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Fits for Higgs couplings
Standard Model
particles have
20-50% errors
and currently

agree with SM value
 

Standard
Model values

ATLAS-CONF-2018-031
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Nonstandard Potentials
occur in many scenarios
w/ new EWSB source

e.g. 2HDM, induced EWSB
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Figure 3 : Current limits and projected sensitivities of ! ! from the electroweak oblique
parameters S and T. The light blue area in the S-T plane corresponds to the 95% C.L.
region based on measurements at LEP and the LHC. The green and orange areas correspond
to projected LHC and ILC/GigaZ sensitivities respectively. The longer (shorter) thin blue
lines show the shift in S and T as ! ! extends up to ! 20 (+20). The intersection of these
lines with the current limits and projected sensitivities gives the ranges of! ! as shown in
the Þgure.

As there are no contributions from the quartic Higgs self-coupling, we can use the relation
between øc6 and ! ! in Eq. (2.6) to write this result as,

S = ! 0.000138 (! 2
! ! 1) + 0 .000456 (! ! ! 1) ,

T = 0 .000206 (! 2
! ! 1) ! 0.000736 (! ! ! 1) . (4.3)

The distinction between the contribution from two insertions of a modiÞed Higgs self-
coupling and a single insertion is made explicit here, since a term proportional to (! 2

! ! 1)
is exactly the contribution we get from two insertions.

The path of the ! ! contribution in the S-T plane is shown in Fig.3. The light blue
ellipse shows the current 95% C.L. bound on theS and T parameters, as obtained by The
GÞtter Group [35]. Also shown in the plot are possible future bounds on these parameters.
The ellipses are constructed forU = 0 and are centred on (0, 0). From the intersection
points of the path of ! ! in the S-T plane with the current ellipse, we estimate for the 95%
C.L. a bound of:

! 14.0 " ! ! " 17.4 . (4.4)

Similar bounds have been derived using the observablesmW and sin"W instead of S and
T [27]. The limits of Eq. ( 4.4) can be compared to existing bounds from searches for

Ð 8 Ð

Precision Electroweak
|! " | ≲ 14

Kribs et.al. 1702.07678
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Figure 3: Up/Left : Kinematical dependence of|Rea0
hh! hh | for the reference values! hhh / ! SM

hhh =
7 and ! hhhh = ! SM

hhhh . Up/Right : Partial-wave unitarity bound |Rea0
hh! hh | < 1/ 2 on ! hhh / ! SM

hhh
as a function of

!
s and for ! hhhh = ! SM

hhhh . Down/Left : Kinematical dependence of|Rea0
hh! hh |

for the reference values! hhhh / ! SM
hhhh = 65 and ! hhh = ! SM

hhh . Down/Right : Partial-wave unitarity
bound |Rea0

hh! hh | < 1/ 2 on ! hhhh / ! SM
hhhh as a function of

!
s and for ! hhh = ! SM

hhh . Dashed,
dotted, dot-dashed and full curves denote respectively thes, t + u, 4vrtx and s + t + u +
4vrtx contribution to the partial wave. Note that s and 4vrtx have the opposite sign oft + u
(cf. Eq. (28)).

By requiring that |! ! hhh / ! hhh | < 1, the trilinear Higgs self-coupling is bounded by
!
!! hhh / ! SM

hhh

!
! ! 12. (33)

A stronger perturbativity bound can be obtained by looking at the full kinematical dependence
of the trilinear vertex at the one-loop order. Considering the Þnite one-loop contribution due

11

Low Energy Unitarity hh #  hh
|! " | ≲ 7

Di Luzio et.al. 1704.02311
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ATLAS-CONF-2018-043

Trilinear probed by 
search for Double Higgs 

production

Currently only sensitive to O(10) variations, but
projections estimate trilinear sensitivity 
to ~ [-0.2,3.6] at LHC w/ 3 ab-1 and

20-30% at future colliders
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Papaefstathiou and Sakurai
See also Chien et.al.

c3 = $3, d4 = $4

hh and hhh at one loop
e.g. Bizon, Haisch, Rottoli

Sensitivity to Higgs 
quartic is poor even
in optimistic cases



NONSTANDARD POTENTIAL
MYSTERY

9

What if a nonstandard trilinear is observed in the 
future? What would be the consequence?

!     "



NONSTANDARD POTENTIAL
MYSTERY

9

What if a nonstandard trilinear is observed in the 
future? What would be the consequence?

!     "
A model independent approach to constraining 

this new physics is (perturbative)%
unitarity violation
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The Standard Model
is a precise deck of cards,

 modiÞcations (due to 
higher dimensional operators)

lead to problems at high 
energies, in particular
 Unitarity violation
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SCATTERING ZL ZL ⟺ W+L W-L

11

M = c Energy2 + ...

Higgs exchange cancels high energy growth if its couplings
are SM-like, matrix element is Unitary if

mH ≲ 1TeV (Lee, Quigg, Thacker)

M = -c Energy2 + ...

h
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GENERAL HIGGS POTENTIAL
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V =
1
2

m2
hh2 + �hhhh3 + �hhhhh4 + �hhhhhh5 + · · ·

Higgs Effective Field Theory (HEFT) parameterizes
most general Higgs couplings

Phenomenological and agnostic about origin of Higgs boson
Not SU(2) x U(1) invariant, but can be lifted to EW gauge

invariant theory via

X !
!

2|H |2 " v =
"

(v + h)2 + !G2 " v

= h +
1
2v

!G2 "
1

2v2
h !G2 + á á á
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(SMEFT)

13

Nonanalytic nature of HEFT around v = 0 reßects a nonlocal
EFT for Higgs doublet in ultraviolet

SMEFT instead looks at the most general EW gauge invariant
analytic EFT for H

Y ! |H |2 "
v2

2

V (Y ) = ! SM Y 2 + c3Y
3 + c4Y

4 + á á á
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SMEFT correlations
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TRILINEAR UNITARITY 
VIOLATION

Modifying trilinear from SM value automatically leads to Unitarity
violation at high energies

Example:  
ZL ZL ZL ⟺ ZL ZL ZL

Cancellation to get
M ~ 1/Energy2
requires SM 

trilinear value!
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!
n1! á á ánr !

" n 1
1 á á á" n r

r

Consider s-wave
scattering ! k1

1 á á á! kr
r ! ! n 1�k1

1 á á á! n r �kr
r

Unitarity constraints from this amplitude requires

E ! 4!
!

64! 2

" 2
(k1! á á ákr ! (k " 1)! (k " 2)!) (( n1 " k1)! á á á(nr " kr )! (n " k " 1)! (n " k " 2)!)

" 1
2n�8

n ! n1 + á á á+ nr , k ! k1 + á á á+ krwhere
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!
n!

" n Optimal bound is when k = n/2

Ek= n/2

Ek=2
=

!
{ (n/ 2)!(n/ 2 ! 1)!(n/ 2 ! 2)!} 2

2!1!0!(n ! 2)!(n ! 3)!(n ! 4)!

" 1/(2n! 8)

n

n/2 ⟺ n/2 channel
improves Unitarity 
bound by up to 

factor of two compared
to standard
2 ⟺ n-2
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Theorem says 
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Goldstone Equivalence
Theorem says 

Goldstone scattering
gives high energy
longitudinal W,Z 

scattering

m

Unitarity violating scale for
ZL hm/2 ⟺ ZL hm/2

is ~5 TeV for m ~ 10-15

!" 3 =10! 2, 10! 1,

1, 10EUnitarity

(TeV)

m2
h

2v
! 3X 3 =

m2
h

2v
! 3

✓q
(v + h)2 + "G2 ! v

◆3

!
!

m

! 3(" 1)m 3m2
h

4vm
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In two descriptions, they differ wildly at high multiplicity 
in the interactions

SMEFT |H|6

cuts off at 6-pt interactions
(analytic in H)

HEFT h3
has inÞnite tower of interactions

(non-analytic in H)

Thus, these higher order terms are model dependent
and are due to assumptions about Higgs potential

modiÞcations (e.g. existence of h4, h5, h6 corrections)
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Fig. 3. Representative Feynman diagrams for theZ 6
L and Z 8

L processes in unitary
gauge, demonstrating the dependence on the trilinear and quartic Higgs interac-
tions.

potential Eq. (2.10) in powers ofh and !G. Powers ofX have the structure (see Eq. (2.9))

X 3 ! h3 + !G2(h2 + h3 + á á á) + !G4(h + h2 + á á á) + !G6(1 + h + á á á)

+ !G8(1 + h + á á á) + !G10(1 + h + á á á) + á á á, (2.16a)

X 4 ! h4 + !G2(h3 + h4 + á á á) + !G4(h2 + h3 + á á á) + !G6(h + h2 + á á á)

+ !G8(1 + h + á á á) + !G10(1 + h + á á á) + á á á, (2.16b)

X 5 ! h5 + !G2(h4 + h5 + á á á) + !G4(h3 + h4 + á á á) + !G6(h2 + h + á á á)

+ !G8(h + h2 + á á á) + !G10(1 + h + á á á) + á á á, (2.16c)

where we setv = 1. From this we see that the potential terms

V "
m2

h

4v2
(1 + 3"3) !G2h2 +

3m2
h

8v3
"3

!G4h +
m2

h

16v4
"3

!G6, (2.17)

arise only from the X 3 term, and are therefore determined by the deviation of the Higgs
cubic term in the potential independently of the rest of the Higgs potential. (Note that the
interaction !G2h2 is already present in the SM Higgs potential.)

To robustly determine the scale of tree-level unitarity violation implied by a modiÞcation
of the Higgs cubic, we consider tree-level amplitudes of the Þeldsh and !G that get contri-
butions from the interaction terms Eq. (2.17). We will see below that the strongest bound
comes from 3-to-3 processes such asZ 3

L # Z 3
L . We will compute this using the equivalence

theorem below, but we Þrst consider the calculation in unitary gauge. The tree-level ampli-
tude gets contributions from diagrams like the Þrst two diagrams of Fig. 3. The Þrst diagram
represents 45 di! erent terms obtained by permutations of external legs and vertices, while
the second represents 15. At high energies, there are terms that are independent ofE at high
energies, but for the SM value of the Higgs cubic these terms cancel and the amplitude goes
as 1/E 2 at high energy, as required by unitarity. By summing all of these together, one could
verify that if the Higgs trilinear interaction is the Standard Model value, the diagrams cancel
to achieve the required energy behavior, 1/E 2, for a unitary six point amplitude. However,
if the trilinear is nonstandard, the sum is a constant at high energies that is proportional to
"3.

9

(Schematic without coefÞcients, but we know 
cancellations can occur due to SMEFT description)
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9

(Schematic without coefÞcients, but we know 
cancellations can occur due to SMEFT description)

Terms circled can only come from trilinear!
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h ZL2 ⟺ ZL2

ZL3 ⟺ ZL3

$3

EUnitarity

(TeV)

These couplings only
depend on trilinear
modiÞcations and
give much weaker
bounds (15 TeV for

$3 =1 )

In SMEFT with 
correlated trilinear

to hexilinear couplings
bound does not get 

better until much larger
$3 (w/o large 

multiplicity disaster)
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ISOSPIN ANALYSIS

22

Weak Isospin = 1, 3 channels
triplet channel gives best bound of

13.4 TeV/$31/2
G3 ! G3

hG2 ! G2
Weak Isospin = 0, 1, 2 channels

singlet channel gives best bound of
57.4 TeV/$3



SMEFT VS HEFT SUMMARY

Effective Theory SMEFT HEFT
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Effective Theory SMEFT HEFT

Advantages Better High Energy 
Behavior

Parameters are closer to 
extracted Higgs 

couplings

Disadvantages
Larger correlations
assumed amongst

Higgs modifications

Breaks down at a
low energy scale

unless couplings are
tuned towards SMEFT 

limit
O(1) deviation in trilinear suggests new physics must appear below 5 

TeV for generic Higgs couplings, 13 TeV assuming UV structure 
(Aside: trilinear interactions from derivatives, have even lower

Unitarity bounds)
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So far, we have been completely model independent
which leads to interesting scales ~ 5-10 TeV for

O(1) modiÞcations

However, in realistic models, we expect new physics to 
be lower, much like the Higgs was below the 1 TeV 

Unitarity bound
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Our scenario has large modiÞcations for the Higgs
potential, but not in non-derivative couplings

! L =
M4

g2
!
F

!
g! H

M
,

"
M

, á á á
"

Non-Nambu-Goldstone SILH power counting would realize
for strong coupling g* >>1

Generic scaling for a UV completion with one mass scale M 
and one coupling strength g*
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In these scenarios the new physics can 
appear at M =13.4 TeV/$31/2 and Þtting the trilinear 

requires g* = 7

Model is consistent with constraints on other higher 
dimensional operators because f ~ M/g* ~ 2 TeV/$31/2

However, Higgs mass and quartic have to be tuned 
since they should be of order M and g*2 respectively!
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GENERIC HIGGS BOUND

27

For "generic" Higgs couplings, we see that g*/M ~ 1/v,
leading to g* = M/v = 20 (M/5 TeV) 

X 3 = (
p

v2 + 2Y � v)3 = Y 3

v3 � 3Y 4

2v5 + 9Y 5

4v7 � 7Y 6

2v9 + · · ·

Strong coupling is larger than nonperturbative and
f  ~ M/g* = v, so all Higgs coupling deviations 

should be order one, not 10-20%!
(also see Falkowski & Rattazzi for alternative argument)
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It is possible to push the new physics to the 
model-independent Unitarity bound, but not the 

generic bound

Weakly coupled, non-tuned
models will have 

new physics at lower 
energies just like the 

Higgs turned out
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Henning et.al.1812.09299

Searching for Unitarity violating 
process has similar sensitivity as 

double Higgs production

But Higgs wasn't discovered by 
vector boson scattering, so

need to continue to explore
model dependent signals

Some work towards observing Unitarity violating processes
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CONCLUSIONS
¥ Nonstandard EWSB is possible and measuring trilinear 

is a major goal of high luminosity LHC and future 
colliders

¥ Trilinear modiÞcations lead to Unitarity violation at 
high energies (~ 5 - 13 TeV for $3 ~ 1 depending on 
assumptions)

¥ Possible to push new physics to 13 TeV and have O(1) 
trilinear, but natural models will have it much lower

30
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Thanks for your attention!
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QUARTIC
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These results for the sixZL process are much simpler to see using the equivalence theorem.
Our potential interactions for the Goldstones do not involve derivatives, so the amplitudeÕs
energy dependence comes simply from propagators. Thus, the leading energy dependence
is constant and comes from the!G6 contact interaction, which is proportional to "3. If the
Higgs trilinear has the standard value, then there is no six point contact interaction and the
amplitude falls o! as 1/E 2 from diagrams with a single propagator. If we now calculate the
leading piece, using the results from the Appendix, we obtain the unitarity bound

Emax <!
16 TeV
|"3|1/ 2

. (2.18)

Bounds for other processes are given in Table 1. The strongest Þve particle process that
depends only on the trilinear modiÞcation ishZ 2

L " Z 2
L , with the bound

Emax <!
94 TeV

|"3|
(2.19)

which gives a stronger bound only for|"3| > 35, which violates the current LHC constraints
on the trilinear.

Optimized bounds for the !G6 interaction can be found by diagonalizing the transition
matrix element. Using custodialSU(2) symmetry, we can categorize the allowed scattering
channels. For 3GÕs to 3GÕs scattering, there is both aI = 1 and a I = 3 channel. As
detailed in the Appendix, theI = 1 channel sets the best limit, with

Emax <!
13.4 TeV

|"3|1/ 2
. (2.20)

A similar analysis can be done for theh !G4 interaction. Here the allowed channels areI = 0, 1,
and 2. The best bound comes from theI = 0 channel, with the bound

Emax <!
57.4 TeV

|"3|
. (2.21)

These bounds improve a bit upon the channels earlier explored, giving a! 20# 40% reduction
in the energy scale for unitarity violation.

Let us consider what happens if we also include the e! ects of the quartic interaction. From
Eq. (2.16), we see that the new terms which depend only on theh3 and h4 modiÞcation are

V $
m2

h

8v2
(1 + "4) h4 +

m2
h

4v3
("4 # 3"3) h3 !G2 +

3m2
h

16v4
("4 # 5"3) h2 !G4

+
m2

h

16v5
("4 # 6"3) h !G6 +

m2
h

128v6
("4 # 6"3) !G8. (2.22)

These can give stronger unitarity bounds, depending on the value of the deviation in the
Higgs quartic interaction, see Table 1. For example, the processZ 4

L " Z 4
L , which would

10

Process Unitarity Violating Scale

h2ZL ! hZL 66.7 TeV/ |! 3 " 1
3! 4|

hZ 2
L ! Z 2

L 94.2 TeV/ |! 3|
hWL ZL ! WL ZL 141 TeV/ |! 3|

hZ 2
L ! hZ 2

L 9.1 TeV/
!

|! 3 " 1
5! 4|

hWL ZL ! hWL ZL 11.1 TeV/
!

|! 3 " 1
5! 4|

Z 3
L ! Z 3

L 15.7 TeV/
"

|! 3|
Z 2

L WL ! Z 2
L WL 20.4 TeV/

"
|! 3|

hZ 3
L ! Z 3

L 6.8 TeV/ |! 3 " 1
6! 4|

1
3

hZ 2
L WL ! Z 2

L WL 8.0 TeV/ |! 3 " 1
6! 4|

1
3

Z 4
L ! Z 4

L 6.1 TeV/ |! 3 " 1
6! 4|

1
4

Table 1. Unitarity violating amplitudes that only depend on the trilinear and
quartic Higgs modiÞcations.

normally require evaluation of several diagrams as shown in Fig. 3, can be easily analyzed
with the equivalence theorem to give a unitarity bound

E <#
6.1 TeV

#
#! 3 " 1

6! 4

#
#

1
4

, (2.23)

where we deÞne the fractional quartic coupling deviation

! 4 =
!" 4

" (SM)
4

=
v2!" 4

3m2
h

. (2.24)

Eq. (2.23) is the unitarity bound that arises from a single insertion of the#G8 contact term
that arises from the X 3 and X 4 terms in the e! ective Higgs potential. There are also
unitarity-violating contributions to the Z 4

L ! Z 4
L amplitude from tree-level diagrams with

internal lines, but these are parametrically smaller for! 3 # ! 4 ! 1. For example, there is a
contribution with two insertions of the h #G4 coupling with a Higgs propagator, which gives
a contribution to the amplitude of order

! M (Z 4
L $ Z 4

L ) #
$

! 3m2
h

v3

%2 1
E 2

. (2.25)

which is parametrically small compared to the contribution that gives the bound Eq. (2.23):

M (Z 4
L $ Z 4

L ) #
(! 4 " 6! 3)m2

h

v6
. (2.26)

As noted earlier, it is di" cult to experimentally constrain the Higgs quartic interaction
even at future colliders, so it is unlikely that one can use Eq. (2.23) to give an experimental

11
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We conclude that for ! ! 1 the parameters|cn> 3| are suppressed with respect to|c3|. It is
now clear why, for large|! 3|, stability is an issue. The behavior of the potential at small÷X is
dominated by the Þrst two terms in Eq. (10). It follows that for |c3| " 1 the function ÷P will
cross zero near the origin at÷X # ÷X c $ %1/c 3, i.e. within the physical domain [%1, + & ),
leading to a deeper minimum ofV(H ) than the one at ' H   H ( = v2/ 2. Thus, the correction
to the Higgs cubic coupling larger thanO(1) may lead to an instability.

! ! ! " # " !
#$#
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Figure 1: Parameter space for the cubic Higgs self-coupling deformation! 3 relative to the
SM value. The allowed region depends on the valuec4 = ! a4/a 2, which encodes e" ects of
dimension-8 SMEFT operators in the Higgs potential. The gray area is excluded by stability
considerations, as the potential contains a deeper minimum that the EW vacuum at' H   H ( =
v2/ 2. Left: the purple areas are excluded fora4 = 1 and a2 = 0.01 under di" erent hypotheses
about the parameter! = v2/f 2, which characterizes the size of the corrections to the single
Higgs boson couplings to matter. Right: the blue areas are excluded fora4 = 1 and ! = 0.1
under di" erent hypotheses about the coupling strengthg! of the BSM theory underlying the
SM.

To make the bound more precise, it is quantitatively adequate to focus on the case

÷P = 1 +
1
2

! 3
÷X + c4

÷X 2, (12)

given that the |cn> 4| are anyway expected to be suppressed. The resulting constraints are
shown in Fig. 1. Outside the region 0< ! 3 < 4 the bound coincides with the condition for
absolute positivity of ÷P: ! 2

3 < 16c4. Using the deÞnition ofc4 in Eq. (10) we obtain

|! 3| ! 4
)

a4

!
0.01
a2

"
!

0.1

#
. (13)
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