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Why off-shell Higgs?

19th Workshop of LHC HWG 
29 November 2022

Offshell Status 3

A Step Back...

● Higgs width predicted in SM

✗ Direct measurement limited by detector resolution

● Sizeable contribution from high-energy regime: 10% of events in gg → H→VV 
 above the 2mV threshold.  

●

● Ratio of onshell and offshell production rates gives indirect measurement 

                          using 7 and 8 TeV data and cut-and-count analysis.

● Included in & improved on by experimental analyses.

● Highlights importance of exploring Higgs in high-energy regime. 

● Important dialogue between theory and experiment!

... to 2012

[Kauer, Passarino ‘12]

[Caola, Melnikov ‘13]
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Recent CMS Results

Nature Physics 18, 1329 (2022) 
[hep-ex/2202.06923]

● Consider                         and 

● Production modes: gluon fusion and 
electroweak production (VBF and VH)

● Observed evidence for offshell Higgs 
production at 3.6�. 

● Measure 

(assuming same couplings on- and offshell)

● Offshell gluon fusion signal strength:

● Offshell EW signal strength:

(at 68% C.L.)
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Recent ATLAS Results

ATLAS-CONF-2022-068

● Consider                          and 

● Production modes: gluon fusion and 
electroweak production (VBF and VH)

● Observed evidence for offshell Higgs 
production at 3.2�. 

● Measure 

(assuming same couplings on- and offshell)

● Assuming SM width:

A probe of the Higgs width: 

Caola and Melnikov arXiv:1307.4935

CMS, 2202.06923 ATLAS-CONF-2022-068 
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Off-shell Higgs
Why is this process interesting? 
• Crucial for Higgs width determination  
• Access to high energy regions due to large invariant masses: 

• Models with new heavy resonances 
• Sensitivity to SMEFT operators

Why is this process tough?  
• Signal background interference 
• Loop induced: hard to compute higher order corrections 

• Complex EFT structure

Figure 3.1: Example Feynman diagrams for o↵-shell Higgs production and corresponding back-
ground with EFT insertions.

On the other hand top quark operators are more interesting for this process. These include the
chromo-magnetic dipole operator OtG, the dimension-six Yukawa operator Ot' as well as the

electroweak-dipole operators, OtW and OtB and the current operators, O(3)

'Q
and O't. OtG enters

both the signal and background, whilst Ot' enters the signal. The weak dipoles and current
operators modify only the gg ! V V background.

In this note we aim to provide instructions on how to produce results for the o↵-shell Higgs
production process and its gluon fusion background using the SMEFT@NLO package and will
present some representative results. We hope this will motivate further and detailed studies of
this process within the SMEFT.

3.1.2 Generation using SMEFTatNLO

The SMEFT@NLO implementation of SMEFT operators allows the computation of both signal
and background contributions at 1-loop. Taking as an example the gg ! 4` process, after
importing the model into the MG5 aMC@NLO code:

import model SMEFTatNLO-NLO

the following generation commands are needed:

• Total contribution

generate g g > e+ e- mu+ mu- NP=2 QCD=2 QED=4 [QCD]

• Signal

generate g g > h > e+ e- mu+ mu- NP=2 QCD=2 QED=4 [QCD]

• Background

generate g g > e+ e- mu+ mu- /h NP=2 QCD=2 QED=4 [QCD]

The first command (NP=2) allows to compute all contributions: the SM, the interference of EFT
and SM (O(⇤�2)), and the EFT squared (O(⇤�4)) coming from squaring amplitudes with single
insertions of the operators. Adding NP^2==2 to the coupling flags above allows the user to obtain

12
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Higher order corrections: Status

● Corrections to background gg → VV very difficult to compute!

● Two-loop QCD amplitudes for gg → ZZ and gg → WW including massive 
quark effects now known.

● Substantial computing resources required: still not used in cross section 
calculations...

● Exact NLO corrections to gg → H → VV still not known:

– Approximations in heavy top limit or with reweighting of two-loop 
amplitudes.

– Matched to parton showers in POWHEG-BOX.

[Agarwal, Jones, von Manteuffel (‘20); Brønnum-Hansen, Chen (‘20,’21)]

[Campbell, Czakon, Ellis, Kirchner (‘15); Caola, Dowling, Melnikov, RR, Tancredi (‘15); Grazzini, Kallweit, Wiesemann, 
Yook (19, ‘20, ‘21)

[Alioli, Ferrario Ravasio, Lindert, RR (‘21)]
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+

Full top amplitudes only recently computed: 
Agarwal, Jones, von Manteuffel 2011.15113, Brønnum-Hansen, Wang 2009.03742, 2101.12095 

https://arxiv.org/abs/2011.15113
https://arxiv.org/abs/2009.03742
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Off-shell in Universal directions models
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on-shell unaffected

Chapter 2

What can o↵-shell Higgs
measurements tell us about BSM
physics?8

In this chapter we briefly re-examine the potential impact of o↵-shell Higgs measurements on
Beyond the Standard Model (BSM) physics.

2.1 Going beyond a universal flat direction

To begin we review the original proposal by Caola and Melnikov [5], who pointed out that the
o↵-shell channel can lift a flat direction plaguing LHC on-shell Higgs measurements: if the Higgs
couplings are universally rescaled, ghii = univgSMhii , and the Higgs width is modified according
to �h = 4

univ
�SM

h
, on-shell rates remain identical to the Standard Model (SM). Genuinely new

contributions to the Higgs width can be categorized in invisible and untagged. Since the former
is already constrained to BRinv < 0.11 at 95% CL by direct measurement [16, 17] (up to 139
fb�1 at 13 TeV), in this note we focus on the presence of an untagged partial width, in which
case the flat direction is along

BRexo =
2
univ

� 1

2
univ

, (2.1)

as can be seen in Fig. 2.1. Notice that, importantly, the flat direction is present for univ >
1. Caola and Melnikov observed that the o↵-shell rate is d�gg!h⇤!ZZ/ds / g2

hgg
g2
hZZ

/s2 =

4
univ

(gSM
hgg

)2(gSM
hZZ

)2/s2, where
p
s = m4`. Hence, an upper bound on the cross section in the

large -m4` region translates into an upper bound on univ (and therefore into an upper bound
on the Higgs width, under the above set of assumptions).

How can such a universal flat direction be realized in a concrete BSM setup? As a simple
illustration, we consider a scalar extension of the SM containing the following interactions,

LBSM 3
cH
2f2

(@µ|H|
2)2 � �H'|H|

2'2 , (2.2)

whereH is the SM Higgs doublet, and ' is a real scalar that decays dominantly to hadrons, for ex-
ample a color-singlet or -octet decaying to gg (a singlet would decay through higher-dimensional
operators, such as 'Gµ⌫Gµ⌫). The dimension-6 operator in Eq. (2.2) gives a universal rescaling
ghii/gSMhii = 1�cHv2/f2. For m' < mh/2, the untagged Higgs width also acquires a contribution
from h ! '' mediated by the dimension-4 operator, with � ⇠ �2

H'
v2/(8⇡mh) for m' ⌧ mh/2.

Thus, two conditions need to be met to obtain a universal flat direction: first, cH must be

8contributed by A. Azatov, J. de Blas, C. Grojean, E. Salvioni
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Figure 2.1: The flat direction that a↵ects on-shell Higgs measurements if a universal coupling
rescaling univ and the presence of an untagged branching ratio BRexo are assumed. The white
dashed line corresponds to the exact relation BRexo = (2

univ
� 1)/2

univ
for univ > 1. The

colored regions correspond to �2 contours for the projection to the HL-LHC of CMS on-shell
Higgs measurements, assuming data will agree with the SM [22].

negative, which is only realized in somewhat exotic (albeit possible) theories, e.g. models with
electroweak triplet scalars or non-compact coset spaces; second, there must be an accidental
“conspiracy” relating the a priori-independent quantities cH/f2 and �H' in the appropriate
fashion.

Models with a universal flat direction?

To make these issues more explicit, we inspect how cH < 0 can arise from integrating out triplet
scalars at tree level [18]. Considering both a real triplet 'a

r with hypercharge Y = 0 and a
complex triplet �a

c with Y = 1, the relevant pieces of the UV Lagrangian are

LUV =
1

2
@µ'

a

r@
µ'a

r�
1

2
M2

r'
a

r'
a

r+�rf'
a

rH
†�

a

2
H+@µ�

a⇤
c @µ�a

c�M2

c�
a⇤
c �a

c+�cf
�
�a⇤
c HT ✏

�a

2
H+h.c.

�
,

(2.3)
where ✏ ⌘ i�2. Integrating out the heavy scalars we obtain in the SILH basis for the EFT [19]

cH
f2

= �
�2
rf

2

2M4
r

�
�2
c f

2

2M4
c

,
cT
f2

=
�2
rf

2

4M4
r

�
�2
c f

2

2M4
c

, (2.4)

where cH is manifestly negative and cT is the coe�cient of (H†
$
DµH)2/(2f2). In scenarios with

custodial symmetry, such as the Georgi-Machacek (GM) model [20, 21], the real and complex
triplets satisfy the relations �2

rf
2 = 2�2

c f
2 and M2

r = M2
c , resulting in cT = 0 and cH/f2 =

�3�2
rf

2/(4M4
r ). However, under the assumption that the mass of the triplets is su�ciently large

that they can be integrated out, the GM model does not contain a possible candidate for the
light scalar '; the latter can of course be added to the model as an additional singlet, but an
ad-hoc suitable relation between �rf,Mr, and �H' would need to be imposed in order to sit
along the flat direction discussed above.

A second possibility to obtain cH < 0 is via a non-compact coset. An example that has been
discussed in the literature is SO(4, 1)/SO(4) [23], giving rise to H as a Goldstone doublet
within a consistent e↵ective theory. The price to pay is that the e↵ective theory cannot be
UV-completed by an ordinary QFT, since the latter cannot have the non-compact SO(4, 1) as
a linearly realized global symmetry group; see Ref. [24] for related discussions. As in the GM
model, to realize a universal flat direction a genuinely new contribution to the Higgs width is
required. This could be obtained by extending the coset to include additional Goldstones, one
of which may be identified with the light ' (in this case, the role of the last operator in Eq. (2.2)

5

19th Workshop of LHC HWG 
29 November 2022

Offshell Status 3

A Step Back...

● Higgs width predicted in SM

✗ Direct measurement limited by detector resolution
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 above the 2mV threshold.  

●

● Ratio of onshell and offshell production rates gives indirect measurement 

                          using 7 and 8 TeV data and cut-and-count analysis.

● Included in & improved on by experimental analyses.

● Highlights importance of exploring Higgs in high-energy regime. 

● Important dialogue between theory and experiment!

... to 2012

[Kauer, Passarino ‘12]

[Caola, Melnikov ‘13]

off-shell affected

Flat direction from on-shell: 

Off-shell measurement gives a bound on κuniv

e.g. Triplet scalars

19th Workshop of LHC HWG 
29 November 2022

Offshell Status 7

Golden rule:

Universal direction: 

Azatov, de Blas, Grojean, Salvioni  

arXiv:2203.02418

Realised in particular BSM scenarios with specific couplings
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Chapter 2

What can o↵-shell Higgs
measurements tell us about BSM
physics?8

In this chapter we briefly re-examine the potential impact of o↵-shell Higgs measurements on
Beyond the Standard Model (BSM) physics.
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h
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, (2.1)
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hgg

)2(gSM
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)2/s2, where
p
s = m4`. Hence, an upper bound on the cross section in the
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2'2 , (2.2)
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Figure 2.1: The flat direction that a↵ects on-shell Higgs measurements if a universal coupling
rescaling univ and the presence of an untagged branching ratio BRexo are assumed. The white
dashed line corresponds to the exact relation BRexo = (2

univ
� 1)/2

univ
for univ > 1. The

colored regions correspond to �2 contours for the projection to the HL-LHC of CMS on-shell
Higgs measurements, assuming data will agree with the SM [22].

negative, which is only realized in somewhat exotic (albeit possible) theories, e.g. models with
electroweak triplet scalars or non-compact coset spaces; second, there must be an accidental
“conspiracy” relating the a priori-independent quantities cH/f2 and �H' in the appropriate
fashion.

Models with a universal flat direction?

To make these issues more explicit, we inspect how cH < 0 can arise from integrating out triplet
scalars at tree level [18]. Considering both a real triplet 'a

r with hypercharge Y = 0 and a
complex triplet �a

c with Y = 1, the relevant pieces of the UV Lagrangian are

LUV =
1

2
@µ'

a

r@
µ'a

r�
1

2
M2

r'
a

r'
a

r+�rf'
a

rH
†�

a

2
H+@µ�

a⇤
c @µ�a

c�M2

c�
a⇤
c �a

c+�cf
�
�a⇤
c HT ✏

�a

2
H+h.c.

�
,

(2.3)
where ✏ ⌘ i�2. Integrating out the heavy scalars we obtain in the SILH basis for the EFT [19]

cH
f2

= �
�2
rf

2

2M4
r

�
�2
c f

2

2M4
c

,
cT
f2

=
�2
rf

2

4M4
r

�
�2
c f

2

2M4
c

, (2.4)

where cH is manifestly negative and cT is the coe�cient of (H†
$
DµH)2/(2f2). In scenarios with

custodial symmetry, such as the Georgi-Machacek (GM) model [20, 21], the real and complex
triplets satisfy the relations �2

rf
2 = 2�2

c f
2 and M2

r = M2
c , resulting in cT = 0 and cH/f2 =

�3�2
rf

2/(4M4
r ). However, under the assumption that the mass of the triplets is su�ciently large

that they can be integrated out, the GM model does not contain a possible candidate for the
light scalar '; the latter can of course be added to the model as an additional singlet, but an
ad-hoc suitable relation between �rf,Mr, and �H' would need to be imposed in order to sit
along the flat direction discussed above.

A second possibility to obtain cH < 0 is via a non-compact coset. An example that has been
discussed in the literature is SO(4, 1)/SO(4) [23], giving rise to H as a Goldstone doublet
within a consistent e↵ective theory. The price to pay is that the e↵ective theory cannot be
UV-completed by an ordinary QFT, since the latter cannot have the non-compact SO(4, 1) as
a linearly realized global symmetry group; see Ref. [24] for related discussions. As in the GM
model, to realize a universal flat direction a genuinely new contribution to the Higgs width is
required. This could be obtained by extending the coset to include additional Goldstones, one
of which may be identified with the light ' (in this case, the role of the last operator in Eq. (2.2)
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Beyond Universal directions

Figure 2.2: HL-LHC comparison of the o↵-shell sensitivity to the on-shell fit, for the
(̃univ,b,BRexo) parameter space. Left: in the on-shell fit only V h, h ! bb̄ is considered among
the direct probes of the hbb̄ coupling, with expected uncertainty relaxed by a factor s

V h,bb̄
.

Right: the on-shell fit includes all h ! bb̄ modes, and we relax the uncertainty of V h, h ! bb̄
only.

consideration, (̃univ,b,BRexo), and three experimental rates that determine them, normalized
to the SM predictions:

• µon, the on-shell rate for gg ! h ! ZZ⇤ (or equivalently, any other on-shell process that
does not involve h ! bb̄);

• µ
V h,bb̄

, the on-shell rate for qq̄ ! V (h ! bb̄);

• µo↵ , the rate for the gg ! 4` process in the kinematic region m4` 2 [250, 1500] GeV, which
includes the o↵-shell Higgs contribution.

We find the relations

BRexo = 1� µon
̃2
univ(1� BRbb̄

SM) + 2
bBR

bb̄
SM

̃4
univ

, 2
b =

µV h,bb̄

µon
̃2
univ , ̃2

univ =
±
p

b2 + 4(µo↵ � a)c � b

2c
,

(2.5)

where BRbb̄

SM
= 0.58 and the last relation is derived by inverting µo↵ = a+b̃2

univ
+c̃4

univ
, where

{a, b, c} = {1.07,�0.20, 0.13}.10 Both solutions exist for µo↵ < a = 1.07, one having ̃univ > 1
and one ̃univ < 1, whereas for µo↵ > a only the “+” solution with ̃univ > 1 remains.

Summary

In this note we have reconsidered the power of o↵-shell Higgs measurements to probe new
physics. We started from the original proposal of o↵-shell observables as capable of lifting
the universal flat direction plaguing on-shell Higgs rates. We have spelled out the conditions
that a BSM theory must satisfy for such a universal flat direction to arise, finding that two
specific ingredients must be simultaneously present: an enhancement of the Higgs couplings
with respect to the SM, which requires models with extended scalar multiplets or non-compact
cosets, and an accidental relation between the coupling modification and the BSM decay width
of the Higgs. Motivated by these arguments we have made a first step away from coupling
universality, considering a (̃univ,b,BRexo) parametrization. In this scenario on-shell rates
display an approximate flat direction, which is broken both by on-shell observables involving
h ! bb̄, and by o↵-shell measurements. We have compared the two, finding that o↵-shell
has the leading resolving power in the presence of a relatively large BRexo & 0.2 ; for smaller
values, o↵-shell will be competitive if the uncertainties in the V h, h ! bb̄ channel turn out to

10The corresponding HL-LHC sensitivity derived using a single inclusive bin is 0.50 < ̃univ < 1.13 at 1�,
moderately weaker than the result obtained dividing the m4` 2 [250, 1500] GeV region into 5 bins, 0.57 < ̃univ <

1.09 as already mentioned.
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could also be played by cH'@µ|H|
2@µ'2/f2), but the necessary parametric relation would again

need to be accidental.

The above examples make it clear that a BSM theory needs to satisfy specific conditions in order
for a universal flat direction to be realized, as already emphasized in Ref. [25]. For this reason,
we next ask whether the fit to on-shell Higgs data allows for (approximately) flat directions even
when the assumption of coupling universality is relaxed.

Relaxing coupling universality

As a first step in the exploration of the impact of o↵-shell measurements on more general BSM
scenarios, we depart from coupling universality by allowing the rescaling of the hbb̄ interaction
to be di↵erent from the others, thus focusing on the (̃univ,b,BRexo) parameter space. The
rationale for choosing this parametrization is that, since in the SM the total Higgs width is
dominated by b, the on-shell global fit has an approximate flat direction in the (b,BRexo)
plane: for a given b < 1 there exists a value of BRexo that maintains the total width SM-like.
This flat direction is lifted by observables that test directly the h ! bb̄ decay, whose sensitivity
will be somewhat limited even at the HL-LHC.9 The best channel is expected to be Zh, h ! bb̄
(Wh, h ! bb̄), where CMS projects an uncertainty of 6.5% (9.4%) [26]. This is followed by
tt̄h, h ! bb̄, with a projected uncertainty weaker by approximately a factor 2. In this context
o↵-shell Higgs production can be regarded as providing complementary information to on-shell
h ! bb̄ channels.

We illustrate this in the left panel of Fig. 2.2, where each shaded ellipse covers the region
of the (b, ̃univ) plane allowed at 1� by the on-shell CMS HL-LHC fit [22, 26], assuming the
indicated value of BRexo and relaxing the uncertainty on the leading V h, h ! bb̄ measurement
by the indicated multiplicative factor s

V h,bb̄
. Subleading direct probes of the hbb̄ coupling, in

particular tt̄h, h ! bb̄, are excluded from the fit. In addition, the dashed line shows the upper
limit of the allowed range of ̃univ as found from the o↵-shell contribution to gg ! 4` at the HL-
LHC [27]. Using a binned fit and neglecting systematic uncertainties we find 0.57 < ̃univ < 1.09
at 1�.

The implications of our results can be evaluated by considering a few benchmarks: for a relatively
large BRexo = 0.2, o↵-shell is guaranteed to have stronger sensitivity than V h, h ! bb̄ even
for nominal uncertainties on the latter; for intermediate BRexo = 0.1, o↵-shell would provide
genuinely new information for s

V h,bb̄
⇡ 2 (i.e., if the uncertainty turns out to be a factor 2

weaker than currently expected); for small BRexo = 0.05, the performance in V h, h ! bb̄ would
need to be much (⇡ 4 times) worse than currently projected for the o↵-shell constraint to be
competitive. The right panel of Fig. 2.2 shows similar results, but including all h ! bb̄ channels
in the on-shell fit. We see that if BRexo . 0.1 o↵-shell cannot provide useful information even if
s
V h,bb̄

is very large, due to the tt̄h, h ! bb̄ sensitivity which takes over in that limit.

Impact of observing deviations from the SM in on-shell h ! bb̄ channels

As a further step in our analysis we consider a scenario where the V h, h ! bb̄ rate is observed to
be lower than the SM prediction at the HL-LHC. We choose µ

V h,h!bb̄
= 0.75, corresponding to

the lower edge of the current 1� uncertainty band. Figure 2.3 shows the corresponding contours
in the (b, ̃univ) plane. In the left panel we assume nominal uncertainties for the h ! bb̄
channels, in which case o↵-shell provides a relevant constraint as long as BRexo > 0.23. In
the right panel the s

V h,bb̄
factor is varied as well, showing in particular that for BRexo < 0.15

o↵-shell would be competitive only in the presence of a strong relaxation (by a factor > 3) of
the V h, h ! bb̄ uncertainty.

For the sake of illustration we give the analytical relation between the three parameters under

9Gluon fusion production, h ! �� and h ! Z� are also sensitive to b, but only very weakly.
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to the SM predictions:

• µon, the on-shell rate for gg ! h ! ZZ⇤ (or equivalently, any other on-shell process that
does not involve h ! bb̄);
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, the on-shell rate for qq̄ ! V (h ! bb̄);
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and one ̃univ < 1, whereas for µo↵ > a only the “+” solution with ̃univ > 1 remains.

Summary

In this note we have reconsidered the power of o↵-shell Higgs measurements to probe new
physics. We started from the original proposal of o↵-shell observables as capable of lifting
the universal flat direction plaguing on-shell Higgs rates. We have spelled out the conditions
that a BSM theory must satisfy for such a universal flat direction to arise, finding that two
specific ingredients must be simultaneously present: an enhancement of the Higgs couplings
with respect to the SM, which requires models with extended scalar multiplets or non-compact
cosets, and an accidental relation between the coupling modification and the BSM decay width
of the Higgs. Motivated by these arguments we have made a first step away from coupling
universality, considering a (̃univ,b,BRexo) parametrization. In this scenario on-shell rates
display an approximate flat direction, which is broken both by on-shell observables involving
h ! bb̄, and by o↵-shell measurements. We have compared the two, finding that o↵-shell
has the leading resolving power in the presence of a relatively large BRexo & 0.2 ; for smaller
values, o↵-shell will be competitive if the uncertainties in the V h, h ! bb̄ channel turn out to
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Off-shell Higgs in SMEFT

Figure 2.3: HL-LHC comparison of the o↵-shell sensitivity to the on-shell fit, assuming the
V h, h ! bb̄ to deviate from the SM as µ

V h,h!bb̄
= 0.75. Left: nominal uncertainties are assumed

for h ! bb̄ channels. Right: we relax the uncertainty of V h, h ! bb̄ by the multiplicative factor
s
V h,bb̄

.

be larger than currently projected. Finally, given the importance of the interplay with h ! bb̄
observables, we have explored how the above conclusions would be a↵ected if the V h, h ! bb̄
rate were observed to deviate from the SM prediction.

2.2 SMEFT e↵ects in gg ! ZZ

We turn to discuss the sensitivity of o↵-shell measurements to SMEFT dimension-6 operators,
considering the gg ! ZZ process. In the Higgs basis (see Chapter 4, whose conventions we
follow) we count 9 CP -even and 5 CP -odd coe�cients,
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where gZ ⌘

q
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L
+ g2

Y
and complex coe�cients are underlined in both colors. Notice that

couplings involving the photon and the W were omitted; these would be relevant for gg ! WW .

We focus here on the CP -even couplings. Several of these can be constrained from other mea-
surements, in particular:

• One linear combination of cgg and Re [�yu]33 determines the leading correction to Higgs
production in gluon fusion at the LHC,

�gg!h

�SM

gg!h

'

⇣
1 + 12⇡2cgg +Re [�yu]33

⌘
2

. (2.7)

The remaining blind direction is lifted mainly by tt̄h production, which is sensitive to
Re [�yu]33 at tree-level.

• �cz is directly probed by on-shell h ! ZZ⇤ decays, as well as h ! WW ⇤ if �mw = 0 is
assumed (recall that �cw = �cz + 4�mw), a sensible approximation in the context of Higgs
analyses, as discussed in Chapter 4.

• The corrections to the Zt̄LtL, Wt̄LbL and Zb̄LbL interactions are not all independent at
dimension 6,

�gWq

L
= V †

CKM
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L VCKM � �gZd

L ! (�gWq

L
)33 ' (�gZu
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L )33 (2.8)

8

Higgs basis: Top and Higgs interactions

red: CP odd,  blue: CP even

Figure 2.3: HL-LHC comparison of the o↵-shell sensitivity to the on-shell fit, assuming the
V h, h ! bb̄ to deviate from the SM as µ

V h,h!bb̄
= 0.75. Left: nominal uncertainties are assumed

for h ! bb̄ channels. Right: we relax the uncertainty of V h, h ! bb̄ by the multiplicative factor
s
V h,bb̄

.

be larger than currently projected. Finally, given the importance of the interplay with h ! bb̄
observables, we have explored how the above conclusions would be a↵ected if the V h, h ! bb̄
rate were observed to deviate from the SM prediction.
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h
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µ⌫
T

a[dGu]33tLG
a

µ⌫ + gZ t̄R�
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T
a[dZu]33tLZµ⌫

⌘
+ h.c.,

where gZ ⌘

q
g2
L
+ g2

Y
and complex coe�cients are underlined in both colors. Notice that

couplings involving the photon and the W were omitted; these would be relevant for gg ! WW .

We focus here on the CP -even couplings. Several of these can be constrained from other mea-
surements, in particular:

• One linear combination of cgg and Re [�yu]33 determines the leading correction to Higgs
production in gluon fusion at the LHC,

�gg!h

�SM

gg!h

'

⇣
1 + 12⇡2cgg +Re [�yu]33

⌘
2

. (2.7)

The remaining blind direction is lifted mainly by tt̄h production, which is sensitive to
Re [�yu]33 at tree-level.

• �cz is directly probed by on-shell h ! ZZ⇤ decays, as well as h ! WW ⇤ if �mw = 0 is
assumed (recall that �cw = �cz + 4�mw), a sensible approximation in the context of Higgs
analyses, as discussed in Chapter 4.

• The corrections to the Zt̄LtL, Wt̄LbL and Zb̄LbL interactions are not all independent at
dimension 6,

�gWq

L
= V †

CKM
�gZu

L VCKM � �gZd

L ! (�gWq

L
)33 ' (�gZu

L )33 � (�gZd

L )33 (2.8)

8

Degeneracy

See global fits: Ethier, et al arXiv:2105.00006 
Ellis et al arXiv:2012.02779
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The operators: Warsaw basis
Higgs operators

Top operators

See also: Englert, Soreq, Spannowsky arXiv:1410.5440 
Azatov et al arXiv:1406.6338,1608.00977 
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SMEFT analysis of off-shell production

Things to consider: 
• The relevant operators modifying the signal: 

• Higgs couplings 
• The operators entering the gg    ZZ background  

• The constraints on the top-operators 
• Well-constrained operators         small impact 
• Unconstrained operators        to be taken into account
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What should we expect?
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Table 7: High energy behaviour of the gg ! ZZ helicity amplitudes modified by the purely bosonic
operators.

combinations. 3

The operators probed by gg ! ZZ can be divided into 3 categories. First, OtG, OtZ ,
Ot', O't and O

(�)
'Q

enter in the top quark couplings with the Higgs, Z boson and gluons.
Then O'B, O'W and O'G modify the bosonic Higgs couplings. Finally, O'ui

, O'di
, O(�)

'qi
,

O
(3)
'qi

and O
(3)
'Q

all modify the light quark couplings with the Z boson. Example diagrams are
shown in Fig. 3. The high energy behaviour of the SM helicity amplitudes, first discussed
in [67, 68], and of the SMEFT growing amplitudes are presented in Tables 5-7.

The operators O't, O(�)
'Q

and Ot' enter gg ! ZZ by rescaling the ZtRt̄R, the ZtLt̄L

and the tt̄H interactions respectively. In addition O
(�)
'Q

also modifies the ZbLb̄L vertex. All
three operators induce a growth with energy in the (++0 0) helicity configuration. This is
because in the SM, the top boxes and top triangles each either tend to a constant or decrease
with energy except in the (+ + 0 0) configuration where they each grow logarithmically
[33, 34, 41, 44]. Those growths cancel each other out such that the full SM (+ + 0 0)

amplitude tends to a constant. However O't, O(�)
'Q

only enter in the box diagrams and Ot'

only enters in the triangle ones, thus the logarithmic growths are not cancelled by any other
diagrams. From Table 6 we notice that there is a degeneracy in the high-energy behaviour
of these three operators. We note though that this degeneracy is only present in the leading
term, and subleading terms differ for these operators. In passing we also comment on the
corresponding light quark operator amplitudes (O(3)

'Q
,O

(3)
'qi

,O
'u
,O

'd
) that tend to at most

a constant in the high energy limit. As such, their contributions are suppressed compared
to those of the top operators in the high-energy region that we are interested in.

The top chromomagnetic operator, OtG, generates helicity amplitudes, with the largest
growth with (++0 0) and (+� 0 0) rising quadratically with the energy. As expected, the
amplitudes which involve a Higgs propagator depend on µEFT after the renormalisation of
the corresponding UV divergence. Those diagrams enter in the (+ + ++), (+ +��) and
(+ + 0 0) amplitudes, however in the (+ +��) configuration the leading term (log2

�
s

m
2
t

�
)

comes from the box diagrams and thus does not depend on µEFT . While most helicity
3In the SM a permutation of the external Z momenta corresponds to a flip of the helicity + $ �, which

reduces the number of independent helicity configurations [66]. However this argument requires that the
two tt̄Z vertices are identical which is not the case in the presence of SMEFT operators such as OtZ . This
argument also holds for W pair production.
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grows when the Z is longitudinally polarised.
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Figure 3: Diagram topologies that enter in the computation of gg ! ZZ in SMEFT at 1-loop. The
empty dots represent couplings that could be either SM-like or modified by dimension-6 operators.
The filled dots represent vertices generated only by dimension-6 operators. Only one insertion of
dimension-6 operators is allowed per diagram.
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Table 5: High energy behaviour of the gg ! ZZ helicity amplitudes in the SM and in the presence
of top dipole operators. �g1 ,�g2 ,�Z1 ,�Z2 represent the polarisations of the two incoming gluons
and the two outgoing Z bosons respectively. For readability we define f2(c✓) =

⇥
(c✓ � 1)2 + (1 �

c✓
2) log(�1�c✓

2 ) + (1 + c✓) log( 1+c✓

2 )(2i⇡ + log( 1+c✓

2 ))
⇤
/[
p
1� c✓2(1� c✓)].

�g1 ,�g2 ,�Z1 ,�Z2 Ot' O't O
(�)
'Q

+,+, 0, 0 mt v
3
e
2
g
2
s

128⇡2 m2
Z
c2w s2w

h
log

�
s

m
2
t

�
� i⇡

i2
m

2
t
v
2
e
2
g
2
s

32
p
2⇡2 m2

Z
c2w s2w

h
log

�
s

m
2
t

�
� i⇡

i2
m

2
t
v
2
e
2
g
2
s

32
p
2⇡2 m2

Z
c2w s2w

h
log

�
s

m
2
t

�
� i⇡

i2

Table 6: High energy behaviour of the gg ! ZZ helicity amplitudes modified by top operators.

We now turn our attention to ZZ production. There are 36 possible helicity combina-
tions for gg ! ZZ, but using the Bose symmetry of the initial state gluons and final state
Zs and the fact that all operators considered are CP-even leads to 10 independent helicity

2The cA notation is used loosely here as the leading term has contributions from both the box and
triangle diagrams, the latter having a dependence on the weak angle coming from the ZZH vertex.
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The operators probed by gg ! ZZ can be divided into 3 categories. First, OtG, OtZ ,
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Then O'B, O'W and O'G modify the bosonic Higgs couplings. Finally, O'ui
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all modify the light quark couplings with the Z boson. Example diagrams are
shown in Fig. 3. The high energy behaviour of the SM helicity amplitudes, first discussed
in [67, 68], and of the SMEFT growing amplitudes are presented in Tables 5-7.
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and Ot' enter gg ! ZZ by rescaling the ZtRt̄R, the ZtLt̄L

and the tt̄H interactions respectively. In addition O
(�)
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also modifies the ZbLb̄L vertex. All
three operators induce a growth with energy in the (++0 0) helicity configuration. This is
because in the SM, the top boxes and top triangles each either tend to a constant or decrease
with energy except in the (+ + 0 0) configuration where they each grow logarithmically
[33, 34, 41, 44]. Those growths cancel each other out such that the full SM (+ + 0 0)

amplitude tends to a constant. However O't, O(�)
'Q

only enter in the box diagrams and Ot'

only enters in the triangle ones, thus the logarithmic growths are not cancelled by any other
diagrams. From Table 6 we notice that there is a degeneracy in the high-energy behaviour
of these three operators. We note though that this degeneracy is only present in the leading
term, and subleading terms differ for these operators. In passing we also comment on the
corresponding light quark operator amplitudes (O(3)
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) that tend to at most

a constant in the high energy limit. As such, their contributions are suppressed compared
to those of the top operators in the high-energy region that we are interested in.

The top chromomagnetic operator, OtG, generates helicity amplitudes, with the largest
growth with (++0 0) and (+� 0 0) rising quadratically with the energy. As expected, the
amplitudes which involve a Higgs propagator depend on µEFT after the renormalisation of
the corresponding UV divergence. Those diagrams enter in the (+ + ++), (+ +��) and
(+ + 0 0) amplitudes, however in the (+ +��) configuration the leading term (log2
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comes from the box diagrams and thus does not depend on µEFT . While most helicity
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reduces the number of independent helicity configurations [66]. However this argument requires that the
two tt̄Z vertices are identical which is not the case in the presence of SMEFT operators such as OtZ . This
argument also holds for W pair production.
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Table 6: High energy behaviour of the gg ! ZZ helicity amplitudes modified by top operators.

We now turn our attention to ZZ production. There are 36 possible helicity combina-
tions for gg ! ZZ, but using the Bose symmetry of the initial state gluons and final state
Zs and the fact that all operators considered are CP-even leads to 10 independent helicity

2The cA notation is used loosely here as the leading term has contributions from both the box and
triangle diagrams, the latter having a dependence on the weak angle coming from the ZZH vertex.
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Higgs-gauge interactions

Figure 3.2: Di↵erential distributions for Higgs operators, modifying Higgs couplings to the gauge
bosons. For the interference, dashed lines denote a negative contribution.
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Top Yukawa

Figure 3.6: Di↵erential distributions for maximum allowed values of the coe�cients extracted
from global SMEFT fits [45]. Both SM-NP interference and NP2 terms are included.

20

Figure 3.5: Di↵erential distributions for top Yukawa and top chromomagnetic dipole moment
operators. For the interference, dashed lines denote a negative contribution.
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Figure 3.6: Di↵erential distributions for maximum allowed values of the coe�cients extracted
from global SMEFT fits [45]. Both SM-NP interference and NP2 terms are included.
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Figure 3.5: Di↵erential distributions for top Yukawa and top chromomagnetic dipole moment
operators. For the interference, dashed lines denote a negative contribution.
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Top-Z couplings

Figure 3.6: Di↵erential distributions for maximum allowed values of the coe�cients extracted
from global SMEFT fits [45]. Both SM-NP interference and NP2 terms are included.
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Figure 3.4: Di↵erential distributions for top quark operators, modifying top quark couplings to
the Z bosons. For the interference, dashed lines denote a negative contribution.
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Top-Z couplings

Figure 3.6: Di↵erential distributions for maximum allowed values of the coe�cients extracted
from global SMEFT fits [45]. Both SM-NP interference and NP2 terms are included.

20

Figure 3.4: Di↵erential distributions for top quark operators, modifying top quark couplings to
the Z bosons. For the interference, dashed lines denote a negative contribution.
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Going beyond gluon fusion

Figure 3.7: Example Feynman diagrams for electroweak o↵-shell Higgs production and corre-
sponding background with EFT insertions.

3.2 Studies with the JHUGen+MCFM framework
The JHUGen implementation of o↵-shell Higgs boson production with subsequent decay to
V V ! 4f includes interference with background and supports both gluon fusion and electroweak
(VBF and V H) processes [46,47]. Building on the transparent implementation of standard model
matrix elements in MCFM [6,48], the JHUGen framework incorporates the general scalar and
gauge couplings of the Higgs boson, as well as additional possible states. The JHUGenLexicon
interface allows for parameterization of EFT e↵ects either in the Higgs (mass eigenstate) or
Warsaw (weak eigenstate) bases, or directly as modifications of the Higgs boson anomalous
interactions with either fermions or vector bosons.

3.2.1 Relevant Operators

Several types of EFT operators a↵ecting Higgs boson physics, which appear in Eq. (2.6) and
are later listed in Eq. (4.4), are considered. The typical Feynman diagrams with these operators
contributing to the gluons fusion process are presented in Fig. 3.1, and typical ones contributing
to the electroweak o↵-shell Higgs boson production and corresponding background are shown in
Fig. 3.7. Therefore, the operators a↵ecting the Higgs boson signal can be classified as follows:

• Operators a↵ecting the HV V vertex either in the H ! V V decay or in electroweak pro-
duction of the Higgs boson (V V ! H, V ! V H): �cz, cz⇤, czz, c�� , cz� , cgg, c̃zz, c̃�� , c̃z�

• Operators a↵ecting the Hgg vertex in gluon fusion (point-like interactions): cgg, c̃gg

• Operators a↵ecting Yukawa interaction in the gluon fusion loop: CP-odd ̃t, ̃b, and CP-
even t,b, where the latter are equivalent to �yu, �yd in Eq. (4.4)

• Operators with a new heavy fermion Q in the gluon fusion loop, which reproduce cgg and
c̃gg in the limit of mQ ! 1

Moreover, both gluon fusion and electroweak production of the Higgs boson in the o↵-shell regime
require modeling of the background processes and their interference with the Higgs boson signal.
These background processes may be modified by EFT e↵ects. Therefore, the following types of
EFT operators can also be considered:

• Operators which allow for modification of the vector and axial-vector Zff couplings, either
in the Z decay to fermions or through the connection of the Z to the fermion in the gluon
fusion loop in the gg ! V V ! 4f background process

• Operators a↵ecting the triple (d�WW , dZWW , d�
i
, dZ

i
) and quartic (d��WW , d�ZWW , dZZWW ,

dWWWW ) boson couplings in the electroweak background production of the V V ! 4f final
state in association with jets

The former set of operators are not considered in the gluon fusion continuum process yet [47].
In the latter case, the triple and quartic electroweak boson couplings, with an example shown
in the middle digram of Fig. 3.7, are related to the HV V vertices through SMEFT symmetry

21

Gritsan, Kang, Sarica in arXiv:2203.02418 
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Figure 3.9: The four-lepton m4` invariant mass distributions for electroweak production in
association with two jets at the LHC with a 13 TeV pp collision energy, where the histograms were
originally prepared for Ref. [46]. The cz⇤ = �0.20 (left) and czz = �0.36 (right) contributions
in addition to the SM diagrams to either signal-only (“H”), background-only (“bkg”), or the
full process including their interference (“H+bkg+int”) are modelled. The total SM production
and background-only components are shown in black.
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Figure 3.10: The four-lepton m4` invariant mass distributions for gluon fusion process at the
LHC with a 13 TeV pp collision, where the histograms were originally prepared for Ref. [46]. The
left panel illustrates the di↵erences in the Higgs signal-only component, where the three CP-odd
operators ̃t (magenta), ̃b (red), and c̃gg (blue) are shown in color, and they are introduced in
place of the SM process with their strength constrained to reproduce cross section of the SM
Higgs boson production in gluon fusion (black) in the on-shell region. The right panel illustrates
the di↵erences with the background amplitude included (“H+bkg+int”), and the background-
only (“bkg”) component is shown as a dashed histogram. The m4`-dependent NNLO QCD
k factor [51] is applied for illustration purpose.
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Also allowing CP odd Higgs couplings
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Conclusions

• Off-shell Higgs production key in constraining the Higgs 
width 

• Off-shell measurements can break degeneracies from on-
shell production 

• SMEFT analysis of off-shell Higgs production needs to take 
into account: 
• Operators modifying the signal 
• Operators modifying the loop-induced background 

• Operators modifying the top-Z coupling play a special role, 
as they are loosely constrained and lead to energy growing 
amplitudes 

• More systematic and realistic studies needed



Thank you for your attention


