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I INT RODUCT ION

(i) Standard Model

• we have found the Higgs: MH ∼ 125 GeV

• gg → H dominant
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• Higgs Boson Production
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• Discovery: LHC [Tevatron]

→ Higgs mass

couplings
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• Higgs boson pair production cross sections:
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(ii) MSSM

• 2 Higgs doubletts
ESB
→ 5 Higgs bosons: h,H,A,H±

• LO: 2 input parameters: MA, tgβ = v2
v1

• radiative corrections ∝ m4
t log

mt̃1
mt̃2

m2
t

→ Mh
<
∼ 135 GeV

Haber
Carena,. . .

Heinemeyer,. . .
Zhang

Slavich,. . .
· · ·

• Yukawa couplings: tgβ↑ ⇒ g
φ
u↓ g

φ
d↑ g

φ
V ↓

• LHC: gg → φ dominant for tgβ <
∼ 10

gg → φb̄b dominant for tgβ >
∼ 10
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II HIGGS BOSON PAIR PRODUCT ION

gg → HH
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• 2-loop QCD corrections: ∼ 90− 100%
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• extended to dim6 → large impact on cxn [factor <
∼ 10]

small impact on K-factor
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σNLO(pp→ HH +X) = σLO +∆σvirt +∆σgg +∆σgq +∆σqq̄,

σLO =
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• 2-loop QCD corrections:

σ = σ0 +
σ1
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C = C(0), dij exact

keep LO mass dependence locally ⇒ −10%
Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torrielli, Vryonidou, Zaro

exact result for double-blob diagrams [%-effect] Degrassi, Giardino, Gröber



Diagrams with λ only:
dσNLO
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Full NLO calculation: top only

Numerical integration, sector decomposition, contour deformation

∼ −20%
∼ −6%

Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke

Baglio, Campanario, Glaus, Mühlleitner, S., Streicher (in preparation)
• 13 TeV:

σNLO = 27.80(8)+13.8%
−12.8%

fb

σHEFT
NLO = 32.22+18%

−15%
fb

⇒ -13.7% mass effects



• NNLO QCD corrections:

mainly obtained from NNLO single Higgs → dσ
dQ2

NLO corrections to double blob diagrams de Florian, Mazzitelli

NNLO corrections to effective HHgg coupling:

CNNLO
HH = CNNLO

H +
35+ 16NF

12

(

αs

π

)2

obtained from explicit diagrammatic calculation
Grigo, Hoff, Melnikov, Steinhauser

• NNLO corrections: ∼ 20%
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• mass corrections: ∼ 5%
Grigo, Hoff, Steinhauser

• soft gluon resummation: ∼ 10%

[M2
H ≪ 4m2

t ]
de Florian, Mazzitelli
Shao, Li, Li, Wang

• uncertainties: ∼ 15− 20%



Is there an easier way to obtain CNNLO
HH ?



Yes...
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µν [← (NF + 1)]

α(NF)
s (µ2

R) = ζαs α(NF+1)
s (µ2

R)

Πt = 1−
1

ζαs

=
∑

n

Cn

(

α(NF+1)
s

π

)n

• Lt = log(µ2R/mt
2(µ2R))

C1 = −
1

6
Lt

C2 =
11

72
−

11

24
Lt

C3 =
564731

124416
−

82043

27648
ζ3 −

2633

31104
NF −

2777− 201NF

1728
Lt −

35+ 16NF

576
L2

t

Bernreuther, Wetzel
Chetyrkin, Kniehl, Steinhauser



• shift the MS top mass

mt(µ
2
R) → mt(µ

2
R)

(
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• known now up to N4LO:
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MSSM gg → hh, hH,HH, hA,HA,AA and qq̄ → hA,HA
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• resonant contributions: H → hh,AA

• QCD corrections: <
∼ 100% [m2

t ≫ Q2 ⇒ small tgβ]

• partial SUSY–QCD corrections: <
∼ 100% [heavy SUSY particles]

Agostini, Degrassi, Gröber, Slavich



MSSM gg → hh, hH,HH, hA,HA,AA and qq̄ → hA,HA
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MSSM trilinear couplings up to O(αtαs)
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1-loop

tree level
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(ii) V V → HH
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Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, S.• uncertainties: ∼ 5− 7%



(iii) qq̄ → V HH
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• NNLO QCD corrections [← DIS]: ∼ 30%

[µ = MV HH] [gg → ZHH : 20− 30%]
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(iv) qq̄ → tt̄HH

g

g

t

t

H

H
q

q̄
g

• NLO QCD corrections moderate ∼ 20%
Frederix, Frixione, Hirschi, Maltoni, Mattelaer,Torrielli, Vryonidou, Zaro

• uncertainties: ∼ 10− 15%

← very difficult channel



SENSIT IVIT Y T O T RILINEAR COUPLING
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Djouadi, Kilian, Mühlleitner, Zerwas

Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, S.

gg → HH :
∆σ

σ
∼ −

∆λ

λ



Channels: need 3 ab−1

HH → b̄bγγ: low signal rate, most promising?

HH → b̄bτ+τ−: mass reconstruction difficult

HH → b̄bW ∗W (∗): hopeless?

• b̄bγγ: +160%
−190%

@ 600 fb−1

+74%
−62%

@ 6 ab−1
Baur, Plehn, Rainwater

• boosted kinematics: less sensitive to λ Dolan, Englert, Spannowsky

• HH + jet→ b̄bb̄bj, b̄bτ+τ−j promising? Dolan, Englert, Spannowsky

• reduction of THUs by ratio
σ(gg → HH)

σ(gg → H)
→

δλ

λ
∼ 30% ?

[different Q2!]

Goertz, Papaefstathiou, Yang, Zurita


