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• Higgs Phenomenon
• Higgs in the Standard Model
• Bounds on Higgs mass from theory

◦ Unitarity
◦ Landau pole
◦ Perturbativity

• Bounds on Higgs mass from experiments
• Higgs Decays
• Higgs Production
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Higgs Decay

Decay rates are proportional to coupling constants and the massies:
• Strong coupling constant (αs(MZ) = 0.1172 ± 0.002)
• Quark masses (mt = 178 ± 4.3 GeV,mb = 4.88 ± 0.07 GeV and
mc = 1.64 ± 0.07 GeV )
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• Gluon fusion dominates at high
√
s due to large gluon flux and top Yukawa interaction.

• Large cross section for bb final states but with huge background around
signal/bacground = 10−6. Most difficicult to discover.

g + g → h → W+W−/ZZ/γγ

• Cross section is 10−3 of bb cross section but with less background. At LHC, CMS and
ATLAS have very good electromagnetic calorimeters.

• Ideal discovery mode.
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Vector Boson Fusion

q + q′ → (V + V ) → h+ q + q′

h → τ+ + τ−

• No color exchange due to t channel process.

• Signal is
a) two jets with one in the forward and the other in the backward direction and
b) jet veto in the central region.

• Background is very less

• Good discovery channel.
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Higgs Strahlung
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• Ifmh < 200GeV ,W boson with Higgs is one of the most promising channel at Tevatron.

• W → l+ ν and h → (W+W−)/b̄b

• At LHC, the cross section is small
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Associated production with tops

g + g → tt + h

h → b+ b

• Very small cross section due to phase space

t → b + W

t → b + W

W → (ν, l)

W → (q, q′)

• From efficient b taging, missing energy (ν), two tops can be identified

• The signal is the peak in the spectrum of the remaining two b’s.

• Large luminosity is requied to increase the sensitivity.
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• fa(τ) are parton distribution functions inside the hadron P .
• Non-perturbative in nature and process independent.

• σ̂ab are the partonic cross sections.
• Perturbatively calculable.
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More and more terms in the perturbative expansion can reduce the scale uncertainty
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ab (ŝ,m2

h, µF , µR)

]

LO NLO
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Djouadi,Spira,Zerwas,Dawson

• Compute Next to leading order NLO QCD corrections to LO processes

dσ̂ab(ŝ,m
2
h, µF , µR) = dσ̂

(0)
ab (ŝ,m2

h, µR)

[

1 +
αs(µR)

4π
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(1)
ab (ŝ,m2

h, µF , µR)

]

LO NLO

g + ḡ → h g + g → h+ one loop
g + g → h+ g
q + g → h+ q
q + q → h+ g

• Heavy quarks in the loops make the computation difficult.

• All the soft and collinear divergences are regulated in dimensional regularisation
n = 4 + ε.

• Collinear mass factorisation is done in MS scheme.
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• Scale uncertainity is not improved much
• Even NLO is unreliable and calls for NNLO
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• Next to Next to Leading order (NNLO) computation is inevitable!

• Real hurdles:

1)More loops ....
1, 2, 3 loop Feynman diagrams

2)More legs ....
2 → higgs,
2 → higgs+ 1−parton,
2 → higgs+ 2−parton

• Numerical methods are not suitable for these type of computations due to

1) UV divergences at loops.
2) IR Infrared divergences in real emission processes and loop.

• Heavy quark contributions in two loop virtual diagrams and Real emission processes are
difficult to compute.

• With present technology it is impossible to compute NNLO contributions to Higgs production
with the heavy quarks.
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• Computation with finite mt is non-trivial! but mh < 2mt, the computation is tractable.

• Systematic method is to derive an Effective Action which captures the largemt limit.

S = SQCD,nf
+
√

GFmt

∫

d4x ψt(x)ψt(x) φ(x)

• Integrate out the mt degrees of freedom.

Seff = SQCD,nf−1 +KW

∫

d4x Fa
µν(x)F

µν,a(x) φ(x)

• KW = ZW

(

µR,
1
ε

)

CW (mt,mh, µR)

• Fa
µν(x) is gluon field strenth operator.

• CW (mt,mh, µR) is Wilson coefficient

• ZW

(

µR,
1
ε

)

is the operator renormalisation constant with n = 4 + ε

• Seff describes the coupling of higgs with gluon in the largemt limit.

• Seff NLO agrees with exact NLO within 5% to 10% level.
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Processes at NNLO
Harlander, Kilgore, Anastasiou, Melnikov, van Neerven, Smith,

V.Ravindran

Double Virtual:

⊗ ⊗ + 148 terms;

Real Virtual:

⊗ ⊗ + 635 terms;

Double Real:

⊗
⊗ + 594 terms.

In addition:

q + g → h+X(q, q, g) qi + qj(qj) → h+X(q, q, g)
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• NNLO result reduces scale dependence considerably

• Good News!
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PDFs for LHC
[CTEQ,MSTW,ABKM,ABM,NNPDF]
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αs,mc,mb
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• CTEQ, MSTW, ABM and NNPDF come with different PDF sets with different choices of
αs,mc,mb • Choice of PDF set can bring in significant uncertainty of the order 10 to 20%
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VR,J.Smith,W.L.van Neerven
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tion gives less than 9%
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• Φab(x) becomes large when
x → xmin = τ

• Dominant contribution to Higgs production
comes from the region when x → τ

• It is sufficient if we know the partonic cross
section when x → τ

• x → τ is called soft limit.

• Expand the partonic cross section around
x = τ .
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• Compute the entire cross section in the "soft limit".

OR

Extract from "Form factors and DGLAP kernels" using

1) Factorisation theorem 2) Renormalisation Group Invariance
3) Sudakov Resummation
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R) + α2

s(Q
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)

Soft contribution exponentiates

S(z,Q2, µ2
R) = C exp

(

Ψ(z,Q2, µ2
R)

)

Ψ(z,Q2, µ2
R) is”finite distribution”

Cef(z) = δ(1 − z) +
1

1!
f(z) +

1

2!
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1
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(τ

x
,mH

)

τ =
m2

H

S

mH

σ (pb) LHC(14 TeV)
N4LO(pSV)
N3LO(pSV)
NNLO
NLO
LO

10

20

30

40

50

60

70

100 150 200 250

Gluon flux is largest at LHC

• Finite terms in F I and ΦI at 3-loop are still
missing

• We can not predict δ(1 − z) part at 3-loop.

• At 3-loop we can predict all

Dj j = 5, 4, 3, 2, 1, 0



- p. 27/50

Soft plus Virtual part at N
3
LOpSV for Higgs Production

S.Moch,A.Vogt;E.Laenen,L.Magnea;VR

2S dσP1P2 (τ,mH) =
∑

ab

∫ 1

τ

dx

x
Φab (x) 2ŝ dσ̂ab
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• Finite terms in F I and ΦI at 3-loop are still
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• At 3-loop we can predict all

Dj j = 5, 4, 3, 2, 1, 0
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Dj j = 7, 6, 5, 4, 3, 2

• They contribute bulk of the cross section



- p. 28/50

Soft gluon Resummation beyond NNLL for Higgs production

S.Catani,P.Nason,D.DeFlorian,M.Grazzini; S.Moch,A.Vogt;E.Laenen,L.Magnea



- p. 28/50

Soft gluon Resummation beyond NNLL for Higgs production

S.Catani,P.Nason,D.DeFlorian,M.Grazzini; S.Moch,A.Vogt;E.Laenen,L.Magnea

0

0.5

1

1.5

2

100 120 140 160 180 200

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 2 TeV

LO

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 14 TeV

LO

0

20

40

60

80

100 150 200 250 300



- p. 28/50

Soft gluon Resummation beyond NNLL for Higgs production

S.Catani,P.Nason,D.DeFlorian,M.Grazzini; S.Moch,A.Vogt;E.Laenen,L.Magnea

0

0.5

1

1.5

2

100 120 140 160 180 200

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 2 TeV

LO

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 14 TeV

LO

0

20

40

60

80

100 150 200 250 300

• N3LL resummation exponents are available now.



- p. 28/50

Soft gluon Resummation beyond NNLL for Higgs production

S.Catani,P.Nason,D.DeFlorian,M.Grazzini; S.Moch,A.Vogt;E.Laenen,L.Magnea

0

0.5

1

1.5

2

100 120 140 160 180 200

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 2 TeV

LO

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 14 TeV

LO

0

20

40

60

80

100 150 200 250 300

• N3LL resummation exponents are available now.
• N3LL resummation does not change the picture much. Fixed orderN3LOpSV is very

close to the N3LL resummed result.



- p. 28/50

Soft gluon Resummation beyond NNLL for Higgs production

S.Catani,P.Nason,D.DeFlorian,M.Grazzini; S.Moch,A.Vogt;E.Laenen,L.Magnea

0

0.5

1

1.5

2

100 120 140 160 180 200

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 2 TeV

LO

MH(GeV)

σ(pp → H+X) [pb]

NLO

N2LO

N3LOSV

+ N3LL

√s = 14 TeV

LO

0

20

40

60

80

100 150 200 250 300

• N3LL resummation exponents are available now.
• N3LL resummation does not change the picture much. Fixed orderN3LOpSV is very

close to the N3LL resummed result.
• Since QCD corrections can reduce the scale uncertainties only to 10% − 20%,

contributions from electroweak sector is also important.
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2-loop Electroweak, Mixed QCD and Electroweak, b quark con-
tributions:
U.Aglietti et al;G.Degrassi,F.Maltoni;G.Passarino et al;Anastasiou et
al;W.Keung,F.Petriello,O.Brein

H "interferece" with "t" loop + NLO QCD

g

b

g

Pure QCD processes interference with Electroweak Processes:

H

g

g

W, Z

H

g

g

W, Z

H

g

g

W, Z

Electroweak: 5%(mH = 120 Gev) and −2% (mH = 300GeV); b quark loops contribute
5 − 6% at mH = 120 GeV at LHC
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NLO with exact top quark mass
contributions, NNLO in the large top
quark mass limit, EW corrections
given by Passarino et al and use
exact solutions to the RG
equations of soft,collinear and
hard pieces of the cross section.
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• Ahrens,Becher,Neubert,Yang:
NLO with exact top quark mass
contributions, NNLO in the large top
quark mass limit, EW corrections
given by Passarino et al and use
exact solutions to the RG
equations of soft,collinear and
hard pieces of the cross section.

Good perturbative stability from LO onwards, I believe that this is the most reliable approach
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• Scale uncertainty goes down a lot
• Additional 7 − 9% increase in cross section due to N3LO soft gluons.
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√
s = 8 TeV, using the

MSTW2008 parton densities.

σbest = σNNLO + σNNLL + σEW + σtb
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Cross sections (in pb) at the LHC (µF = µR = mH ) with
√
s = 8 TeV, using the
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mH σbest PDF Scale
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−1.75

129 18.66 +0.48
−0.59

+1.57
−1.73

130 18.38 +0.47
−0.58

+1.54
−1.70
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- p. 32/50

Total cross section for Higgs production at
√
s = 8 TeV

J.Smith, V. Ravindran

Cross sections (in pb) at the LHC (µF = µR = mH ) with
√
s = 8 TeV, using the

MSTW2008 parton densities.

σbest = σNNLO + σNNLL + σEW + σtb

mH σbest PDF Scale

114 23.87 +0.60
−0.76

+2.08
−2.22

115 23.46 +0.59
−0.74

+2.04
−2.18

116 23.07 +0.58
−0.73

+2.00
−2.14

117 22.68 +0.57
−0.72

+1.96
−2.11

118 22.30 +0.56
−0.71

+1.92
−2.07

119 21.93 +0.55
−0.69

+1.88
−2.03

120 21.57 +0.54
−0.68

+1.85
−2.00

121 21.21 +0.53
−0.67

+1.81
−1.97

122 20.87 +0.53
−0.66

+1.78
−1.93

123 20.53 +0.52
−0.65

+1.75
−1.90

124 20.20 +0.51
−0.64

+1.71
−1.87

125 19.88 +0.50
−0.63

+1.68
−1.84

126 19.57 +0.50
−0.62

+1.65
−1.81

127 19.26 +0.49
−0.61

+1.62
−1.78

128 18.96 +0.48
−0.60

+1.59
−1.75

129 18.66 +0.48
−0.59

+1.57
−1.73

130 18.38 +0.47
−0.58

+1.54
−1.70

• NNLO QCD corrections contributes
bulk of the cross section

• Mixed electroweak and b quark
contributions account for 5 − 10%

• NNLL resummations are ac-
counted for through µR = µF = mH
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Total cross section for Higgs production at
√
s = 8 TeV

J.Smith, V. Ravindran

Cross sections (in pb) at the LHC (µF = µR = mH ) with
√
s = 8 TeV, using the

MSTW2008 parton densities.

σbest = σNNLO + σNNLL + σEW + σtb

mH σbest PDF Scale

114 23.87 +0.60
−0.76

+2.08
−2.22

115 23.46 +0.59
−0.74

+2.04
−2.18

116 23.07 +0.58
−0.73

+2.00
−2.14

117 22.68 +0.57
−0.72

+1.96
−2.11

118 22.30 +0.56
−0.71

+1.92
−2.07

119 21.93 +0.55
−0.69

+1.88
−2.03

120 21.57 +0.54
−0.68

+1.85
−2.00

121 21.21 +0.53
−0.67

+1.81
−1.97

122 20.87 +0.53
−0.66

+1.78
−1.93

123 20.53 +0.52
−0.65

+1.75
−1.90

124 20.20 +0.51
−0.64

+1.71
−1.87

125 19.88 +0.50
−0.63

+1.68
−1.84

126 19.57 +0.50
−0.62

+1.65
−1.81

127 19.26 +0.49
−0.61

+1.62
−1.78

128 18.96 +0.48
−0.60

+1.59
−1.75

129 18.66 +0.48
−0.59

+1.57
−1.73

130 18.38 +0.47
−0.58

+1.54
−1.70

• NNLO QCD corrections contributes
bulk of the cross section

• Mixed electroweak and b quark
contributions account for 5 − 10%

• NNLL resummations are ac-
counted for through µR = µF = mH

• Scale uncertainty is around ±8%
for mH = 113 − 130 GeV.

• PDF uncertainty is around ±3%
at mH = 113 − 130 GeV.
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Higgs from Weak-Boson Fusion(WBF) at LHC

(a) (b)

g

Q

V

V
H

Q Q

H

Q

q q q q

• This is a promising channel for the discovery
• A clean channel to measureH → bb̄, τ+, τ−,WW, γγ, invisible

• It will be a clean experimental obervation with a statistical accuracy ranging from 5% to
10%.

• So precise measurement of Higgs coupling to various SM particles is possible only if the
theoretical error is well below 10%.

• Need to include higher order corrections to WBF processes
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Typical QCD corrections to WBF

(a) (b)

(c) (d)

g(p1)

Q

V(q)
H

q

Q

QQQQ

QQ

q(p2)

qqq(p2)

HH

H

gg(pa)

g

q(p1)

q
V(q)

q(pa)

• Virtual corrections, real emissions due to gluons
• Gluon initiated processes
• No color exchange, hence computations are relatively easy
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Results

• NLO QCD is by Figy, Oleari, Zeppenfeld
• NLO QCD+EW by Ciccolini,Denner, Dittmaier
• NLO SUSY by Figy,Palmer, Weiglein
• Beyond NLO: gluon fusion/WBF, Anderson,Binoth, Heinrich,Smillie, Brendenstein,

Hagiwara, Jager Gluon Induced WBF: Harlander, Vollinga, Weber, DIS-like NNLO, Bolzoni,
Maltoni, Moch, Zaro
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Higgs strahlung at NNLO
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• The corrections are 3% at LHC and 10% at Tevatron

• Scale uncertainity is around 10% at NLO level

• NNLO reduces it to 2 − 3% at NLO level
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QCD+Electroweak

• NNLO QCD corrections are comparable to electtrowead corrections
• Electro weak corrections has opposite sign
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QCD+Electroweak

NLO: Han, Willenbrock , NNLO: Brein, Djouadi, Harlander EW: Ciccolini,
Dittmaier, Kramer
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Associated Production of Higgs with tops

Processes:
p p̄ /p p → t+ t̄+H

Sub processes(leading order(LO)):

q q̄ → t+ t̄+H

g ḡ → t+ t̄+H

q

q̄

t

H

t̄

t

H

t̄

g

g

• Rate will be very small! BUT ...

• At Tevatron, these are clean events for Higgs mass below 140 GeV

• At LHC, these are clean events for Higgs mass below 125 GeV

• Fine determination of Top-Yukawa coupling is possible
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Why NLO?

• Theoretical Uncertainties in the LO cross section is large:

0.2 0.5 1 2 4
µ/µ0

200

400

600

800

1000

1200

1400

σ LO
 (

fb
)

σLO

√s=14 TeV
Mh=120 GeV

µ0=mt+Mh/2

CTEQ5 PDF’s

σP1,P2 ∼
(

αs(µR)

4π

)2

Φab(ŝ, µF )

• a) Renormalization scale through strong coupling constant αs(µR)

b) Factorisation scale µF through parton distribution functions

c)Various parton densities themselves

• Uncertainity: 100% − 200%
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NLO processes

Next to Leading order QCD corrections:
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H
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Scale dependence on σNLO at LHC

Beenakker,Dittmaier, Kramer,Plumper,Spira,Zerwas;
Dawson,Reina,Wackeroth,Orr,Jackson NLO+PS: Frederix, Frixione, Hirschi,Maltoni,
Pittau,Torielli-aMC@NLO; Garzelli,Kardos,Papadopoulos,Troosanyi,PowHel

0.2 0.5 1 2 4
µ/µ0

200

400

600

800

1000

1200

1400

σ LO
,N

LO
 (

fb
)

σLO

σNLO

√s=14 TeV
Mh=120 GeV

µ0=mt+Mh/2

CTEQ5 PDF’s

• µ0= mt +Mh/2 and µ=2mt +Mh.
• LO theoretical uncertainty is 100% to 200% With NLO, Scale uncertainty reduces 10%,

PDF uncertainty to 7% Total theoretical uncertainty reduces substantially to 15% to 20%

• σNLO(g + g → t+ t̄+ h) is stable under scale σNLO(q + g → t+ t̄+ h) is very
sensitive to scale
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Total cross section at LHC
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σNLO , µ=2µ0

√s=14 TeV

µ0=mt+Mh/2

CTEQ5 PDF’s

• σNLO(g + g → t+ t̄+ h) is dominant

• σNLO(q + q̄ → t+ t̄+ h) and σNLO(q + g → t+ t̄+ h) are less dominant
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ICHEP 2010: Tevatron updates

ICHEP: Data of 5.9 fb−1 at CDF and 6.7 fb−1 at D0 exclude Higgs of mass in
158 < mH < 175 GeV/c2.
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ICHEP 2010: Tevatron updates

ICHEP: Data of 5.9 fb−1 at CDF and 6.7 fb−1 at D0 exclude Higgs of mass in
158 < mH < 175 GeV/c2.
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Winter 2011: Combined Tevatron updates

Data of 8.3fb−1 exclude Higgs of mass in 158 < mH < 173 GeV/c2 at 95% CL.
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Winter 2011: Combined Tevatron updates

Data of 8.3fb−1 exclude Higgs of mass in 158 < mH < 173 GeV/c2 at 95% CL.
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July 2012: Combined Tevatron updates

Data of 10fb−1 exclude Higgs of mass in 100 < mH < 106, 147 < mh < 179 GeV/c2

at 95% CL.
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July 2012: Combined Tevatron updates

Data of 10fb−1 exclude Higgs of mass in 100 < mH < 106, 147 < mh < 179 GeV/c2

at 95% CL.

Excess over background in the mass range 115 < mh < 135 GeV/c2 with significance of
2.7 sigma (local).
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ATLAS results: Moriond EW’2012
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ATLAS results: Moriond EW’2012
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ATLAS results: Moriond EW’2012
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ATLAS results: Moriond EW’2012

• 95% exclusion onmH :
110 − 117, 118.5 − 122.5, 129 −
539 GeV

• 99% exclusion onmH :
130 − 486 GeV

• 95% allowedmH :
117.5 − 118.5, 122.5 − 129 GeV

• Excess for mH :
126.5 GeV 2.8σ local,1.5σ global
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CMS results: Moriond EW’2012
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CMS results: Moriond EW’2012
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CMS results: Moriond EW’2012
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CMS results: Moriond EW’2012
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CMS results: Moriond EW’2012

• 95% exclusion onmH :
127 − 600 GeV

• 99% exclusion onmH :
129 − 525 GeV

• 95% allowedmH :
114 − 127.5 GeV

• Excess for mH :
125 GeV 2.8σ local,0.8σ global
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Theory influence on the rates
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Theory influence on the rates



- p. 49/50

Theory influence on the rates
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Theory influence on the rates
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Theory influence on the rates

Sub leading corrections due to finite top mass at NNLO are now known and
the large top mass limit works well (0.5%) upto mH = 300 GeV.
R.Harlander et al;M. Steinhauser et al
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Conclusions
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• fixed order QCD corrections contribute bulk of the cross section
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Conclusions

• fixed order QCD corrections contribute bulk of the cross section

• Two loop EW corrections, mixed QCD-electroweak and b quark contributions account for 5%

•NNLL resummation effects can be included through suitable central scale choice.

• At
√
S = 8% TeV, the scale uncertainty is around 8% at mH = 125 GeV
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Conclusions

• fixed order QCD corrections contribute bulk of the cross section

• Two loop EW corrections, mixed QCD-electroweak and b quark contributions account for 5%

•NNLL resummation effects can be included through suitable central scale choice.

• At
√
S = 8% TeV, the scale uncertainty is around 8% at mH = 125 GeV

• At
√
S = 8% TeV, the PDF uncertainty is around 3% at mH = 125 GeV.
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