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I INT RODUCT ION
(i) Standard Model
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• Discovery: LHC [Tevatron]

→ Higgs mass

couplings

spin

CP
λ ?



(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



↓ ↓

gg → b̄bφ0, gg → φ0 φ0 → τ+τ−

ATLAS: similar results



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

π
mg̃µtgβ

m2
b̃

Hall,. . .
Carena,. . .
Nierste,. . .
Guasch,. . .

etc.

BR(h)
bb

_

τ+τ−

gg
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II ∆b CORRECT IONS
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

[

gh
b

(

1− ∆b

tgα tgβ

)

h

+gH
b

(

1 + ∆b
tgα

tgβ

)

H − gA
b

(

1− ∆b

tg2β

)

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

g̃ )

∆
elw(1)
b =

λ2
t (µR)

(4π)2
µ At tgβ I(m2

t̃1
, m2

t̃2
, 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 g̃Φ
b

Carena, Garcia, Nierste, Wagner
Guasch, Häfliger, S.



small αeff scenario [modified]

tgβ = 30

MQ̃ = 800 GeV

Mg̃ = 1000 GeV ←−
M2 = 500 GeV

Ab = At = −1.133 TeV

µ = 2 TeV

mt̃1
= 679 GeV mt̃2

= 935 GeV

mb̃1
= 601 GeV mb̃2

= 961 GeV



small αeff

tgβ = 30

∆b
      QCD

µ0 = (m~ g+m~ b1+m~ b2)/3

2-loop SUSY−QCD

1-loop SUSY−QCD

µR/µ0

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

10
-1

1 10

Noth, S.
(Mihaila, Reisser)



Γ[Φ → bb] =
3GF MΦ

4
√

2π
m2

b (MΦ) ∆QCD g̃Φ
b

[

g̃Φ
b + gΦ

b δrem

]

M2
A ≫M2

Z : tgα→ − 1

tgβ
⇒ g̃h

b →
1

1 + ∆b

(

1− ∆b

tgα tgβ

)

→ 1

δh

−δH

−δA

δφ
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• extension to Ab terms:

Leff = −λ0
b bR

[

(1 + ∆b,1)φ
0
1 +

∆b,2

tgβ
φ0∗
2

]

bL + h.c.

Leff = −λbbR

[

φ0
1 +

∆b

tgβ
φ0∗
2

]

bL + h.c.

⇒ ∆b =
∆b,2

1 + ∆b,1

Guasch, Häfliger, S.

Ghezzi, Glaus, Müller, Schmidt, S.

∆b,1 = −2

3

αs(µR)

π
Mg̃ Ab I(m2

b̃1
, m2

b̃2
, M2

g̃ ) → NNLO

• strange Yukawa couplings:

∆s,1 = −2

3

αs(µR)

π
Mg̃ As I(m2

s̃1
, m2

s̃2
, M2

g̃ )

∆s,2 =
2

3

αs(µR)

π
Mg̃ µtgβ I(m2

s̃1
, m2

s̃2
, M2

g̃ )

∆s =
∆s,2

1 + ∆s,1
→ NNLO

Ghezzi, Glaus, Müller, Schmidt, S.



∆b

τ-phobic

tgβ = 30

NNLO w/  Ab

NNLO w/o Ab
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NLO w/o Ab
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III HIGGS BOSON PRODUCT ION

(i) gg → h/H/A

�0t; b; ~t;~bgg Georgi,. . .

Gamberini,. . .

• NLO QCD corrections: ∼ 10 . . .100%

S., Djouadi, Graudenz, Zerwas

Dawson, Kauffman

• NNLO calculated for mt ≫Mφ ⇒ further increase by 20–30%

[top mass effects small in SM]
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

scale dependence: ∆ <∼ 5%
Moch, Vogt

Ravindran
de Florian, Mazzitelli, Moch, Vogt

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



• N3LL soft gluon resummation: <∼ 2%
Catani, de Florian, Grazzini, Nason

Ravindran
Ahrens, Becher, Neubert, Yang

Ball, Bonvini, Forte, Marzani, Ridolfi
Bonvini, Marzani

Schmidt, S.

• SM + 2HDM elw. corrections: ∼ 5%
Aglietti,. . .

Degrassi, Maltoni
Actis, Passarino, Sturm, Uccirati

Jenniches, Sturm, Uccirati

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

Bonciani, Degrassi, Vicini

• impl. of gg → φ in POWHEG including mass effects @ NLO

(QCD also valid for 2HDM and other Higgs extensions)

Bagnaschi, Degrassi, Slavich, Vicini

• SUSY-elw. corrections unknown

• genuine SUSY–QCD corrections: 10–100%

[←∆b @ large tgβ]

Harlander, Steinhauser, Hofmann
Degrassi, Slavich

Anastasiou, Beerli, Daleo

Mühlleitner, Rzehak, S.



σ(gg → Φ) = σLO(gΦ
t , g̃Φ

b )
[

1 + δQCD + δSQCD

]

approx

K (pp → H+X)

τ phobic

√s = 14 TeV

tgβ = 30

MMHT14
µR = µF = MH/2

QCD + SUSY−QCD

QCD

MH [GeV]
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(ii) b̄b+Higgs production

g

g b

H

b̄ b

b̄

H

σ(pp → bb
_ 

h + X) [fb]
√s = 7 TeV

MSTW2008

µ = (2mb + Mh)/4

gg → bb
_ 

h (NLO)

bb
_ 

 → h (NNLO)
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[←∆b]

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

no resummation of logM2
H/m2

b terms

massless/on-shell b’s, no pTb

resummation of logM2
H/m2

b terms

NLO NNLO

Santander matching:

σ =
σ4FS + wσ5FS

1 + w

w = log
MH

mb
− 2

Harlander, Krämer, Schumacher

Dittmaier, Krämer, S.
Dawson, Jackson, Reina, Wackeroth

Harlander, Kilgore



matching

Bonvini, Papanastasiou, Tackmann

Forte, Napoletano, Ubiali



MA MH [GeV] δA
QCD δA

SUSY δA
SUSY rem δH

QCD δH
SUSY δH

SUSY 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

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

tgβ MA MH [GeV] δA
SUSY δA

SUSY rem δH
SUSY δH

SUSY rem

3 200 209.7 −0.04 2.1× 10−4 −0.04 5.7× 10−4

5 200 204.0 −0.06 2.4× 10−4 −0.06 5.3× 10−4

7 200 202.1 −0.08 2.5× 10−4 −0.09 3.9× 10−4

7 TeV 10 200 200.9 −0.12 2.5× 10−4 −0.12 3.8× 10−4

20 200 200.1 −0.21 2.6× 10−4 −0.21 4.4× 10−4

30 200 200.0 −0.30 2.9× 10−4 −0.30 5.8× 10−4

3 200 209.7 −0.04 2.0× 10−4 −0.04 7.2× 10−4

5 200 204.0 −0.06 2.2× 10−4 −0.06 5.0× 10−4

7 200 202.1 −0.08 2.4× 10−4 −0.09 4.4× 10−4

14 TeV 10 200 200.9 −0.12 2.5× 10−4 −0.12 4.1× 10−4

20 200 200.1 −0.21 2.7× 10−4 −0.21 4.4× 10−4

30 200 200.0 −0.30 2.7× 10−4 −0.30 5.7× 10−4

SPS1b
Dittmaier, Häfliger, Krämer, S., Walser



(iii) pp→ t̄bH−+ X

• MH± < mt −mb: σt̄bH− = σtt̄ ×BR(t̄→ b̄H−)

• MH± ∼ mt −mb: new NLO calculation Degrande, Frederix, Wiesemann, Zaro

• MH± > mt −mb:

gg tH��b bg tH�

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

no resummation of logM2
H±/m2

b terms

massless/on-shell b’s, no pTb

resummation of logM2
H±/m2

b terms

NLO NLO

→ Santander matching
Dittmaier, Krämer, S., Walser

Plehn
Flechl, Klees, Krämer, Spira, Ubiali



Degrande, Frederix, Wiesemann, Zaro



• charged Higgs: g̃H±
b =

tgβ

1 + ∆b

(

1− ∆b

tg2β

)

σNLO = σLO|gH±
b →g̃H±

b

×
{

1 + δQCD + δrem
SQCD

}

tgβ δrem
SUSY [%]

3 −5.7%
5 −7.9%
10 −4.8%
30 −0.13%

Dittmaier, Krämer, S., Walser

← gH±
t



IV CONCLUSIONS

• genuine SUSY–QCD corrections large @ large tgβ →∆b

• small remainders beyond ∆b approximation in most cases

• analogous results for strange Yukawa coupling →∆s
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