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Life of the Higgs : Production mechanisms at 
the LHC, Heavy top EFT. 


Death of the Higgs: Decays of the Higgs 
boson.  

Higgs at the LHC : Current measurements 
and prospects. 
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This Lecture
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Life of the Higgs boson.
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Higgs production XS 
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Gluon Fusion 

At pp colliders gluon fusion is the dominant Higgs 
production mechanism 

Since the gluon is a massless particle, the Higgs 
couples to it via a virtual top quark loop. 

Gluon PDFs dominate mH/
p
s

Large top mass 
gives Yukawa 
enhancement. 
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Calculating Gluon Fusion 

The task is considerably more complicated due to the presence of the 
top quark loop. 

You’ve probably seen that loop diagrams often generate infinities. Do 
we expect this process to have these issues? Why?

Lets see how we go about calculating this amplitude. 
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A ⇠ Aµ⌫✏
µ(p)✏⌫(q)

We can write the amplitude as the following tensor combination. 

If we were being smart then we would realize that the form of A is 
constrained since

q⌫✏
⌫(q) = 0

So we should find, 

Aµ⌫ = Bgµ⌫ + Cp⌫qµ
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In fact, the Ward identity completely fixes the tensor structure. 

Note that as required, 
Aµ⌫ = B

✓
gµ⌫

m2
H

2
� p⌫qµ

◆

Aµ⌫pµ = Aµ⌫q⌫ = 0

We can use this to drop the more complicated structure from our 
calculation (i.e. we calculate B as simply as possible!) 
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Using the Feynman rules we find that this diagram gives us the 
following contribution 

iA = �(�igs)
2Tr(tatb)

✓
�imt

v

◆Z
dd`

(2⇡)d
Nµ⌫

D i3✏µ(p)✏⌫(q)

QCD Vertices Higgs Vertex Propagators 
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✓
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◆Z
dd`

(2⇡)d
Nµ⌫

D i3✏µ(p)✏⌫(q)

We define the numerator as follows 

Nµ⌫ = Tr ((`+ p)�mt)�µ(`�mt)�⌫((`� q)�mt))

(implicitly defining the momenta as slashed momenta, but dropping the slashes for readability) 

And the denominator as follows, 

D = ((`+ p)2 �m2
t )(`

2 �m2
t )((`� q)2 �m2

t )

Lets first look at the denominator, we can use the usual Feynman 
parameter decomposition 



11

`

p

q

`+ p

`� q

✏µ(p)

✏⌫(q)

iA = �(�igs)
2Tr(tatb)

✓
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v

◆Z
dd`

(2⇡)d
Nµ⌫

D i3✏µ(p)✏⌫(q)

So we can use this trick to group all of the loop momenta dependence 
into one term (at the cost of additional integrals). 

1

D = 2

Z
dxdy

1

[`2 �m

2
t + 2` · (px� qy)]3

This doesnt look like much of an improvement, however if we make the 
following shift 

` ! `� px+ qy = `

0

Then 
1

D = 2

Z
dxdy

1

[(`0)2 �m

2
t + 2p · qxy]3
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1

D = 2

Z
dxdy

1

[(`0)2 �m

2
t + 2p · qxy]3

We can simplify this even more since 

1

D = 2

Z
dxdy

1

[(`0)2 �m

2
t +m

2
Hxy]3

2p · q = m2
H

So 

Next we have to express the numerator in terms of the shifted 
momentum 

I’ll leave the entire calculation as an exercise and instead use our result 
that we can get everything from the             term pµq⌫

Nµ⌫(`
0
, p⌫qµ) = 4(1� 4xy)mtp⌫qµ
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1

D = 2

Z
dxdy

1

[(`0)2 �m

2
t + 2p · qxy]3

Nµ⌫(`
0
, p⌫qµ) = 4(1� 4xy)mtp⌫qµ

Putting this all together we see that our (partial) diagram can be written 
as follows

iApq = ��

ab 2g
2
sm

2
t

v

Z
d

d
`

0

(2⇡)d

Z
dxdy

2p⌫qµ(1� 4xy)

[(`0)2 �m

2
t +m

2
Hxy]3

✏

µ(p)✏⌫(q)

Great! Now we want to do the loop momenta integral 

Z
dd`

(2⇡)d
1

(`2 ��)3
= � i(4⇡)✏

32⇡2
�(1 + ✏)��1�✏

You can look this up in your favorite QFT textbook, 

Note that this is finite. (The pole cancellation for the other tensor 
structure is more intricate). 
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Finally we can write the whole tensor structure as a finite integral 

Apq =
↵sm

2
t

⇡v

�

ab
p⌫qµ

Z
dxdy

✓
1� 4xy

m

2
t �m

2
Hxy

◆
✏

µ(p)✏⌫(q)

Note that we are still some way away from a physical cross section (we 
need to restore the full tensor structure, include the second diagram 
(factor of 2), square the amplitude, convolve with PDFs…)

However, we can actually learn a lot from the above expression 
If we define

I(s) =

Z
dxdy

✓
1� 4xy

1� sxy

◆

Then 

Apq =
↵s

⇡v
�ab(✏(p) · q)(✏(q) · p)I(m2

H/m2
t )
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Lets look at the ratio of (I(s)/I(0))^2 as a function of s 

� � � � �
���
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���

���

���
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�)
/�(
�)
)�



15

Lets look at the ratio of (I(s)/I(0))^2 as a function of s 

� � � � �
���

���

���

���

���

�

(�(
�)
/�(
�)
)�

��� ��� ��� ��� ��� ���
����

����

����

����

����

����

����

����

�
(�(
�)
/�(
�)
)�

Slowly growing function as a function of s



15

Lets look at the ratio of (I(s)/I(0))^2 as a function of s 

� � � � �
���

���

���

���

���

�

(�(
�)
/�(
�)
)�

��� ��� ��� ��� ��� ���
����

����

����

����

����

����

����

����

�
(�(
�)
/�(
�)
)�

Slowly growing function as a function of s
We see that for the 125 GeV Higgs, the ratio is around 1.05 
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We see that the effect of the top quark is a small correction to the full 
result, motivating us to write the amplitude in terms of the s->0 limit. 

A = � ↵s

3⇡v
�ab

✓
gµ⌫

m2
H

2
� p⌫qµ

◆
✏µ(p)✏⌫(q)

The amplitude is independent of the top quark 
mass 


If heavier fermions were present, they would 
scale linearly with the amplitude 
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mh << mt

When we take the heavy top limit, we decouple the top quark from the 
calculation. 

This is equivalent to working in an Effective Field Theory in which the 
top quark is integrated out. 

I.e. we could have calculated our amplitude by adding the follow term to 
our QCD Lagrangian 

Le↵ = �A

4
HGµ⌫

a Ga
µ⌫

Lets look at this a little more. 
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Le↵ = �A

4
HGµ⌫

a Ga
µ⌫

mh << mt

This term has mass dimension 5

So A has to have an inverse mass dimension, we can get A from our 
calculation. 

A =
↵s

3⇡v

✓
1 +O(↵s)

◆

We have matched our EFT operator to the full theory calculation. We can 
now use this Lagrangian to calculate other quantities. 
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We can expand the field strength contributions to get the Feynman rules 
for the coupling of the Higgs to two, three and four gluons. 

iA�ab(gµ⌫p1p2 � p⌫1p
µ
2 )

p1 µ a

p2 ⌫ b

p1 µ a

p2 ⌫ b

p1 µ a

p2 ⌫ b

p3 ⇢ c

p3 ⇢ c

p4 � d

�Afabcgs

✓
gµ⌫(p⇢1 � p⇢2) + gµ⇢(p⌫3 � p⌫1) + g⌫⇢(pµ2 � pµ3 )

◆

Ag2s

✓
fabefcde(g

µ�g⌫⇢ � gµ�g⌫⇢)+

facefbde(g
µ⌫g�⇢ � gµ�g⌫⇢)+

fadefbce(g
µ⌫g�⇢ � gµ⇢g⌫�)

◆
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mZ 91.1876 GeV ↵(mZ) 0.0075563839
mW 80.398 GeV sin

2 ✓w 0.2226459
mH 125 GeV mt 172 GeV
�Z 2.4952 GeV g2w 0.4264904
�W 2.1054 GeV e2 0.0949563
GF 0.116639⇥10

�4

Table 2. Masses, widths, couplings and scales used in the calculation of all processes. Note that
the value of ↵(mZ) corresponds to 1/↵(mZ) = 132.3384323.

Process µR µF Cross-section to NNLO Reference
gg ! H MH MH 12.937⇥ (1 + 1.28 + 0.77) pb ggh@nnlo [76]
Z 2MZ MZ/2 44.303⇥ (1 + 0.22 + 0.05) nb ZWMS [77]
W+

2MW MW /2 81.561⇥ (1 + 0.23 + 0.06) nb ZWMS [77]
ZH

p
q2

p
q2 0.68255⇥ (1 + 0.16 + 0.10) pb vh@nnlo [78, 79]

W+H +W�H
p

q2
p

q2 1.2593⇥ (1 + 0.16 + 0.02) pb vh@nnlo [78, 79]

Table 3. Inclusive results from validation codes (listed in the final column) for processes considered
in this paper. NLO and NNLO corrections are shown as relative enhancements to the LO cross-
section. q2 is the overall invariant mass squared of the vector boson and the Higgs boson.

3 Process Overview

For all of the studies performed in this paper we perform calculations for the LHC operating
at a center-of-mass energy of

p
s = 13 TeV. The parameters that are used throughout this

paper are shown in Table 2. Finally, we use the NNLO MSTW2008 PDF set (MSTW8nn)
that corresponds to ↵s(MZ) = 0.11707.

An overview of the processes that will be studied in detail in this paper is shown in
Table 31. As well as detailing the default choice of renormalization and factorization scales
(µR and µF ), this table also shows the corresponding cross-section up to NNLO. The NNLO
cross-sections are written in the form,

�NNLO = �LO ⇥
✓
1 +

��NLO

�LO
+

��NNLO

�LO

◆
, (3.1)

so that, for instance, the corresponding NLO result is obtained by simply omitting the
final term in this equation. The cross-sections have been obtained by running the readily-
available public codes referenced in the final column of Table 3.

We now describe the calculational setup that we use for these processes, which corre-
sponds to the default behavior of the above codes. This behaviour has been matched in
the MCFM code and, in order to establish the equivalence of the parameters for MCFM
and the other publicly available codes, we compare results up to NLO in Table 4. The
agreement is excellent for all processes, so that we can be sure that MCFM should produce

1
In addition, we include a more limited study of the di-photon process

– 8 –

The benefit of the EFT is that it allows us to extend the reach of 
perturbation to higher orders. 

For Higgs production this is essential, e.g. expanding the cross section to 
NNLO we see that 

�NNLO(gg ! H) =
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The benefit of the EFT is that it allows us to extend the reach of 
perturbation to higher orders. 

For Higgs production this is essential, e.g. expanding the cross section to 
NNLO we see that 

�NNLO(gg ! H) =

LO cross section (we just looked at this (almost)) 

NLO corrections are more than 100%!



20

mZ 91.1876 GeV ↵(mZ) 0.0075563839
mW 80.398 GeV sin

2 ✓w 0.2226459
mH 125 GeV mt 172 GeV
�Z 2.4952 GeV g2w 0.4264904
�W 2.1054 GeV e2 0.0949563
GF 0.116639⇥10

�4

Table 2. Masses, widths, couplings and scales used in the calculation of all processes. Note that
the value of ↵(mZ) corresponds to 1/↵(mZ) = 132.3384323.

Process µR µF Cross-section to NNLO Reference
gg ! H MH MH 12.937⇥ (1 + 1.28 + 0.77) pb ggh@nnlo [76]
Z 2MZ MZ/2 44.303⇥ (1 + 0.22 + 0.05) nb ZWMS [77]
W+

2MW MW /2 81.561⇥ (1 + 0.23 + 0.06) nb ZWMS [77]
ZH

p
q2

p
q2 0.68255⇥ (1 + 0.16 + 0.10) pb vh@nnlo [78, 79]

W+H +W�H
p

q2
p

q2 1.2593⇥ (1 + 0.16 + 0.02) pb vh@nnlo [78, 79]

Table 3. Inclusive results from validation codes (listed in the final column) for processes considered
in this paper. NLO and NNLO corrections are shown as relative enhancements to the LO cross-
section. q2 is the overall invariant mass squared of the vector boson and the Higgs boson.

3 Process Overview

For all of the studies performed in this paper we perform calculations for the LHC operating
at a center-of-mass energy of

p
s = 13 TeV. The parameters that are used throughout this

paper are shown in Table 2. Finally, we use the NNLO MSTW2008 PDF set (MSTW8nn)
that corresponds to ↵s(MZ) = 0.11707.

An overview of the processes that will be studied in detail in this paper is shown in
Table 31. As well as detailing the default choice of renormalization and factorization scales
(µR and µF ), this table also shows the corresponding cross-section up to NNLO. The NNLO
cross-sections are written in the form,

�NNLO = �LO ⇥
✓
1 +

��NLO

�LO
+

��NNLO

�LO

◆
, (3.1)

so that, for instance, the corresponding NLO result is obtained by simply omitting the
final term in this equation. The cross-sections have been obtained by running the readily-
available public codes referenced in the final column of Table 3.

We now describe the calculational setup that we use for these processes, which corre-
sponds to the default behavior of the above codes. This behaviour has been matched in
the MCFM code and, in order to establish the equivalence of the parameters for MCFM
and the other publicly available codes, we compare results up to NLO in Table 4. The
agreement is excellent for all processes, so that we can be sure that MCFM should produce

1
In addition, we include a more limited study of the di-photon process

– 8 –

The benefit of the EFT is that it allows us to extend the reach of 
perturbation to higher orders. 

For Higgs production this is essential, e.g. expanding the cross section to 
NNLO we see that 

�NNLO(gg ! H) =

LO cross section (we just looked at this (almost)) 

NLO corrections are more than 100%!

NNLO Corrections are also huge! 



20

mZ 91.1876 GeV ↵(mZ) 0.0075563839
mW 80.398 GeV sin

2 ✓w 0.2226459
mH 125 GeV mt 172 GeV
�Z 2.4952 GeV g2w 0.4264904
�W 2.1054 GeV e2 0.0949563
GF 0.116639⇥10

�4

Table 2. Masses, widths, couplings and scales used in the calculation of all processes. Note that
the value of ↵(mZ) corresponds to 1/↵(mZ) = 132.3384323.

Process µR µF Cross-section to NNLO Reference
gg ! H MH MH 12.937⇥ (1 + 1.28 + 0.77) pb ggh@nnlo [76]
Z 2MZ MZ/2 44.303⇥ (1 + 0.22 + 0.05) nb ZWMS [77]
W+

2MW MW /2 81.561⇥ (1 + 0.23 + 0.06) nb ZWMS [77]
ZH

p
q2

p
q2 0.68255⇥ (1 + 0.16 + 0.10) pb vh@nnlo [78, 79]

W+H +W�H
p

q2
p

q2 1.2593⇥ (1 + 0.16 + 0.02) pb vh@nnlo [78, 79]

Table 3. Inclusive results from validation codes (listed in the final column) for processes considered
in this paper. NLO and NNLO corrections are shown as relative enhancements to the LO cross-
section. q2 is the overall invariant mass squared of the vector boson and the Higgs boson.

3 Process Overview

For all of the studies performed in this paper we perform calculations for the LHC operating
at a center-of-mass energy of

p
s = 13 TeV. The parameters that are used throughout this

paper are shown in Table 2. Finally, we use the NNLO MSTW2008 PDF set (MSTW8nn)
that corresponds to ↵s(MZ) = 0.11707.

An overview of the processes that will be studied in detail in this paper is shown in
Table 31. As well as detailing the default choice of renormalization and factorization scales
(µR and µF ), this table also shows the corresponding cross-section up to NNLO. The NNLO
cross-sections are written in the form,

�NNLO = �LO ⇥
✓
1 +

��NLO

�LO
+

��NNLO

�LO

◆
, (3.1)

so that, for instance, the corresponding NLO result is obtained by simply omitting the
final term in this equation. The cross-sections have been obtained by running the readily-
available public codes referenced in the final column of Table 3.

We now describe the calculational setup that we use for these processes, which corre-
sponds to the default behavior of the above codes. This behaviour has been matched in
the MCFM code and, in order to establish the equivalence of the parameters for MCFM
and the other publicly available codes, we compare results up to NLO in Table 4. The
agreement is excellent for all processes, so that we can be sure that MCFM should produce

1
In addition, we include a more limited study of the di-photon process

– 8 –

The benefit of the EFT is that it allows us to extend the reach of 
perturbation to higher orders. 

For Higgs production this is essential, e.g. expanding the cross section to 
NNLO we see that 

�NNLO(gg ! H) =

LO cross section (we just looked at this (almost)) 

NLO corrections are more than 100%!

NNLO Corrections are also huge! 

Can you imagine what would have happened 
without higher order QCD corrections?…..
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Using LO 

Using NLO 
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Using NLO 

(Conservative) Theoretical 
uncertainty would have 
already ended Higgs 
program  



23

Cutting edge of QCD

Impressively we now have predictions for Higgs production accurate to 
N3LO. 
Given how large the NNLO coefficient is, this correction was critical to 
understand for the LHC program. 

LO NLO NNLO N3LO
0 1 2 3 4

0

10

20

30

40

50

μR/mH (μF=mH/2)

σ e
ft
(p
b)

setup 1, EFT, μF fixed

Figure 5: The dependence of the cross-section on the renormalization scale for a fixed value of the
factorization scale.

To summarize, we have investigated the convergence of the threshold expansion at

N3LO using two di↵erent methods. Both methods confirm our expectation that the thresh-

old expansion provides a very good approximation to the exact result. The result of our

analysis can be quantified by assigning a (conservative) uncertainty estimate to the trun-

cation of the threshold expansion. We assign an uncertainty due to the truncation of the

threshold expansion which is as large as3.

�(trunc) = 10⇥ �(3)
EFT (37)� �(3)

EFT (27)

�N3LO
EFT

= 0.37% . (3.10)

The factor 10 is a conservative estimator of the progression of the series beyond the first 37

terms. Note that the complete N3LO cross-section appears in the denominator of eq. (3.10),

i.e., the uncertainty applies to the complete N3LO result, not just the coe�cient of a5s.

3.3 Scale variation at N3LO and the omission of N3LO e↵ects in parton densities

Having established that the threshold expansion provides a reliable estimate of the N3LO

cross-section, we proceed to study the dependence of the cross-section on the renormaliza-

tion and factorization scales µR and µF .

In Fig. 5 we fix the factorization scale to µF = mH/2 and vary the renormalization

scale. We observe that the perturbative series in the strong coupling converges faster for

3In the estimate of the various components of the theoretical uncertainty that we carry out in these

sections, we always give numerical results for Setup I. When considering di↵erent parameters (Higgs mass

or collider energy, for example), we re-assess these uncertainties. For example, �(trunc) increases from

0.11% at 2 TeV to 0.38% at 14 TeV.
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Figure 5: The dependence of the cross-section on the renormalization scale for a fixed value of the
factorization scale.

To summarize, we have investigated the convergence of the threshold expansion at

N3LO using two di↵erent methods. Both methods confirm our expectation that the thresh-

old expansion provides a very good approximation to the exact result. The result of our

analysis can be quantified by assigning a (conservative) uncertainty estimate to the trun-

cation of the threshold expansion. We assign an uncertainty due to the truncation of the

threshold expansion which is as large as3.
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EFT (37)� �(3)

EFT (27)
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= 0.37% . (3.10)

The factor 10 is a conservative estimator of the progression of the series beyond the first 37

terms. Note that the complete N3LO cross-section appears in the denominator of eq. (3.10),

i.e., the uncertainty applies to the complete N3LO result, not just the coe�cient of a5s.

3.3 Scale variation at N3LO and the omission of N3LO e↵ects in parton densities

Having established that the threshold expansion provides a reliable estimate of the N3LO

cross-section, we proceed to study the dependence of the cross-section on the renormaliza-

tion and factorization scales µR and µF .

In Fig. 5 we fix the factorization scale to µF = mH/2 and vary the renormalization

scale. We observe that the perturbative series in the strong coupling converges faster for

3In the estimate of the various components of the theoretical uncertainty that we carry out in these

sections, we always give numerical results for Setup I. When considering di↵erent parameters (Higgs mass

or collider energy, for example), we re-assess these uncertainties. For example, �(trunc) increases from

0.11% at 2 TeV to 0.38% at 14 TeV.
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We see that finally the perturbative expansion is under control, and that 
the previous order lies within the uncertainty band of the NNLO one.
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Where does the EFT breakdown?

We saw that we could derive an EFT in which we made the top mass 
infinitely heavy. Is this always a good approximation?

No! If we probe scales near the top mass we see deviations from the 
EFT result. 

Figure 1: Representative Feynman diagrams for the production of a Higgs boson plus
one jet at LO (left) and NLO (center, right). The NLO corrections include two-
loop “virtual” topologies (center), and one-loop Higgs plus two parton “real”
topologies (right).

detail the exact dependence on the asymptotic series. In section 3 we present our results
and compare them to various approximations currently used in the literature. Finally, in
section 4 we present our conclusions.

2 Calculation

In this section we discuss the technical details of our calculation and introduce different
approximations that have been used to model finite top-mass effects. For illustrative pur-
poses, we show representative Feynman diagrams for the process under consideration in
fig. 1. Including the effect of the top-mass in the full theory, the LO calculation corresponds
to that of a one-loop amplitude. Given the relative simplicity of this calculation, results
have been known for some time [49] (see also refs. [64, 65] for a modern discussion, from
which we take the LO amplitudes and tensor structures [64, 66]). The NLO corrections to
this process, represented by diagrams such as those in the center and right hand side of
fig. 1, are considerably more complicated. The real corrections mandate the inclusion of
the Higgs plus four parton amplitudes. This calculation was first performed in ref. [50, 51],
studying the top mass effects on Higgs plus two jet production. For the NLO calculation,
the presence of the second parton as a jet is not required, and the single unresolved limit of
this amplitude is readily explored. Therefore, the computation of this amplitude requires
care to ensure numerical stability.

The two-loop virtual corrections, illustrated in the center of the figure, are the most tech-
nically challenging part of the calculation. Techniques required to reduce the system to
master integrals which can be analytically solved are not yet mature enough to handle tasks
of this complexity. However, recent progress using numerical methods to evaluate similar
master integrals for di-Higgs productions have recently produced phenomenologically
usable results [55, 56]. On the analytic side an analytic NLO calculation of H ! Zg also
marks some progress [67].

4

We can achieve this by looking at the Higgs at high transverse momentum 

pT ⇠ mt =) ŝ ⇠ 2m2
t

So we have to be a little more careful when we study the Higgs at finite 
momentum (e.g. in differential distributions) 
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Figure 6. Transverse momentum distribution and rapidity correlation of the leading jet produced
in association with a Higgs boson compared to CMS data [3] as absolute cross sections (upper row)
and normalized to �H+j .

overlapping with the upper edge of the NLO uncertainty band. The remaining theory scale

uncertainty is at the level of 8% for the unnormalized transverse momentum distribution.

As for the Higgs-plus-jet production discussed in the previous section, we observe that

the shape of the data is well-described for both experiments, while the normalization is

reproduced only for CMS, while the ATLAS data are systematically above the theoretical

prediction. Normalizing to the total inclusive cross section �H reconciles data and theory,

however at the expense of an increase of the theory scale uncertainty to 15%.

3.3 Comparison with preliminary 13 TeV data

Recently, the ATLAS Collaboration have presented preliminary measurements of Higgs

boson properties in the diphoton channel using 13.3 fb�1 of data from LHC Run 2 at 13

– 14 –

Chen et al.1607.08817

The state of the art for a 
differential Higgs is to have 
H+j at NNLO in the EFT, 
reweighed by the LO Full 
theory ratio.

Some progress towards 
NLO in the full theory 
(Neumann, CW 1609.00367)

(Neumann, 1802.02981)
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Subleading production  

 27

The second largest Higgs 
production mechanism 
corresponds to Vector Boson 
Fusion. 

4
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FIG. 2: From left to right, di↵erential cross sections for the transverse momentum distributions for the two leading jets, pt,j1
and pt,j2 , for the Higgs boson, pt,H , and the distribution for the rapidity separation between the two leading jets, �yj1,j2 .

interpretation is that since NNLO e↵ects redistribute jets
from higher to lower pt’s (cf. the plots for pt,j1 and pt,j2),
they reduce the cross section for any observable defined
with VBF cuts. As pt,H grows larger, the forward jets
tend naturally to get harder and so automatically pass
the pt thresholds, reducing the impact of NNLO terms.

As observed above for the total cross section with VBF
cuts, the NNLO di↵erential corrections are sizeable and
often outside the uncertainty band suggested by NLO
scale variation. One reason for this might be that NLO
is the first order where the non-inclusiveness of the jet
definition matters, e.g. radiation outside the cone modi-
fies the cross section. Thus NLO is, in e↵ect, a leading-
order calculation for the exclusive corrections, with all
associated limitations.

To further understand the size of the NNLO correc-
tions, it is instructive to examine a NLO plus parton
shower (NLOPS) calculation, since the parton shower
will include some approximation of the NNLO correc-
tions. For this purpose we have used the POWHEG VBF
H+2-jet calculation [20], showered with PYTHIA version
6.428 with the Perugia 2012 tune [35]. The POWHEG part
of this NLOPS calculation uses the same PDF, scale
choices and electroweak parameters as our full NNLO
calculation. The NLOPS results are included in Fig. 2,
at parton level, with multi-parton interactions (MPI)
switched o↵. They di↵er from the NLO by an amount
that is of a similar order of magnitude to the NNLO
e↵ects. This lends support to our interpretation that fi-
nal (and initial)-state radiation from the hard partons
is responsible for a substantial part of the NNLO correc-
tions. However, while the NLOPS calculation reproduces
the shape of the NNLO corrections for some observables

(especially pt,H), there are others for which this is not
the case, the most striking being perhaps �yj1,j2 . Par-
ton shower e↵ects were also studied in Ref. [36], using
the MC@NLO approach [37]. Various parton showers
di↵ered there by up to about 10%.

In addition to the NNLO contributions, precise phe-
nomenological studies require the inclusion of EW con-
tributions and non-perturbative hadronisation and MPI
corrections. The former are of the same order of magni-
tude as our NNLO corrections [13]. Using Pythia 6.428
and Pythia 8.185 we find that hadronisation corrections
are between �2 and 0%, while MPI brings up to +5%
at low pt’s. The small hadronisation corrections appear
to be due to a partial cancellation between shifts in pt
and rapidity. We leave a combined study of all e↵ects
to future work. The code for our calculation will also be
made public.

With the calculation presented in this letter, di↵er-
ential VBF Higgs production has been brought to the
same NNLO level of accuracy that has been available for
some time now for the ggH [38, 39] and VH [40] pro-
duction channels. This constitutes the first fully di↵er-
ential NNLO 2 ! 3 hadron-collider calculation, an ad-
vance made possible thanks to the factorisable nature of
the process. The NNLO corrections are non-negligible,
5–10%, i.e. an order of magnitude larger than the cor-
rections to the inclusive cross section. Their size might
even motivate a calculation one order higher, to N3LO,
to match the precision achieved recently for the ggH to-
tal cross section [41]. With the new “projection-to-Born”
approach introduced here, we believe that this is within
reach. It would also be of interest to obtain NNLO plus
parton shower predictions, again matching the accuracy

Know to NNLO in QCD 
(Cacciari et al 1506.02660)

Complementary to gg fusion, since 
VBF probes couplings to vector 
bosons (versus top quark) 
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Figure 6. Rapidity separation and angular decorrelation of the two leading jets in the VBF process.

Figure 7. Invariant mass distribution of the two leading jets in VBF process.

variable (which starts only at �yjj = 4.5 due to the VBF cuts (3.4)) the corrections are

negative and amount to �25% at NLO and with a further �5% at NNLO. The corrections

decrease in magnitude with increasing rapidity separation, and cross zero around �yjj ⇠ 7.

At even higher separation, the corrections become positive, but remain rather moderate.

For both spatial distributions, we observe that the NLO and NNLO uncertainty bands

barely overlap. Nevertheless, the small magnitude of the NNLO corrections indicates a

– 8 –

Cruz-Martinez et al 1802.02445



28

Death of the Higgs boson.
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Firstly, lets recall the notation used for unstable particles in QFT. 

Widths of particles
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The rate for each decay is called a partial width. 

⇠ �bb [GeV]

Firstly, lets recall the notation used for unstable particles in QFT. 

Widths of particles
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+ + + . . .�
tot

=

Summing over all the partial widths yields the total width. 

Firstly, lets recall the notation used for unstable particles in QFT. 

Widths of particles
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BR(H ! X) =
�
X

�
tot

Finally, the branching ratio defines the relative fraction for a particular 
decay. 

Firstly, lets recall the notation used for unstable particles in QFT. 

Widths of particles



30

 [GeV]HM
100 200 300 400 500 1000

Hi
gg

s 
BR

 +
 T

ot
al

 U
nc

er
t

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
1

bb

oo

cc

ttgg

aa aZ

WW

ZZ



30

 [GeV]HM
100 200 300 400 500 1000

Hi
gg

s 
BR

 +
 T

ot
al

 U
nc

er
t

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
1

bb

oo

cc

ttgg

aa aZ

WW

ZZ

The 125 GeV Higgs is one of the most interesting to study
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Phenomenologically the diboson and bb decays are most 
relevant

bb dominates, but is messy 

“gamma gamma”, clean, but low rate.

ZZ to four leptons, the “Golden channel”
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Particle Width [GeV]

W 2.1

Z 2.5

t 1.4

H 0.0004

Compared to particles of a similar mass, the Higgs has a tiny width!
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H ! bb

We can jump straight to the matrix element squared here, 

The partial width is obtained from Fermi’s Golden Rule

PHY 412/521 : Homework 6

Due date : in class on 03/13/15. Please include your name and whether you are a graduate

(521) or an undergraduate (412).

1. Show that the two phase space integration measures

d4p and
d3pi

2Ei
(1)

are Lorentz invariant [5 marks]. You should recall that integration measures transform as follows,

dp01 . . . dp
0
n =

��������

@p0
1

@p1
. . .

@p0
1

@pn
@p0

2
@p1

. . .
@p0

2
@pn

@p0
3

@p1
. . .

@p0
n

@pn

��������
dp1 . . . dpn (2)

where the determinant is referred to as the Jacobian.

2. The matrix element for a Higgs boson decaying to a b(p1)b(p2) pair is

|MH!b(p1)b(p2)
|2 =

Ncg
2
Wm2

b

4m2
W

�
4p1p2 � 4m2

b

�
(3)

Calculate �(H ! bb) [5 marks]

3. The Higgs can also decay to a W+(p1)W
�(p2) pair, this time the matrix element is

|MH!W+(p1)W�(p2)|
2 = g2Wm2

W

✓
2 +

(p1p2)
2

m4
W

◆
(4)

Calculate �(H ! W+W�) [5 marks]

4. (a) Using your results from questions 2 and 3 calculate the ratio of widths

�(H ! WW )

�(H ! bb)
(5)

for a Higgs of mH = 200 GeV. (Assume mb = 5 mW = 80.4 GeV and Nc = 3) [2 marks]

(b) which decay would be easier to study at a collider for this Higgs mass (200 GeV) [1 mark]?

(c) what will happen for lighter Higgs bosons e.g. mH = 125 GeV [1 mark]?

(d) What happens to �(H ! WW ) if mH >> mW ? [1 mark].

5. Show that if M has the following dimension

M ⇠ m4�n (6)

then � and � have the correct dimensionality [5 marks]

� =
|p2|

8⇡m2
H

|M|2

�H!bb = g2WNc
m2

bmH

32⇡m2
W

✓
1� 4m2

b

m2
H

◆3/2
So that 
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H ! WW

Here the matrix element is given by (on-shell W’s) 

PHY 412/521 : Homework 6

Due date : in class on 03/13/15. Please include your name and whether you are a graduate

(521) or an undergraduate (412).

1. Show that the two phase space integration measures

d4p and
d3pi

2Ei
(1)

are Lorentz invariant [5 marks]. You should recall that integration measures transform as follows,
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where the determinant is referred to as the Jacobian.

2. The matrix element for a Higgs boson decaying to a b(p1)b(p2) pair is

|MH!b(p1)b(p2)
|2 =

Ncg
2
Wm2

b

4m2
W

�
4p1p2 � 4m2

b

�
(3)

Calculate �(H ! bb) [5 marks]

3. The Higgs can also decay to a W+(p1)W
�(p2) pair, this time the matrix element is

|MH!W+(p1)W�(p2)|
2 = g2Wm2

W

✓
2 +

(p1p2)
2

m4
W

◆
(4)

Calculate �(H ! W+W�) [5 marks]

4. (a) Using your results from questions 2 and 3 calculate the ratio of widths

�(H ! WW )

�(H ! bb)
(5)

for a Higgs of mH = 200 GeV. (Assume mb = 5 mW = 80.4 GeV and Nc = 3) [2 marks]

(b) which decay would be easier to study at a collider for this Higgs mass (200 GeV) [1 mark]?

(c) what will happen for lighter Higgs bosons e.g. mH = 125 GeV [1 mark]?

(d) What happens to �(H ! WW ) if mH >> mW ? [1 mark].

5. Show that if M has the following dimension

M ⇠ m4�n (6)

then � and � have the correct dimensionality [5 marks]

With a partial width given by
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We see that approximately the widths 
scale like
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So in the regime where bb dominates 
(before WW becomes on-shell) the 
Higgs width is suppressed by the 
lightness of the b quark. 

In the region in which WW dominates the Higgs width is much larger 
(and more like the W/Z bosons) 

�H!bb ⇠
✓

m2
b

m2
H

◆
�H!WW
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Calculating the Higgs width

�Z/W

�H

So for the 125 GeV Higgs 
boson the width is very small. 

This much smaller than the 
experimental resolution, 
making direct measurement 
impossible. (more later).
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�i!H!f = �i!H ⇥BRH!f / �i!H�H!f

�H

Each decay mode is measured and cross sections are determined using 
the Narrow width approximation, 
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�i!H!f /
g2i g

2
f

�H
⇠

g2i g
2
fP

j g
2
j

Ultimately we want to extract information regarding the Higgs coupling to 
SM particles, which is a difficult task since. 

such that global fits are required to determine the couplings. 
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In the resonance region the “on-
shell” cross section is dominated 
by the width.

�on

i!X!f

⇠
g2
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gi gf
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(s�M2
X) + i�XMX
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Away from the resonance 
region, the “off-shell” cross 
section does not depend on 
the width. 

�off

i!X!f

⇠ g2
i

g2
f

gi gf

1

(s�M2
X) + i�XMX
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gi gf

1

(s�M2
X) + i�XMX

So if we are able to measure the off 
shell cross section, we can isolate 
process specific couplings. 



Since ΓH / MH=1/30,000 one 
might expect off-shell 
corrections to be very small. 


However this is not the case in 
decays to VV, there is a sizable 
contribution to the total cross 
section away from the peak. 


This arises from the proximity of 
the two VV threshold, and is 
further enhanced by the 
threshold at twice the top mass. 

FIG. 4: Overall picture at 8 TeV, (colour online). In this and the following figure the CMS cuts described
in the text have been imposed, but the constraint m4ℓ > 100 GeV has been removed to extend the range of
the plot.

m4ℓ < 130 GeV m4ℓ > 130 GeV m4ℓ > 300 GeV
Energy σH

peak σH
off σI

off σqg,int
off σH

off σI
off σqg,int

off

7 TeV 0.203 0.044 -0.086 0.0091 0.034 -0.050 0.0023
8 TeV 0.255 0.061 -0.118 0.011 0.049 -0.071 0.0029

TABLE III: Fiducial cross sections for pp → H → ZZ → e−e+µ−µ+ in fb. All cross-sections are computed
with leading order MSTW 2008 parton distribution functions [38] and renormalization and factorization
scales set equal to mH/2.

of the gg interference contribution, despite using what we believe to be identical input parameters.
The results of ref. [8] were obtained using the code gg2VV [9].

We believe that the cause of the discrepancy is a cut of pZT > 7 GeV imposed in the double
precision version of gg2VV for the continuum process, but not on the Higgs signal process. The
interference contribution is obtained by forming the combination (c.f. Eq. (38)),

σI = |MH +MC |2 − |MC |2 − |MH |2 . (39)

The pT cut is performed on the first two terms on the right hand side of Eq. (39) but not on the
third. The cut on the amplitudes that involve the continuum background in the gg2VV code is
presumably performed for reasons of numerical stability.

We shall now discuss the treatment of the region of low pT of the Z-boson in our code, and
illustrate the importance of low pT . In Fig. 7 we first demonstrate the impact of the spurious 1/pT
singularities that appear in the amplitudes. The figures show the calculation of the gg → ZZ cross

13

39

Off Shell Higgs cross sections.

(Kauer, Passarino 12)

(Caola, Melinikov 13) 

(Campbell, Ellis, CW 11,13) 
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Off-shell Higgs bosons
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Recent Results / 
 Future directions



I’m not an experimentalist :-)


These results are biased and cherry picked by me. 


I focussed (mostly) on new results from 2018 to 
show the continued stream of Higgs related studies 
at the LHC. 


YMMV
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Figure 2: Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins observed in 79.8 fb�1 of
13 TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09 ± 0.24 GeV. The non-resonant and total background components
of the fit are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and
background-only curves shown here are obtained from the weighted sum of the individual curves in each BDT bin.

background and background-only curves shown here are obtained from the weighted sum of the individual
curves in each BDT bin. The expected and observed event yields are presented in Table 1 and shown in
Figure 3. In Figure 3, a tt̄H signal strength µ = �/�SM of 1.4 is assumed. The total number of fitted
tt̄H signal events in the mass range 105 GeV < m�� < 160 GeV is 36+12

�11. For 13 TeV data corresponding
to an integrated luminosity of 79.8 fb�1, the expected significance of the tt̄H signal in the H ! ��
channel is 3.7 standard deviations. The significance of the observed tt̄H signal is 4.1 standard deviations.
The expected significance in the Had (Lep) region is 2.7 (2.5) standard deviations, while the observed
significance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3 H ! ZZ⇤ ! 4`

In the H ! Z Z⇤ ! 4` analysis, using the same data as in the H ! �� analysis, events with at least
four isolated leptons (four electrons, four muons, or two electrons and two muons) corresponding to two
same-flavour opposite-charge pairs are selected. To search for tt̄H events, at least one jet is required,
with pT > 30 GeV and containing a b-hadron identified using a b-tagging algorithm with an e�ciency
of 70%. The event selection is described in more detail in Ref. [5]. The current analysis improves the
expected tt̄H significance by defining two signal regions, and by applying a BDT in one of them. A ‘Had’
region enriched in hadronic top-quark decays is formed by requiring at least three additional jets and zero
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction [37], and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.

11

ttH

6 8 10 12 14 16

 [TeV] s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

H
) 

[p
b

]
t

 t
→

(p
p

σ 

ATLAS

  Theory (NLO QCD + NLO EW)

 

  Combined data
Stat. only

Total

-1 = 13 TeV, 36.1 - 79.8 fbs
-1 =  8 TeV, 20.3 fbs

Figure 6: Measured tt̄H cross sections in pp collisions at centre-of-mass energies of 8 TeV and 13 TeV. Both the
total and statistical-only uncertainties are shown. The measurements are compared with the SM prediction [37]. The
band around the prediction represents the PDF+↵S uncertainties and the uncertainties due to missing higher-order
corrections.

12

2

g

g

H

t
_

t t

t
_
H

g

g

H

t
_

tq

q
_

Figure 1: Example tree-level Feynman diagrams for the pp ! ttH production process, with g a
gluon, q a quark, t a top quark, and H a Higgs boson. For the present study, we consider Higgs
boson decays to a pair of W bosons, Z bosons, photons, t leptons, or bottom quark jets.

the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected
in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A
detailed description of the CMS detector can be found in Ref. [5].

Events of interest are selected using a two-tiered trigger system [25] based on custom hardware
processors and a farm of commercial processors running a version of the full reconstruction
software optimized for speed. Offline, a particle-flow algorithm [26] is used to reconstruct and
identify each particle in an event based on a combination of information from the various CMS
subdetectors. Additional identification criteria are employed to improve purities and define
the final samples of candidate electrons, muons, hadronically decaying t leptons (th) [27, 28],
and photons. Jets are reconstructed from particle-flow candidates using the anti-kT clustering
algorithm [29] implemented in the FASTJET package [30]. Multivariate algorithms [31, 32] are
used to identify (tag) jets arising from the hadronization of bottom quarks (b jets) and discrim-
inate against gluon and light flavor quark jets. The algorithms utilize observables related to
the long lifetimes of hadrons containing b quarks and the relatively larger particle multiplicity
and mass of b jets compared to light flavor quark jets. The th identification is based on the
reconstruction of the hadronic t decay modes t� ! h�nt, h�p0nt, h�p0p0nt, and h�h+h�nt

(plus the charge conjugate reactions), where h± denotes either a charged pion or kaon. More
details about the reconstruction procedures are given in Refs. [10–15].

The 13 TeV data employed for the current study were collected in 2016 and correspond to
an integrated luminosity of up to 35.9 fb�1 [33]. The 7 and 8 TeV data, collected in 2011 and
2012, correspond to integrated luminosities of up to 5.1 and 19.7 fb�1 [34], respectively. The
13 TeV analyses are improved relative to the 7 and 8 TeV studies in that they employ triggers
with higher efficiencies, contain improvements in the reconstruction and background-rejection
methods, and use more precise theory calculations to describe the signal and the background
processes. For the 7, 8 and 13 TeV data, the theoretical calculations of Ref. [35] for Higgs boson
production cross sections and branching fractions are used to normalize the expected signal
yields.

The event samples are divided into exclusive categories depending on the multiplicity and
kinematic properties of reconstructed electrons, muons, th candidates, photons, jets, and tagged
b jets in an event. Samples of simulated events based on Monte Carlo event generators, with
simulation of the detector response based on the GEANT4 [36] suite of programs, are used to
evaluate the detector acceptance and optimize the event selection for each category. In the anal-
ysis of data, the background is, in general, evaluated from data control regions. When this is
not feasible, either because the background process has a very small cross section or a control
region depleted of signal events cannot be identified, the background is evaluated from sim-
ulation with a systematic uncertainty assigned to account for the known model dependence.
Multivariate algorithms [37–41] based on deep neural networks, boosted decision trees, and
matrix element calculations are used to reduce backgrounds.
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Figure 2: Best fit value of the ttH signal strength modifier µttH, with its 1 and 2 standard devia-
tion confidence intervals (s), for (upper section) the five individual decay channels considered,
(middle section) the combined result for 7+8 TeV alone and for 13 TeV alone, and (lower section)
the overall combined result. The Higgs boson mass is taken to be 125.09 GeV. For the H ! ZZ⇤

decay mode, µttH is constrained to be positive to prevent the corresponding event yield from
becoming negative. The SM expectation is shown as a dashed vertical line.

At 13 TeV, we search for ttH production in the H ! bb decay mode by selecting events with
at least three tagged b jets and with zero leptons [11], one lepton [12], or an opposite-sign
lepton pair [12], where “lepton” refers to an electron or muon candidate. A search for ttH
production in the H ! gg decay mode is performed in events with two reconstructed photons
in combination with reconstructed electrons or muons, jets, and tagged b jets [13]. The signal
yield is extracted from a fit to the diphoton invariant mass spectrum. Events with combinations
of jets and tagged b jets and with two same-sign leptons, three leptons, or four leptons are used
to search for ttH production in the H ! t+t�, WW⇤, or ZZ⇤ decay modes [10, 14], where in
this case “lepton” refers to an electron, muon, or th candidate (the asterisk denotes an off-shell
particle). The searches in the different decay channels are statistically independent from each
other. Analogous searches have been performed with the 7 and 8 TeV data [15].

The presence of a ttH signal is assessed by performing a simultaneous fit to the data from
the different decay modes, and also from the different CM energies as described below. A
detailed description of the statistical methods can be found in Ref. [42]. The test statistic q is
defined as the negative of twice the logarithm of the profile likelihood ratio [42]. Systematic
uncertainties are incorporated through the use of nuisance parameters treated according to
the frequentist paradigm. The ratio between the normalization of the ttH production process
and its SM expectation [35], defined as the signal strength modifier µttH, is a freely floating
parameter in the fit. The SM expectation is evaluated assuming the combined ATLAS and CMS
value for the mass of the Higgs boson, which is 125.09 GeV [43]. We consider the five Higgs
boson decay modes with the largest expected event yields, namely H ! WW⇤, ZZ⇤, gg, t+t�,
and bb. Other Higgs boson decay modes and production processes, including pp ! tH+X (or
tH + X), with X a light flavor quark or W boson, are treated as backgrounds and normalized
using the predicted SM cross sections, subject to the corresponding uncertainties.

The measured values of the five independent signal strength modifiers, corresponding to the
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Higgs massThis result is in good agreement with the average of the ATLAS and CMS Run 1 measurements. The
combination of the ATLAS Run 1 and Run 2 measurements yields

mH = 124.97 ± 0.24 GeV.
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Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

10 Conclusion

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of
the decay channels H ! Z Z⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 36.1 fb�1. The measurements are based on
the latest calibrations of muons, electrons, and photons, and on improvements to the analysis techniques
used to obtain the previous results from ATLAS Run 1 data.

The measured values of the Higgs boson mass for the H ! Z Z⇤ ! 4` and H ! �� channels are

mH = 124.79 ± 0.37 GeV,

mH = 124.93 ± 0.40 GeV.

From the combination of these two channels, the mass is measured to be

mH = 124.86 ± 0.27 GeV.
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Theoretical issues
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2

h

2
h2 + �3vh3 +

�4

4
h4 , (I.7.1)

where �3 = �4 = m2
h/(2v2). Experimentally measuring �3 and �4 is thus a crucial test of the mechanism

of electroweak symmetry breaking. A measurement of �3 requires double Higgs boson production while
�4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg ! hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitute an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

Le↵ =
1

4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1

4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h � 1

4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
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text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh
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rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
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ggh and gghh interactions [20]
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Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.

187

Chapter I.7

Higgs Boson Pair Production

S. Dawson, C. Englert, M. Gouzevitch, R. Salerno, M. Slawinska (Eds.); J. Baglio, S. Borowka,
A. Carvalho, M. Dall’Osso, P. de Castro Manzano, D. de Florian, T. Dorigo, F. Goertz, C.A. Gottardo,
N. Greiner, J. Grigo, R. Gröber, G. Heinrich, B. Hespel, S. Jones, M. Kerner, I.M. Lewis, J. Mazzitelli,

M. Mühlleitner, A. Papaefstathiou, T. Robens, J. Rojo, J. Schlenk, U. Schubert, M. Spannowsky,
M. Spira, M. Tosi, E. Vryonidou, M. Zaro, T. Zirke

I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2

h

2
h2 + �3vh3 +

�4

4
h4 , (I.7.1)

where �3 = �4 = m2
h/(2v2). Experimentally measuring �3 and �4 is thus a crucial test of the mechanism

of electroweak symmetry breaking. A measurement of �3 requires double Higgs boson production while
�4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg ! hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitute an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC
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Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
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the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective
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arately from radiative correction contributions to pp ! hh + X.
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Measuring the self-coupling

We recall the form of the Higgs potential

And in the SM we completely fix the couplings once we know the mass

Deviations from this would thus imply new physics. 
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Higgs self coupling

�11 < � < 17
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Figure 2: Observed and predicted mcc̄ distributions in the 2 c-tag analysis categories. The expected signal is scaled
by a factor of 100. Backgrounds are corrected to the results of the fit to the data. The predicted background from
the simulation is shown as red dashed histograms. The ratios of the data to the fitted background are shown in the
lower panels. The error bands indicate the sum in quadrature of the statistical and systematic uncertainties in the
background prediction.

A search for the decay of the Higgs boson to charm quarks has been performed using 36.1 fb�1 of data
collected with the ATLAS detector in pp collisions at

p
s = 13 TeV at the LHC. No significant excess

of ZH(cc̄) production is observed over the SM background expectation. The observed upper limit on
�(pp ! ZH)⇥B(H ! cc̄) is 2.7 pb at the 95% CL. The corresponding expected upper limit is 3.9+2.1

�1.1 pb.
This is the most stringent limit to date in direct searches for the inclusive decay of the Higgs boson to
charm quarks.
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Search for the Decay of the Higgs Boson to Charm
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A direct search for the Standard Model Higgs boson decaying to a pair of charm quarks is
presented. Associated production of the Higgs and Z bosons, in the decay mode ZH !
`+`�cc̄ is studied. A dataset with an integrated luminosity of 36.1 fb�1 of pp collisions
at

p
s = 13 TeV recorded by the ATLAS experiment at the LHC is used. The H ! cc̄

signature is identified using charm-tagging algorithms. The observed (expected) upper limit
on �(pp ! ZH) ⇥ B(H ! cc̄) is 2.7 (3.9+2.1

�1.1) pb at the 95% confidence level for a Higgs
boson mass of 125 GeV, while the Standard Model value is 26 fb.
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Figure 9: Upper limit at 95% CL on the branching ratio for the H ! Z Zd process.
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in (a) at the mX = 15 GeV boundary is due to the addition of sensitivity to 4e and 2e2µ final states (lowering the
limit). The shaded areas are the quarkonia veto regions.
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80 GeV [48]. In the mass range of 10 MeV–10 GeV, values of ✏ above ⇠ 10�3 are ruled out [49–54].The
experiments at the LHC are the only ones sensitive to the production of Higgs bosons, and this makes
possible the search for the presence of a Higgs portal presented here. Constraints on the Higgs mixing
parameter  are probed through the H ! ZdZd ! 4` search while constraints on the kinetic mixing
parameter and the mass-mixing parameter � can be obtained through the H ! Z Zd ! 4` search.

H

�

�

�

�

Z
d

Z

Z

�
H

Z
d

Z
d

S

Figure 1: Exotic Higgs boson decays to four leptons induced by intermediate dark vector bosons via (left) the
hypercharge portal and (right) the Higgs portal, where S is a dark Higgs boson [14]. The Zd gauge boson decays
to SM particles through kinetic mixing with the hypercharge field or through mass mixing with the Z boson. The
HZ Zd vertex factor is proportional to ✏ whereas the HZdZd vertex factor is proportional to .

2.2 Pseudoscalar-boson model

Another possibility to extend the SM with a hidden sector is to consider two-Higgs-doublet models
extended by one complex scalar singlet field (2HDM+S) [15].

Two-Higgs-doublet models predict two charged scalars (H±), two neutral scalars (H, H) and one neutral
pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
states are taken to be heavy in the decoupling limit to ensure that highly non-standard Higgs decays (e.g.
involving CP-violation) which are significantly constrained by existing data, are avoided [55, 56]. The
scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.

3 The right-handed states dR and eR couple to H1, uR to H2, where H1 and H2 are the two Higgs doublets. See Ref. [15] for
more information.
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BSM Higgs 



51

Boosted Higgs

1.5 Std Dev. for H=>bb, 

p_T > 450 GeV

Uses clever boosted 
techniques
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Phenomenology of the Higgs at the LHC is a rich 
area of research. 


Still plenty of channels to improve measurements 
on. 


Higgs self coupling is last big parameter to pin 
down in SM => teaches us much about EWSB. 


“Easy” work done, next decade will be hard 
experimental analyses coupled with advanced 
theoretical predictions at high order
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Backup/Old slides
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Future of the Higgs boson
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Where are we now?

We are beginning to get to know the 
Higgs quite well (see Bruce’s talks)
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In order to test the 
Higgs mechanism 
we want to see the 
coupling 
promotional to the 
mass of the 
particles
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�i!H!f = �i!H ⇥BRH!f / �i!H�H!f

�H

Each decay mode is measured and cross sections are determined using 
the Narrow width approximation, 
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�i!H!f /
g2i g

2
f

�H
⇠

g2i g
2
fP

j g
2
j

Ultimately we want to extract information regarding the Higgs coupling to 
SM particles, which is a difficult task since. 

such that global fits are required to determine the couplings. 



59

In the resonance region the “on-
shell” cross section is dominated 
by the width.

�on

i!X!f

⇠
g2
i

g2
f

�
X

gi gf

1

(s�M2
X) + i�XMX
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Away from the resonance 
region, the “off-shell” cross 
section does not depend on 
the width. 

�off

i!X!f

⇠ g2
i

g2
f

gi gf

1

(s�M2
X) + i�XMX
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gi gf

1

(s�M2
X) + i�XMX

So if we are able to measure the off 
shell cross section, we can isolate 
process specific couplings. 



Since ΓH / MH=1/30,000 one 
might expect off-shell 
corrections to be very small. 


However this is not the case in 
decays to VV, there is a sizable 
contribution to the total cross 
section away from the peak. 


This arises from the proximity of 
the two VV threshold, and is 
further enhanced by the 
threshold at twice the top mass. 

FIG. 4: Overall picture at 8 TeV, (colour online). In this and the following figure the CMS cuts described
in the text have been imposed, but the constraint m4ℓ > 100 GeV has been removed to extend the range of
the plot.

m4ℓ < 130 GeV m4ℓ > 130 GeV m4ℓ > 300 GeV
Energy σH

peak σH
off σI

off σqg,int
off σH

off σI
off σqg,int

off

7 TeV 0.203 0.044 -0.086 0.0091 0.034 -0.050 0.0023
8 TeV 0.255 0.061 -0.118 0.011 0.049 -0.071 0.0029

TABLE III: Fiducial cross sections for pp → H → ZZ → e−e+µ−µ+ in fb. All cross-sections are computed
with leading order MSTW 2008 parton distribution functions [38] and renormalization and factorization
scales set equal to mH/2.

of the gg interference contribution, despite using what we believe to be identical input parameters.
The results of ref. [8] were obtained using the code gg2VV [9].

We believe that the cause of the discrepancy is a cut of pZT > 7 GeV imposed in the double
precision version of gg2VV for the continuum process, but not on the Higgs signal process. The
interference contribution is obtained by forming the combination (c.f. Eq. (38)),

σI = |MH +MC |2 − |MC |2 − |MH |2 . (39)

The pT cut is performed on the first two terms on the right hand side of Eq. (39) but not on the
third. The cut on the amplitudes that involve the continuum background in the gg2VV code is
presumably performed for reasons of numerical stability.

We shall now discuss the treatment of the region of low pT of the Z-boson in our code, and
illustrate the importance of low pT . In Fig. 7 we first demonstrate the impact of the spurious 1/pT
singularities that appear in the amplitudes. The figures show the calculation of the gg → ZZ cross
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Table 4. Quartic interactions of one or several Higgs field with gauge bosons. We present the
relations between the Lagrangian parameters introduced in Eq. (2.26), where the Lagrangian is
expressed in the mass basis, and those associated with the operators of Section 2.1 expressed in the
gauge basis.

Both Lagrangians L3 and L4 not only exhibit Lorentz structures common with the

Standard Model interactions, but also some novel ones. For instance, focusing on the

Higgs to W -boson trilinear interactions, the complete Feynman rule reads
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where only the component proportional to the metric is present in the Standard Model.
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Figure 5. Invariant-mass mV h distribution of a two-body system comprised of a Higgs boson
and a gauge boson for LHC collisions at a center-of-mass energy of 14 TeV. We show results
for the Standard Model (red-solid histogram) to which we superimpose predictions computed when
c̄HW = 0.1 (blue-dotted line) and c̄W = 0.1 (black-solid line) couplings are allowed.

We show the dependence of R on the coe�cient of c̄HW which turns out to be quite steep

when c̄HW is of order O(0.1) or smaller, and smoother for larger (absolute) values of this

Wilson coe�cient. The results however largely depend on the selection requirements (on

the final state lepton and missing transverse energy) of the corresponding analysis that

could further accentuate the e↵ect of the e↵ective operator.

4.2.2 Invariant mass of a two-body system constituted of a Higgs boson and

a gauge boson

The kinematical properties of the system formed by the massive vector boson V and the

Higgs boson hmay be modified by the presence in the Lagrangian of non-standard operators

such as those introduced in Section 2.1. In this context, one interesting observable consists

of the invariant-mass distribution of the V h-system [31], as illustrated in Figure 5 for

proton-proton collisions at a center-of-mass energy of 14 TeV. We present in this figure

invariant-mass mV h spectra computed at the parton-level, i.e., without accounting for

gauge-boson and Higgs-boson decays, and compare the Standard Model predictions (red-

solid histogram) to results including first new physics e↵ects induced by a non-zero c̄W = 0.1

parameter (black-solid line) and second by a non-zero c̄HW = 0.1 parameter (blue-dotted

line). While the Standard Model expectation steeply falls for invariant mass larger than

500 GeV�600 GeV, beyond the Standard Model results exhibit a tail extending up to

much larger mV h values around the TeV scale. New operators indeed contribute to this

process with di↵erent kinematics, favoring configurations with larger four-momentum. This

example therefore demonstrates the powerful usage of such an observable for unraveling

new physics in the Higgs sector.
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Figure 6: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄HW and c̃HW Wilson coefficients. All
other Wilson coefficients are set to zero, except for c̄HB and c̃HB which are set to be equal to c̄HW and c̃HW , respectively.
The shaded area represents the allowed region of parameter space and the marker indicates the SM value.

boson production channels arising from the inclusion of rate and jet kinematic information in the signal
hypothesis.

The observed limits on c̄HW and c̃HW are also not excluded by current signal strength measurements. For
example, the signal strength in the H → ZZ∗ and H → WW∗ channels is predicted to be approximately 1.3
for c̄HW = 0.1, which is consistent with the dedicated measurements [37, 38].

The 95% confidence regions for a one-dimensional scan of the Wilson coefficients are given in Table 1.

7 Summary

The strength and structure of the Higgs boson’s interactions with other particles have been investigated us-
ing an effective Lagrangian. Limits are placed on anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W-bosons and Z-bosons, using a fit to five differential cross sections
previously measured by ATLAS in the H → γγ decay channel at

√
s = 8 TeV [9]. No significant deviations

from the SM predictions are observed. To allow a simultaneous fit to all distributions, the statistical correla-
tions between these distributions have been determined by re-analysing the candidate H → γγ events in the
proton-proton collision data. These correlations are made publicly [15] available to allow for future analysis
of theories with non-SM Higgs boson interactions.

10
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A natural theory would thus predict a (very) heavy Higgs. 

The SM has some problems, its not natural! 
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The search for the question of whether we live in a natural world is 
one of the driving questions of particle physics.  



65

Theoretical issues

0 50 100 150 200
0

50

100

150

200

Higgs mass Mh in GeV

To
p
m
as
sM

t
in
G
eV

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

Instability

107

109

1010

1012

115 120 125 130 135
165

170

175

180

Higgs mass Mh in GeV

Po
le
to
p
m
as
sM

t
in
G
eV

1,2,3 s

Instability

Stability

Meta-stability

Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2

h

2
h2 + �3vh3 +

�4

4
h4 , (I.7.1)

where �3 = �4 = m2
h/(2v2). Experimentally measuring �3 and �4 is thus a crucial test of the mechanism

of electroweak symmetry breaking. A measurement of �3 requires double Higgs boson production while
�4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg ! hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitute an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

Le↵ =
1

4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1

4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h � 1

4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

Le↵ =
1

4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1

4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h � 1

4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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Measuring the self-coupling

We recall the form of the Higgs potential

And in the SM we completely fix the couplings once we know the mass

Deviations from this would thus imply new physics. 
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Higgs self coupling

2 Higgs Self-Coupling Phenomenology

Higgs boson pair production from gluon fusion can be described at leading order (LO) by the Feyn-

man diagrams shown in Figure 1. Only the diagram on the left hand side includes a contribution from

the triple Higgs coupling, whereas in the case of the diagram on the right hand side the self-coupling

constant does not play a role. Both diagrams contain fermionic loops and are dominated by the con-

tribution from the top quark. There is a relative minus sign between the two contributions, resulting

in destructive interference that effectively reduces the total Higgs pair production cross section in the

Standard Model.

Figure 1: Feynman diagrams describing Higgs pair production from gluon fusion at LO.
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Figure 2: The dependence of the inclusive Higgs pair production cross section at
√

s = 14 TeV on

λHHH , on the left with a linear y-scale and with a log y-scale on the right. The LO and NLO values are

obtained with the HPAIR program [9], and for NNLO the results from Ref. [4, 5] are used.

This effect can be seen in Figure 2 (left), where di-Higgs cross sections for different values of the

self-coupling λHHH are shown, at LO, next-to-leading order (NLO), and next-to-next-to-leading order

(NNLO). A value of λHHH = 0 corresponds to the case where there is no self-coupling of the Higgs

boson, and thus the amplitude of the left diagram in Figure 1 vanishes. For this case the cross section is

enhanced by approximately a factor of two compared to the Standard Model [10, 11]. The cross section

decreases with increasing values of the self-coupling up to a value of 2.44 times the Standard Model

value (λS M
HHH

) where the cross section is at its minimum. Figure 2 (right) shows that the cross-section

is never zero. For larger values of λHHH the cross-section increases again. Due to the (approximately)

parabolic shape of the cross-section, measuring only the total cross section for the pair production

process does not allow the value of the self coupling constant to be inferred but the degeneracy could

be removed by further measurements of its dependence on kinematical variables.

Figure 2 also shows that the differences between cross-section predictions at different order in

pQCD are large. The NNLO values are used in the remainder of this note.
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Chapter I.7

Higgs Boson Pair Production

S. Dawson, C. Englert, M. Gouzevitch, R. Salerno, M. Slawinska (Eds.); J. Baglio, S. Borowka,
A. Carvalho, M. Dall’Osso, P. de Castro Manzano, D. de Florian, T. Dorigo, F. Goertz, C.A. Gottardo,
N. Greiner, J. Grigo, R. Gröber, G. Heinrich, B. Hespel, S. Jones, M. Kerner, I.M. Lewis, J. Mazzitelli,

M. Mühlleitner, A. Papaefstathiou, T. Robens, J. Rojo, J. Schlenk, U. Schubert, M. Spannowsky,
M. Spira, M. Tosi, E. Vryonidou, M. Zaro, T. Zirke

I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2

h

2
h2 + �3vh3 +

�4

4
h4 , (I.7.1)

where �3 = �4 = m2
h/(2v2). Experimentally measuring �3 and �4 is thus a crucial test of the mechanism

of electroweak symmetry breaking. A measurement of �3 requires double Higgs boson production while
�4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg ! hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitute an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

Le↵ =
1

4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1

4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h � 1

4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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218 I.7.5. Experimental results

I.7.5 Experimental results
In Run 1 ATLAS and CMS performed searches for BSM di-Higgs boson production in gluon-gluon
fusion process assuming resonant and nonresonant hypotheses. Taking into account the Higgs bosons
decays, four different final states were explored. One search requires both Higgs bosons to decay to bb̄,
that is the largest decay branching fraction within the SM. In other two the second Higgs boson decays
to �� or ⌧⌧ final states that help to reduce the SM background. The fourth channel, explored by ATLAS,
features one Higgs boson decaying to WW ⇤ with a subsequent leptonic decay and the other to ��. A
summary of the searches, obtained assuming a di-Higgs boson production through a spin-0 resonance in
s-channel with a negligible natural width, is shown in Figure 127I.47. To compare different final states the
decays branching fractions of the Higgs boson are assumed to be those of the SM. Limits are provided
from mspin-0

X = 260 GeV to mspin-0
X = 3 TeV and span over 3 orders of magnitude from typically 1-10

pb around the lowest edge and 1-10 fb around the highest edge. They are interpreted in the context of
two simplified scenarios of the Minimal Supersymmetric Standard Model, 2 Higgs Doublet Model and
Warped Extra Dimensions.
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Figure 127: Comparison of the observed and expected 95% confidence level (CL) upper limits on the product of
cross section and the branching fraction �(pp ! Xspin-0) ⇥ B(Xspin-0 ! hh). We assuming a narrow-width
approximation for Xspin-0 and SM branching fractions for Higgs boson decays. Results are provided by ATLAS
and CMS collaborations based on results from Run 1 data taking period.

The ATLAS collaboration performed searches at
p

s = 8 TeV using an integrated luminosity of
20.3 fb�1 [489,491,492] and subsequently combined them for mspin-0

X < 1 TeV hypothesis in Ref. [492].
The latter result is shown on Figure 127 complemented with bb̄bb̄ results for mspin-0

X > 1 TeV hypothesis.
Similar searches were performed by the CMS collaboration in ��bb̄ [493], ⌧⌧bb̄ [494–496], bb̄bb̄

[490, 497] using a data sample of 17.9 to 20.3 fb�1 depending on the analysis. The results obtained by
different analyses looking at an identical final state are shown in Figure 127 with the same colour. In

I.47One may notice than for some of the analyses a spin-2 interpretation is also available as well as an interpretation assuming
a significant natural width [489, 490].
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Precision Higgs Couplings
➡ Measurements will built on, complement, and supersede LHC results
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Higgs Precision Measurements

?

➡ Recoil method unique to lepton collider
➡ Tag Higgs event independent of decay mode
➡ Provides precision and model independent measurements of

๏ σ(ee→ZH) ∝ gHZZ2

๏ mH 
➡ Key input to ΓH ILC
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Why Higgs at 100 TeV?

• W/Z discovered in ’83. Still discussing today how to improve the measurement of 
their properties! Hadron colliders played, are playing and will continue playing a key 
role in this game
• reasonable to expect the same will be true for the Higgs 30-40 yrs after 2012, 

with the measurement of Higgs properties intertwined with the testing for SM 
anomalies

• Great improvement in precision will arise from e+e– colliders [see later talks by D’Enterria 
(FCC-ee), Ruan (CEPC), Lukic (CLIC), Strube (ILC)]. 

• Depending on the configuration (linear vs circular) and energy (ILC vs CLIC), there 
will nevertheless still remain a need for complementary input, which could be 
provided by a 100 TeV pp collider:
• direct probe of EW interactions and EWSB at scales > 1 TeV
• exploration of extended Higgs sectors
• precise measurement of rare Higgs decays and tests of rare production 

mechanisms
• precise determination of top-Higgs coupling and Higgs self-couplings (if ECM of e

+e– colliders will stay below the TeV)

• At the LHC, the Higgs is already an analysis tool, if not a background, in searches of 
new particles (like W/Z and like the top quark). This will be even more true at 100 
TeV!!

Michelangelo Mangano 

Higgs@future colliders 


