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Standard Model Higgs Potential

L
(4)
H = |DµH|2 − V(H), where H =

1√
2

( √
2φ+

v + h + iφ0

)

and

V(H) = −µ2H†H + λ2(H†H)2

→ M2
h

2
h2 + λv h3 +

λ

4
h4

In the SM

λ =
M2

h

2v2 ' 0.13

The trilinear / cubic and quartic couplings can be
modified in beyond the SM physics.
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Simple modification of the trilinear coupling

Add a higher dimension operator to modify the trilinear
coupling in a gauge invariant way:

LH = L
(4)
H +

c6

v2 O6 = L
(4)
H +

c6

v2

{
−λ(H†H)3}

then we have

V(h) =
M2

h

2
h2 + (1 + c6)λv h3 + (1 + 6c6)

κ

4
h4

Still: λ =
M2

h
2v2 , but λ2 = (1 − 3

2c6)λ and µ2 = (1 − 3
4c6)M2

h
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Other operators that affect the h3 coupling

I At d = 6 the only other operator that can modify the
trilinear coupling is

OH =
1
2
∂µ
(
H†H

)
∂µ
(
H†H

)
.

(1 + c6)λv h3 → (1 + c6 +
3
2

cH)λv h3 .

But cH rescales all other Higgs processes and is more
tightly constrained.

I At d = 8 we would have for O8 = −λ(H†H)4:

(1 + c6 + 2c8 +
3
2

cH)λv h3
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Single vs Double Higgs production at LHC

The single Higgs production is a
factor 1300 larger

σ(pp→ h)SM = O(45pb)

than the double Higgs production

σ(pp→ hh)SM = O(35fb)

in the SM at the LHC

g

g

h

h

h

t

t

t
g

g

h

h

h

t

t

t

σ(pp→ hh)14TeV
SM NNLO M2

H/m2
t expansion [de Florian, et. al. ’13]

New NLO exact calculation [Borowka, et. al. ’16]
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Trilinear Coupling in pp→ hh
Two contributions for double Higgs production:

Trilinear contribution
g

g

h

h

h

t

t

t

Background from box
g

g
t

t t

t h

h

Large top mass limit gives:

L
h top
eff =

αs

π
Ga
µνGaµν

{
h
v

1
12

(
1 +

11αs

4π

)
−

h2

v2

1
24

(
1 +

11αs

4π

)}
Where there is a negative interference between the
contribution.
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Interference in pp→ hh

Trilinear contribution
g

g

h

h

h

t

t

t

Background from box
g

g
t

t t

t h

h
σc6(pp→ hh)
σSM(pp→ hh)

' 2.2 − 1.53 (c6 + 1) + 0.33 (c6 + 1)2

using HPAIR [Grober, Mühlleitner, Spira, Streicher]

Excluding double Higgs production up to the SM rate:

σexp 6 σSM → c6 ∈ [ 0 , 2.7 ]

From σcombined,8TeV
ATLAS (pp→ 2h→ 2bb̄)→ c6 ∈ [−9.5, 12.3]
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What other constraints for c6 are there?

Modified loop corrections
I Higgs production

I 2loops: pp→ h
I 1loop: VBF, hV

I Higgs decay
I 2loops: h→ γγ
I 1loop: h→ f̄ f
I 1loop: h→ VV

I Electroweak precision
I Z-Penguin at 2loops?
I Oblique Parameters
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write

��(h ! ff̄) =
Nf

c GF mhm2
f

4
p

2⇡

 
1 �

4m2
f

m2
h

!3/2

�f , (4.1)

where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain

�f =
�c̄6

(4⇡)2
Re
⇣
� 12m2

f (C0 � C1 � C2) � 9m2
h (c̄6 + 2) B0

0

⌘
, (4.2)

with
C0 = C0

�
m2

h, m2
f , m2

f , m2
h, m2

h, m2
f

�
, (4.3)

and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]

��(h ! V V ) =
1

⇡2

Z m2
h

0

dq2
1 mV �V

(q2
1 � m2

V )2 + m2
V �

2
V

Z (mh�q1)2

0

dq2
2 mV �V

(q2
2 � m2

V )2 + m2
V �

2
V

IV , (4.4)

and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as

IV =
GF m3

h

8
p

2⇡
NV

q
↵(q2

1, q
2
2, m

2
h)�(q2

1, q
2
2, m

2
h)�V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣
1 � x

z
� y

z

⌘2
� 4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy

z2
. (4.6)

– 6 –

h

h
h

O6

f

f̄

f

h

h
h

O6

t

t t

t

g

g
h

h
h

O6

�

�

W W

W

W

Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.
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0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]

��(h ! V V ) =
1
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Z m2
h
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dq2
1 mV �V

(q2
1 � m2

V )2 + m2
V �

2
V

Z (mh�q1)2
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dq2
2 mV �V

(q2
2 � m2

V )2 + m2
V �
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the relevant gauge boson is denoted by �V and the integrand can be written as

IV =
GF m3

h

8
p

2⇡
NV

q
↵(q2

1, q
2
2, m

2
h)�(q2

1, q
2
2, m

2
h)�V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣
1 � x

z
� y

z

⌘2
� 4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy
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Figure 1: Example Feynman diagrams for the (a) ZZ, (b) WW , (c) Z� and (d) �� two-

loop self-energies. The square represents a vertex where there is a contribution from the

dimension-6 operator.

Contributions to S and T involving the dimension-6 operator O6 first appear at the

two-loop level. At this order in perturbation theory, self-energy diagrams containing both

trilinear and quartic Higgs self-interactions appear, which due to their modifications from

c̄6 outlined above, are manifest as non-zero corrections to S and T . However, as we

will see later, contributions from the quartic Higgs self-interaction exactly cancel in these

observables. It is also important to note that at this order in perturbation theory, there

are no vertex or box diagrams that depend on c̄6 involving light external fermions (i.e.,

light enough that their Yukawa coupling can be neglected). Since two-loop corrections to

vertex or box diagrams involving both c̄6 and heavy external fermions do not enter the

electroweak observables, the relevant two-loop c̄6 contributions to the self-energies must be

separately gauge-invariant.

3.1 Self-energy diagrams

To evaluate the electroweak oblique parameters S and T , all two-loop self-energy diagrams

involving corrections from c̄6 need to be calculated. From the definitions of S and T , all

SM contributions are subtracted and so only terms proportional to c̄6 and c̄2
6 can remain.

Working in the Feynman gauge, and discarding all two-loop diagrams that do not contain

a contribution from c̄6, there are 26 diagrams for ZZ, 26 for WW , 5 for Z� and 5 for ��.

– 5 –
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gg→ h

I Maintain gauge invariance:
Use effective theory.

I O6 might e.g. mix into
OGG ∝ H†H Ga

µνGa,µν.
I Renormalise O6 before finite
〈h|O6|gg〉 calculation.
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.
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⇣
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For d = 6 Higgs effective theory

Leff = L(4) +
∑

i

ciOi renormalise ciOi →
∑

j

ciZijZψjQj

and µ
d

dµ
~c = γ̂~c , where γ̂ = γ̂(α, Zij,β)
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List of Operators

O6 = −λ
(
H†H

)3 OH =
1
2
∂µ
(
H†H

)
∂µ
(
H†H

)

OT =
1
2
(
H†
↔
DµH

)(
H†
↔
D
µ

H
)

OW =
4i
g
(
H†τi↔DµH

)
DνWi,µν

OB =
2ig′

g2

(
H†
↔
DµH

)
DνBµν OHW =

8i
g
(
DµH†τiDνH

)
Wi,µν

OHB =
4ig′

g2

(
DµH†DνH

)
Bµν OGG =

2gs

g2 H†H Ga
µνGa,µν

OBB =
2g′

g2 H†H BµνBµν Of = −Yf H†H Q̄LuRH
(~)
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Calculation of the 2-loop mixing

I Use unbroken theory, i.e. SU(3)⊗ SU(2)⊗U(1)
invariant

I Consider 〈H†H|O6|H†H〉, 〈BµBν|O6|H†H〉,
〈BµWa

ν|O6|H†H〉, 〈Wa
µWb

ν|O6|H†H〉 and
〈f̄ f |O6|H(†)H†H〉 Green’s functions.

I Extract UV pole of diagrams using infrared
rearrangement.

1
(k + p)2

− m2
=

1
k2 − M2−

p2 + 2k · p − m2 + M2

k2 − M2

1
(k + p)2

− m2

I M regularises spurious IR-divergences of naive
Taylor expansion in external momentum p.

12 / 38



(Non-)vanishing Diagrams

Mixing into H†HBµνBµν, . . . vanishes at two loops:

O6

O6

H

H

H

H

H

H

H

H

B

B B

B

But there are non-vanishing contributions:

h

γ

γ

h

h h

H
H
H

HH
H

H
H
H

H
H

f

f

h

γ

γ

h

h h

H
H
H

HH
H

H
H
H

H
H

f

f
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Equations of Motions:

Computing 〈H†HO6H†H〉(2) and collect all O(p2)
divergent terms
→mixing into Qeom

Oeom = H†H
[

H†
[
DµDµH

]
+
[
Dµ (DµH)†

]
H

− m2
h

(
1 −

3c̄6

4

)
H†H + 4λ

(
1 −

3c̄6

2

)(
H†H

)2

+
(
Yu Q̄LuR H̃ + Yd Q̄LdR H + Y` L̄L`R H + h.c.

) ]

→ results in mixing of O6 into Of , O6, OH, O4.
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2-loop Anomalous Dimensions

I Only non-vanishing off-diagonal mixing

γH6 =
1

16π4 12 λ2 , γf 6 = −
1

16π4

(
λ2 + 3 Yf Y

†
f

)
,

I These operators mix into other operators.
I At three-loop O6 would mix into most operators.
I The two-loop gg→ h and h→ γγmatrix elements

will be free of operator mixing UV poles.
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gg→ h Matching onto hGa
µνGaµν

Corrections to SM one-loop triangle

cg =
αs

π

(
c(0)

g +
λ

(4π)2 c(1)
g

)

come from the wave-function plus

Z(1)
h =

(
9 − 2

√
3π
)

c̄6 (c̄6 + 2)

two-loop MH/(2mt) expanded
diagram:

c(1)
g = −

1
12

(
1
4
+ 3 ln

µ2
w

m2
t

)
c̄6+

Z(1)
h

2
c(0)

g

g
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h
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t

t
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write

��(h ! ff̄) =
Nf

c GF mhm2
f

4
p

2⇡

 
1 �

4m2
f

m2
h

!3/2

�f , (4.1)

where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain

�f =
�c̄6

(4⇡)2
Re
⇣
� 12m2

f (C0 � C1 � C2) � 9m2
h (c̄6 + 2) B0

0

⌘
, (4.2)

with
C0 = C0

�
m2

h, m2
f , m2

f , m2
h, m2

h, m2
f

�
, (4.3)

and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]

��(h ! V V ) =
1

⇡2

Z m2
h

0

dq2
1 mV �V

(q2
1 � m2

V )2 + m2
V �

2
V

Z (mh�q1)2

0

dq2
2 mV �V

(q2
2 � m2

V )2 + m2
V �

2
V

IV , (4.4)

and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as

IV =
GF m3

h

8
p

2⇡
NV

q
↵(q2

1, q
2
2, m

2
h)�(q2

1, q
2
2, m

2
h)�V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣
1 � x

z
� y

z

⌘2
� 4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy

z2
. (4.6)
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h→ gg Finite Results

I The hhGµνGµν contributes via
an higgs-loop matrix element.

I This cancels the logµW

dependence in the Wilson
coefficient.

g

g
t

t t

t h

h

g

g

t

t

t

t

h

h

O6

h

h

g

g

h

∆Γg =
∆Γh→gg

ΓSM
=

λc̄6

(4π)2

(
23
12

−
π√

3
− 3 log

M2
h

m2
t
− 9(c6 + 2)B ′0

)

Here the wave-function renormalisation gives the
dominant contribution.

−
1

12
c6

(
3 log

(
m2

h

m2
t

)
+
√

3π−
23
4

)
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h→ γ̂γ̂matching onto hF̂µνFµν

I Real cuts: h→ AA – expand in MH/(2MW).

I Only few diagrams @LO in MH
2MW

.
I Expansion→ off-shell 〈γγ|O6|h〉.
I Use background field: 〈γ̂γ̂|O6|h〉
I UV divergent diagram hφ+φ−

sub-divergence.
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.
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gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as

IV =
GF m3

h

8
p

2⇡
NV

q
↵(q2

1, q
2
2, m

2
h)�(q2

1, q
2
2, m

2
h)�V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣
1 � x

z
� y

z

⌘2
� 4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy

z2
. (4.6)

– 6 –
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Electroweak Renormalisation

I λ(H†H)3 renormalises Higgs Potential
I On-shell renormalisation for v and MH

I δZhφ+φ− ≈
(
δM2

H
M2

H
+ e

2sw

δt
MWM2

H

)

I Determine c.t. from tadpole and higgs self-energy

h

γ

γ

h

h h

H
H
H

HH
H

H
H
H

H
H

f

f

h h h h

h,Φ+,Φ0 Φ+
Φ0

I Cancels the UV divergence and part of the logµW

terms
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Finite corrections gg→ h and h→ γγ

I Include hhFµνFµν contribution
via higgs-loop matrix eleent.

I Cancels remaining scale
dependence.

h

γ

γ

h

h h

H
H
H

HH
H

H
H
H

H
H

f

f

h h h h

h,Φ+,Φ0 Φ+
Φ0

c6

c6
∆g =

λc̄6

(4π)2

(
8.42 − 9m2

h (c̄6 + 2)B′0
)

∆γ =
λc̄6

(4π)2

(
− 3.70 − 9m2

h (c̄6 + 2)B′0
)

.
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Corrections to the VVh Vertex

�

V

V

h

h
h

V
O6

V

V

h

h
h

O6

V

V

h

h
h

O6

Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads

�µ⌫
V (q1, q2) = 2

⇣p
2GF

⌘1/2
m2

V

h
gµ⌫

�
1 + F1(q

2
1, q

2
2)
�

+ q⌫1qµ
2 F2(q

2
1, q

2
2)
i
, (3.1)

where GF = 1/(
p

2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
i

with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)

2 = m2
h, i.e. an on-shell Higgs boson. Notice that �µ⌫

V (q1, q2) contains only Lorentz
structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ

i (qi) in an on-shell calculation by requiring "i(qi) · qi = 0.
The form factors entering (3.1) can be expressed in terms of the following 1-loop

Passarino-Veltman (PV) scalar integrals

B0

�
p2
1, m

2
0, m

2
1

�
=

µ4�d

i⇡d/2r�

Z
ddlQ

i=0,1 P (l + pi, mi)
,

B0
0

�
p2
1, m

2
0, m

2
1

�
=

@B0

�
k2, m2

0, m
2
1

�

@k2

�����
k2=p2

1

,

C0

�
p2
1, (p1 � p2)

2, p2
2, m

2
0, m

2
1, m

2
2

�
=

µ4�d

i⇡d/2r�

Z
ddlQ

i=0,1,2 P (l + pi, mi)
,

(3.2)

and the tensor coefficients of the two tensor integrals

Cµ
�
p2
1, (p1 � p2)

2, p2
2, m

2
0, m

2
1, m

2
2

�
=

µ4�d

i⇡d/2r�

Z
ddl lµQ

i=0,1,2 P (l + pi, mi)
,

Cµ⌫
�
p2
1, (p1 � p2)

2, p2
2, m

2
0, m

2
1, m

2
2

�
=

µ4�d

i⇡d/2r�

Z
ddl lµ l⌫Q

i=0,1,2 P (l + pi, mi)
.

(3.3)

– 4 –

Vertex V(q1)V(q2)→ h-on-shell gives two form factors:

ΓµνV (q1, q2) = 2m2
V/v
[
gµν

(
1 + F1(q2

1, q2
2)
)
+ qν1 qµ2 F2(q2

1, q2
2)
]

Can be computed using FormCalc or by hand.

F1(q2
1, q2

2) =
λ c̄6

(4π)2

(
−3B0 − 12

(
m2

V C0 − C00
)
−

9 m2
h

2
(c̄6 + 2)B′0

)
,

F2(q2
1, q2

2) =
λ c̄6

(4π)2 12
(
C1 + C11 + C12

)
.

Where the B ′0 comes again from the wave-function
renormalisation. 21 / 38



Corrections to the hf̄ f Vertex

Higgs couplings to fermions

I Vertex diagram m2
f suppressed

I Universal wave-function
renormalisation

h

h
h

O6

f

f̄

f

h

h
h

O6

t

t t

t

g

g
h

h
h

O6

�

�

W W

W

W

Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write

��(h ! ff̄) =
Nf

c GF mhm2
f

4
p

2⇡

 
1 �

4m2
f

m2
h

!3/2

�f , (4.1)

where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain

�f =
�c̄6

(4⇡)2
Re
⇣
� 12m2

f (C0 � C1 � C2) � 9m2
h (c̄6 + 2) B0

0

⌘
, (4.2)

with
C0 = C0

�
m2

h, m2
f , m2

f , m2
h, m2

h, m2
f

�
, (4.3)

and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]

��(h ! V V ) =
1

⇡2

Z m2
h

0

dq2
1 mV �V

(q2
1 � m2

V )2 + m2
V �

2
V

Z (mh�q1)2

0

dq2
2 mV �V

(q2
2 � m2

V )2 + m2
V �

2
V

IV , (4.4)

and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as

IV =
GF m3

h

8
p

2⇡
NV

q
↵(q2

1, q
2
2, m

2
h)�(q2

1, q
2
2, m

2
h)�V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣
1 � x

z
� y

z

⌘2
� 4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy

z2
. (4.6)

– 6 –

Γf = 2
mf

v

[
1+

λ c̄6

(4π)2 Re
(
−6 m2

f (C0 − C1 − C2)−
9
2

m2
h (c̄6 + 2)B′0

)]

gives

∆Γ (h→ f f̄ ) =
Nf

cGFmhm2
f

4
√

2π

(
1 −

4m2
f

m2
h

)3/2

×

× λc̄6

(4π)2 Re
(
− 12m2

f (C0 − C1 − C2) − 9m2
h (c̄6 + 2)B′0

)
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Vh & VBF cross sections
[Bizoń, MG, Haisch, Zanderighi]
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see also [Degrassi et. al. ’16] 23 / 38



Higgs width and branching fractions
Define the ratio of the cross section times branching
fraction as signal strength µF

I = (σIBrF)/(σI SMBrF
SM)

Compute branching fraction, where the universal
wave-function factor drops out.
[Bizoń, MG, Haisch, Zanderighi]
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see also [Degrassi et. al. ’16]
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Constraints from Vh and VBF

Compare the signal strength

µF
I =

σIBrF

σI SMBrF
SM

with LHC Run I [ATLAS-CONF-2015-044] has:

µbb̄
V = 0.65+0.30

−0.29 , µWW
V = 1.38+0.41

−0.37 ,

µτ
+τ−

V = 1.12+0.37
−0.35 , µZZ

V = 0.48+1.37
−0.91 , µγγV = 1.05+0.44

−0.41 ,

This results in:

c6 ∈ [−13.6, 16.9] , (LHC Run I)
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HL-LHC

∆µbb̄
Wh = ±37% , ∆µ

γγ
Wh = ±19% ,

∆µbb̄
Zh = ±14% , ∆µ

γγ
Zh = ±28% , ∆µZZ

Vh = ±13% ,

∆µWW
VBF = ±15% , ∆µτ

+τ−

VBF = ±19% , ∆µZZ
VBF = ±21% , ∆µ

γγ
VBF = ±22% ,

HL-LHC [ATL-PHYS-PUB-2014-016] gives:
c6 ∈ [−7.0, 10.9]

∆µbb̄
Wh = ±36% , ∆µ

γγ
Wh = ±17% ,

∆µbb̄
Zh = ±13% , ∆µ

γγ
Zh = ±27% , ∆µZZ

Vh = ±12% ,

∆µWW
VBF = ±9% , ∆µτ

+τ−

VBF = ±15% , ∆µZZ
VBF = ±16% , ∆µ

γγ
VBF = ±15% .

HL-LHC without theory uncertainties: c6 ∈ [−6.2, 9.6]
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Electroweak Precision Observables
Naively O6 might also affect electroweak precision
observables such as Z→ b̄b or Bs → µ̄µ.
Yet all contributions cancel

O6

O6

h

h

�±�±

h

�±�± �±�± �±�±

Figure 5. Feynman graphs with an insertion of O6 (black box) that contribute to the selfenergy
of the charged would-be Goldstone bosons �± at the 1-loop level. The corresponding countert-
erm (black cross) diagrams are also shown.

The vanishing of the O(�) corrections to the �± selfenergies implies that in the calcu-
lation of the coefficient c

(1)
�

�
see (4.7)

�
one does not have to consider 2-loop diagrams that

involve a 1-loop correction to charged would-be Goldstone boson propagators. One can fur-
thermore show that 2-loop O(�) contributions that arise from the h3�+�� or h (�0)2�+��

parts of O6

�
see (B.2)

�
are cancelled by 1-loop counterterm contributions, and that this

cancellation is again independent of the precise treatment of the unphysical Higgs sector,
as long as the procedure respects gauge invariance.
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But contributions to MW and MZ mass present.
Calculation either modified h3 or effective theory yield:
[Degrassi, Fedele, Giardino ’17], [Kribs, et. al. ’17]
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h h

h

(b)

�Z

�± �±

h

(c)

� �

�± �±

W⌥

h

(d)

Figure 1: Example Feynman diagrams for the (a) ZZ, (b) WW , (c) Z� and (d) �� two-

loop self-energies. The square represents a vertex where there is a contribution from the

dimension-6 operator.

Contributions to S and T involving the dimension-6 operator O6 first appear at the

two-loop level. At this order in perturbation theory, self-energy diagrams containing both

trilinear and quartic Higgs self-interactions appear, which due to their modifications from

c̄6 outlined above, are manifest as non-zero corrections to S and T . However, as we

will see later, contributions from the quartic Higgs self-interaction exactly cancel in these

observables. It is also important to note that at this order in perturbation theory, there

are no vertex or box diagrams that depend on c̄6 involving light external fermions (i.e.,

light enough that their Yukawa coupling can be neglected). Since two-loop corrections to

vertex or box diagrams involving both c̄6 and heavy external fermions do not enter the

electroweak observables, the relevant two-loop c̄6 contributions to the self-energies must be

separately gauge-invariant.

3.1 Self-energy diagrams

To evaluate the electroweak oblique parameters S and T , all two-loop self-energy diagrams

involving corrections from c̄6 need to be calculated. From the definitions of S and T , all

SM contributions are subtracted and so only terms proportional to c̄6 and c̄2
6 can remain.

Working in the Feynman gauge, and discarding all two-loop diagrams that do not contain

a contribution from c̄6, there are 26 diagrams for ZZ, 26 for WW , 5 for Z� and 5 for ��.

– 5 –

27 / 38



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 give the ranges of � as shown in

the figure.

As there are no contributions from the quartic Higgs self-coupling, we can use the relation

between c̄6 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 modified 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 the S and T parameters, as obtained by The

Gfitter Group [35]. Also shown in the plot are possible future bounds on these parameters.

The ellipses are constructed for U = 0 and are centered 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 observables mW and sin ✓W instead of S and

T [27]. The limits of Eq. (4.4) can be compared to existing bounds from searches for

– 8 –

Plot from [1702.07678] [Kribs, et. al. ’17]
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Conclusions

I While it is hard to generate large deviations for the
trilinear coupling in a concrete model, it is still
important to test the symmetry breaking mechanism.

I LHC Run I+II: single Higgs production and decay
constrain the trilinear Higgs coupling at the same
level as double Higgs production.

I HL-LHC: Double Higgs production might put
stronger constraints, but indirect constraints will give
complementary information.
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First Order Transition and Vacuum Stability

metastability

strong first order phase transition
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Wh distibutions
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VBF distribution
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Matching onto the Higgs Effective Theory

I EFT useful for model independent analysis
I But there might not be a model that maps onto the

EFT
I Match benchmark models
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THDM
Transform in the unbroken phase to the Higgs basis.

〈H1〉 =
(

0
v/
√

2

)
and 〈H2〉 =

(
0
0

)

E.g. the THDM in the unbroken phase and Higgs basis:

Vtree(H1, H2) = µ̃
2
1 |H1|

2
+ µ̃2

2 |H2|
2
− µ̃2

[
H†1H2 + H.c.

]
+
λ̃1

2
|H1|

4

+
λ̃2

2
|H2|

4
+ λ̃3 |H1|

2
|H2|

2
+ λ̃4

∣∣∣H†1H2

∣∣∣
2
+
λ̃5

2

[(
H†1H2

)2
+ H.c.

]

+λ̃6

[
|H1|

2 H†1H2 + H.c.
]
+ λ̃7

[
|H2|

2 H†1H2 + H.c.
]

H1 it then the standard model Higgs field that carries the
vev, while H2 will be integrated out.
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Results for the 2HDM

c̄H = −
[
−4λ̃3λ̃4 + λ̃

2
4 + λ̃

2
5 − 4λ̃2

3

] v2

192π2 µ̃2
2

c̄6 = −
(
λ̃2

4 + λ̃
2
5

) v2

192π2 µ̃2
2

c̄T = (λ̃2
4 − λ̃

2
5)

v2

192π2 µ̃2
2

c̄γ =
m2

W λ̃3

256π2 µ̃2
2

c̄W = −c̄HW =
m2

W (2 λ̃3 + λ̃4)

192π2 µ̃2
2

=
8
3

c̄γ +
m2

W λ̃4

192π2 µ̃2
2

c̄B = −c̄HB =
m2

W (−2 λ̃3 + λ̃4)

192π2 µ̃2
2

= −
8
3

c̄γ +
m2

W λ̃4

192π2 µ̃2
2
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Compare different Models

introduction for these type of calculations. In the following we will perform an o↵-shell

matching, where we expand in external momenta and the EW mass-scale over the new

physics mass scale and keep equation of motion vanishing operators in the calculation until

the final projection. Accordingly all propagators of SM fields will be massless after the

expansion and we can perform the calculation in the SU(2)L ⇥ U(1)Y symmetric phase,

quite analogous to the matching calculation performed in [32]. The light degrees of free-

doms of the SU(2)L ⇥ U(1)Y symmetric phase comprise the gauge singlet B, triplet W a

and octet Ga fields as well as the scalar doublet � and the fermionic doublets and singlets.

In practice we compute 1PI Green’s functions with up to 6 Higgs and 3 gauge boson fields

where the total number of fields does not exceed 8. The resulting expressions are obviously

related via SU(2)L ⇥ U(1)Y gauge invariance of the operators in 2.2, 2.5, 2.6 and 3.40,

which provides a useful consistency check of our calculation. Moreover, we do cross-check

with an explicit calculation in the broken phase, detailed in Appendix B.

c̄H c̄6 c̄T c̄W c̄B c̄HW c̄HB c̄3W c̄� c̄g

Higgs Portal (G) L L X X X X X X X X

Higgs Portal (Spontaneous G/) T L RG RG RG X X X X X

Higgs Portal (Explicit G/) T T RG RG RG X X X X X

2HDM Benchmark A (c��↵ = 0) L L L L L L L L L X

2HDM Benchmark B (c��↵ 6= 0) T T L L L L L L L X

Radion/Dilaton T T RG T T T T L T T

Table 1. Leading order at which the various Wilson coe�cients for the D = 6 SM e↵ective field

theory are generated in each of the scenarios under consideration. In each case, the operator can be

generated at Tree-Level (T) or 1-Loop (L). If some operators are generated at Tree-Level, this may

lead to the generation of others via operator mixing under 1-loop Renormalization Group evolution

(see e.g. [28, 29]), which we denote by RG. Operators which are generated at higher order in RG

and EFT expansion are denoted with an X.

3.1 The Singlet Higgs Portal: Doublet-Singlet Mixing

The addition of a singlet (real or complex) scalar field is arguably the simplest possible

extension of the SM. Despite its minimality, this extension of the SM can have important

consequences for the stability of the EW vacuum at high energies [33, 34], and it could at the

same time constitute a “Higgs portal” into a dark/hidden sector [35, 36]. It may also have

important consequences for Cosmology, potentially accounting for the dark matter relic

density [37–39] or yielding a first order EW phase transition in the early Universe [40–47]

that could explain the matter-antimatter asymmetry in the Universe through baryogenesis.

In addition, it may give rise to interesting collider phenomenology (see e.g. [48–51]).

Altogether, the singlet scalar extension of the SM constitutes a well-motivated scenario,

– 6 –

I Typically it is not easy to generate c6 but no other
coefficient.

I Yet all other coefficients are more tightly constrained.
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Is there a model that generates only c6?
I consider a quartuplet θ(1, 4)1/2

I Lint = λ1H†σHH̃ + λ2θ
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I we generate only c6 and c8 – (O8 = −λ(H†H)4)
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