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I PRELUDE

(i) Standard Model: Higgs Boson Production

t; bgg H h,Hq
q

W;ZW;Z

h;H�q
q W;Z W;Z

g

g t

H

t̄

 [GeV] HM
80 100 200 300 400 500 1000

 H
+

X
) 

[p
b]

   
 

→
(p

p 
σ

-210

-110

1

10

= 8 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

01
4

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→pp 

 ttH (NLO QCD)

→
pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

Particle mass (GeV)
0.1 1 10 100

1/
2

/2
v)

V
 o

r 
(g

fλ

-410

-310

-210

-110

1
WZ

t

b
τ

µ
) fitε  (M, 

68% CL

95% CL

68% CL

95% CL

SM Higgs

68% CL

95% CL

SM Higgs

CMS

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

LHC Higgs XS WG CMS



(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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HDECAY & Prophecy4f

∼ 10%→
∼ 10%→ ←∼ 20%

Denner, Heinemeyer, Puljak, Rebuzzi, S.

• MSSM: large SUSY–QCD corrections to φ0 → b̄bh b
�b~g~b~b ∝ αs

π
mg̃µtgβ

M2
SUSY

∼∆b

Hall,. . .
Carena,. . .
Nierste,. . .
Häfliger,. . .

Noth, S.
Mihaila, Reisser

etc.



SUSY-QCD Corrections to b̄bφ0 [∆ <∼ 1%]

Leff = −λbbR
[

φ0
1 +

∆b

tgβ
φ0∗
2

]

bL + h.c. valid to all orders in ∆b

= −mb̄b

[

1 + iγ5
G0

v

]

b− mb/v

1 + ∆b
b̄

[

ghb
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h

+gHb
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)

H − gAb
(
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)

iγ5A

]

b

∆b = ∆
QCD(1)
b + ∆

elw(1)
b

∆
QCD(1)
b =

2

3

αs(µR)

π
Mg̃ µ tgβ I(m2

b̃1
,m2

b̃2
,M2
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∆
elw(1)
b =

λ2
t (µR)

(4π)2
µ At tgβ I(m2

t̃1
,m2
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, µ2)

I(a, b, c) = −
ab log

a

b
+ bc log

b

c
+ ca log

c

a
(a− b)(b− c)(c− a)

⇒ resummed Yukawa couplings g̃Φb
Carena, Garcia, Nierste, Wagner

Guasch, Häfliger, S.



Γ[Φ → bb] =
3GFMΦ

4
√

2π
m2
b (MΦ) ∆QCD g̃Φb

[

g̃Φb + gΦb δrem
]

M2
A ≫M2

Z : tgα→ − 1

tgβ
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1
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→ 1
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Guasch, Häfliger, S.



II FIRST ACT

gg → Φ

�0t; b; ~t;~bgg Georgi,. . .

• NLO QCD corrections: ∼ 10 . . .100%
S., Djouadi, Graudenz, Zerwas

Dawson, Kauffman

• elw. corrections: ∼ 5%
Aglietti,. . .

Degrassi, Maltoni
Actis, Passarino, Sturm, Uccirati

• NNLO QCD for mt ≫Mφ ⇒ + 20–30%

[mass effects small]

Harlander, Kilgore
Anastasiou, Melnikov

Ravindran, Smith, van Neerven
Marzani, Ball, Del Duca, Forte, Vicini

Harlander, Ozeren
Pak, Rogal, Steinhauser

• N3LO for mt ≫Mφ ⇒ scale stabilization

Moch, Vogt
Ravindran

de Florian, Mazzitelli, Moch, Vogt
Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Mistlberger

Ball, Bonvini, Forte, Marzani, Ridolfi
Anastasiou, Duhr, Dulat, Herzog, Mistlberger

Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Lazopoulos, Mistlberger



Anastasiou, Duhr, Dulat, Herzog, Mistlberger



• N3LL soft gluon resummation [mt ≫Mφ]:
<∼ 5%
Catani, de Florian, Grazzini, Nason

Ravindran
Ahrens, Becher, Neubert, Yang

Ball, Bonvini, Forte, Marzani, Ridolfi

Schmidt, S.

• QCD corrections to squark loops: 10–100%
Mühlleitner, S.

Bonciani, Degrassi, Vicini

• genuine SUSY–QCD corrections: 10–100%

[←∆b @ large tgβ]

Harlander, Steinhauser, Hofmann
Degrassi, Slavich

Anastasiou, Beerli, Daleo

Mühlleitner, Rzehak, S.

g

g

h/Ht̃ [̃b]

t [b]

g̃ + · · ·



σ(gg → Φ) = σLO(gΦt , g̃
Φ
b )

[

1 + δQCD + δSQCD
]

h H❍ ❍

K (gg → h/H)

small αeff+

√s = 7 TeV

tgβ = 30

MSTW2008

QCD + SUSY−QCD
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Mühlleitner, Rzehak, S.



Dim 6

L = −∑ψ=u,d,lmψ(i) ψ̄(i)ψ(i)
(

1 + cψ
h
v
+ . . .

)

+ αs

π
cgGa

µνG
aµν h

v
+ . . .

g

g

Ht, b
ct,b

+

g

g

H

cg

σLO ∼ |ctFt + 12cg|2 → |ct + 12cg|2 (m2
t ≫M2

H)

σ (pp → H+X) [pb]
MH = 125 GeV

µF = µR = MH/2

MSTW2008
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Schmidt, S.

• extended to N3LO Harlander, Liebler, Mantler
Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Lazopoulos, Mistlberger



Higgs pT (or how to prove that ggF is loop-mediated)

L = −∑ψ=u,d,lmψ(i) ψ̄(i)ψ(i)
(

1 + cψ
h
v
+ . . .

)

+ αs

π
cgGa

µνG
aµν h

v
+ . . .

g

g

H

g
t, b

ct,b

↔

g

g

H

g

cg

• distinction dim4 ↔ dim5: shape of pT distribution

cg

top

mt = 160 GeV

Ellis, Hinchliffe, Soldate, van der Bij (1987!)

• QCD corrections only known for mt ≫MH , pTH
Glosser, Schmidt

de Florian, Grazzini, Kunszt
Anastasiou, Melnikov, Petriello

Boughezal, Caola, Melnikov, Petriello, Schulze
Chen, Gehrmann, Glover, Jaquier

Boughezal, Focke, Giele, Liu, Petriello
Harlander, Neumann, Ozeren, Wiesemann



NLL+NLO

Grazzini, Ilnicka, S., Wiesemann

• A. Ilnicka: secondment @ MapleSoft



NNLL+NNLO

Grazzini, Ilnicka, S., Wiesemann



III SECOND ACT
gg → HH

g

g

H

H

t, b •

λ
+

g

g

H

H

t, b ↔

g

g

H

H

t, b • ctt/bb

• threshold region: sensitive to λ

large MHH: sensitive to ctt/bb [e.g. boosted Higgs pairs]

qq̄ → ZHH
qq̄′ → WHH

qq′ → HHqq′

gg → HH

√
s = 14 TeV, MH = 125 GeV

σ(pp → HH + X) [fb]
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Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, S.

gg → HH :
∆σ

σ
∼ −∆λ

λ

[decreasing with M2
HH]



gg → HH
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• third generation dominant → t, b

• 2-loop QCD corrections: ∼ 90− 100%

[M2
H ≪ 4m2

t , µ = MHH]
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Dawson, Dittmaier, S.

• mass effects @ NLO: -14%
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke



• extended to dim6 → large impact on cxn

small impact on K-factor

Leff = −mtt̄t

(

ct
h

v
+ ctt

h2

2v2

)

− c3
1

6

(

3M2
h

v

)
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Gröber, Mühlleitner, S., Streicher

• extended to NNLO de Florian, Fabre, Mazzitelli



IV T HIRD ACT
Higgs–strahlung: pp→W ∗/Z∗ →W/Z + h/H

h;H�q
q W;Z W;Z

Glashow,. . .
Kunszt,. . .

• QCD corrections ← DY: ∼ 30%

2–loop: <∼ 5%

Han, Willenbrock

Brein, Djouadi, Harlander

• electroweak corrections: ∼ −10% → HAWK
Ciccolini, Dittmaier, Krämer

• WH/ZH: fully exclusive @ NNLO QCD Ferrera, Grazzini, Tramantano







V FINALE
Bremsstrahlung: pp→ tt̄+ Φ

�0q
�q

g t
�t �0g
g

t
�t

dominant

Kunszt
Gunion

Marciano, Paige

• tt̄h→ tt̄b̄b important @ LHC → top Yukawa cplg.

• QCD corrections [SM]: ∼ 20% Beenakker,. . .
Dawson, . . .

Broggio, Ferroglia, Pecjak, Signer, Yang
Kulesza, Motyka, Stebel, Theeuwes

• elw. corrections: ∼ 1− 2% Yu, Wen-Gan, Ren-You, Chong, Lei
Frixione, Hirschi, Pagani, Shao, Zaro

Denner, Feger

• SUSY-QCD corrections: moderate Dittmaier, Häfliger, Krämer, S., Walser



Joseep Pata, Günther Dissertori





BACKUP SLIDES



gg → H

• chromomagnetic dipole operator

g

g

Ht

ct

+

g

g

H +

cg

g

g

Ht +

ctg

g

g

H

t

ctg

Leff = −ctmtt̄t
H

v
+ cg

g2s
4π2

GaµνGa
µν

H

v
+ ctg

gsmt

2v3
(v+H)Ga

µν

[

tLσ
µνT atR + h.c.

]

→ mixing of operators, renormalization @ ’LO’:

δcg =
m2
t

2v2
ℜe(ctg)Γ(1 + ǫ)

(

4πµ2

µ2
R

)ǫ
1

ǫ

(

y2
t = 2

m2
t

v2

)

Degrande, Gérard, Grojean, Maltoni, Servant



σLO(pp→ H) = σ0τH
dLgg
dτH

σ0 =
GFα

2
s(µR)

288
√

2π
|F (τQ)|2 τQ = 4

m2
t

M2
H

F (τ) = ctF1(τ) + 12cg(µR) + ℜe(ctg)
m2
t

v2
F3(τ)

F1(τ) =
3

2
τ [1 + (1− τ)f(τ)] → 1

F3(τ) = 3

(

1− τf(τ)− 2g(τ) + 2 log
µ2
R

m2
t

)

→ 6

(

log
µ2
R

m2
t

− 1

)

f(τ) =















arcsin2 1√
τ
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−1

4

[

log
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√

1− τ
1−√1− τ − iπ

]2

τ < 1

g(τ) =















√
τ − 1arcsin

1√
τ

τ ≥ 1
√

1− τ
2

[

log
1 +
√

1− τ
1−
√

1− τ − iπ
]

τ < 1



h H❍ ❍

K(pp → tt
_ 
h/H + X)

tgβ = 5

µ = (2mt + Mh/H)/2

SPS5

√s = 7 TeV

√s = 14 TeV

full

SUSY−QCD
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Dittmaier, Häfliger, Krämer, S., Walser



b̄b+Higgs production

g

g b

H

b̄ b

b̄

H [←∆b]

exact g → b̄b splitting & mass/off-shell effects

no resummation of logM2
H/m

2
b terms

massless/on-shell b’s, no pTb

resummation of logM2
H/m

2
b terms

MA MH [GeV] δAQCD δASUSY δASUSY rem δHQCD δHSUSY δHSUSY rem
100 113.9 0.23 −0.30 0.4× 10−4 0.27 −0.38 0.3× 10−4

200 200 0.38 −0.30 2.9× 10−4 0.39 −0.30 5.8× 10−4

7 TeV 300 300 0.46 −0.30 6.7× 10−4 0.47 −0.30 9.3× 10−4

400 400 0.53 −0.30 1.3× 10−3 0.53 −0.30 1.5× 10−3

500 500 0.57 −0.30 2.0× 10−3 0.59 −0.30 2.2× 10−3

100 113.9 0.14 −0.30 0.4× 10−4 0.17 −0.38 0.5× 10−4

200 200 0.28 −0.30 2.7× 10−4 0.29 −0.30 5.7× 10−4

14 TeV 300 300 0.37 −0.30 6.5× 10−4 0.39 −0.30 9.3× 10−4

400 400 0.45 −0.30 1.2× 10−3 0.45 −0.30 1.5× 10−3

500 500 0.50 −0.30 2.1× 10−3 0.49 −0.30 2.3× 10−3

SPS1b Dittmaier, Häfliger, Krämer, S., Walser



SPS 5

tgβ = 5

µ = 639.8 GeV

At = −1671.4 GeV

Ab = −905.6 GeV

mg̃ = 710.3 GeV

mq̃L
= 535.2 GeV

mb̃R
= 620.5 GeV

mt̃R
= 360.5 GeV

−→ mt̃1
= 204.1 GeV,mt̃2

= 656.1 GeV,mb̃1
= 533.3 GeV,mb̃2

= 625.2 GeV



SPS 1b

tgβ = 30

µ = 495.6 GeV

At = −729.3 GeV

Ab = −987.4 GeV

mg̃ = 916.1 GeV

mq̃L
= 762.5 GeV

mb̃R
= 780.3 GeV

mt̃R
= 670.7 GeV

−→ mt̃1
= 631.8 GeV,mt̃2

= 829.1 GeV,mb̃1
= 721.8 GeV,mb̃2

= 820.7 GeV



Partial Width QCD Electroweak Total

H → b̄b/cc̄ ∼ 0.1% ∼ 1–2% for MH
<∼ 135GeV ∼ 2% NNNNLO / NLO

H → τ+τ−/µ+µ− ∼ 1–2% for MH
<∼ 135GeV ∼ 2% NLO

H → tt̄ <∼ 5% <∼ 2–5% for MH < 500GeV ∼ 5% (NNN)NLO / LO

∼ 0.1( MH

1TeV
)4 for MH > 500GeV ∼ 5–10%

H → gg ∼ 3% ∼ 1% ∼ 3% NNNLO approx. / NLO

H → γγ < 1% < 1% ∼ 1% NLO / NLO

H → Zγ < 1% ∼ 5% ∼ 5% (N)LO / LO

H →WW/ZZ → 4f < 0.5% ∼ 0.5% for MH < 500GeV ∼ 0.5% (N)NLO

∼ 0.17( MH

1TeV
)4 for MH > 500GeV ∼ 0.5–15%

• QCD: variation of Higgs widths for scale by factor 2 and 1/2

elw: missing HO estimated from known structure at NLO

MH
>∼ 500 GeV: Higgs self-interactions dominate error

different uncertainties added linearly for each channel

• parametric uncertainties:

mt = 172.5± 2.5 GeV αs(MZ) = 0.119± 0.002

mb(mb) = 4.16± 0.06 GeV mc(mc) = 1.28± 0.03 GeV

different uncertainties added quadratically for each channel

• total uncertainties: parametric & theor. uncertainties added linearly


