed by applying cuts

as in Eq. 7a to reconstruct two resonant b′s. We pro-
duce a family of CCs for R’s with various combinations
of {γR, γO}. In Fig. 2 we plot σtWtW (including SM and
BSM contributions) with respect to λtW before and af-
ter cuts for three different choices of {γR, γO}. We also
show σ̂b′b′ in the same figure. The total cross-section
σtWtW without any cut is mostly insensitive to λtW –
it remains almost constant for smaller λtW , but slightly
decreases in the higher λtW region (mostly) because of
the larger widths. In this example the conditions 7a and
7b cuts become competitive in nature as they are applied
on different tW pairs simultaneously. Applying the cut
in Eq. 7a we reconstruct the resonant b′, i.e., we accept
the tW pairs that fall inside the γR mass window and
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λtest

tW λtW obtained

0.08125 0.083 ± 0.0020

0.17338 0.171 ± 0.0020

0.32785 0.328 ± 0.0021

0.43597 0.435 ± 0.0026

TABLE I: The different choices for λtest

tW and the correspond-
ing values obtained by maximizing the likelihood function de-
fined in Eq. 5. The errors in the fitted values correspond to
1σ.

so an increasing γR means accepting more events (larger
cross-section). Whereas, with Eq. 7b we look away from
the peak (we accept the tW pairs that fall outside the γO
mass window) and so an increasing γO results in reduced
cross-section. With this in mind, it becomes easier to
understand the curves with the {γR, γO} cuts. For ex-
ample, for a fixed γR, we expect the cross-section to go
down with increasing γO. This we can see by compar-
ing the curves with {0.10, 0.01} and {0.10, 0.10} – the
second one is smaller than the first for all values of λtW .
Similarly for a fixed γO, if we decrease γR we should
get a smaller cross-section which can be seen from the
curves with {0.10, 0.01} and {0.04, 0.01}. We also ob-
serve that with increasing λtW , the σtWtW curves first
increase then decrease. This is because for a fixed γR, as
we increase λtW (and hence Γb′), we miss more and more
tW pairs that come from the resonant b′, i.e., reconstruc-
tion efficiency of the resonant b′ decreases and as a result
the cross-section decreases. This also explains why the
σ̂b′b′ curves, for which we are reconstructing two resonant
b′’s, fall (and fall faster compared to σtWtW curves) with
increasing λtW . When the coupling λtW → 0, the differ-
ence between the γR curves and the total cross-section is
accounted for by the SM background.

To see how the method performs we have considered
four different test couplings λtW = λtest

tW and use R(λtest
tW )

in place of Rexp (Eq. 8), assuming all R(λtest
tW )’s have

uniform 10% errors for all combinations of {γR, γO}. We
have considered 8 different values of γR between 0.02 and
0.16 and 10 different values of γO between 0.01 and 0.10.
We present the results of our analysis in Table I. We see
that we are able to extract the couplings with percent
level accuracies. We note, however, that ours is a par-
ton level analysis. Doing full detector simulations and
considering SM backgrounds properly are likely to mod-
ify the extraction efficiency. These issues are currently
under investigation [6].

DISCUSSIONS

In this note, we presented a novel method of extract-
ing the couplings of new, heavy states to SM particles.
The essential point underlying the method is a rather

simple observation that when a particle decays inside a
collider, the invariant mass distribution of its decay prod-
ucts retains information of the coupling involved in the
decay. With the off-shell cuts, this coupling extraction
procedure actually becomes sensitive to the shape of the
invariant mass distribution. The method is largely free
of modeling assumptions apart from the fact it uses the-
oretically computed partial decay width to avoid the use
of measured total width of the new particle, and thus
avoids the errors associated with width measurement.
Of course, computing the total width using the theo-
retically computed partial width and the experimentally
measured BR means that some errors could come from
these sources and ideally one should account for both.
However, since generally these errors are expected to be
much less severe than the ones in measuring widths ex-
perimentally, we neglect these for the time being. Simi-
larly we neglect any error in measuring the mass of the
new particle. The method does not depend on the ex-
act production mechanism of the new particle. The cou-
pling extraction method outlined here is completely gen-
eral and applicable to any new fermionic or bosonic state.
It also has the advantage of being independent of collider
details, or the actual values of the mass and the BRs of
the particle in question.

In this note, we have ignored the issue of considering
the complete SM backgrounds which in reality is a very
crucial one. Since realistic background can only be con-
sidered in a case by case basis, inclusion of simple parton
level background in the example shown should only be
considered as an illustration. However, we hope that af-
ter the discovery of a new particle, its background will
also be fairly well-known and thus can be dealt with.
Since our aim here is simply to outline the methodology,
we postpone a more complete demonstration with detec-
tor level simulations for both signal and background to a
future publication [6].
To extract any coupling the cross-section of the process

in question needs to be large enough to start with so we
have enough events left after all the cuts. It is interesting
to contrast this method with the usual discovery proce-
dure. If the new state has a significant width (compara-
ble to its mass), discovery is rendered more difficult as
we would not have the typical sharp peak. On the other
hand, a large width guarantees that regions away from
resonance do not have negligibly small cross-sections and
hence coupling extraction becomes more feasible.

Of course, one need not restrict attention to new
physics alone. In principle, this method can be applied
to extract the SM CKM matrix element Vtb from top pair
production. In fact, it can be applied to extract any cou-
pling, be it SM or BSM, as long as enough events remain
after the cuts.
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5

BC is supported by the Department of Energy under
Grant DE- FG02-13ER41976. TM is partially supported
by funding from the DAE, for the RECAPP, HRI. SM
acknowledges financial support from the CNRS. BC ac-
knowledges the hospitality of IMSc where this project
was started.



6

∗ Electronic address: baradhwa@email.arizona.edu
† Electronic address: tanumoymandal@hri.res.in
‡ Electronic address: subhadip.mitra@th.u-psud.fr

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B
716, 1 (2012) [arXiv:1207.7214 [hep-ex]]; S. Chatrchyan
et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012)
[arXiv:1207.7235 [hep-ex]];

[2] F. Caola and K. Melnikov, Phys. Rev. D 88, 054024 (2013)
[arXiv:1307.4935 [hep-ph]]. J. M. Campbell, R. K. Ellis
and C. Williams, arXiv:1311.3589 [hep-ph]. J. M. Camp-
bell, R. K. Ellis and C. Williams, arXiv:1312.1628 [hep-
ph]. N. Kauer and G. Passarino, JHEP 1208, 116 (2012)
[arXiv:1206.4803 [hep-ph]]. V. Khachatryan et al. [ CMS
Collaboration], arXiv:1405.3455 [hep-ex]. C. Englert and
M. Spannowsky, arXiv:1405.0285 [hep-ph].

[3] S. Gopalakrishna, T. Mandal, S. Mitra and G. Moreau,
arXiv:1306.2656 [hep-ph];

[4] S. Gopalakrishna, T. Mandal, S. Mitra and R. Tibrewala,
Phys. Rev. D 84, 055001 (2011) [arXiv:1107.4306 [hep-
ph]]; R. Contino, L. Da Rold and A. Pomarol, Phys. Rev.
D 75, 055014 (2007) [hep-ph/0612048]; C. Anastasiou,

E. Furlan and J. Santiago, Phys. Rev. D 79, 075003 (2009)
[arXiv:0901.2117 [hep-ph]]; N. Vignaroli, JHEP 1207,
158 (2012) [arXiv:1204.0468 [hep-ph]]; A. De Simone,
O. Matsedonskyi, R. Rattazzi and A. Wulzer, JHEP 1304,
004 (2013) [arXiv:1211.5663 [hep-ph]]; T. Han, H. E. Lo-
gan, B. McElrath and L. -T. Wang, Phys. Rev. D 67,
095004 (2003) [hep-ph/0301040]; M. S. Carena, J. Hubisz,
M. Perelstein and P. Verdier, Phys. Rev. D 75, 091701
(2007) [hep-ph/0610156]; S. Matsumoto, T. Moroi and
K. Tobe, Phys. Rev. D 78, 055018 (2008) [arXiv:0806.3837
[hep-ph]]; J. Berger, J. Hubisz and M. Perelstein, JHEP
1207, 016 (2012) [arXiv:1205.0013 [hep-ph]]; J. Kang,
P. Langacker and B. D. Nelson, Phys. Rev. D 77, 035003
(2008) [arXiv:0708.2701 [hep-ph]]; P. W. Graham, A. Is-
mail, S. Rajendran and P. Saraswat, Phys. Rev. D 81,
055016 (2010) [arXiv:0910.3020 [hep-ph]]; S. P. Martin,
Phys. Rev. D 82, 055019 (2010) [arXiv:1006.4186 [hep-
ph]];

[5] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and
T. Stelzer, JHEP 1106, 128 (2011) [arXiv:1106.0522 [hep-
ph]].

[6] B. Coleppa, T. Mandal, and S. Mitra (work in progress).

mailto:baradhwa@email.arizona.edu
mailto:tanumoymandal@hri.res.in
mailto:subhadip.mitra@th.u-psud.fr

