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✓ ggF at N3LO

✓ Uncertainties

✓ H + jet

✓ (N)NLOPS

✓ Interferences and Higgs width

✓Higgs pair production at NNLO

Outline
‣Latest results on Higgs boson production
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Higgs at Hadronic Colliders

H
x1

x2

h2

h1

a

b X

σ(p1, p2;MH) =
∑
a,b

∫ 1

0

dx1dx2 fh1,a(x1, µ
2

F ) fh2,b(x2, µ
2

F )×σ̂ab(x1p1, x2p2, αS(µ2

R);µ2

F )

perturbative partonic cross-section

non-perturbative parton distributions

d� =
X

ab

Z
dxa

Z
dxb fa(xa, µ

2
F )fb(xb, µ

2
F ) ⇥ d�̂ab(xa, xb, Q

2
,↵s(µ

2
R))

๏ Need precision for both PDFs and partonic cross sections

d�̂ = ↵n
s d�̂(0) + ↵n+1

s d�̂(1) + ...Partonic cross-section: expansion in ↵s(µ
2
R) ⌧ 1

xb

xa

+O(1/Q2)
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ggF Higgs Cross-section  @ LHC

deF, Grazzini 

scale pdf + ↵S

�(mH = 125GeV) = 19.27+7.2%
�7.8%

+7.5%
�6.9% pb

Anastasiou et al (2008) ‣ Mixed EW-QCD effects evaluated in EFT approach 

Aglietti, Bonciani, Degrassi, Vicini (2004)
Degrassi, Maltoni (2004)

Actis, Passarino, Sturm, Uccirati (2008)
Djouadi, Gambino (1994)

‣  Two loop EW corrections not negligible ~ 5%

‣ NNLL Resummation (9% at 7 TeV) Catani, deF., Grazzini, Nason (2003)

‣ + Mass effects, Line-shape, interferences, ... Higgs Cross-Section WG
Goria, Passarino, Rosco (2012) 

Harlander, Kilgore (2002)
Anastasiou, Melnikov (2002) 
Ravindran, Smith, van Neerven (2003)

‣ NNLO
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) µSignal strength (
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ATLAS Prelim.
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Assumes'SM'branching'fracLons'
and'producLon'modes'
CompaLble'with'SM'(at'14%)''

All'channels'couplings'updated'soon'

Stay'tuned'!''

µ =1.30± 0.12 (stat) ± 0.10 (th) ± 0.09 (syst) 

31'

ATLAS signal significance
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Even Higher orders : N3LO

Baikov et al (2009)
Gehrmann et al (2010)
Lee, Smirnov, Smirnov (2010)

‣ Triple real emission

Anastasiou, Duhr, Dulat, Mistlberger (2013)

‣ 3 loop form factor

‣ 2 loop + single emission 

‣ Subtraction terms Höschele, Hoff, Pak, Steinhauser, Ueda (2013)
Buehler, Lazopoulos (2013)

‣ 1 loop + double emission 
Anastasiou, Duhr, Dulat, Herzog, Mistlberger, Furlan (2013);
Li, Manteuffel, Schabinger, Zhu (2013)

Duhr,  Gehrmann (2013); Li, Zu (2013);
Gehrmann, Jaquier, Glover, Koukoutsakis (2012);
Anastasiou, Duhr, Dulat, Herzog, Mistlberger; Kilgore (2013)

!
!

!
!

Contributions at N3LO

!
!

!
!

Contributions at N3LO

!
!

!
!

Contributions at N3LO

!
!

!
!

Contributions at N3LO

threshold 
expansion
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N3LO in the Soft-Virtual approximation
Anastasiou, Duhr, Dulat, Furlan, Gehrmann, 

Herzog, Mistlberger (2014)

< 1� z >                  not the most appropriate measure 
of distance to threshold

Affected by factorially-growing subleading terms 
(kinematic mistreat of energy conservation)

z =
M2

H

s
Cross section depends on one variable

3

+ CA CF

(

5

2
ζ5 + 3ζ3ζ2 +

11

72
ζ4 +

13

2
ζ3 −

71

36
ζ2 −

63991

5184

)

+ C2
F

(

−5ζ5 +
37

12
ζ3 +

19

18

)

]

+N2
F

[

CA

(

−
19

36
ζ4 +

43

108
ζ3 −

133

324
ζ2 +

2515

1728

)

+ CF

(

−
1

36
ζ4 −

7

6
ζ3 −

23

72
ζ2 +

4481

2592

)

]}

+

[

1

1− z

]

+

{

C3
A

(

186 ζ5 −
725

6
ζ3 ζ2 +

253

24
ζ4 +

8941

108
ζ3 +

8563

324
ζ2 −

297029

23328

)

+N2
F CA

(

5

27
ζ3 +

10

27
ζ2 −

58

729

)

+NF

[

C2
A

(

−
17

12
ζ4 −

475

36
ζ3 −

2173

324
ζ2 +

31313

11664

)

+ CA CF

(

−
1

2
ζ4 −

19

18
ζ3 −

1

2
ζ2 +

1711

864

)

]}

+

[

log(1− z)

1− z

]

+

{

C3
A

(

−77ζ4 −
352

3
ζ3 −

152

3
ζ2 +

30569
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)

+N2
F CA

(

−
4

9
ζ2 +

25
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)

+NF

[
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A

(

46

3
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9
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4211

324

)

+ CA CF

(
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63

8

)

]}

+

[

log2(1− z)

1− z

]

+

{

C3
A

(

181 ζ3 +
187

3
ζ2 −

1051

27

)

+NF

[

C2
A

(

−
34

3
ζ2 +

457

54

)

+
1

2
CA CF

]

−
10

27
N2

F CA

}

+

[

log3(1− z)

1− z

]

+

{

C3
A

(

−56 ζ2 +
925

27

)

−
164

27
NF C2

A +
4

27
N2

F CA

}

+

[

log4(1− z)

1− z

]

+

(

20

9
NF C2

A −
110

9
C3

A

)

+

[

log5(1 − z)

1− z

]

+

8C3
A .

Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications of

Eq. (10), we have to make a comment about the validity
of the threshold approximation. As we will see shortly,
the plus-distribution terms show a complicated pattern of
strong cancellations at LHC energies; the formally most
singular terms cancel against sums of less singular ones.
Therefore, exploiting the formal singularity hierarchy of
the terms in the partonic cross-section does not guaran-
tee a fast-converging expansion for the hadronic cross-
section. Furthermore, the definition of threshold correc-
tions in the integral of Eq. (1) is ambiguous, because the
limit of the partonic cross-section at threshold is not af-
fected if we multiply the integrand by a function g such
that limz→1 g(z) = 1,

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)] lim
z→1

[

σ̂ij(s, z)

zg(z)

]

. (11)

It is obvious that Eq. (11) has the same formal accuracy
in the threshold expansion, provided that limz→1 g(z) =
1. As we will see in the following, this ambiguity has a
substantial numerical implication, and thus presents an
obstacle for obtaining precise predictions. We note how-
ever that by including in the future further corrections in

the threshold expansion, this ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result for g(z) = 1. For
N = 3 and NF = 5, the coefficients of the distributions
in Eq. (10) take the numerical values

η̂(3)(z) ≃ δ(1− z) 1124.308887 . . . (→ 5.1%)

+

[

1

1− z

]

+

1466.478272 . . . (→ −5.85%)

−

[

log(1 − z)

1− z

]

+

6062.086738 . . . (→ −22.88%)

+

[

log2(1− z)

1− z

]

+

7116.015302 . . . (→ −52.45%)

−

[

log3(1− z)

1− z

]

+

1824.362531 . . . (→ −39.90%)

−

[

log4(1− z)

1− z

]

+

230 (→ 20.01%)

+

[

log5(1− z)

1− z

]

+

216 . (→ 93.72%)

In parentheses we indicate the correction that each
term induces to the hadronic cross-section normalized to
the leading order cross-section at a center of mass en-
ergy of 14 TeV. The ratio is evaluated with the MSTW
NNLO [15] parton densities and αs at scales µR = µF =
mH in the numerator and denominator. We also fac-

where we have introduced the customary N -moments of the parton distributions and of the coef-
ficient function

fa/h(N, µ2
F ) =

∫ 1

0

dx xN−1 fa/h(x, µ
2
F ) , (11)

cab(N) =

∫ 1

0

dz zN−1 cab(z) . (12)

Once these N -moments are known, the physical cross section in z-space can be obtained by Mellin
inversion:

σ(S,m2
H) = σ̃0

∑

a,b

∫ CMP+i∞

CMP−i∞

dN

2πi

(

m2
H

S

)−N+1

fa/h1
(N, µ2

F ) fb/h2
(N, µ2

F )

× cab(N ; as, m
2
H/µ

2
R;m

2
H/µ

2
F ) , (13)

where the constant CMP that defines the integration contour in the N -plane is on the right of all
the possible singularities of the integrand.

We present now our results. The expression we obtain for the z-space third order Higgs
coefficient function is the following

c(3)gg (z) = c(3)gg (z)
∣

∣

∣

Dk,δ(1−z)
− 512C3
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{
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+
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+ O
(

ln2(1− z)
)

.

Going to Mellin space, this implies that we have computed all the subleading terms N−1 lnk N
for k = 5, 4, 3 (with the still unknown ξ(3)H coefficient for k = 3). This represents an improvement
with respect to the soft-virtual approximation, in which all the terms that vanish in the large-N
limit are dropped. The coefficients multiplying the first two subleading terms in Eq.(14) agree
with the DY ones obtained in Ref. [21] for CA = CF , while this is not the case for the ln3(1 − z)

one. We also obtain the following result for c(4)gg (z)

c(4)gg (z) = c(4)gg (z)
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+
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.

Of course, at this order the complete Di(z) and δ(1 − z) contributions are still unknown. Again,
the first two subleading terms agree with the DY ones for the case CA = CF .
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where the constant CMP that defines the integration contour in the N -plane is on the right of all
the possible singularities of the integrand.

We present now our results. The expression we obtain for the z-space third order Higgs
coefficient function is the following
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∣
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+
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Going to Mellin space, this implies that we have computed all the subleading terms N−1 lnk N
for k = 5, 4, 3 (with the still unknown ξ(3)H coefficient for k = 3). This represents an improvement
with respect to the soft-virtual approximation, in which all the terms that vanish in the large-N
limit are dropped. The coefficients multiplying the first two subleading terms in Eq.(14) agree
with the DY ones obtained in Ref. [21] for CA = CF , while this is not the case for the ln3(1 − z)

one. We also obtain the following result for c(4)gg (z)

c(4)gg (z) = c(4)gg (z)
∣

∣

∣

Dk,δ(1−z)
−

4096

3
C4

A ln7(1− z) +

{

19712

3
C4

A +
3584

3
C3

Aβ0

}

ln6(1− z) (15)

+

{

(−2240 + 23552ζ2)C
4
A −

(

19136

3
+

8ξ(3)H

3

)

C3
Aβ0 −

1024

3
C2

Aβ
2
0

}

ln5(1− z)

+ O
(

ln4(1− z)
)

.

Of course, at this order the complete Di(z) and δ(1 − z) contributions are still unknown. Again,
the first two subleading terms agree with the DY ones for the case CA = CF .
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Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications of

Eq. (10), we have to make a comment about the validity
of the threshold approximation. As we will see shortly,
the plus-distribution terms show a complicated pattern of
strong cancellations at LHC energies; the formally most
singular terms cancel against sums of less singular ones.
Therefore, exploiting the formal singularity hierarchy of
the terms in the partonic cross-section does not guaran-
tee a fast-converging expansion for the hadronic cross-
section. Furthermore, the definition of threshold correc-
tions in the integral of Eq. (1) is ambiguous, because the
limit of the partonic cross-section at threshold is not af-
fected if we multiply the integrand by a function g such
that limz→1 g(z) = 1,

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)] lim
z→1

[

σ̂ij(s, z)

zg(z)

]

. (11)

It is obvious that Eq. (11) has the same formal accuracy
in the threshold expansion, provided that limz→1 g(z) =
1. As we will see in the following, this ambiguity has a
substantial numerical implication, and thus presents an
obstacle for obtaining precise predictions. We note how-
ever that by including in the future further corrections in

the threshold expansion, this ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result for g(z) = 1. For
N = 3 and NF = 5, the coefficients of the distributions
in Eq. (10) take the numerical values

η̂(3)(z) ≃ δ(1− z) 1124.308887 . . . (→ 5.1%)

+

[

1

1− z

]

+

1466.478272 . . . (→ −5.85%)

−

[

log(1 − z)

1− z

]

+

6062.086738 . . . (→ −22.88%)

+

[

log2(1− z)

1− z

]

+

7116.015302 . . . (→ −52.45%)

−

[

log3(1− z)

1− z

]

+

1824.362531 . . . (→ −39.90%)

−

[

log4(1− z)

1− z

]

+

230 (→ 20.01%)

+

[

log5(1− z)

1− z

]

+

216 . (→ 93.72%)

In parentheses we indicate the correction that each
term induces to the hadronic cross-section normalized to
the leading order cross-section at a center of mass en-
ergy of 14 TeV. The ratio is evaluated with the MSTW
NNLO [15] parton densities and αs at scales µR = µF =
mH in the numerator and denominator. We also fac-

where we have introduced the customary N -moments of the parton distributions and of the coef-
ficient function

fa/h(N, µ2
F ) =

∫ 1

0

dx xN−1 fa/h(x, µ
2
F ) , (11)

cab(N) =

∫ 1

0

dz zN−1 cab(z) . (12)

Once these N -moments are known, the physical cross section in z-space can be obtained by Mellin
inversion:

σ(S,m2
H) = σ̃0

∑

a,b

∫ CMP+i∞

CMP−i∞

dN

2πi

(

m2
H

S

)−N+1

fa/h1
(N, µ2

F ) fb/h2
(N, µ2

F )

× cab(N ; as, m
2
H/µ

2
R;m

2
H/µ

2
F ) , (13)

where the constant CMP that defines the integration contour in the N -plane is on the right of all
the possible singularities of the integrand.

We present now our results. The expression we obtain for the z-space third order Higgs
coefficient function is the following

c(3)gg (z) = c(3)gg (z)
∣

∣

∣

Dk,δ(1−z)
− 512C3

A ln5(1− z) +

{

1728C3
A +

640

3
C2

Aβ0

}

ln4(1− z) (14)

+

{

(

−
1168

3
+ 3584ζ2

)

C3
A −

(

2512

3
+

ξ(3)H

3

)

C2
Aβ0 −

64

3
CAβ

2
0

}

ln3(1− z)

+ O
(

ln2(1− z)
)

.

Going to Mellin space, this implies that we have computed all the subleading terms N−1 lnk N
for k = 5, 4, 3 (with the still unknown ξ(3)H coefficient for k = 3). This represents an improvement
with respect to the soft-virtual approximation, in which all the terms that vanish in the large-N
limit are dropped. The coefficients multiplying the first two subleading terms in Eq.(14) agree
with the DY ones obtained in Ref. [21] for CA = CF , while this is not the case for the ln3(1 − z)

one. We also obtain the following result for c(4)gg (z)

c(4)gg (z) = c(4)gg (z)
∣

∣

∣

Dk,δ(1−z)
−

4096

3
C4

A ln7(1− z) +

{

19712

3
C4

A +
3584

3
C3

Aβ0

}

ln6(1− z) (15)

+

{

(−2240 + 23552ζ2)C
4
A −

(

19136

3
+

8ξ(3)H

3

)

C3
Aβ0 −

1024

3
C2

Aβ
2
0

}

ln5(1− z)

+ O
(

ln4(1− z)
)

.

Of course, at this order the complete Di(z) and δ(1 − z) contributions are still unknown. Again,
the first two subleading terms agree with the DY ones for the case CA = CF .
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where we have introduced the customary N -moments of the parton distributions and of the coef-
ficient function

fa/h(N, µ2
F ) =

∫ 1

0

dx xN−1 fa/h(x, µ
2
F ) , (11)

cab(N) =

∫ 1

0

dz zN−1 cab(z) . (12)

Once these N -moments are known, the physical cross section in z-space can be obtained by Mellin
inversion:
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where the constant CMP that defines the integration contour in the N -plane is on the right of all
the possible singularities of the integrand.

We present now our results. The expression we obtain for the z-space third order Higgs
coefficient function is the following

c(3)gg (z) = c(3)gg (z)
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Going to Mellin space, this implies that we have computed all the subleading terms N−1 lnk N
for k = 5, 4, 3 (with the still unknown ξ(3)H coefficient for k = 3). This represents an improvement
with respect to the soft-virtual approximation, in which all the terms that vanish in the large-N
limit are dropped. The coefficients multiplying the first two subleading terms in Eq.(14) agree
with the DY ones obtained in Ref. [21] for CA = CF , while this is not the case for the ln3(1 − z)

one. We also obtain the following result for c(4)gg (z)
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Of course, at this order the complete Di(z) and δ(1 − z) contributions are still unknown. Again,
the first two subleading terms agree with the DY ones for the case CA = CF .
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Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications of

Eq. (10), we have to make a comment about the validity
of the threshold approximation. As we will see shortly,
the plus-distribution terms show a complicated pattern of
strong cancellations at LHC energies; the formally most
singular terms cancel against sums of less singular ones.
Therefore, exploiting the formal singularity hierarchy of
the terms in the partonic cross-section does not guaran-
tee a fast-converging expansion for the hadronic cross-
section. Furthermore, the definition of threshold correc-
tions in the integral of Eq. (1) is ambiguous, because the
limit of the partonic cross-section at threshold is not af-
fected if we multiply the integrand by a function g such
that limz→1 g(z) = 1,

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)] lim
z→1

[

σ̂ij(s, z)

zg(z)

]

. (11)

It is obvious that Eq. (11) has the same formal accuracy
in the threshold expansion, provided that limz→1 g(z) =
1. As we will see in the following, this ambiguity has a
substantial numerical implication, and thus presents an
obstacle for obtaining precise predictions. We note how-
ever that by including in the future further corrections in

the threshold expansion, this ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result for g(z) = 1. For
N = 3 and NF = 5, the coefficients of the distributions
in Eq. (10) take the numerical values

η̂(3)(z) ≃ δ(1− z) 1124.308887 . . . (→ 5.1%)
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In parentheses we indicate the correction that each
term induces to the hadronic cross-section normalized to
the leading order cross-section at a center of mass en-
ergy of 14 TeV. The ratio is evaluated with the MSTW
NNLO [15] parton densities and αs at scales µR = µF =
mH in the numerator and denominator. We also fac-

where we have introduced the customary N -moments of the parton distributions and of the coef-
ficient function

fa/h(N, µ2
F ) =

∫ 1

0

dx xN−1 fa/h(x, µ
2
F ) , (11)

cab(N) =

∫ 1

0

dz zN−1 cab(z) . (12)

Once these N -moments are known, the physical cross section in z-space can be obtained by Mellin
inversion:
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where the constant CMP that defines the integration contour in the N -plane is on the right of all
the possible singularities of the integrand.

We present now our results. The expression we obtain for the z-space third order Higgs
coefficient function is the following

c(3)gg (z) = c(3)gg (z)
∣

∣

∣

Dk,δ(1−z)
− 512C3

A ln5(1− z) +

{

1728C3
A +

640

3
C2

Aβ0

}

ln4(1− z) (14)

+

{

(

−
1168

3
+ 3584ζ2

)

C3
A −

(

2512

3
+

ξ(3)H

3

)

C2
Aβ0 −

64

3
CAβ

2
0

}

ln3(1− z)

+ O
(

ln2(1− z)
)

.

Going to Mellin space, this implies that we have computed all the subleading terms N−1 lnk N
for k = 5, 4, 3 (with the still unknown ξ(3)H coefficient for k = 3). This represents an improvement
with respect to the soft-virtual approximation, in which all the terms that vanish in the large-N
limit are dropped. The coefficients multiplying the first two subleading terms in Eq.(14) agree
with the DY ones obtained in Ref. [21] for CA = CF , while this is not the case for the ln3(1 − z)

one. We also obtain the following result for c(4)gg (z)

c(4)gg (z) = c(4)gg (z)
∣

∣

∣

Dk,δ(1−z)
−

4096

3
C4

A ln7(1− z) +

{

19712

3
C4

A +
3584

3
C3

Aβ0

}

ln6(1− z) (15)

+

{

(−2240 + 23552ζ2)C
4
A −

(

19136

3
+

8ξ(3)H

3

)

C3
Aβ0 −

1024

3
C2

Aβ
2
0

}

ln5(1− z)

+ O
(

ln4(1− z)
)

.

Of course, at this order the complete Di(z) and δ(1 − z) contributions are still unknown. Again,
the first two subleading terms agree with the DY ones for the case CA = CF .

4
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•Soft Virtual + sub-leading terms

Provides very good approximation for full result at NLO and NNLO

Use differences between SV and SV+sl to estimate error in approx.
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Figure 3: The gluon channel NLO (left) and NNLO (right) contributions to the Higgs production cross
section as a function of the collider energy for the exact result (black solid), the soft-virtual approximation
(red dotted) and the soft virtual approximation plus the O(N−1) contributions (red dashed). The lower
panels show the ratio of the two approximations with the exact result.

N3LO corrections for Ecm ≤ 20 TeV. This is shown in Figure 4. The increase in the cross section
with respect to the previous order result is between 10.8% and 14.9% at 7 TeV and between
9.6% and 13.2% at 20 TeV (always considering only the gluon-gluon channel) for the scale choice
µR = µF = mH . For µR = µF = mH/2 (Justification about why using this scale (Daniel)) the
corrections are substantially smaller, being in the range 2.4−6.3% and 2.0−5.4% for 7 and 20 TeV
respectively. The uncertainty of our approximation for the N3LO prediction, for a fixed value of
the factorization and renormalization scales, is between 3% and 4%. We also increased the size
of the estimated O(N−1) terms by a factor of 2 to analyse the impact on the upper bound of our
prediction, finding an effect of about 15%. For example, the upper limit at Ecm = 14 TeV goes
from a 13.7% to a 16.0% increase with respect to the NNLO. We recall that the choice of those
estimated terms was already conservative.

Finally, we compare our results with the ones present in Ref. [12] (see also [13]). In Ref. [12]
an approximated N3LO prediction has also been constructed, based on the large and small-N
behaviour of the partonic cross section. The small-N contributions, however, were shown to have
a small effect for the current collider energies. With respect to the large-N , the authors rewrite
the logarithmically enhanced soft-virtual contributions in terms of polygamma functions, in order
to avoid the logarithmic branch cut for N ≤ 0, which is not present in the exact result. Their
approximation then differs from the SV in terms that are subleading for N → ∞. As was men-
tioned before, those approximated subleading terms, and in particular the O(N−1) contributions,
do not reproduce the ones of the exact result we derived in this paper, with agreement only for
the N−1 ln5N coefficient. Nevertheless, their prediction for the N3LO cross section is quite close

9

NLO NNLO

lnk N,
lnk N

N

deF, Mazzitelli, Moch, Vogt (2014)
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N3LO approximation deF, Mazzitelli, Moch, Vogt (2014)

Correction ~within the expectation 
from scale dependence at NNLO
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Figure 4: The N3LO contribution to the Higgs production cross section as a function of the collider energy
for the SV approximation (dotted) and the SV approximation plus the O(N�1) contributions (dashed), for
µR = µF = mH (red) and µR = µF = mH/2 (blue). The lower panel shows the ratio of the N3LO prediction
with the previous order result.
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Figure 5: Dependence of the total cross section on the factorization scale µF (upper left), the renormaliza-
tion scale µR (upper right) and both scales simultaneously, µF = µR (bottom) at Ecm = 14 TeV, for the LO
(black solid), NLO (green dashed), NNLO (blue dot-dashed), N3LO SV (red dotted) and SV+O(N�1) (red
long dashed) predictions.
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N3LO approximation deF, Mazzitelli, Moch, Vogt (2014)

Correction ~within the expectation 
from scale dependence at NNLO

  

Phenomenology 

Javier Mazzitelli – Constraints on the Higgs N3LO XS from the physical kernel Javier Mazzitelli – Constraints on the Higgs N3LO XS from the physical kernel 

We use the full (exact) scale 
dependence

Scale uncertainty substantially 
reduced at N3LO 

10/11 10/11 

Reduction in scale dependence
Estimate of N4LO SV contribution
TH uncertainty below 5%

Can be improved by adding more terms when computed 
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Figure 4: The N3LO contribution to the Higgs production cross section as a function of the collider energy
for the SV approximation (dotted) and the SV approximation plus the O(N�1) contributions (dashed), for
µR = µF = mH (red) and µR = µF = mH/2 (blue). The lower panel shows the ratio of the N3LO prediction
with the previous order result.
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Improved Soft approximation 

•improved by analyticity 

Ball, Bonvini, Forte, Marzani, Ridolfi (2012)
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� 
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b
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LO
NLO

NNLO
approx NNNLO
N-soft NNNLO
soft-0 NNNLO

truncated NNLL+NNLO

Figure 1. Dependence of the N3LO cross section on the renormalization scale µR. Two common choices of
renormalization scale are shown as vertical bars. The approximate N3LO curves are, from top to bottom,
our best approximation, the N -soft approximation, the N3LO truncation of the NNLL resummed result of
Ref. [8], and the soft-0 approximation (see text for details). In all cases, the full result with finite top mass
is included through NNLO. The known LO, NLO and NNLO results are also shown. The red band provides
an estimate of the uncertainty on our result, obtained with the procedure of Ref. [4].

This truncated NNLL resummed result di↵ers from our approximation in three respects: the value
of the constant (which in Ref. [8] corresponds to g0,3 = 0); the coe�cient of the single-logarithmic
term (both the constant and the single log would only appear in N3LL resummation); and the fact
that the constraints due to matching to high-energy resummation and analyticity are not taken into
account. The e↵ect of the single logarithmic term is completely negligible, so the di↵erence is due
in roughly equal proportion to each of the other two reasons. This is also illustrated in Fig. 1: the
N -soft (see Ref. [4] for the precise definition) curve corresponds to using the exact constant (and
single-logarithmic term), but otherwise only including in the same form the N3LO terms as in the
resummation (i.e. without matching and analyticity). This prediction is seen to indeed lie half-way
between our approximation and the truncated NNLL resummed result.

Finally, we also show in Fig. 1 the so-called soft-0 approximation (again, see Ref. [4] for a precise
definition). This basically amounts to only keeping soft contributions, but in z space rather than in
N space, and it would predict a suppression, rather than an enhancement, of the N3LO cross section
in comparison to the NNLO one, for a wide range of values of µR. In the soft limit this approximation
coincides with the other approximations discussed here, but away from the limit it di↵ers from them by
large corrections suppressed by powers of 1

N [or (1� z)]; it is known [4,9] to fail at NLO and NNLO,
essentially because it does not respect longitudinal momentum conservation (albeit by subleading
terms) [10]. The result found using this soft-0 approximation was explicitly given in Ref. [3].

The updated prediction is available through the code ggHiggs (version 1.5 onwards), publicly
available at the website http://www.ge.infn.it/⇠bonvini/higgs/.

3

~10-15% at 14 TeV

lnk N ! ( (N) + �E)
k

High Energy Logs (small N) 

• Need to ensure small N contribution vanishes rapidly at large N: subtraction. 

• Significant ambiguity for N ~ 2 due to unknown NLL, NNLL etc corrections 

• Derive high energy logs from off shell cross-section: 

• Take double Mellin transform of offshellness: 

• Replace Mellin tfm variable with BFKL anom dim 

• For finite mt, this gives LLx expansion 

N.B. for infinite mt find instead spurious double logs   

Ball, arXiv:0708.177 
Altarelli et al, arXiv:0802.0032 
Marzani et al, arXiv:0801.2544 

Hautmann, hep-ph/0203140 

•and high energy asymptotic
 behavior (small N)

Core of both approximations is Soft-Virtual (TH agreement)
Differences in Sub-leading logs (only log5 correct)
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✓ Full N3LO on the way (more terms in threshold expansion first)

•To be improved by resummation, EW, etc

✓ 4-5% accuracy calls for attention to other corrections

•(Bottom) mass effects in distributions (and inclusive at NNLO?)

Need matching precision in non-perturbative component!
Figure 5: Transverse momentum spectra at NLL+NLO for Q2 = mb and Q2 = mH/2 normalized
to the result in the large-mt limit.

Comparing our results with those of [54] we find that, in the case of Q1 = Q2 the quantitative
impact of the bottom quark on the shape of the pT spectrum is very similar to what found with
MC@NLO, while POWHEG somewhat amplifies the effect of the bottom quark. This is not unexpected:
the matching procedure implemented in MC@NLO carries many similarities to the one adopted in
HRes, the difference being that, while in HRes the resummation is carried out analytically (see
Sec. 3), in MC@NLO it is performed through the parton shower. On the contrary, POWHEG works
rather differently: since it exponentiates the full real emission matrix element, the bottom-quark
contribution is expected to affect the spectrum in a different way. Nonetheless, the arguments of
Sect. 3.1 apply not only to analytical resummation, but also to Monte Carlo simulations. Since
both MC@NLO and POWHEG treat the top and bottom contributions on the same footing, we do not
regard the ensuing results as theoretically motivated. With our default choice of Q2 = mb the
shape of the spectrum is (accidentally) more similar to the POWHEG result, though in our case the
effects of the bottom quark are confined to smaller values of pT .

In order to assess the relevance of heavy-quark mass effects at NLL+NLO, it is important
to compare their quantitative impact to the uncertainties affecting the resummed pT spectrum
computed in the large-mt limit. At NLL+NLO, it is known that perturbative uncertainties are
relatively large. While variations of the renormalization and factorization scales affect both the
shape and the normalization of the pT cross section, the choice of the resummation scale Q
affects only the shape of the spectrum. In particular, as discussed above, increasing (decreasing)
Q makes the spectrum harder (softer). In Fig. 6 (left) we present our resummed spectrum at
NLL+NLO with inclusion of the heavy-quark masses as in Fig. 5, and compare it with the spectrum
computed in the large-mt limit for Q = mH/4, mH with the numerical program HqT. We see that,
as anticipated, the effect of resummation scale variations is large, well beyond the effect of heavy-

14

Grazzini, Sargsyan (2013)
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set H.O. data uncertainty HQ
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‣ Several groups provide pdf fits + uncertainties

‣ Differ by: data input, TH/bias, HQ treatment, coupling, etc

‣ Deviations larger than uncertainties : “global” vs “non-global”
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up to 5% ! >15% in Higgs cross section

‣ Deviations larger than uncertainties : “global” vs “non-global”
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‣ Envelope of MSTW & CT & NNPDF (68%cl)

‣ No discovery/lack of discovery 
   hurt by this choice (HH’11)

But.... not enough for RUN 2?...
Need to match perturbative accuracy

•Some sets out of the recommendation
•Increased uncertainty due to different central values

Main'Decay'and'ProducLon'Modes'

) µSignal strength (
-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm

0.28-
0.33+ = 1.57µ

γγ →H 

 0.12-
 0.17+
 0.18-
 0.24+
 0.22-
 0.23+

0.35-
0.40+ = 1.44µ

 4l→ ZZ* →H 

 0.10-
 0.17+
 0.13-
 0.20+
 0.32-
 0.35+

0.29-
0.32+ = 1.00µ

νlν l→ WW* →H 

 0.08-
 0.16+
 0.19-
 0.24+
 0.21-
 0.21+

0.20-
0.21+ = 1.35µ

, ZZ*, WW*γγ→H
Combined

 0.11-
 0.13+
 0.14-
 0.16+
 0.14-
 0.14+

0.6-
0.7+ = 0.2µ

b b→W,Z H 
<0.1

0.4±

0.5±

0.4-
0.5+ = 1.4µ

(8 TeV data only)  ττ →H 

 0.1-
 0.2+
 0.3-
 0.4+
 0.3-
 0.3+

0.32-
0.36+ = 1.09µ

ττ, bb→H
Combined

 0.04-
 0.08+
 0.21-
 0.27+
 0.24-
 0.24+

0.17-
0.18+ = 1.30µ

Combined
 0.08-
 0.10+
 0.11-
 0.14+
 0.12-
 0.12+

Total uncertainty
µ on σ 1±

(stat.)σ

)theory
sys inc.(σ

(theory)σ

Assumes'SM'branching'fracLons'
and'producLon'modes'
CompaLble'with'SM'(at'14%)''

All'channels'couplings'updated'soon'

Stay'tuned'!''

µ =1.30± 0.12 (stat) ± 0.10 (th) ± 0.09 (syst) 

31'

‣ Precise LHC data needed for validation & improvement

Jets might no be enough? (NNLO on the way)
Transverse momentum of  V (qg) (NNLO needed)
Find the origin of differences between sets!!!

will take
some time...

±0.0012 (±0.002) at 68% (90%) c.l.��s(MZ) =
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Still large Experimental uncertainties                        Run 2

•Transverse momentum distributions

•Jet vetoes
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Single-top @ NNLO

pT,cut

σ(
p T

>
 p

T,
cu

t) mt/2 < μ < 2 mt 

8 TeV LHC,           mt = 173.2 GeV

�LO = 53.8+3.0
�4.3 pb

�NLO = 55.1+1.6
�0.9 pb

 20
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NLO

NNLO

�NNLO = 54.2+0.5
�0.2 pb

�t,NNLO/�t̄,NNLO = 1.83

�t,NLO/�t̄,NLO = 1.83

�t,LO/�t̄,LO = 1.85

Colorful 2 -> 2 NNLO phenomenology is a reality
4

too, and a consistent NNLO treatment would require the
analysis of Ref. [35] to be extended to NNLO, which is
now possible with the help of the results derived in this
letter as well as Ref. [12]. Given the numerical effect is
small (a 0.7% shift at LHC 8 TeV and a 0.4% shift at the
Tevatron), in this work we take A = 0.
As can be concluded from table I the precision of the

theoretical prediction at full NNLO+NNLL is very high.
At the Tevatron, the scale uncertainty is as low as 2.2%
and just slightly larger, about 3%, at the LHC. The inclu-
sion of the NNLO correction to the gg-initiated reaction
increases the Tevatron prediction of Ref. [12] by about
1.4%, which agrees well with what was anticipated in
that reference.

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.009 +0.259(3.7%)
−0.374(5.3%)

+0.169(2.4%)
−0.121(1.7%)

LHC 7 TeV 167.0 +6.7(4.0%)
−10.7(6.4%)

+4.6(2.8%)
−4.7(2.8%)

LHC 8 TeV 239.1 +9.2(3.9%)
−14.8(6.2%)

+6.1(2.5%)
−6.2(2.6%)

LHC 14 TeV 933.0 +31.8(3.4%)
−51.0(5.5%)

+16.1(1.7%)
−17.6(1.9%)

TABLE II: Pure NNLO theoretical predictions for various
colliders and c.m. energies.

To assess the numerical impact from soft gluon re-
summation, in table II we present results analogous to
the ones in table I but without soft gluon resummation,
i.e. at pure NNLO. Comparing the results in the two
tables we conclude that the effect of the resummation
is a (2.2, 2.9, 2.7, 2.2)% increase in central values and
(2.4, 2.2, 2.1, 1.5)% decrease in scale dependence for, re-
spectively, (Tevatron, LHC7, LHC8, LHC14).
Next we compare our predictions with the most precise

experimental data available from the Tevatron and LHC.
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FIG. 3: Theoretical prediction for the Tevatron as a function
of the top quark mass, compared to the latest combination of
Tevatron measurements.
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FIG. 4: Theoretical prediction for the LHC as a function of
the collider c.m. energy, compared to available measurement
from ATLAS and/or CMS at 7 and 8 TeV.

The comparison with the latest Tevatron combination
[36] is shown in fig. 3. The measured value σtot = 7.65±
0.42 pb is given, without conversion, at the best top mass
measurement [37] m = 173.18 ± 0.94 GeV. From this
comparison we conclude that theory and experiment are
in good agreement at this very high level of precision.
In fig. 4 we show the theoretical prediction for the

tt̄ total cross-section at the LHC as a function of the
c.m. energy. We compare with the most precise avail-
able data from ATLAS at 7 TeV [38], CMS at 7 [39] and
8 TeV [40] as well as the ATLAS and CMS combination
at 7 TeV [41]. We observe a good agreement between
theory and data. Where conversion is provided [39], the
measurements have been converted to m = 173.3 GeV.
Finally, we make available simplified fits for the top

mass dependence of the NNLO+NNLL cross-section, in-
cluding its scale and pdf uncertainties:

σ(m) = σ(mref )
(mref

m

)4
(16)

×

(

1 + a1
m−mref

mref
+ a2

(

m−mref

mref

)2
)

.

The coefficient a1,2 can be found in table III.

CONCLUSIONS AND OUTLOOK

In this work we compute the NNLO corrections to
gg → tt̄ + X . With this last missing reaction included,
the total inclusive top pair production cross-section at
hadron colliders is now known exactly through NNLO
in QCD. We also derive estimates for the two-loop hard
matching coefficients which allows NNLL soft-gluon re-
summation matched consistently to NNLO. All results
are implemented in the program Top++ (v2.0) [33].
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Figure 2. Left pane: distribution of the second order coefficient dΓ(2)
t in invariant mass of the positron

and the hardest jet. Right pane: distribution of the second order coefficient dΓ(2)
t

in the opening angle of the

positron with respect to the W -direction of motion, in the W -rest frame. See text for details.

large, we fit bin-bin fluctuations and do not gain anything. However, we find that there is a range of
intermediate values of NL that we can use in the fit so that, on one hand, our final result for dΓ(2)

t /dEl

does no depend on the exact value of NL and, on the other hand, the resulting distribution is smooth.
Distributions shown in the right pane of Fig. 1 and in Fig. 2 are obtained following this procedure.

In the left pane of Fig. 2 we show NNLO QCD contributions to the kinematic distribution in
the invariant mass of the positron and the hardest (in energy) jet in the event. The jet here is
defined with the lepton collider k⊥-algorithm where the distance between two partons i and j is given
by yij = 2min(E2

i /m
2
t , E

2
j /m

2
t )(1 − cos θij). The relative angle θij is defined in the top quark rest

frame. For numerical computations, we take yij = 0.1. In the right pane of Fig. 2 we show NNLO
QCD correction to the kinematic distribution of the positron polar angle defined in the W -boson rest
frame, relative to the direction of motion of the W -boson6. This distribution is interesting because it
allows us to determine helicity fractions of the W -bosons in top decays. Indeed, to all orders in QCD
perturbation theory, the decay rate can be written as

dΓt

d cos θl
=

3

4
sin2 θlΓL +

3

8
(1 + cos θl)

2 Γ+ +
3

8
(1− cos θl)

2 Γ−. (6.5)

The widths ΓL,Γ± define partial decay rates into polarized W -bosons. The helicity fractions are con-
structed from partial widths as F±,L = Γ±,L/Γt, where Γt = Γ++Γ−+ΓL. Our result for dΓt/d cos θl
shown in Fig. 2 allows us to compute the NNLO QCD corrections to the helicity fractions. Upon doing
so, we find good agreement with similar results presented in Ref. [22]. For example, by fitting the
angular distribution shown in the right pane of Fig. 2 we find the NNLO QCD contributions to helicity
fractions7 [δFL, δF−, δF+] = [−0.0022(1), 0.0021(1), 0.0001(1)]. These numbers should be compared to
the results of analytic computations reported in Ref. [22], [δFL, δF−, δF+] = [−0.0023, 0.0021, 0.0002].
A good agreement between the two results is obvious.

7 Conclusions

In this paper we described a computation of NNLO QCD corrections to semileptonic decays of the
top quark at a fully-differential level. We have used a framework described in Refs. [29, 30, 35] that

6The momentum of the W -boson can be determined from the momentum of the recoiling hadronic system in top
decay.

7The exact definition of the helicity fractions and values of αs used to obtain these results can be found in Ref. [22].
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Some (VERY PRELIMINARY) results
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• Preliminary results F.Caola (LoopFest 2014)

• Full NNLO with exclusive distributions

• NOW: gg and qg channels (>98% of total result)
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Introduction

⌘ Distributions
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•gg channel : agrees with previous calculation (2 NNLO calculations!)

X. Chen, T. Gehrmann, M. Jaquier, N. Glover

M. Jaquier (LoopFest 2014)

•Differential : Rapidity and transverse momentum

Introduction
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Merging NLO with Parton Showers

‣ Resummation to NLL accuracy + realistic final states

‣ Carry (N)NLO precision to all aspects of experimental analysis
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Figure 4. Comparison of the � = 1 Nnlops (red) with the NNLL+NNLO prediction of HqT
(green) for the Higgs transverse momentum. In HqT we choose µR = µF = 1

2mH as the central
scales, and keep the resummation scale always fixed to 1

2mH. On the left (right), the Nnlops
(HqT) uncertainty band is shown. In the lower panel, the ratio to the Nnlops (HqT) central
prediction is displayed.

Figure 5. As in fig. 4 but with � = 1
2 in the profile function.

In figures 4 and 5, we compare the Nnlops (see eq. (3.2)) with the HqT [55, 56]
result for two choices of the � parameter in the profile function. The uncertainty band is
the envelope of the 21-point scale variation illustrated in section 3. We used the ‘switched’
output of HqT, forming the related uncertainty band from the envelope of the seven results
obtained by independent variations of µR and µF, by a factor of two, symmetrically, about
µR = µF = 1

2mH, while keeping the resummation scale always fixed to 1
2mH.

Pleasingly, we see that the Nnlops and HqT results are almost completely contained
within each other’s uncertainty band in the region of moderate transverse momenta. We
have verified that at high transverse momentum the HqT prediction agrees identically with
that of Hnnlo, since the ‘switched’ output in the former uses the fixed order result in this
region. It follows that here we see the HqT spectrum falling less rapidly than that of the
Nnlops simulation at large pH

T. As was seen in fig. 3 and remarked upon in the related
discussion, in the case of � = 1, the Nnlops result is very well approximated by that of
Hj-Minlo multiplied by a uniform NNLO-to-NLO K -factor of 1.5, leaving the slope of the
distribution unchanged. On the other hand, for � = 1

2 (fig. 5) the K -factor enhancement is

– 13 –

‣ NNLOPS (Higgs)

•POWHEG+MINLO

•H+jet at NLO (+PS)
•Inclusive reweigthed to NNLO

•Can not reach NNLL but good overall agreement with HqT

talk by S. Frixione

Hamilton, Nason, Re, Zanderighi
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Höche, Li, Prestel (2014)‣ UN2LOPS (Higgs)
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FIG. 2. Rapidity spectrum of the Higgs boson in individual matching (left) and factorized matching (right). See Sec. IV for
details.
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Sec. IV for details.

In order to cross-check our implementation we first compare the total cross section to results obtained from
HNNLO [6, 7]. Table I shows that the predictions agree within the permille-level statistical uncertainty of the Monte-
Carlo integration. Additionally, we have checked that our results are identical when varying qT,cut between 0.1 GeV
and 1 GeV. The default value is qT,cut =1 GeV. Figure 1 shows a comparison of the Higgs rapidity and transverse
momentum spectrum between Sherpa and HNNLO. The excellent agreement over a wide range of phase space confirms
the correct implementation of the NNLO calculation in Sherpa.
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In order to cross-check our implementation we first compare the total cross section to results obtained from
HNNLO [6, 7]. Table I shows that the predictions agree within the permille-level statistical uncertainty of the Monte-
Carlo integration. Additionally, we have checked that our results are identical when varying qT,cut between 0.1 GeV
and 1 GeV. The default value is qT,cut =1 GeV. Figure 1 shows a comparison of the Higgs rapidity and transverse
momentum spectrum between Sherpa and HNNLO. The excellent agreement over a wide range of phase space confirms
the correct implementation of the NNLO calculation in Sherpa.

•UN2LOPS method to match H+0 jet and H+1 jet at NLO+PS

•Implement NNLO with qT subtraction in SHERPA

•Excellent agreement with HNNLO 
•Very good agreement with HqT (still not NNLL)
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VH production

Ferrera, Grazzini, Tramontano (2013,2014)
                                               WH  ZH

‣ Fully differential NNLO calculation for VH including NLO  
    H   bb and V   ll decays with spin correlationsAssociated WH production

LHC14 fat-jet analysis. Left panel: pT spectrum of the fat jet. Right panel: Spectra

normalized to the full NLO results (Perturbative scale - µR , µF , µRdec uncertainty

bands are shown). MC@NLO result (green dots) with fixed scale is also shown.

Giancarlo Ferrera – Università & INFN Milano LHC HXSWG – CERN – 12/6/2014

VH production at the LHC: recent theory progress 10/12

LHC14 fat-jet analysis

‣ NLO decay effects relevant but well accounted by MC
‣NNLO corrections at 14 TeV sizable (~16% due to jet veto) 
beyond MC@NLO uncertainties

norm. to NLO

were neglected. The NLO scale uncertainty, obtained as in Sect. 3, is about ±10% at pT ∼> 200
GeV, and it increases to about ±20% at pT ∼ 500 GeV. We also note that the MC@NLO

prediction is in good agreement as well with the complete NLO result. In Table 2 we see that, as
observed in Sect. 3, the MC@NLO prediction has very small uncertainty, much smaller than the
scale uncertainties of the other calculations: we thus conclude that, most likely, such uncertainty
cannot be considered reliable. The MC@NLO result computed with fixed scale is consistent with
the MC@NLO band except in the very high-pT region. The NNLO result is smaller than NLO
by about 16%, consistently with what shown in Fig. 2 of Ref. [13], and it is at the border of the
band from scale variations. The effect is thus qualitatively similar to what discussed in Sect. 3
but larger in size. The NNLO scale uncertainty band overlaps with the NLO band, and is smaller
in size.

In summary, our results on the boosted scenario at
√
s = 14 TeV show that the shape of the

Higgs pT spectrum is rather stable, with uncertainties at the few percent level. The normalization
of the accepted cross section has instead larger uncertainties with respect to the analysis at√
s = 8 TeV. From Fig. 6 we estimate that these uncertainties are at the 10 − 15% level. An

alternative way to estimate the perturbative uncertainty could be to follow the prescription of
Ref. [45]. A reduction of the uncertainty can be obtained by performing the resummation of the
large logarithmic contributions, along the lines of Refs. [46, 47, 48]. Note, however, that this would
be possible at present only by neglecting the radiation from the bb̄ pair, whose effect, however, is
marginal in the boosted scenario.

σ (fb) NLO (with LO dec.) NLO (full) NNLO (with NLO dec.) MC@NLO

w/o jet veto 2.54+1%
−1% 2.63+1%

−1% 2.52+2%
−2% 2.82+1%

−1%

w jet veto 1.22+11%
−14% 1.29+12%

−13% 1.07+8%
−6% 1.33+1%

−1%

Table 2: Cross sections and their scale uncertainties for pp → WH +X → lνbb̄ +X at the LHC
with

√
s = 14 TeV. The applied cuts are described in the text.

We now move to consider the invariant mass distribution of the fat jet. In Fig. 7 we report
our fixed-order predictions for this distribution and compare them to the result from MC@NLO.
We immediately see that, contrary to what happens in Fig. 5, the invariant mass distribution
of the fat jet has a more pronounced tail at high mass. This somewhat confirms what we have
already observed, that QCD radiative effects on the production process, which naturally populate
the high-mass region, are those that are more relevant in the fat-jet analysis. The fixed order and
MC@NLO results for mJ < mH are essentially identical, whereas at mJ > mH the reduction in
the cross section due to the parton shower is similar in size to the (negative) NNLO effect. From
Fig. 7 we conclude that, contrary to what happens in the analysis at

√
s = 8 TeV (see Sect. 3),

the invariant mass distribution is relatively stable with respect to radiative corrections.

5 Summary

In this paper we have studied the effect of QCD radiative corrections on the associated production
of the Higgs boson with a W boson in hadronic collisions, followed by the W → lνl and the H →
bb̄ decays. We performed a QCD calculation that includes the contributions from higher-order

13

HVNNLO
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Off-shell effects and interference

Aij!H AH!X +A
continuum

Aij!X =

signal background

Propagator

Coming back to the framework that we are introducing, there is another important issue: when working
in the on-shell scheme one finds that the two-loop corrections to the on-shell Higgs width exceed the one-loop
corrections if the on-shell Higgs mass is larger than 900 GeV , as discussed in Ref. [18]. This fact simply
tells you that perturbation theory diverges badly, starting from approximately 1 TeV . In this work we
will also illustrate the corresponding impact on the Higgs boson lineshape (previous work can be found in
Refs. [19,20]).

Recently the problem of going beyond the zero-width approximation has received new boost from the
work of Refs. [21,22]: the program iHixs allow the study of the Higgs–boson-lineshape for a finite width
of the Higgs boson and computes the cross-section sampling over a Breit-Wigner distribution. There is,
however, a point that has been ignored in all calculations performed so far: the Higgs boson is an unstable
particle and should be removed from the in/out bases in the Hilbert space, without destroying the unitarity
of the theory. Therefore, concepts as the production of an unstable particle or its partial decay widths do not
have a precise meaning and should be replaced by a conventionalized definition which respects first principles
of Quantum Field Theory (QFT).

This paper is organized as follows. In Section 2 we introduce and discuss complex poles for unstable
particles. In Section 3 we analyze production and decay of a Higgs boson at LHC. A discussion on gauge
invariance is presented in Section 4. In Section 6 we present a short discussion on the QCD scale error.
In Section 5 we present numerical results while in Section 7 we discuss the residual theoretical uncertainty.
Finally, technical details are discussed in Appendices, in particular in Appendix B we discuss how to apply
the equivalence theorem for virtual vector-bosons and in Appendix C.1 we discuss analytic continuation in
a theory with unstable particles.

2 Propagation

To start our discussion we consider the process ij → H(→ F)+X where i, j ∈partons and F is a generic
final state (e.g. F = γγ, 4 f, etc.). For the sake of simplicity we neglect, for a moment, folding the partonic
process with parton distribution functions (PDFs). Since the Higgs boson is a scalar resonance we can split
the whole process into three parts, production, propagation and decay. In QFT all amplitudes are made out
of propagators and vertices and the (Dyson-resummed) propagator for the Higgs boson reads as follows:

∆H(s) =
[

s−M2
H + SHH

(

s,M2
t ,M

2
H,M

2
W,M2

Z

)]−1
, (1)

where Mi is a renormalized mass and SHH is the renormalized Higgs self-energy (to all orders but with
one-particle-irreducible diagrams). The first argument of the self-energy in Eq.(1) is the external momentum
squared, the remaining ones are (renormalized) masses in the loops. We define complex poles for unstable
particles as the (complex) solutions of the following system:

sH −M2
H + SHH

(

sH,M
2
t ,M

2
H,M

2
W,M2

Z

)

= 0,

sW −M2
W + SWW

(

sW ,M2
t ,M

2
H,M

2
W,M2

Z

)

= 0, (2)

etc. To lowest order accuracy the Higgs propagator can be rewritten as

∆−1
H = s− sH. (3)

The complex pole describing an unstable particle is conventionally parametrized as

si = µ2
i − i µi γi, (4)

where µi is an input parameter (similar to the on-shell mass) while γi can be computed (as the on-shell
total width), say within the Standard Model. There are other, equivalent, parametrizations [18], e.g.

√
sH =

µH − i/2 γH. Note that the the pole of ∆ fully embodies the propagation properties of a particle. We know

2

Bounding the Higgs width at the LHC -

How does it work for the Higgs boson?

• Naive expectation: ΓH / mH ~ 10-5 ; resonance peak so narrow that there is no 

off-shell cross section to measure.

• This is spectacularly wrong for the golden channel.

• About 15% of the total cross

section in the region with

m4ℓ > 130 GeV.

3

Kauer, Passarino,1206.4803

ZZ decay 
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tt loop 
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Bounding the Higgs width at the LHC -

Theoretical ingredients for 4-lepton (ZZ) analysis

• Need precision prediction for the 4-lepton final state.

4
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(signal and background);

diagrams interfere

(c): dominant background

(d)+(e): “qg interference”, 
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Off-shell effects and interference
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signal background
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Coming back to the framework that we are introducing, there is another important issue: when working
in the on-shell scheme one finds that the two-loop corrections to the on-shell Higgs width exceed the one-loop
corrections if the on-shell Higgs mass is larger than 900 GeV , as discussed in Ref. [18]. This fact simply
tells you that perturbation theory diverges badly, starting from approximately 1 TeV . In this work we
will also illustrate the corresponding impact on the Higgs boson lineshape (previous work can be found in
Refs. [19,20]).

Recently the problem of going beyond the zero-width approximation has received new boost from the
work of Refs. [21,22]: the program iHixs allow the study of the Higgs–boson-lineshape for a finite width
of the Higgs boson and computes the cross-section sampling over a Breit-Wigner distribution. There is,
however, a point that has been ignored in all calculations performed so far: the Higgs boson is an unstable
particle and should be removed from the in/out bases in the Hilbert space, without destroying the unitarity
of the theory. Therefore, concepts as the production of an unstable particle or its partial decay widths do not
have a precise meaning and should be replaced by a conventionalized definition which respects first principles
of Quantum Field Theory (QFT).

This paper is organized as follows. In Section 2 we introduce and discuss complex poles for unstable
particles. In Section 3 we analyze production and decay of a Higgs boson at LHC. A discussion on gauge
invariance is presented in Section 4. In Section 6 we present a short discussion on the QCD scale error.
In Section 5 we present numerical results while in Section 7 we discuss the residual theoretical uncertainty.
Finally, technical details are discussed in Appendices, in particular in Appendix B we discuss how to apply
the equivalence theorem for virtual vector-bosons and in Appendix C.1 we discuss analytic continuation in
a theory with unstable particles.
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To start our discussion we consider the process ij → H(→ F)+X where i, j ∈partons and F is a generic
final state (e.g. F = γγ, 4 f, etc.). For the sake of simplicity we neglect, for a moment, folding the partonic
process with parton distribution functions (PDFs). Since the Higgs boson is a scalar resonance we can split
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Figure 3: MZZ distributions for gg (→ H) → ZZ → ℓℓ̄νℓν̄ℓ for MH = 125GeV. Applied
cuts: pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T > 10GeV. Other details as
in Fig. 2.
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Figure 4: Representative Feynman graphs for the Higgs signal process (left) and the qq̄-
(center) and gg-initiated (right) continuum background processes.

cesses in Refs. [81–87].15 Due to the enhanced Higgs cross section above the V V threshold,
integrated cross sections can be affected by O(10%) signal-background interference effects,
which are hence also displayed in Figs. 2 and 3.

In the vicinity of the Higgs resonance, finite-width and Higgs-continuum interference
effects are negligible for gg (→ H) → V V if MH ≪ 2MV , as shown in Fig. 5 for gg (→
H) → W−W+ → ℓν̄ℓℓ̄νℓ. For weak boson decays that permit the reconstruction of the
Higgs invariant mass, the experimental procedure focuses on the Higgs resonance region
and for MH ≪ 2MV the enhanced off-shell region is thus typically excluded.

For H → V V channels that do not allow to reconstruct the Higgs invariant mass, the
tail contribution can nevertheless be reduced significantly by means of optimized selection
cuts. In Table 1, we demonstrate this for gg (→ H) → W−W+ → ℓν̄ℓℓ̄νℓ. Here, the

15For studies of the qq̄ and gg continuum background (see Fig. 4, center and right), we refer the reader
to Refs. [88–95] and references therein.
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•Sizable contribution from off-shell
•Enhances effect of interference

Kauer, Passarino
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Figure 2: Distribution of the four-lepton invariant mass in the range 100 < m4` < 800 GeV.
Points represent the data, filled histograms the expected contributions from the reducible (Z+X)
and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.
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where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a
to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].
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and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.
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where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a
to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].

Z M2
H��2

M2
H��2

dq2
|Agg!H!V V |2

(q2 �M2
H) + �2

HM2
H

⇠
g2ggH(M2

H) g2HV V (M
2
H)

�H
�on

�o↵

Z

q2�M2
H

dq2
|Agg!H!V V |2

(q2 �M2
H) + �2

HM2
H

⇠
Z

dq2g2ggH(q2) g2HV V (q
2)

Caola, MelnikovWidth measurement from off-shell

g = ⇠ gSM

�H = ⇠4 �SM
H



Higgs Production (Theory)                      Daniel de Florian 23

4

 (GeV)4lm
100 200 300 400 500 600 700 800

Ev
en

ts
 / 

10
 G

eV

0

10

20

30

40

50

60 Data
 ZZ→gg+VV 

 ZZ→ qq
Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 (GeV)4lm
110 120 130 140 150

Ev
en

ts
 / 

3 
G

eV

0
2
4
6
8

10
12
14
16

Figure 2: Distribution of the four-lepton invariant mass in the range 100 < m4` < 800 GeV.
Points represent the data, filled histograms the expected contributions from the reducible (Z+X)
and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.
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originate from either the gg ! 4` or the qq ! 4` process. We use the matrix element likelihood
approach (MELA) [2, 29] for the probability computation using the MCFM matrix elements for
both gg ! 4` and qq ! 4` processes. The probability Pgg
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where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a
to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].
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Figure 2: Distribution of the four-lepton invariant mass in the range 100 < m4` < 800 GeV.
Points represent the data, filled histograms the expected contributions from the reducible (Z+X)
and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.

using the observables (mZ1, mZ2, ~W) for a given value of m4`, where ~W denotes the five angles
defined in Ref. [28]. The discriminant is built from the probabilities Pgg

tot and Pqq
bkg for an event to

originate from either the gg ! 4` or the qq ! 4` process. We use the matrix element likelihood
approach (MELA) [2, 29] for the probability computation using the MCFM matrix elements for
both gg ! 4` and qq ! 4` processes. The probability Pgg

tot for the gg ! 4` process includes
the signal (Pgg

sig), the background (Pgg
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int), as introduced for the
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where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a
to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].
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Width measurement from interference
In diphoton channel, interference small for total 
cross section but asymmetry produces shift in 
invariant mass : enhanced by detector resolution

4

which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the difference
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to differ from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

mHΓH
+ cgγI =

(

S

mHΓSM
H

+ I

)

µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal strength, in this case µγγ = 1.

(σ/σSM). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mHΓSM

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
√

µγγΓH/ΓSM
H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
ΓH for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution differs from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking ΓH = 200ΓSM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, ΓH < 6.9 GeV at 95% confidence level [29].
A measurement of ∆mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on ∆mH will drop to 50 MeV
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Fig. 19: Diphoton invariant mass distribution for the interference terms. The solid line is the gg channel contribu-
tion, the dotted one the qg channel, and dashed the qq̄.

For a phenomenological analysis of the results, we need to perform a convolution of the par-
tonic cross-section with the parton density functions. We use the MSTW2008 LO set [89] (five mass-
less flavours are considered), and the one-loop expression of the strong coupling constant, setting the
factorization and renormalization scales to the diphoton invariant mass µF = µR = Mγγ . For the
sake of simplicity, the production amplitudes are computed within the effective Lagrangian approach
for the ggH coupling (relying in the infinite top mass limit), approximation known to work at the
few percent level for the process of interest. The decay into two photons is treated exactly and we
set α = 1/137. For the Higgs boson we usemH = 125GeV and ΓH = 4.2MeV. For all the histograms
we present in this section, an asymmetric cut is applied to the transverse momentum of the photons:
phard(soft)

T,γ ≥ 40(30)GeV. Their pseudorapidity is constrained to |ηγ | ≤ 2.5. We also implement the
standard isolation prescription for the photons, requesting that the transverse hadronic energy deposited
within a cone of size R =

√
∆φ2 + ∆η2 < 0.4 around the photon should satisfy pT,had ≤ 3GeV.

Furthermore, we reject all the events with Rγγ < 0.4.
In Figure 19 we show the three contributions to the full signal-background interference as a func-

tion of the diphoton invariant massMγγ after having implemented all the cuts mentioned above. The gg
term (solid line) represents the dominant gg channel, while the qg contribution (dashed) is about 3 times
smaller in absolute magnitude, but as we can observe, has the same shape but opposite sign to the gg
channel. The qq̄ contribution (dotted) is a couple of orders of magnitude smaller than the gg one. The
position of the maximum and minimum of the distribution are located nearMγγ = MH ± ΓH/2, with a
shift at this level that remains at O(1MeV).

To simulate the smearing effects introduced by the detector, we convolute the cross-section with a
Gaussian function of mass resolution width σMR = 1.7GeV following the procedure Ref. [79].

In order to quantify the physical effect of the interferences in the diphoton invariant mass spec-
trum, we present in Figure 20 the corresponding results after adding the Higgs signal. The solid curve
corresponds to the signal cross-section, without the interference terms, but including the detector smear-
ing effects. As expected, the (signal) Higgs peak remains at Mγγ = 125GeV. When adding the gg
interference term, we observe a shift on the position of the peak of about 90MeV towards a lower mass

60
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Width measurement from interference
In diphoton channel, interference small for total 
cross section but asymmetry produces shift in 
invariant mass : enhanced by detector resolution

4

which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the difference
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to differ from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

mHΓH
+ cgγI =

(

S

mHΓSM
H

+ I

)

µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal strength, in this case µγγ = 1.

(σ/σSM). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mHΓSM

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
√

µγγΓH/ΓSM
H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
ΓH for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution differs from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking ΓH = 200ΓSM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, ΓH < 6.9 GeV at 95% confidence level [29].
A measurement of ∆mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on ∆mH will drop to 50 MeV
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H

Fig. 19: Diphoton invariant mass distribution for the interference terms. The solid line is the gg channel contribu-
tion, the dotted one the qg channel, and dashed the qq̄.

For a phenomenological analysis of the results, we need to perform a convolution of the par-
tonic cross-section with the parton density functions. We use the MSTW2008 LO set [89] (five mass-
less flavours are considered), and the one-loop expression of the strong coupling constant, setting the
factorization and renormalization scales to the diphoton invariant mass µF = µR = Mγγ . For the
sake of simplicity, the production amplitudes are computed within the effective Lagrangian approach
for the ggH coupling (relying in the infinite top mass limit), approximation known to work at the
few percent level for the process of interest. The decay into two photons is treated exactly and we
set α = 1/137. For the Higgs boson we usemH = 125GeV and ΓH = 4.2MeV. For all the histograms
we present in this section, an asymmetric cut is applied to the transverse momentum of the photons:
phard(soft)

T,γ ≥ 40(30)GeV. Their pseudorapidity is constrained to |ηγ | ≤ 2.5. We also implement the
standard isolation prescription for the photons, requesting that the transverse hadronic energy deposited
within a cone of size R =

√
∆φ2 + ∆η2 < 0.4 around the photon should satisfy pT,had ≤ 3GeV.

Furthermore, we reject all the events with Rγγ < 0.4.
In Figure 19 we show the three contributions to the full signal-background interference as a func-

tion of the diphoton invariant massMγγ after having implemented all the cuts mentioned above. The gg
term (solid line) represents the dominant gg channel, while the qg contribution (dashed) is about 3 times
smaller in absolute magnitude, but as we can observe, has the same shape but opposite sign to the gg
channel. The qq̄ contribution (dotted) is a couple of orders of magnitude smaller than the gg one. The
position of the maximum and minimum of the distribution are located nearMγγ = MH ± ΓH/2, with a
shift at this level that remains at O(1MeV).

To simulate the smearing effects introduced by the detector, we convolute the cross-section with a
Gaussian function of mass resolution width σMR = 1.7GeV following the procedure Ref. [79].

In order to quantify the physical effect of the interferences in the diphoton invariant mass spec-
trum, we present in Figure 20 the corresponding results after adding the Higgs signal. The solid curve
corresponds to the signal cross-section, without the interference terms, but including the detector smear-
ing effects. As expected, the (signal) Higgs peak remains at Mγγ = 125GeV. When adding the gg
interference term, we observe a shift on the position of the peak of about 90MeV towards a lower mass
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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•• there is a term of cubic and quartic self-coupling.

Higgs self couplings: Fundamental to test Higgs potential
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ŝ

2

(

1− 2
M2

H

ŝ
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ŝ

)

, (5)
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The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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1. the scale uncertainty, stemming from the missing higher order contributions and
estimated by varying the renormalization scale µR and the factorization scale µF
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2µ0 ≤ µR, µF ≤ 2µ0 with some restrictions on the ratio µR/µF
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Figure 7: The total cross sections for Higgs pair production at the LHC, including higher-
order corrections, in the main channels – gluon fusion (red/full), VBF (green/dashed),
Higgs-strahlung (blue/dotted), associated production with tt̄ (violet/dotted with small dots)
– as a function of the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has
been used and higher–order corrections are included as discussed in section 2.
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ŝ
∓
√

1−
4M2

H

ŝ
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ
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Figure 2: Generic diagrams describing neutral Higgs-boson pair production in gluon–
gluon collisions (φ, φi = h, H, A).

where θ is the scattering angle in the partonic c.m. system with invariant mass Q, and

λ(x, y, z) = (x − y − z)2 − 4yz. (13)

The integration limits

t̂± = −
1

2

[
Q2 − m2

1 − m2
2 ∓

√
λ(Q2, m2

1, m
2
2)
]

(14)

in Eq. (11) correspond to cos θ = ±1. The scale parameter µ is the renormalization scale.
The complete dependence on the fermion masses is contained in the functions F△, F✷, and
G✷. The full expressions of the form factors F△, F✷, G✷, including the exact dependence
on the fermion masses, can be found in Ref. [10].

The couplings C△ and C✷ and the form factors F△, F✷, G✷ in the heavy-quark limit
are given by:

(i) SM:

C△ = λHHH
M2

Z

ŝ − M2
H + iMHΓH

, C✷ = 1,

F△ →
2

3
, F✷ → −

2

3
,

G✷ → 0, (15)

with the trilinear coupling λHHH = 3M2
H/M2

Z .

(ii) MSSM:

The couplings for the processes gg → φ1φ2 are generically defined as (φ, φi =
h, H, A)

Cφ
△ = λφ1φ2φ

M2
Z

ŝ − M2
φ + iMφΓφ

gφ
t , C✷ = gφ1

t gφ2
t , (16)

where φ denotes the Higgs particles of the s-channel contributions. The trilinear
couplings λφ1φ2φ and the normalized Yukawa couplings gφ

t can be found in Ref. [10].
The individual expressions in the heavy-quark limit can be summarized as:
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Figure 5: Leading order partonic gg → HH cross section (left pane) and next-to-leading order contribution to

gg → HH cross section αs/π × σ(1)
gg (right pane), in fb. Different lines correspond to 1) exact leading order cross

section – black solid; 2) cross sections expanded to O(ρ0) – short-dashed red; to O(ρ1) – short-dashed green; to
O(ρ2) – dashed orange; to O(ρ3) – dashed blue; to O(ρ4) – dashed violet; to O(ρ5) – long-dashed light gray; to
O(ρ6) – long-dashed dark gray; See text for the description of input parameters.

mass are taken to be mH = 126 GeV [1, 2] and Mt = 173.18 GeV [27], respectively. We begin with

discussing partonic cross sections at leading and next-to-leading order. It is convenient to express

the cross sections using two variables, x = 4m2
H/s = 1 − δ and ρ = m2

H/M2
t . As we explained

in the previous Section, we compute the HH production cross section as series in ρ = m2
H/M2

t .

The expansion starts at ρ0 and we are able to obtain five terms of the ρ-expansion, up to O(ρ4),

for the gg partonic channel and seven terms, up to O(ρ6), for the qg and qq̄ channel. The master

integrals are computed as an expansion in the parameter δ = 1− x; for the final results all terms

up to O(δ50) are included. The partonic cross sections are defined as

σij→H+X (s, ρ) = δigδjgσ
(0)
gg (s, ρ) +

αs

π
σ(1)
ij (s, ρ), (27)

where σ(1)
ij is the O(αs) correction to the leading order cross section. For the discussion of the

partonic cross sections, we set the factorization and the renormalization scales to µr = µf = 2mH .

We will describe the scale dependence of our results below when we consider the hadronic cross

section.

We begin by showing some results for the gg channel. In Fig. 5 we compare σ(0)
gg (s, ρ) with

seven approximate cross sections that are obtained by expanding σ(0)
gg in ρ through O(ρi), i =

0, . . . , 6. It is clear from Fig. 5 that the convergence of the expansion is poor. Indeed, already

at
√
s ∼ 350 GeV, there is a sizable difference between the exact and the expanded result. In

the right pane of Fig. 5 we show the NLO contribution to the cross section expanded to different

orders in ρ. Similar to the leading order case, the 1/Mt expansion does not appear to converge.

The bad convergence of the 1/Mt expansion should not be very surprising. Indeed, we note

that the expansion is not supposed to work beyond, or even close to, the top quark threshold that

occurs at
√
s = 2Mt. Therefore, using the expansion techniques described above, we can only hope
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The couplings C△ and C✷ and the form factors F△, F✷, G✷ in the heavy-quark limit
are given by:

(i) SM:

C△ = λHHH
M2

Z

ŝ − M2
H + iMHΓH

, C✷ = 1,

F△ →
2

3
, F✷ → −

2

3
,

G✷ → 0, (15)

with the trilinear coupling λHHH = 3M2
H/M2

Z .

(ii) MSSM:

The couplings for the processes gg → φ1φ2 are generically defined as (φ, φi =
h, H, A)

Cφ
△ = λφ1φ2φ

M2
Z

ŝ − M2
φ + iMφΓφ

gφ
t , C✷ = gφ1

t gφ2
t , (16)

where φ denotes the Higgs particles of the s-channel contributions. The trilinear
couplings λφ1φ2φ and the normalized Yukawa couplings gφ

t can be found in Ref. [10].
The individual expressions in the heavy-quark limit can be summarized as:
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gg (right pane), in fb. Different lines correspond to 1) exact leading order cross
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mass are taken to be mH = 126 GeV [1, 2] and Mt = 173.18 GeV [27], respectively. We begin with

discussing partonic cross sections at leading and next-to-leading order. It is convenient to express

the cross sections using two variables, x = 4m2
H/s = 1 − δ and ρ = m2

H/M2
t . As we explained

in the previous Section, we compute the HH production cross section as series in ρ = m2
H/M2

t .

The expansion starts at ρ0 and we are able to obtain five terms of the ρ-expansion, up to O(ρ4),

for the gg partonic channel and seven terms, up to O(ρ6), for the qg and qq̄ channel. The master

integrals are computed as an expansion in the parameter δ = 1− x; for the final results all terms

up to O(δ50) are included. The partonic cross sections are defined as

σij→H+X (s, ρ) = δigδjgσ
(0)
gg (s, ρ) +

αs

π
σ(1)
ij (s, ρ), (27)

where σ(1)
ij is the O(αs) correction to the leading order cross section. For the discussion of the

partonic cross sections, we set the factorization and the renormalization scales to µr = µf = 2mH .

We will describe the scale dependence of our results below when we consider the hadronic cross

section.

We begin by showing some results for the gg channel. In Fig. 5 we compare σ(0)
gg (s, ρ) with

seven approximate cross sections that are obtained by expanding σ(0)
gg in ρ through O(ρi), i =

0, . . . , 6. It is clear from Fig. 5 that the convergence of the expansion is poor. Indeed, already

at
√
s ∼ 350 GeV, there is a sizable difference between the exact and the expanded result. In

the right pane of Fig. 5 we show the NLO contribution to the cross section expanded to different

orders in ρ. Similar to the leading order case, the 1/Mt expansion does not appear to converge.

The bad convergence of the 1/Mt expansion should not be very surprising. Indeed, we note

that the expansion is not supposed to work beyond, or even close to, the top quark threshold that

occurs at
√
s = 2Mt. Therefore, using the expansion techniques described above, we can only hope
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δ at leading and next-to-leading order in the threshold region2

σgg ≈ G2
Fm

2
H

2π

(αs

π
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+ . . .

}

(29)

where Lδ = ln δ and ellipses stand for terms additionally suppressed by powers of either ρ or δ.

We observe that in the limit δ → 0, dominant contributions to σgg come from a term O(α2
sρ

2
√
δ)

at leading order and from a term O(α3
sρ

2
√
δ ln δ2) at next-to-leading order. This implies that

the behavior of the K-factor in the δ → 0 limit is strongly affected by power-suppressed 1/Mt

terms and that the K-factor becomes infinite at the exact δ → 0 threshold for HH production.

This point is further illustrated in the right pane of Fig. 8, where partonic K-factors are shown in

the vicinity of the two-Higgs threshold. It follows from that plot that the threshold limit of the

O(ρ0,1) curves is significantly different from the approximation that includes O(ρ2) and higher-

2The O(ρ0) leading order partonic cross section scales as δ5/2 at threshold.
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FIG. 2. Higgs pair invariant mass distribution at LO (dotted
blue), NLO (dashed red) and NNLO (solid black) for the LHC
at c.m. energy Ecm = 14TeV. The bands are obtained by
varying µF and µR in the range 0.5Q ≤ µF , µR ≤ 2Q with
the constraint 0.5 ≤ µF /µR ≤ 2.

Again, we already included the counter-terms in the

definition of σ̂(c+)
qg and σ̂(c−)

gq . Finally, for the quark-
antiquark subprocess we have

σ̂b
qq̄ =

∫

d cos θ1 dθ2 dy

√

z(z − 4M2
H/s)

512 π4
fqq̄(y, z, θ1, θ2) .

(17)
The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.‡

III. PHENOMENOLOGY

We present here the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
HH =

C(2)
H . We analysed the impact of this still unknown co-

efficient varying its value in the range 0 ≤ C(2)
HH ≤ 2C(2)

H

‡ We notice that the exact LO is taken into account in a slightly
different way in Ref. [16]. The numerical effect is anyway small.
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FIG. 3. Total cross section as a function of the c.m. energy
Ecm for the LO (dotted blue), NLO (dashed red) and NNLO
(solid black) prediction. The bands are obtained by varying
µF and µR as indicated in the main text. The inset plot shows
the corresponding K-factors.

and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
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a c.m. energy Ecm =
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NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections
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where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
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diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
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tive corrections is smaller as the c.m. energy increases.
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than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
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The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.‡

III. PHENOMENOLOGY

We present here the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
HH =
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H . We analysed the impact of this still unknown co-

efficient varying its value in the range 0 ≤ C(2)
HH ≤ 2C(2)
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‡ We notice that the exact LO is taken into account in a slightly
different way in Ref. [16]. The numerical effect is anyway small.
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and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
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ond order corrections. In Table I we show the value of
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LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
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NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
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σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid

Dependence on collider Energy

•Soft-virtual emission ~98% of total correction (14 TeV)
•Explains increase of corrections at lower energies (closer to threshold)

5

Ecm [TeV] 8 14 33 100

σNNLO [fb] 9.76+0.88
−0.96 40.2+3.2

−3.5 243+17
−18 1638+96

−95

TABLE I. Total cross section as a function of the c.m. en-
ergy at NNLO accuracy. We use the exact LO prediction
to normalize our results. The uncertainties arise from scale
variation, as indicated in the main text.

in the range 8TeV ≤ Ecm ≤ 100TeV:

σNNLO

σNLO
= 1.149−0.326

(

Ecm

1TeV

)−1

+0.327

(

Ecm

1TeV

)−1/2

,

(19)
which runs from 1.22 at 8TeV to 1.18 at 100TeV. On
the other hand, the ratio between NNLO and LO runs
from 2.39 to 1.74 in the same range of energies, and can
be parametrized by the following expression

σNNLO

σLO
= 1.242−7.17

(

Ecm

1TeV

)−1

+5.77

(

Ecm

1TeV

)−1/2

.

(20)

Finally, the total scale variation at NNLO is approxi-
mately given by ±p(Ecm)%, with

p(Ecm) = 4.07− 9.8

(

Ecm

1TeV

)−1

+ 18.6

(

Ecm

1TeV

)−1/2

.

(21)
In this case, we have ±9.4% and ±5.8% at 8 and 100TeV
respectively.
It is worth noticing that the soft-virtual approxima-

tion presented in [17] gives an extremely accurate pre-
diction for the NNLO cross section, overestimating for
example the Ecm = 14TeV result by less than 2%. As
expected, this approximation works even better than for
single Higgs production, due to the larger invariant mass
of the final state.
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Doable within EFT : reach status of single Higgs production

•Fully differential at NNLO, NNLL, SV@N3LO, ...

Needed : go beyond EFT approximation and distributions !

•Full NLO distribution
•Improve over EFT

hard to compute 2 loop
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Figure 2: Generic diagrams describing neutral Higgs-boson pair production in gluon–
gluon collisions (φ, φi = h, H, A).

where θ is the scattering angle in the partonic c.m. system with invariant mass Q, and

λ(x, y, z) = (x − y − z)2 − 4yz. (13)

The integration limits

t̂± = −
1

2

[
Q2 − m2

1 − m2
2 ∓

√
λ(Q2, m2

1, m
2
2)
]

(14)

in Eq. (11) correspond to cos θ = ±1. The scale parameter µ is the renormalization scale.
The complete dependence on the fermion masses is contained in the functions F△, F✷, and
G✷. The full expressions of the form factors F△, F✷, G✷, including the exact dependence
on the fermion masses, can be found in Ref. [10].

The couplings C△ and C✷ and the form factors F△, F✷, G✷ in the heavy-quark limit
are given by:

(i) SM:

C△ = λHHH
M2

Z

ŝ − M2
H + iMHΓH

, C✷ = 1,

F△ →
2

3
, F✷ → −

2

3
,

G✷ → 0, (15)

with the trilinear coupling λHHH = 3M2
H/M2

Z .

(ii) MSSM:

The couplings for the processes gg → φ1φ2 are generically defined as (φ, φi =
h, H, A)

Cφ
△ = λφ1φ2φ

M2
Z

ŝ − M2
φ + iMφΓφ

gφ
t , C✷ = gφ1

t gφ2
t , (16)

where φ denotes the Higgs particles of the s-channel contributions. The trilinear
couplings λφ1φ2φ and the normalized Yukawa couplings gφ

t can be found in Ref. [10].
The individual expressions in the heavy-quark limit can be summarized as:
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Doable within EFT : reach status of single Higgs production

•Fully differential at NNLO, NNLL, SV@N3LO, ...

Needed : go beyond EFT approximation and distributions !

•Full NLO distribution
•Improve over EFT

hard to compute 2 loop
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Figure 2: Generic diagrams describing neutral Higgs-boson pair production in gluon–
gluon collisions (φ, φi = h, H, A).

where θ is the scattering angle in the partonic c.m. system with invariant mass Q, and

λ(x, y, z) = (x − y − z)2 − 4yz. (13)

The integration limits

t̂± = −
1

2

[
Q2 − m2

1 − m2
2 ∓

√
λ(Q2, m2

1, m
2
2)
]

(14)

in Eq. (11) correspond to cos θ = ±1. The scale parameter µ is the renormalization scale.
The complete dependence on the fermion masses is contained in the functions F△, F✷, and
G✷. The full expressions of the form factors F△, F✷, G✷, including the exact dependence
on the fermion masses, can be found in Ref. [10].

The couplings C△ and C✷ and the form factors F△, F✷, G✷ in the heavy-quark limit
are given by:

(i) SM:

C△ = λHHH
M2

Z

ŝ − M2
H + iMHΓH

, C✷ = 1,

F△ →
2

3
, F✷ → −

2

3
,

G✷ → 0, (15)

with the trilinear coupling λHHH = 3M2
H/M2

Z .

(ii) MSSM:

The couplings for the processes gg → φ1φ2 are generically defined as (φ, φi =
h, H, A)

Cφ
△ = λφ1φ2φ

M2
Z

ŝ − M2
φ + iMφΓφ

gφ
t , C✷ = gφ1

t gφ2
t , (16)

where φ denotes the Higgs particles of the s-channel contributions. The trilinear
couplings λφ1φ2φ and the normalized Yukawa couplings gφ

t can be found in Ref. [10].
The individual expressions in the heavy-quark limit can be summarized as:
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Frederix et al (2013) MadGraph5_aMC@NLO
Talk by Marco Zaro

All channels with full mT 
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Figure 2: Total cross sections at the NLO in QCD for the six largest HH production channels at pp colliders. The thickness of the lines
corresponds to the scale and PDF uncertainties added linearly.

scale and PDF uncertainties added linearly. More details
are available in table 1 for selected LHC energies, i.e., 8,
13 and 14 TeV. The first uncertainties (in percent) corre-
sponds to scale variation, while the second (only shown at
the NLO) to PDFs systematics. Several observations are in
order. Firstly, contrary to what happens in single-Higgs
production, the top-pair associated channel is the third-
largest starting at about

√
s =10 TeV, and becomes the

second-largest when c.m. energies approach
√

s =100 TeV.
Secondly, the theoretical uncertainties due to scale varia-
tions in the three most important processes (gluon-gluon
fusion, VBF, and tt̄ associated production) are sizably re-
duced by the inclusion of the NLO corrections. Thirdly,
the K-factor is always slightly larger than one, except for
gluon-gluon fusion where it is of order two, and for the top-
pair associated channel where it is smaller than one. Fi-
nally, PDF uncertainties are comparable to NLO scale un-
certainties, except in the case of gluon-gluon fusion, where
the latter are dominant. In the case of V HH and tjHH
production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by
varying the scales does not give a reliable estimate, as
NLO corrections for these processes are much larger than
the LO scale dependence band. This is due to two facts:
these processes are purely electro-weak processes at the
LO, and therefore the scale uncertainties are artificially
small; furthermore in the kinematic region probed by these

processes, the quark-gluon initiated channel which opens
up at the NLO can be important.

In fig. 3 we display total LO and NLO cross sections
for the six dominant HH production channels at the LHC
with

√
s =14 TeV, as a function of the self-interaction cou-

pling λ. The dashed (solid) lines and light- (dark-)colour
bands correspond to the LO (NLO) results and to the scale
and PDF uncertainties added linearly. The SM value of
the cross section corresponds to λ/λSM = 1. The sensi-
tivity of the total cross sections to the actual value of λ
depends in a non-trivial way on the relative couplings of
the Higgs to vector bosons and top quarks, and on the
kinematics in a way that is a difficult to predict a priori,
i.e., without an explicit calculation. The reduction of the
scale uncertainties that affect the gg → HH , VBF, and
tt̄HH rates, due to the inclusion of NLO corrections, and
pointed out in table 1 for the SM, is seen here also for
values of λ ̸= λSM.

We then plot typical distributions for all channels and
at the 14 TeV LHC, which we obtain by generating sam-
ples of events at parton level, which are then showered
with Pythia8 (solid) and HERWIG6 (dashes). Being
tiny at the 14 TeV LHC, we do not show the results for
single-top associated production. We present observables
at the NLO+PS accuracy in the main frames of the plots:
the transverse momentum of the hardest (softest) Higgs in
fig. 4 (fig. 5), and the transverse momentum (fig. 6) and the
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(short) Conclusions

•Covered a reduced number of improvements over ~ last year

•Every Higgs Hunting meeting a bunch of                 calculations

•ggF at N3LO

•H + jet

•(N)NLOPS

•Interferences

•Higgs pair production

•Work triggered by experimental measurements

in the right path to Higgs precision!
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