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tree-level unitarity, just as for the SM without the Higgs. Tree-level unitarity violation is a

sign of strong coupling in the UV, which requires new physics at or below that scale.

As our results will show, upcoming HL-LHC measurements of Higgs couplings probe new

physics at the scale of a few TeV or below. This scale is not su�ciently large that we can

confidently neglect higher-dimension operators in the Standard Model e↵ective field theory

(SMEFT). Therefore, in this paper we adopt a completely model-independent approach to

the interpretation of the measurements of Higgs couplings. We describe these couplings by

the following e↵ective Lagrangian in unitary gauge:
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Here L
SM

is the SM Lagrangian, h is the real scalar field that parameterizes the physical

Higgs boson (with hhi = 0), Z
µ

, W±
µ

are the SM gauge fields, and t is a Dirac spinor field

parameterizing the top quark. The � parameters parameterize deviations in couplings that

are already present in the SM, while the c parameters denote additional couplings that are

not present in the SM.1 The ellipses denote terms with additional derivatives and/or powers

of the SM fields. The parameters in L
SM

are measured at the percent level or better by

precision measurements of electroweak processes and the mass of the Higgs boson. The

parameters �
V 1

and �
t1

are currently constrained at the 20% level, while �
3

, �
V 2

, and c
t2

are

more weakly constrained. These couplings will be measured with significant improvements

in accuracy at the upcoming HL-LHC run as well as at future colliders, motivating the focus

on these couplings. As already mentioned above, any deviation from the SM predictions in

these measurements is a sign of physics beyond the SM and points to a scale of new physics

that can be explored experimentally. To do this, we assume that there are no additional

particles below some UV scale E
max

, and determine E
max

by requiring that the theory satisfies

tree-level unitarity up to the scale E
max

.

The implications of unitarity for extensions of the SM has been extensively studied, but

there are a number of new features to the present analysis.

• We use a completely model-independent bottom-up approach. In particular, we do not

make any assumption about the infinitely many unconstrained couplings in Eq. (1.1)

1The � parameters in Eq. (1.1) are directly related to the  parameters used in experimental determina-

tions of Higgs boson couplings [14], e.g. Z = 1 + �Z1 and t = 1 + �t1.
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Any nonzero δ or c coupling is a sign of new physics,
which leads to unitarity violation at high energies, giving
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Fig. 2. The unitarity bound as a function of the deviation in the h3 coupling.

The optimal bound lies between the model-independent and SMEFT estimates.

The band around the model-independent scale reflects the uncertainty of the

bound from varying the unitarity constraint to 1

2

 |M̂|  2. For comparison,

we show projected 95% C.L. limits on �
3

from a combination at HL-LHC and

a 100 TeV pp collider from [23].

for small values of �
3

, but for larger values the process hh ! hhh dominates and gives

E
max

'

32 TeV

|�
3

|

. (2.12)

The results are plotted in Fig. 2. The scale of tree-level unitarity violation is an estimate for

the scale of strong coupling, and is therefore subject to theoretical uncertainty. As a rough

parameterization of this uncertainty, we vary the constraint from 1

2

< |M| < 2. Within this

range, we see that there is no important di↵erence between the model-independent bound

and the optimal bound.

2.4 SMEFT Predictions from Unitarity

If the scale of new physics is high, we expect that the new physics must be of the decoupling

type. This means that the e↵ects of the new physics at low energies can be captured by

adding to the SM a series of higher-dimension gauge-invariant operators. This is the SMEFT

framework. If experiments reveal a deviation in one or more SM measurements, without any

sign of new physics, it is most natural to interpret the results in terms of SMEFT.

SMEFT is predictive because the same SMEFT operator controls more than one observ-

able. However, these predictions assume that we can neglect higher-dimension terms, and

the size of these corrections is unknown without further theoretical input. We now show

that we can make an interesting quantitative statement about this purely from unitarity

considerations. Specifically, we show that if the scale of new physics is much larger than

9
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the dimension-6 SMEFT operator
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This does not contribute to the T parameter, and gives a custodial symmetry preserving

deviation to the hV V couplings. Making a field redefinition to remove the momentum-

dependent terms h@h2 and h2@h2, we find that this operator predicts
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= 0 for n � 5. Using this, we can calculate the additional

amplitudes predicted by Eq. (3.10) that violate unitarity, namely h2Z2

L

and h2W 2

L

and check

whether these give a lower scale of unitarity violation for a given value of �
V 1

. We find that

these new processes give weaker or equivalent bounds to the model-independent bound for
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which is therefore also the optimal bound in this case. This is shown in Fig. 5 along with

the constraints from ATLAS and a HL-LHC projection, showing the potential to constrain

new physics below ⇠ 5 TeV.
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Fig. 5. The unitarity bound as a function of the deviation in the hV V coupling.

The optimal bound lies between the model-independent and SMEFT estimate

from the dimension-6 operator Eq. (3.10) and thus they are the same. The band

around the model-independent scale results from varying the unitarity bound

to 1

2

 |M̂|  2. For comparison, we show the 95% C.L. limits on �
V 1

from

ATLAS [28] and a projected HL-LHC combination [23].
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Fig. 10. The unitarity bound on �
t1

assuming �
W1

, �
Z1

= 0. The model-

independent bound is equal to the optimal bound for all values of �
t1

shown.

The band around the model-independent scale results from varying the unitarity

bound to 1

2

 |M̂|  2. For comparison, we show the 95% C.L. limits on the

coupling from ATLAS [28] and a projected HL-LHC combination [23].

are stronger than Eq. (4.1). As in previous sections, we consider the optimal bound obtained

by marginalizing over the infinitely many unmeasured couplings. The optimal bound can be

constrained by considering the SMEFT operator

�L
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=
y
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which gives
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= c
t3

= 3�
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, (4.8)

and c
tn

= 0 for n � 4. This imposes additional unitarity bounds. We find that the bounds

for the model-independent processes considered above give the most stringent bound for

small �
t1

, but for larger values of �
t1

the strongest bound comes from t̄
R

t
R

! hh, which gives

E
max

'

2.4 TeV

|�
t1

|

. (4.9)

However, this only dominates over the bounds in Eq. (4.1) for �
t1

>
⇠

0.6, which is larger than

allowed by current constraints. In Fig. 10 we show the unitarity bounds on �
t1

along with the

experimental bounds from ATLAS and the projected sensitivity of a HL-LHC combination.

4.3 SMEFT Predictions from Unitarity

If the scale of new physics is high, we expect that an observed deviation in the Higgs couplings

can be described by the lowest-dimension SMEFT operator. In the case of the t̄th coupling,

21
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are stronger than Eq. (4.1). As in previous sections, we consider the optimal bound obtained

by marginalizing over the infinitely many unmeasured couplings. The optimal bound can be

constrained by considering the SMEFT operator

�L
SMEFT

=
y
t

M2

✓
H†H �

v2

2

◆
(Q̄

L

H̃t
R

+ h.c.), (4.7)

which gives

�
t1

= �

v2

M2

, c
t2

= c
t3

= 3�
t1

, (4.8)

and c
tn

= 0 for n � 4. This imposes additional unitarity bounds. We find that the bounds

for the model-independent processes considered above give the most stringent bound for

small �
t1

, but for larger values of �
t1

the strongest bound comes from t̄
R

t
R

! hh, which gives

E
max

'

2.4 TeV

|�
t1

|

. (4.9)

However, this only dominates over the bounds in Eq. (4.1) for �
t1

>
⇠

0.6, which is larger than

allowed by current constraints. In Fig. 10 we show the unitarity bounds on �
t1

along with the

experimental bounds from ATLAS and the projected sensitivity of a HL-LHC combination.

4.3 SMEFT Predictions from Unitarity

If the scale of new physics is high, we expect that an observed deviation in the Higgs couplings

can be described by the lowest-dimension SMEFT operator. In the case of the t̄th coupling,
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Existing strong bounds on 
these couplings still allow

future deviations where new 
physics has to appear below

~ 3-8 TeV.  In fact, hVV is 
more powerful than h3!
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Fig. 9. Unitarity violating scales given values of �
t1

and �
V 1

. The solid line

represents the 95% C.L. at the LHC [28] and the dashed line is the HL-LHC

projection for ATLAS [31].

The best bounds on �
t1

from these processes are

t
R

t̄
R

! W+

L

W�
L

: E
max

'

5.1 TeV

|�
t1

+ �
V 1

|

,

t
R

b̄
R

! W+

L

h : E
max

'

3.6 TeV

|�
t1

� �
V 1

|

t
R

b̄
R

! W+

L

W+

L

W�
L

: E
max

'

3.3 TeVq
|�

t1

�

1

3

�
V 1

|

,

(4.6)

where we assume custodial symmetry �
Z1

= �
W1

= �
V 1

. As already mentioned above, these

bounds are numerically stronger than previous bounds [10,12, 13].

Fig. 9 shows the unitarity violating scale from these processes as a function of �
t1

and �
V 1

,

together with projected HL-LHC constraints on these couplings. From this graph, we see

that upcoming measurements of �
V 1

are sensitive to lower scales of new physics. However, if

measurements of hV V agree with the SM, a deviation in the ht̄t coupling at HL-LHC that

is compatible with current constraints can still point to a scale of new physics below 8 TeV.

4.2 Optimal Bound

To further discuss the implications of �
t1

, we consider a scenario where �
t1

is nonzero, but all

the other Higgs couplings are compatible with the SM. To estimate the scale of new physics in

this scenario, it is conservative to assume �
W1

, �
Z1

= 0, since unitarity bounds from Eq. (3.9)
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If you're interested in discussing or collaborating, 
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