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Why Higgs-production from b-quark fusion?

organizing the calculation: 4FNS and 5FNS

status of the predictions

electroweak MSSM corrections
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Bottom Yukawa Coupling
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Higgs bosons from b quarks: b

b

H

SM: λSM
b = mb

v
= emb

2sWMW

⇒ not competitive with gluon fusion

⇒ let’s have a look at the MSSM
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Bottom Yukawa Coupling
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MSSM Higgs sector:

two Higgs doublets Hu, Hd with VEVs vu, vd

5 physical Higgs particles: h0, H0, A0, H±

Higgs mixing: h0 = cαH
0
u − sαH

0
d

t2α =
M2

A0 +M2
Z

M2
A0 −M2

Z

t2β with s2α < 0

v2 = v2
u + v2

d ; tan β = vu/vd

⇒ λh
0

b = −sαmb
vd

= −mb
v
sα
cβ

= −λSM
b

sα
cβ

⇒ λH
0

b = mb
v
cα
cβ

, λA
0

b = −mb
v

sβ
cβ

⇒ dominates total H0 and A0 production for large tan β
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Basic Process
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basic process at gluon collider:

b

b

H

b

b

H

gluon splitting: large logs from collinear b quarks
⇒ expansion in log µF

mb
αs

⇒

possible resummation:
introduce PDF for b quarks in the proton
massless approximation mb → 0 (log µF

mb
→ 1/ε)

collinear 1/ε poles absorbed in PDF
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basic process at gluon collider:

b

b

H

b

b

H

gluon splitting: large logs from collinear b quarks
⇒ expansion in log µF

mb
αs

gluon splitting in short range matrix element?

⇒

possible resummation:
introduce PDF for b quarks in the proton
massless approximation mb → 0 (log µF
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→ 1/ε)
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4FNS and 5FNS
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⇔
b

b

H b

b

H

4 flavors in proton ⇔ 5 flavors in proton

no summation

exact g→bb-splitting

full kinematics
(final state b jets)

summation of log µF
mb

LL approx. to g→bb

massless b approx.

same physics

agree at all orders

different organization of the perturbation series
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4FNS and 5FNS

←→| |⇐ ⇒

⇔
b

b

H b

b

H

4FNS: exclusive bbH final state
known to NLO (Dittmaier, Krämer, and Spira

Phys.Rev. D70 (2004) 074010
Dawson, Jackson, Reina, and Wackeroth
Phys. Rev. Lett. 94 (2005) 031802)

5FNS: resummed logs
known to NNLO (Harlander and Kilgore

Phys.Rev. D68 (2003) 013001)

The two approaches agree for small Higgs masses.
(within their respective erros, for µF ∼MH/4)
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Status of the calculation
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uncertainties (from QCD):

∼10% from scale dependence (µF , µR)
∼10% from PDFs

improved born approximation for EW :

tan β enhanced:
b

b

g̃

b̃i
b

b

h0
g̃

b̃i

b̃j(SUSY-QCD and EW)

(Carena, Garcia, Nierste, Wagner, ...)

Higgs mixing: α→ αeff (including self-energy corrections)
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MSSM cross section

←→| |⇐ ⇒

improved born approximation:

σ̂IBA =

√
2πGµmb(µR)2

6M2
φ0

δ(1− τ)

8
>>>>>>>>><
>>>>>>>>>:

s2αeff

c2β

„
1−∆b/(tβtαeff )

1 + ∆b

«2

c2αeff

c2β

„
1 + ∆b tαeff /tβ

1 + ∆b

«2

t2β

 
1−∆b/t

2
β

1 + ∆b

!2

for h0, H0, and A0 production

all additional one-loop corrections relative to σIBA
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EW corrections in the MSSM

←→| |⇐ ⇒

known for the decay (Dabelstein)

renormalization:
no simple on-shell renormalization (SM: δZH = −Σ′H(M2

H))

tβ-renormalization (DCPR- and DR-schemes)

many vertices and diagrams:
tools for the 1-loop calculation
⇒ FeynArts and FormCalc and LoopTools

(Hahn, Schappacher)

Higgs mixing and masses:
potentially large effects: sα → sαeff
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MSSM Higgs sector

←→| |⇐ ⇒

ingredients:
∆r in the MSSM

Higgs masses:
“
k2 −m2

h0 + Σ̂h0(k2)
”“

k2 −m2
H0 + Σ̂H0(k2)

”
− Σ̂2

H0h0(k2) = 0

renormalized self-energies:
Σ̂h0(k2) = Σh0(k2) + k2

`
δZHuc

2
α + δZHd

s2α
´
− δm2

h0

Higgs mass counterterms:

δm2
h0 = c2β−α ΣA0(M2

A0)+s2β+αΣZ(M2
Z)−

e s2β−α cβ−α
2MZsWcW

TH0+
e sβ−α (1 + c2β−α)

2MZsWcW
Th0

−
“
M2

A0 c
2
β−α +M2

Z s
2
β+α

”
Σ′

A0(M2
A0) +MZ

c2α−c2β
s2β

ΣA0Z(M2
A0)

leading two-loop SE corrections from FeynHiggs
(Hahn, Heinemeyer, Hollik, Weiglein)
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results for SPS 4

←→| |⇐ ⇒

tβ = 50 , Mh0 = 115.66 GeV, MH0 = 397.72 GeV, MA0 = 397.67 GeV

h0 H0 A0

mb[GeV] σ[pb] mb[GeV] σ[pb] mb[GeV] σ[pb]

QCD 2.80 0.97 2.55 24.12 2.55 24.13

+QED 2.80 0.97 2.55 24.07 2.55 24.09

+∆g̃
b 2.72 0.92 1.95 14.14 1.95 14.15

+∆weak
b 2.75 0.94 2.24 18.66 2.24 18.67

+ sin(αeff ) 2.75 0.88 2.24 18.66 2.24 18.67

full calculation 2.75 0.87 2.24 18.43 2.24 18.44
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results for SPS 4
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correction δMSSM beyond improved born approximation

MA0 [GeV]

δMSSM[%]
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(input for radiative corrections)
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mb input

←→| |⇐ ⇒

large dependence on input value of b mass
(large Yukawa coupling)

massless (QCD) approx. inadequate for EW corrections

DR scheme: DCPR scheme:
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SPS results

←→| |⇐ ⇒

cross section σ (full calculation) and relative correction δ w.r.t.
the improved born approximation σIBA for the SPS points:

σ[pb] δ[%]

h0 H0 A0 h0 H0 A0

SPS 1a 1.03 0.91 0.92 2.29 -0.21 0.15

SPS 1b 0.81 2.23 2.23 1.96 -0.20 -0.21

SPS 2 0.77 0.00 0.00 3.11 -1.35 -1.35

SPS 3 0.84 0.18 0.18 4.17 0.02 0.00

SPS 4 0.87 18.44 18.44 -0.92 -1.24 -1.27

SPS 5 0.95 0.02 0.02 -4.08 0.26 -1.10

SPS 6 0.95 0.47 0.47 3.06 -0.12 0.19

SPS 7 1.09 2.45 2.46 4.62 1.59 1.61

SPS 8 0.92 0.67 0.67 5.86 0.96 1.25

SPS 9 0.83 0.02 0.02 3.36 -0.87 -0.81
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Summary

←→| |⇐ ⇒

Higgs production from b quarks:
important production channel for large tanβ

under good theoretical control

different schemes agree (4FNS⇔ 5FNS)

scale and pdf uncertainties ∼ 10-20%

known tanβ enhanced corrections

full 1-loop EW MSSM corrections

a few percent

depending on mb input
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Back-up slides
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MSSM cross section

←→| |⇐ ⇒

http://maltoni.home.cern.ch/maltoni/TeV4LHC/MSSM.html
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4FNS and 5FNS

←→| |⇐ ⇒

σ(pp → bb
_ 

h + X) [fb]

√s = 14 TeV

µ = (2mb + Mh)/4

Mh [GeV]

bb
_ 

 → h (NNLO)

gg → bb
_ 

h (NLO)10

10 2

10 3

100 150 200 250 300 350 400

Campbell et al., hep-ph/0405302

the two approaches agree for a light Higgs and µF ∼MH/4
(scale choice: Spira; Maltoni,Sullivan,Willenbrock; Boos, Plehn)
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Status of the calculation

←→| |⇐ ⇒

Scale Dependence:

fact. scale µF dependence of PDFs

ren. scale µR dependence of running mb and αs

0

0.2

0.4

0.6

0.8

1

1.2

10
-1

1 10

σ(pp → (bb  )H+X) [pb]

µR/MH

LHC
MH=120 GeV

µF = MH/4

LO
NLO
NNLO

0

0.2

0.4

0.6

0.8

1

1.2

10
-1

1 10

σ(pp → (bb  )H+X) [pb]

µF/MH

LHC
MH=120 GeV

µR=MH

LO
NLO
NNLO

Harlander and Kilgore, Phys.Rev. D68 (2003) 013001
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Status of the calculation

←→| |⇐ ⇒

Scale Dependence:

fact. scale µF dependence of PDFs

ren. scale µR dependence of running mb and αs
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SUSY-QCD

←→| |⇐ ⇒

effective bbHu coupling:

b b

hu

→ vu

g̃

b̃L b̃R

b b

hu → vu

b

b

g̃

b̃i

effective field theory: mb → mb(1 + ∆b)

⇒ ⇔

effective vertex correction:

b

b

g̃

b̃i

b̃j
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SUSY-QCD

←→| |⇐ ⇒

effective bbHu coupling:

b b

hu → vu

g̃

b̃L b̃R

b b

hu → vu

b

b

g̃

b̃i

effective field theory: mb → mb(1 + ∆b)

with ∆b ∝ tanβ

⇒

⇔

effective vertex correction:

b

b

g̃

b̃i

b̃j
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SUSY-QCD

←→| |⇐ ⇒

effective bbHu coupling:
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SUSY-QCD

←→| |⇐ ⇒

effective bbHu coupling:
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SUSY-QCD
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SUSY-QCD

←→| |⇐ ⇒

effective bbHu coupling:
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effective field theory: mb → mb(1 + ∆b)
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effective mixing angle

←→| |⇐ ⇒

definition: αeff = α + δα

0
@ m2

h0 − Σ̂h0(m2
h0) −Σ̂h0H0((m2

h0 +m2
H0)/2)

−Σ̂h0H0((m2
h0 +m2

H0)/2) m2
H0 − Σ̂H0(m2

H0)

1
A δα−→

0
@ M2

h0 0

0 M2
H0

1
A

alternative definition:
0
@ m2

h0 − Σ̂h0(p2 = 0) −Σ̂h0H0(p2 = 0)

−Σ̂h0H0(p2 = 0) m2
H0 − Σ̂H0(p2 = 0)

1
A δα−→

0
@ M2
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0 M2
H0

1
A
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results for SPS 1b

←→| |⇐ ⇒

tβ = 30 , Mh0 = 117.67 GeV, MH0 = 525.69 GeV, MA0 = 525.66 GeV

h0 H0 A0

mb[GeV] σ[pb] mb[GeV] σ[pb] mb[GeV] σ[pb]

QCD 2.79 0.85 2.50 2.64 2.50 2.64

+QED 2.79 0.84 2.50 2.63 2.50 2.63

+∆g̃
b 2.76 0.83 2.08 1.82 2.08 1.82

+∆weak
b 2.77 0.83 2.30 2.24 2.30 2.24

+ sin(αeff ) 2.77 0.80 2.30 2.24 2.30 2.24

full calculation 2.77 0.81 2.30 2.23 2.30 2.23
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results for SPS 1b

←→| |⇐ ⇒

tβ = 30 , Mh0 = 117.67 GeV, MH0 = 525.69 GeV, MA0 = 525.66 GeV

h0 H0 A0

mb[GeV] σ[pb] mb[GeV] σ[pb] mb[GeV] σ[pb]

QCD 2.79 0.85 2.50 2.64 2.50 2.64

+QED 2.79 0.84 2.50 2.63 2.50 2.63

+∆g̃
b 2.76 0.83 2.08 1.82 2.08 1.82

+∆weak
b 2.77 0.83 2.30 2.24 2.30 2.24

+ sin(αeff ) 2.77 0.80 2.30 2.24 2.30 2.24

full calculation 2.77 0.81 2.30 2.23 2.30 2.23
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results for SPS 1b

←→| |⇐ ⇒

tβ = 30 , Mh0 = 117.67 GeV, MH0 = 525.69 GeV, MA0 = 525.66 GeV

h0 H0 A0

mb[GeV] σ[pb] mb[GeV] σ[pb] mb[GeV] σ[pb]

QCD 2.79 0.85 2.50 2.64 2.50 2.64

+QED 2.79 0.84 2.50 2.63 2.50 2.63

+∆g̃
b 2.76 0.83 2.08 1.82 2.08 1.82

+∆weak
b 2.77 0.83 2.30 2.24 2.30 2.24

+ sin(αeff ) 2.77 0.80 2.30 2.24 2.30 2.24

full calculation 2.77 0.81 2.30 2.23 2.30 2.23
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results for SPS 1b

←→| |⇐ ⇒

correction δMSSM beyond improved born approximation
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results for SPS 1b

←→| |⇐ ⇒

correction δMSSM beyond improved born approximation
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results for SPS 4

←→| |⇐ ⇒

correction δMSSM beyond improved born approximation
(alternative definition of sinαeff )
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