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Is there a relative minus sign between two cubic couplings  and ?
gWW
h125

gZZ
h125

“…the Concrete Analysis of the Concrete Situation…” 
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• So far to be consistent with 1 with a 

precision of 6%, where  is defined as  .


• “However, this relies primarily on vector-boson 
fusion (VBF) production, and associated 
production, and decays into and ”, all of 
which scale with the square of  and .”


• “Therefore, the relative sign of these parameters 
is nearly unconstrained by current 
measurements, and they are both assumed to be 
positive in the coupling combinations.”

λWZ
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κh
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WW* ZZ*
κW κZ

Experimental Analysis

     2402.00426

See Also: CMS-PAS-HIG-23-007 (2023)  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See:  2404.10815  

Evading the 8  Exclusionσ

5



Lesson From S. D. Joglekar

• The major proposal of our work is to identify that any deviation from the tree level SM couplings will violate 
unitarity and warrant new physics interpretation (NP).


•  The energy scale at which the unitarity gets violated ( )  can be considered as the upper limit on the BSM 
particles.


• Furthermore, the couplings of these nonstandard particles can not be arbitrary and precisely controlled by the 
unitarity sum rules.

Λmax
UV

See:  S-Matrix Derivation of the Weinberg Model by S. D. Joglekar (Annals of Physics: 83, 427-448 (1974))  

ℳλ1λ2,λ3λ4
∝ ⟨λ3λ4 TJ(E) |λ1λ2⟩ | ≤ 1 for all J

Asymptotic Softness
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•The t-channel and 4-point vector boson diagrams individually takes the form of order 4 polynomials at the high energy limit. 



•The s-channel diagram Higgs mediated digram is an order 2 polynomials at the High energy limit with the form 


•After adding these three diagrams one can see the  dependence vanishes as an outcome of electroweak gauge invariance.  


•In case of the SM, the gauge boson piece takes the value  . In contrast, the Higgs diagram takes the value  .


• This calculation dictates the governing principle to deduce the technical requirements for the LHC (or Lee-Quigg-Thacker Bound 
) 

ℳV ∼ aE0 + bE2 + cE4

ℳh ∼ a′￼E0 + b′￼E2

E4

∼
g2E2

M2
W

∼ −
g2E2

M2
W

Mh/NP < 1TeV

Revisiting SM: WLWL → ZLZL
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Figure 1: WLWL ! ZLZL in SM

In the high energy limit, we obtain the scattering amplitude of the Higgs mediated diagram to be

M
SM
h

(WLWL ! ZLZL) =
�g

2
E

2

M
2
W

. (1)

To conserve unitarity, the high energy limit of scattering amplitudes must not grow with energy. In
the SM, the M

SM
h

has an O(E2) dependence which gets cancelled by the O(E2) dependence coming
from the gauge mediated diagrams. This tell us that the O(E2) term coming from the gauge mediated
diagrams in the high energy limit is

M
SM,2
gauge(WLWL ! ZLZL) =

g
2
E

2

M
2
W

. (2)

Note that the WWZZ direct coupling can only contribute an O(E4) term.
Now considering a BSM scenario of an extended scalar sector where the Higgs couplings are modified
by factors of , the scattering amplitude of the Higgs mediated diagrams is modified to

M
BSM
h

(WLWL ! ZLZL) =
�g

2
E

2

M
2
W


h

W
h

Z , (3)

and the O(E2) dependence survives in the total (gauge+Higgs mediated) scattering amplitude as

M
BSM
total (WLWL ! ZLZL) =

g
2
E

2

M
2
W

[1� 
h

W
h

Z ] , (4)

This leads to unitarity violation at high energies. The energy scale at which this occurs in the wrong
sign limit can be calculated by expressing the total scattering amplitude in the following form

M(✓)total = 16⇡
1X

`=0

(2`+ 1)a`P`(cos ✓) , (5)

where for unitarity, the coefficients |a`| must satisfy the condtion

|a`|  1 . (6)

This condition places the scale of unitarity violation at about 620 GeV in the wrong sign limit.
If we believe in the principle of unitarity, then we expect that new physics will appear before the

2

 ℳ125
κ (WLWL → ZLZL) ≡ 16πa0 = ℳSM,2

gauge (WLWL → ZLZL) + ℳ125
h (WLWL → ZLZL) =

g2E2

M2
W

[1 − κh
Wκh

Z] + 𝒪 (1)
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Non Standard Scenario

• In the wrong sign limit one can determine (using optical theorem and zeroth 
order partial wave analysis) that the bad high energy behaviour would appear 
roughly around 620 GeV. 

Demanding  one can evaluate unitarity violation scale using the following identity:a0 ≤ 1

Λmax
UV =

4πv2

1 − κh
Wκh

Z

= 2π v ≈ 620 GeV
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Any deviation of the  values from unity 
immediately demand new physics. Mass scale of 

the NP will depend on the extend of such 
deviation and for the wrong sign scenario much 

below the TeV scale! 

κ
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A Minimal Solution

We are considering only scalars as a minimal choice. Inclusion of nonstandard vector bosons will introduce 
energy growths leading to more severe consequences for unitarity violation. 


We have also not considered the charged scalars couplings to SM fermions primarily because they will be relevant 
for processes like  which do not involve .


We will determine shortly, the most conservative direct search bounds on the nonstandard masses are obtained in 
the limit .


𝒪 (E4)

f̄1 f2 → WZ/WW κh
X

δk ≈ 0

ℒNP =
Nn

∑
k=1

Hk (κHk
W gMWWμ+W−

μ +
κHk

Z

2
gMZ

cos θw
ZμZμ − κHk

f

mf

v
f̄f) + (

Nc

∑
k=1

δk
gMW

cos θw
W+

μ ZμH−
k +

Nd

∑
k=1

ξk
gMW

2
W+

μ Wμ+H−−
k + h . c . )
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unitarity violation scale to maintain the unitarity of our theory. We focus on new physics with an
extended scalar sector because scalars only contribute an O(E2) term to the WLWL ! ZLZL scattering
amplitude. Fermions cannot mediate this process and additional gauge bosons will introduce O(E4)
terms that would also need to be cancelled. Scalar extensions are therefore the minimal choice to
restore unitarity. With an extended scalar sector, the new physics would be in the form of new scalar
particles that mediate 2 ! 2 processes involving W and Z bosons. They could be neutral, say H,
singly charged, say H

+, or doubly charged, say H
++. We parametrize the WWH and ZZH couplings

in such a way that the relevant Lagrangian is expressed as follows

LV V H = 
H

W gMWW
µ+

Wµ
�
H +

1

2

H

Z g
MZ

cos ✓w
ZµZ

µ
H . (7)

We parametrize the relevant singly charged Higgs Lagrangian as

LW�ZH+ = 1g
MW

cos ✓w
Wµ

+
Z

µ
H

� + h.c. . (8)

We parametrize the relevant doubly charged Higgs Lagrangian as

LW�W�H++ = 2gMWWµ
+
W

µ+
H

�� + h.c. . (9)

The WLWL to ZLZL process can now additionally be mediated by the Feynman diagrams of figure 2.
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Figure 2: WLWL ! ZLZL with extended scalar sector

Using this, the H mediated diagram has the following contribution to the scattering amplitude in the
high energy limit

M
BSM
H0 (WLWL ! ZLZL) =

�g
2
E

2

M
2
W


H

W
H

Z . (10)

The total contribution of t-channel and u-channel diagrams mediated by the H
+ in the high energy

limit is

M
BSM
C (WW ! ZZ) =

g
2
E

2

M
2
W


2
1 . (11)

Hence we obtain the following unitarity sum rule

1� 
h

W
h

Z � 
H

W
H

Z + 
2
1 = 0 . (12)
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In the wrong sign limit, this becomes

2 � 
H

W 
H

Z + 
2
1 = 0 . (13)

Since 
2
1 is a positive definite quantity, the product 

H

W


H

Z
must be finite to satisfy this unitarity rule.

We can further constrain the values of ’s using the unitarity sum rule of WLWL ! WLWL scattering.
In the SM, this process occurs through the diagrams of figure 3.
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Figure 3: WLWL ! WLWL in SM

The total scattering amplitude coming from the s-channel and t-channel diagrams mediated by h in
the SM high energy limit is

M
SM
h

(WLWL ! WLWL) =
�g

2
E

2

2M
2
W

(1 + cos ✓) . (14)

This should be cancelled by the gauge diagrams which tells us that the total scattering amplitude for
the gauge mediated diagrams in the high energy limit is

M
SM
gauge(WLWL ! WLWL) =

g
2
E

2

2M
2
W

(1 + cos ✓) . (15)

In the BSM scenario under consideration, three more diagrams are added as given in 4.
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Figure 4: WLWL ! WLWL with extended scalar sector

As in the SM, the BSM contributions of the s-channel and t-channel diagrams of the new neutral

4

Figure 3: The Feynman diagrams for the WLWL ! WLWL scattering process which are mediated
via gauge boson Z/� and the neutral Higgs boson h.

can calculate the scattering amplitude correspond to these diagrams and in Eq.[9], we illustrate the
explicit form for the same in the high energy limit.

M
BSM (WLWL ! ZLZL) = M

BSM
H (WLWL ! ZLZL) + M

BSM
H± (WLWL ! ZLZL)

=
�g

2
E

2


H

W


H

Z

M
2
W

+
g
2
E

2


2
1

M
2
W

(9)

Clubbing this above equation with the SM-like counterpart (see Eq.[2]) one can obtain following
unitarity sum rule

1 � 
h

W 
h

Z � 
H

W 
H

Z + 
2
1 = 0. (10)

In the wrong sign limit, Eq.[10] simplifies to

2 � 
H

W 
H

Z + 
2
1 = 0. (11)

The 
2
1 in Eq.[11] is strictly positive. Hence, to satisfy this condition the product 

H

W


H

Z
has to

be finite and positive. One can also use WLZL ! WLZL scattering process to establish a relation
between 

h

V
, 

H

V
, 1. However, using crossing symmetry one can realise that the corresponding sum

rule is identical to Eq.[10].
To determine the unitarity sum rule among 

h

V
, 

H

V
, 2 one can consider WLWL ! WLWL

scattering process. If we restrict ourselves to SM field spectrum then the relevant diagrams are of
Fig.[4]. In the high energy limit, the scattering amplitude correspond to these diagrams would take
the following form -

M
BSM
 (WLWL ! WLWL) = M

SM,2
gauge (WLWL ! WLWL) + M

BSM
h

(WLWL ! WLWL)

=
g
2
E

2

2M
2
W

h
1 � 

h
2

W

i
(1 + cos ✓) .

(12)

Here ✓ is the relative angle between incoming and outgoing momenta.

M
BSM (WLWL ! WLWL) = M

BSM
H (WLWL ! WLWL) + M

BSM
H++ (WLWL ! WLWL)

= �
g
2


H
2

W
E

2

2M
2
W

(1 + cos ✓) +
g
2


2
2E

2

2M
2
W

(1 + cos ✓)
(13)
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The total scattering amplitude coming from the s-channel and t-channel diagrams mediated by h in
the SM high energy limit is
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This should be cancelled by the gauge diagrams which tells us that the total scattering amplitude for
the gauge mediated diagrams in the high energy limit is
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As in the SM, the BSM contributions of the s-channel and t-channel diagrams of the new neutral

4

WLWL → ZLZL

WLWL → WLWL
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Unitarity Conditions

 
1 − (κh
W)2 −

Nn

∑
k=1

(κHk
W )

2
+

Nd

∑
k=1

ξ2
k = 0

1 − κh
Wκh

Z −
Nn

∑
k=1

κHk
W κHk

Z +
Nc

∑
k=1

δ2
k = 0

VLVL → VLVL :


1 − κh
f κh

W −
Nn

∑
k=1

κHk
f κHk

W = 0

1 − κh
f κh

Z −
Nn

∑
k=1

κHk
f κHk

Z = 0

ff → VLVL :

In the limit,  κh
W = − κh

Z = 1}  

Nn

∑
k=1

κHk
W κHk

Z = 2 +
Nc

∑
k=1

δ2
k

Nn

∑
k=1

(κHk
W )

2
=

Nd

∑
k=1

ξ2
k
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First Proposition!

Consider one tier of BSM scalars i.e.  and set :  Nn,c,d = 1 κh
W = κh

f = − κh
Z = 1

κH1
W κH1

Z = 2

(κH1
W )

2
= ξ2

1

κH1
W κH1

f = 0

κH1
Z κH1

f = 2.

It is clear that, all these 

relations can not be


satisfied simultaneously  κH1
Z

We will leverage the experimental uncertainties in  and  (denoted by  and  respectively) to accommodate  
the possibility and obtain a finite value for . Using  and  in the sum rules.

κh
W κh

f ϵW ϵf
κH1

Z κh
W = 1 ± ϵW, κh

f = 1 ± ϵf
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Reductio ad Absurdum 

Considering   one will 


obtain the minimum possible value of 

κh
W = 1 ± ϵW, κh

f = 1 ± ϵf

κH1
Z

κH1
Z ≈

2

(ϵW + ϵf)

Current  limits on  and  stand at 14% and

19% respectively (2207.00043)
2σ ϵW ϵf

Λmax
UV =

4πv2

1 − κh
Wκh

Z

=
4πv2

2 − ϵW

≈ 650 GeV

Theoretical
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Second Proposition!

Consider two tier of neutral BSM scalar on top of charged scalars i.e.  and 
set :  

Nn = 2, Nc,d = 1
κh

W = κh
f = − κh

Z = 1

Assumption 1:  such that bad high energy behaviour which is triggered due 

to “wrong sign” choice can be eradicated up to sufficiently large energy


MH1
< Λmax

1 ≈ 620

Assumption 2: The allowed values  from direct search limits, will raise the second unitarity 
violation ( ) scale    i.e.  

κH1
X
Λ2 Λmax

1 < Λ2 < Λmax
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Reductio ad Absurdum 

Step 1 : Scan range  to collect the allowed values such that .


Note: Remaining relevant parameters ( ) of the theory are dependent.

κH1
W,Z, f ∈ [−1,1] MH1

≤ 620 GeV
ξ1, κH2

W,Z, f

Step 2: Evaluate  using the identities 


    ,  

Λmax

Λmax
WW→ZZ =

4πv2

2 − κH1
W κH1

Z

Λmax
WW→WW =

8πv2

ξ2
1 − (κH1

W )2

! !"# ! !"$ ! !"% !"! !"% !"$ !"#
!

&!!

'!!!

'&!!

%!!!

%&!!

��!
" '

��
%()

*
+"

#
"

%#
(,

-
$.

/0
%

≠ MH2
< Λmax

2
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Summary

• We propose a complementary method to probe the deviation of    from unity.


• Our method is immune to the concern regarding UV completion and prove that the deviation of the 
 value necessitate the emergence of the new physics at sub-TeV scale which is within the current 

reach of the LHC. 


• We have been able to show that even with two tiers of nonstandard neutral scalars brought in to 
restore unitarity, the wrong-sign  coupling cannot be accommodated.


• Most importantly, our current analysis exemplifies the fact that the so called “null results” in the 
direct searches can be translated into nontrivial information regarding the couplings of the SM-like 
Higgs boson thereby providing us with important insights about mechanism of electroweak 
symmetry breaking.

κh
X

κh
X

hZZ
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