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e Higgs Phenomenon
e Higgs in the Standard Model

® Bounds on Higgs mass from theory
o Unitarity
o Landau pole
o Perturbativity

® Bounds on Higgs mass from experiments
e Higgs Decays
e Higgs Production
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Higgs decay to pair of photons can be described by an effective Lagrangian
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Higgs Decay
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Decay rates are proportional to coupling constants and the massies:
e Strong coupling constant (as(Mz) = 0.1172 4 0.002)

® Quark masses (m¢ = 178 + 4.3 GeV, my = 4.88 £+ 0.07 GeV and
me = 1.64 £+ 0.07 GeV)
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Gluon fusion

® |nclusive Higgs production
g+g—h—>bb,T7,WW, ZZ,~~

e Gluon fusion dominates at high 4/s due to large gluon flux and top Yukawa interaction.

e Large cross section for bb final states but with huge background around
signal /bacground = 10—8. Most difficicult to discover.

g+g9g—>h—>WTW~/ZZ/~vy

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

e |deal discovery mode.

- p. 8/50



Vector Boson Fusion

- p. 9/50



Vector Boson Fusion

q+q¢ - (V+V) -  h+q+dq
h— 17 +77

- p. 9/50



Vector Boson Fusion

q9+q¢ - (V+V) -  h+tq+d
h— 17 +77

® No color exchange due to t channel process.

e Signalis
a) two jets with one in the forward and the other in the backward direction and
b) jet veto in the central region.

e Background is very less
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Vector Boson Fusion

q9+q¢ - (V+V) -  h+tq+d
h— 17 +77

® No color exchange due to t channel process.

e Signalis
a) two jets with one in the forward and the other in the backward direction and
b) jet veto in the central region.

e Background is very less

e (Good discovery channel.
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Higgs Strahlung

QJ

o |Ifmy, < 200 GeV, W boson with Higgs is one of the most promising channel at Tevatron.
o W sl+4+vandh — (WTW™)/bb

e At LHC, the cross section is small
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e From efficient b taging, missing energy (v), two tops can be identified

® The signal is the peak in the spectrum of the remaining two b’s.
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e \ery small cross section due to phase space

t—b 4+ W

t—b + W
W — (v,l)
W_>(q9q,)

e From efficient b taging, missing energy (v), two tops can be identified

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

e |arge luminosity is requied to increase the sensitivity.
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Parton Model

Bjorken, Feynman

Py + P> — higgs + X

2
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® f,(7) are parton distribution functions inside the hadron P.
e Non-perturbative in nature and process independent.
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Parton Model

Bjorken, Feynman

Py + P> — higgs + X

2
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2
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® f,(7) are parton distribution functions inside the hadron P.
e Non-perturbative in nature and process independent.

® &5,p are the partonic cross sections.
e Perturbatively calculable.
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Renormalisation Group Invariance
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Renormalisation Group Invariance
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Renormalisation Group Invariance
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e Renormalisation Group Invariance:
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dp

More and more terms in the perturbative expansion can reduce the scale uncertainty
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Higgs production at Leading Order(LO)

Hinchcliff, many others
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Higgs production at Leading Order(LO)

Hinchcliff, many others
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Higgs production at Leading Order(LO)
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Higgs production at NLO

Djouadz,Spira, Zerwas, Dawson

e Compute Next to leading order NLO QCD corrections to LO processes
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Higgs production at NLO

Djouadz,Spira, Zerwas, Dawson

e Compute Next to leading order NLO QCD corrections to LO processes
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e Heavy quarks in the loops make the computation difficult.

e All the soft and collinear divergences are regulated in dimensional regularisation
n =4+ e.
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Higgs production at NLO

Djouadz,Spira, Zerwas, Dawson

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

as(ur)

1) /4
A7 Agb)(samia HF IJ'R)

~ ~ ~ (0 ~
do’ab(sa mia HF, NR) — do-c(y,b) (Samia #'R) 1+

LO NLO

g+g—h g+ g — h + one loop
g+g9g—+h+g
q+9 —h+gq
q+qg—>h+g

e Heavy quarks in the loops make the computation difficult.

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

® Collinear mass factorisation is done in M S scheme.
|

|
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NLO result and Scale Variation
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e Scale uncertainity is not improved much
e Even NLO is unreliable and calls for NNLO
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e Next to Next to Leading order (NNLO) computation is inevitable!

- p. 18/50



What next?....NNLO

e 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

- p. 18/50



What next?....NNLO

e 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

e 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.

- p. 18/50



What next?....NNLO

e 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

e 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.

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

- p. 18/50
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e 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

e 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.

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

e \With present technology it is impossible to compute NNLO contributions to Higgs production
with the heavy quarks.
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e Computation with finite m¢ is non-trivial! but mj; < 2my, the computation is tractable.

e Systematic method is to derive an Effective Action which captures the large m limit.
S = 80cD.m, + VGrm: / i 3, ()i () d()
® |ntegrate out the m degrees of freedom.

Sers = Sqopamy-1+Kw [ de B @)F0 (@) ¢x)
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e Computation with finite m¢ is non-trivial! but mj; < 2my, the computation is tractable.

e Systematic method is to derive an Effective Action which captures the large m limit.
S = 5qop.n, + VGrm [ dia B (@)ii(@) @)
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® F7, () is gluon field strenth operator.
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Effective Action at large m;

e Computation with finite m¢ is non-trivial! but mj; < 2my, the computation is tractable.

e Systematic method is to derive an Effective Action which captures the large m limit.
S = 5qop.n, + VGrm [ dia B (@)ii(@) @)
® |ntegrate out the m degrees of freedom.
Sets = S@cpm, 1+ Kw / diz Fo, (x)FP(z) b(z)
* Kw = Zw (ur, 1) Cw (m¢, mp, uR)
® F7, () is gluon field strenth operator.

o Cw (m¢, mp, pr) is Wilson coefficient

® Zw (;uR, %) Is the operator renormalisation constant withn = 4 + e

® S.sr describes the coupling of higgs with gluon in the large m limit.

® S.¢+ 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:
% \;fig + 635 terms;
Double Real:
% % + 594 terms.
e
In addition:

q+g9— h++ X(q,q,9) q; +q;(a;) =+ h+ X(q,q,9)
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Scale dependence at LHC

Harlander, Kilgore, Anastasiou, Melnikov, van Neerven, Smith,
V.Ravindran
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Scale dependence at LHC

Harlander, Kilgore, Anastasiou, Melnikow,

V.Ravindran
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Scale dependence at LHC

Harlander, Kilgore, Anastasiou, Melnikov, van Neerven, Smith,
V.Ravindran

o(pp - H+X) [pb] Vs=14TeV
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e NNLO result reduces scale dependence considerably
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Scale dependence at LHC

Harlander, Kilgore, Anastasiou, Melnikov, van Neerven, Smith,
V.Ravindran
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e NNLO result reduces scale dependence considerably

e Good News!

- p. 21/50



PDFs for LHC

[CTEQ,MSTW,ABKM,ABM,NNPDF]

LHC parton kinematics

109 E LA LIS DL LLL IR LL I BLRLLLLL BRI LLL BLLRLLLLY
[ X, = (M/14 TeV) exp(zy) . .
WL Q=M M = 10 Tev g9 luminosity at LHC (s = 7 TeV)
E Al 1.2é/> \ l_}‘\l | III| i [ i Ii I §I I IIII ll_
10 E _ -! :Z% \ \ — i
E O 115 .| — msTwos 3
o K7 \\ |44 CTEQ6.6 I
o L . % 1AE D, N\ S ABKMO9 I
~ ',/ % \ !
— 10F 3 O 1055407 3
= - N, : ]
3 4 E G A/ ]
~ 10'F M = 100 GeV 4 o 1F I :
© S N, ]
10° E ; . ;/ E
= 09l g
10° n 09 - -
= : ]
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: 0.8 -3 | L1 1111 |2 1' : (| l (NG l )
10° sl sl sl sl sk g 107 MG tt 10
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X
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PDFs for LHC

[CTEQ,MSTW,ABKM,ABM,NNPDF]

LHC parton kinematics

109 E LA LIS DL LLL IR LL I BLRLLLLL BRI LLL BLLRLLLLY
[ X, = (M/14 TeV) exp(zy) . .
WL Q= M = 10 Tev g9 luminosity at LHC (s = 7 TeV)
E Al 1-24/> T “\I L II| i I i [ i I ;I [ III ll_
7 4 BN R 1
10 F E G 115 %25 . |— MsTwos A
o B N\ #4 CTEES 1
o b 3 % VAR N\ S ABKMO9 i
g ;{ /' E
— 10 : O 105575 )\ 3
> -l T X/ \ ' 7
Q Hy 0 V4
Q) Z F s 4 ]
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© 8 C TR .
10° E ; 095{ E
= 09k E
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s I ;
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: 0.8 P’ 1 L1 1111 |2 1' ! 2 1 l LIl I )
10° sl sl sl sl sl g 107 mGen tt 10
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s/s
X

e CTEQ, MSTW, ABM and NNPDF come with different PDF sets with different choices of
as,mc, mb
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PDFs for LHC

[CTEQ,MSTW,ABKM,ABM,NNPDF]

LHC parton kinematics
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e CTEQ, MSTW, ABM and NNPDF come with different PDF sets with different choices of
as,me, mp © Choice of PDF set can bring in significant uncertainty of the order 10 to 20%
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NNLO QCD corrected Higgs Cross sectionat  +/S = 14 TeV

mpy/2 < pr = pr < 2mpyg
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NNLO QCD corrected Higgs Cross sectionat  +/S = 14 TeV
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O QCD corrected Higgs Cross section at

= 14 TeV
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O QCD corrected Higgs Cross section at = 14 TeV
my/2 < prp = pr < 2mpy
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NNLO QCD corrected Higgs Cross sectionat  +/S = 14 TeV

myg/2 < pr = pr < 2mpgy

. Vs= : . .
iR DML A L A.Djouadi, D. Grandenz, M.Spira, P. Zerwas

o(pp — H+X) [pb] Vs=14TeV

—— LO Harlander ] 10 |
1100 120 140 160 180 200 220 240 260 280 300 : NNLO  Harlander-
GeV
a(pp— H+X) [pb] TR o i NLO
A B A A B U B I L _I_O
1100 120 140 160 180 200 220 240 260 280 300
R.Harlander;S. Catans, My, [GeV]
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R.Harlander,B. Kilgore; C. Anastasiou, Melnikov;
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Soft gluons dominates!

S.Catani, P.Nason,M.Grazzini, D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea, Moch, Vogt, VR
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Soft gluons dominates!

S.Catani, P.Nason,M.Grazzini, D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea, Moch, Vogt, VR

1d
2S dot1 P2 (T,mH):E / —mfbab(w)Zéd&ab(
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e Soft gluon NNLL resumma-

tion gives less than 9%

correction at the LHC
S.Catani,D.DeFlorian,P.Nason,M.Grazzin:
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Soft gluons dominates!

S.Catani, P.Nason,M.Grazzini, D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea, Moch, Vogt, VR
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Soft gluons dominates!

S.Catani, P.Nason,M.Grazzini, D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea, Moch, Vogt, VR

1 d 2
25 do 112 (Tymp) = E / —w‘I)ab (x) 28 d&ab <I,mH) T = ’m‘,S{_I
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X = Q4/S
e Soft gluon NNLL resumma-
tion gives less than 9%

correction at the LHC
S.Catani,D.DeFlorian,P.Nason,M.Grazzin:

e Expand the partonic cross section around
r = T.
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Soft+Virtual part of N3LO and NNLL resummation

G.Sterman;S.Catani, P. Nason, M. Grazzini,D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea; Moch, Vogt, VR
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Soft+Virtual part of N3LO and NNLL resummation

G.Sterman;S.Catani, P. Nason, M. Grazzini,D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea; Moch, Vogt, VR

® Expand the partonic cross section around = 7 orz = = = 1.

- p. 25/50



Soft+Virtual part of N3LO and NNLL resummation

G.Sterman;S.Catani, P. Nason, M. Grazzini,D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea; Moch, Vogt, VR

® Expand the partonic cross section around = 7 orz = = = 1.

dé(z) = €0 (2) + i(l — z)t¢® z =

=1

3108
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Soft+Virtual part of N3LO and NNLL resummation

G.Sterman;S.Catani, P. Nason, M. Grazzini,D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea; Moch, Vogt, VR

® Expand the partonic cross section around = 7 orz = = = 1.
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Soft+Virtual part of N3LO and NNLL resummation

G.Sterman;S.Catani, P. Nason, M. Grazzini,D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea; Moch, Vogt, VR

® Expand the partonic cross section around = 7 orz = = = 1.

dé(z) =CO(z) + > (1 —2)c® .-z
=

=1

[ C(O);

oo kiq
= (1—2) N

° C((,i) will be pure constants such as ¢(2), ¢(3).
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Soft+Virtual part of N3LO and NNLL resummation

G.Sterman;S.Catani, P. Nason, M. Grazzini,D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea; Moch, Vogt, VR

Expand the partonic cross section around x = 7 or z = £ = 1.

do(z) =cO(z)+ > (1 —2)c®
1=1
c(0):
c®=clo1—z+ > ci¥ (

k=0

cé’“ will be pure constants such as ¢(2), ¢(3).

Compute the entire cross section in the "soft limit".

logk(1 — 2)

(1 —2)
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Soft+Virtual part of N3LO and NNLL resummation

G.Sterman;S.Catani, P. Nason, M. Grazzini,D.DeFlorian; R. Harlander,
B.Kilgore; E. Laenen, L. Magnea; Moch, Vogt, VR

® Expand the partonic cross section around = 7 orz = = = 1.

dé(z) =CO(z) + > (1 —2)c® .-z
=

1=1

[ C(O);

oo k(q
= (1—2) N

° cé’“ will be pure constants such as ¢(2), ¢(3).

] 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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Factorisation of Soft and Collinear partons

G.Sterman,S.Catans
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Factorisation of Soft and Collinear partons

G.Sterman,S.Catans
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Factorisation of Soft and Collinear partons

G.Sterman,S.Catans

A(z,Q%) = §(1—2)+ as(Q?) <a116(1 )4 22

T—zy 2 (5 _Z)>+

1— =2

+R1(z)> +a§(Q2)(---+---+---+R2(z)> 4

R;(z) areregularas z — 1
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Factorisation of Soft and Collinear partons

G.Sterman,S.Catans

(@ = st omth 0+ 2 e (),

+R1(z)> +a§(Q2)(---+---+---+R2(z)> 4

R;(z) areregularas z — 1

Soft distribution functions factorise
A(zQ% = S(2Q%uk)® (51— 2)
+as(Q*)Ri(z, Q% 1) + a2(QM)Ra(2, Q% nk) + - -+
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Soft contribution exponentiates
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Factorisation of Soft and Collinear partons

G.Sterman,S.Catans

(@ = st omth 0+ 2 e (),

+R1(z)> +a§(Q2)(---+---+---+R2(z)> 4

R;(z) areregularas z — 1

Soft distribution functions factorise
A(zQ% = S(2Q%uk)® (51— 2)
+as(Q*)Ri(z, Q% 1) + a2(QM)Ra(2, Q% nk) + - -+

Soft contribution exponentiates

S(z, Q2 qu) = Cexp <‘Il(z, Q>2, ;1,2R)> U(z,Q%2, ;1,2R) 1s”finite distribution”
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Soft plus Virtual partat N3LO,gsy for Higgs Production

S.Moch,A.Vogt;E. Laenen,L. Magnea; VR
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Soft plus Virtual part at

N3LO,gsvy for Higgs Production

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

P, P tda
2Sdo 172 (t,mpy) = E —
ab T L
70 | T I I
o (pb) LHC(14 TeV)
O N*LO(pSV)
60 X . N3LO(pSV)

50 b\
40 |
30 F
20 |

10 |

NNLO

100

150

Gluon flux is largest at LHC

B0 () 25 d62P (

-
—y Ty
€£r

)

- p. 27/50



Soft plus Virtual part at

N3LO,gsvy for Higgs Production

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

1

dx
28 doP1P2 (r,mpy) = E / —
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Gluon flux is largest at LHC
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£Ir

e Finite terms in FI and ®! at 3-loop are still
missing
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Soft plus Virtual part at

N3LO,gsvy for Higgs Production

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

1

dx
28 doP1P2 (r,mpy) = E / —
ab ’ T L
70 | T I I
o (pb) LHC(14 TeV)
O N*LO(pSV)
60 X . N3LO(pSV)

50 b\
40 |
30 F
20 |

10 |

NNLO

100

150

Gluon flux is largest at LHC

m
B0 () 25 d62P (Z,mH) r=_H
£Ir

e Finite terms in FI and ®! at 3-loop are still
missing

e \We can not predict §(1 — =) part at 3-loop.
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Soft plus Virtual partat N®LO,syv for Higgs Production

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

L dx T m?2
mhwﬁ&cany:Ej/-—@w@»%d&wcme) = H
s T T S
ab
70 - I I I I I . . . I I .
o (pb) LHC(14 Tev) e Finite termsin F* and ®* at 3-loop are still
b N"LO(pSV) ; H
60 _‘\ _______ N3LO(pSV) mISSIng

NNLO

%0 r e \We can not predict §(1 — =) part at 3-loop.
40 |
- e At 3-loop we can predict all
30 -
! D; j=5,4,3,2,1,0
20 |

10 |

® .
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.
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Soft plus Virtual partat N®LO,syv for Higgs Production

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

1 dx T m?2
25 doP1 P2 (rymp) = 3 [ oy (@286 (Zmy)  r= T
s T T S
ab
70 r ' ' | ' |
.oeee R asy) e Finite terms in FI and &I at 3-loop are still
60 K. o e NLO(pSV) missing

—  NNLO
50 b\
e \We can not predict §(1 — =) part at 3-loop.
40 |
w0 L ® At 3-loop we can predict all
- D; j=5,4,3,2,1,0
20
® At 4-loop, we can predict only

10 |

® .
c e
.
e .
LY
LY
.
.....

D; j=17,6,5,4,3,2

100 150 m 200 250

Gluon flux is largest at LHC
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Soft plus Virtual part at

N3LO,gsvy for Higgs Production

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

70

50 b\
40 |
30 F
20 |

10 |

60 R

100

P, P: tdx
2Sdo 172 (t,mpy) = E -
ab T L
T I T I
o (pb) LHC(14 TeV)
............. N*LO(pSV)
_______ N3LO(pSV)

—  NNLO

® .
c e
.
e .
LY
LY
.
.....

150

Gluon flux is largest at LHC

m
B0 () 25 d62P (Z,mH) r=_H
£Ir

e Finite terms in FI and ®! at 3-loop are still
missing

e \We can not predict §(1 — =) part at 3-loop.

e At 3-loop we can predict all

D; j=5,4,3,2,1,0
® At 4-loop, we can predict only

D, j=17,6,54,3,2

e They contribute bulk of the cross section
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Soft gluon Resummation beyond /NN LL 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

N N LL for Higgs production

S.Catani, P.Nason,D.DeFlorian, M. Grazzini; S.Moch,A.Vogt;E. Laenen, L. Magnea
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Soft gluon Resummation beyond NN LL for Higgs production

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

80
5L o(pp — H+X) [pb] b i o(pp — H+X) [pb] I
N ] 60 & _
"\ - - - NLO ) A\ - - - NLO 1
NS
i N N2LO ] AW —emem N?LO ]
i ] [ — N3O |
. ] 40 N sV 7
1 - ]
0.5 [ h
[ Vs=2Tev Ttcteee.... T _:'__ L Vs=14Tev  TTttreeee.... &
O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I. .I. .I ] o 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
100 120 140 160 180 200 100 150 200 250 300
M, (GeV) M, (GeV)

e N3LL resummation exponents are available now.
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Soft gluon Resummation beyond NN LL for Higgs production

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

80
5L o(pp — H+X) [pb] b i o(pp — H+X) [pb] I
N ] 60 & _
"\ - - - NLO ) A\ - - - NLO 1
NS
i N N2LO ] AW —emem N?LO ]
i ] [ — N3O |
. ] 40 N sV 7
1 - ]
0.5 [ h
[ Vs=2Tev Ttcteee.... T _:'__ L Vs=14Tev  TTttreeee.... &
O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I. .I. .I ] o 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
100 120 140 160 180 200 100 150 200 250 300
M, (GeV) M, (GeV)

e N3LL resummation exponents are available now.

e N3LL resummation does not change the picture much. Fixed order N3LO,sv is very
close to the N3 L L resummed result.
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Soft gluon Resummation beyond NN LL for Higgs production

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

80
5L o(pp — H+X) [pb] b i o(pp — H+X) [pb] I
N ] 60 & _
"\ - - - NLO ) A\ - - - NLO 1
NS
i N N2LO ] AW —emem N?LO ]
i ] [ — N3O |
. ] 40 N sV 7
1 - ]
0.5 [ h
[ Vs=2Tev Ttcteee.... T _:'__ L Vs=14Tev  TTttreeee.... &
O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I. .I. .I ] 0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
100 120 140 160 180 200 100 150 200 250 300
M, (GeV) M, (GeV)

e N3LL resummation exponents are available now.

e N3LL resummation does not change the picture much. Fixed order N3LO,sv is very
close to the N3 L L resummed result.

e 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.Agliettr et al;G.Degrasst, F. Maltoni; G. Passarino et al; Anastasiou et
al; W.Keung, F.Petriello, O. Brein
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2-loop Electroweak, Mixed QCD and Electroweak, b quark con-
tributions:

U.Agliettr et al;G.Degrasst, F. Maltoni; G. Passarino et al; Anastasiou et
al; W.Keung, F.Petriello, O. Brein

g

bt H "interferece" with "t" loop + NLO QCD
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2-loop Electroweak, Mixed QCD and Electroweak, b quark con-
tributions:

U.Agliettr et al;G.Degrasst, F. Maltoni; G. Passarino et al; Anastasiou et
al; W.Keung, F.Petriello, O. Brein

g

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

Pure QCD processes interference with Electroweak Processes:
g

W,z
H

_— —— — —

w,Z W,z
H H
g g

Electroweak: 5%(m g = 120 Gev) and —2% (m g = 300GeV); b quark loops contribute
5 —6%atmpy = 120 GeV at LHC
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Renormalisation group improved result
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Renormalisation group improved result

s Vs=TTeV
20 | ]
20 MSTW2008NNLO .
2
215}
S [
10

5 | MSTW200SNLO

MSTW2008LO |

O | I BT R s s s
100 120 140 160 180 200
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Renormalisation group improved result

L B
s Vs=T1TeV
25 [ ]
20 MSTW2008NNLO . ® Ahrens,Becher, Neubert, Yang:

NLO with exact top quark mass

exact solutions to the RG
equations of soft,collinear and

hard pieces of the cross section.

%15 i contributions, NNLO in the large top
: [ quark mass limit, EW corrections
10 [ given by Passarino et al and use

5 | MSTW2008NLO

; MSTW2008LO
O T I RS SR RS
100 120 140 160 180 200
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Renormalisation group improved result

L B
s Vs=T1TeV
25 [ ]
20 MSTW2008NNLO . ® Ahrens,Becher, Neubert, Yang:

NLO with exact top quark mass

exact solutions to the RG
equations of soft,collinear and

hard pieces of the cross section.

%15 i contributions, NNLO in the large top
‘b/ [ quark mass limit, EW corrections
10 [ given by Passarino et al and use

5 | MSTW2008NLO

MSTW2008LO |

O | C e
100 120 140 160 180 200

Good perturbative stability from LO onwards, | believe that this is the most reliable approach
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Soft gluons at  N®LO,sv for Higgs production ( 8 TeV)
VR, J. Smith

R — UNiLo(M)
oniro(Ho)
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Soft gluons at N®LO,sv for Higgs production ( 8 TeV)

VR, J. Smith

R — UNiLo(M)
oniro(Ho)

30 I T T T T I T T T I ILOI
- LHC(8 TeV) " Lo
[ MeZHe=l2Zmy, — NNLO
[ MSTw  NPLO(sV)
25 - —
o (pb) L _
15 — —
5 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
115 120 my, 125 130
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Soft gluons at N®LO,sv for Higgs production ( 8 TeV)

VR, J. Smaith
R — oniro (1)
oniro(ro)
30 L A A — T T 5
: L H_C(8 -]I—JeZV) —— II:IE)O - 2.5 I T T T I T T T T I T T T T I ILOI T T |
L MeN _— ms'\‘l'_-&spv) - LHC(8 TeV) _____ NLO i
L —_— Ho=H =p NNLO 4
25 ] | mF;:1F25 GeVv N° LO(SpV)]
o (pb) L ] > MSTW _
20 F . o (P ]
\ 1.5 ]
15 - — - :
10 __  h 1 ]
5 1:|L5 1 1 1 1 1|20 | -m ) ) 1I25 \ ! \ \ T30 05 | | | i
H
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Soft gluons at N®LO,sv for Higgs production ( 8 TeV)

30

25

o (pb) i 2

15

10

VR, J. Smaith
R — ONILO ()
ONiLO (1o)
T ] — T T o
: L H_C(8 TeV) —— II:IE)O - 2. 5 I T T T I T T T T I T T T T I IL O| T T |
v Y2 My - NNLO - LHC(8 TeV) _____ NLO i
i N3LO(SpV) M= =] NNLO i
~ 7 m,, =125 GeV  NPLO(SpV)
B MSTW _

1.5

|

. 125 130 0.5

3

115 120

® Scale uncertainty goes down a lot
e Additional 7 — 9% increase in cross section due to IN3 LO soft gluons.
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Total cross section for Higgs production at Vs = 8TeV

J.Smath, V. Ravindran

Cross sections (in pb) at the LHC (ur = pur = mpg) with /s = 8 TeV, using the
MSTW2008 parton densities.

o.best

_ O_NNLO —I—O'NNLL —|—0‘EW _|_O_tb
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Total cross section for Higgs production at

Vs = 8TeV

Cross sections (in pb) at the LHC (ur = pur = mpg) with /s = 8 TeV, using the

MSTW2008 parton densities.

J.Smath, V. Ravindran

NNLO —I—O'NNLL —|—0‘EW _|_O_tb

o_best — o
e by o best | PDF | Scale |
114 | 238y | tooo | t=o=
115 23.46 | Tg:25 | 295
116 23.07 | 975 | =393
117 22.68 | 7977 | 3595
118 22.30 | 7529 | =307
119 21.93 | 79ds | 365
120 21.57 | TGes | ~ 300
121 21.21 | 7587 | Tio7
122 | zom; | took | FieZ
123 20.53 | TGQes | “ilso
124 20.20 | Tggs | Tild7
125 19.88 | 988 | T1.85
126 | 1957 | Foo8 | 188
127 | 1926 | Foao | iz
128 1s8.96 | *8'65 | Ti7s
125 | 1s66 | Fods | FiEE
130 18.38 | 7555 | ~i.7o
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Total cross section for Higgs production at Vs = 8TeV

J.Smath, V. Ravindran

Cross sections (in pb) at the LHC (ur = pur = mpg) with /s = 8 TeV, using the
MSTW2008 parton densities.

o_best NNLO _|_0_NNLL —|—0‘EW _|_O_tb

=0

7 | oP<St | PDF | Scale |

114 23.87 T o.re R

115 23.46 ~o.7a ~Zlis

116 23.07 o323 352 e NNLO QCD corrections contributes
117 22.68 toos | 328 bulk of the cross section
118 22.30 ~o.7a ~ o7

119 21.93 | 7085 | 365

120 21.57 T oles ~ z oo

121 21.21 ~oler S ilo7

122 20.87 | T9ode | 1165

123 20.53 | T0'gs | T35

124 20.20 Toea T law

125 19.88 | 9585 | 385

126 19.57 T oz Til=a

127 19.26 " o.ea ~1l7s

128 18.96 | T966 | 178

129 1s8.e6 | *o 25 | 175

130 18.38 | Tgo55 | 3175
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Total cross section for Higgs production at Vs = 8TeV

J.Smath, V. Ravindran

Cross sections (in pb) at the LHC (ur = pur = mpg) with /s = 8 TeV, using the
MSTW2008 parton densities.

o_best NNLO _|_0_NNLL —|—0‘EW _|_O_tb

g A
ey | oPest | PDF | Scale |
114 23.87 olze 323
115 23.46 Toza | 739
116 23.07 | 975 | =393 e NNLO QCD corrections contributes
117 22.68 toos | 328 bulk of the cross section
118 22.30 o7 T ilor
119 21.93 +2-23 153 e Mixed electroweak and b quark
120 21.57 “oes | - 3.00 contributions account for 5 — 10%
121 21.21 T oer | Tilor
122 20.87 T oleo T llos
123 20.53 | T0'gs | T35
124 20.20 T olea | “alkw
125 19.88 T oles T ilea
126 19.57 oo R
127 19.26 ~olea i %a
128 18.96 oo R
129 1s8.e6 | *o 25 | 175
130 18.38 | Tgo55 | 3175
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Total cross section for Higgs production at

Vs = 8TeV

J.Smath, V. Ravindran

Cross sections (in pb) at the LHC (ur = pur = mpg) with /s = 8 TeV, using the
MSTW2008 parton densities.

NNLO —I—O'NNLL —|—0‘EW _|_O_tb

o_best — o
ey o best | PDF | Scale |
114 23.87 T oze | £2:22
115 23.46 To-a | 39
116 23.07 to7s | 3299
117 | 22.68 | Tgizs | 555
118 22.30 o222 | T3o7
119 21.93 T oes | “3os
120 21.57 T oe= | “ 300
121 21.21 Toer | “ilor
122 20.87 T oes | “i1les
123 20.53 T oes | “ileo
124 20.20 Toea | “iler
125 19.88 T oes | Fiaa
126 19.57 T oe= | 1185
127 19.26 o1 | “iva
128 18.96 tToeo | Fi7e
129 18.66 T oas | 13174
130 18.38 T os= | “170

e NNLO QCD corrections contributes
bulk of the cross section

e Mixed electroweak and b quark
contributions account for 5 — 10%

e INNLL resummations are ac-
counted for through pp = pr = myg
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Total cross section for Higgs production at

Vs = 8TeV

J.Smath, V. Ravindran

Cross sections (in pb) at the LHC (ur = pur = mpg) with /s = 8 TeV, using the
MSTW2008 parton densities.

NNLO —I—O'NNLL —|—0‘EW _|_O_tb

o_best — o
72y o best | PDF | Scale |
114 23.87 | *g:7a | =3:25
115 23.46 | 75725 | T3:.9%
116 23.07 | Tgo75 | £3:59
117 2268 | 572 | 5095
118 22.30 | 7527 | 307
119 21.93 | T0éo | ~5.o0a
120 21.57 | Toés | ~3.00
121 21.21 | 7087 | Tiow
122 20.87 | T0de | —1.6a
123 2053 | Togs | “1leo
124 20.20 | Tgo:ga | Tailaw
125 19.88 | T0gs | “ilsa
126 19.57 | Toé2 | “i8%
127 19.26 | 98y | —ai%s
128 1896 | T056 | “ilvs
129 18.66 | To 55 | 3175
130 18.38 | Tgl5a | “ilzo

e NNLO QCD corrections contributes
bulk of the cross section

e Mixed electroweak and b quark
contributions account for 5 — 10%

e INNLL resummations are ac-
counted for through pp = pr = myg

e Scale uncertainty is around 8%
formyg = 113 — 130 GeV.

e PDF uncertainty is around =+3%
atlmpyg = 113 — 130 GeV.
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Higgs from Weak-Boson Fusion(WBF) at LHC

ol
A
A
ol
fo!
A
A
No!

Ve H ———H
V

Q—> —Q Q— — Q
(@ (b)

® This is a promising channel for the discovery

e A clean channel to measure H — bb, 71,7, WW, ~~, invisible
e |t 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

&ééég a(p,) &ééés .
q(pa) < < < q(pz) q <« « < q
V(qé g
4 .
Q > > Q Q > . o

(@ (b)

a(p,) g
g(pa)wz < ap,) gm/j > q

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

o (pb) at LHC LO
Vs=7TeV " NLO
72 NNLO

scale choice:
| Q/4<ppu<4Q

1.1 F llpite) O o(Q)

0.85
100 200 300 400 500 600 700 800 900 1000
my(GeV)

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 strahlungat N NLO

N
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O R R SIS DT 5% .
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R I R R IR IIHRLRRIIILRIIEIT
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GO R RIS 2 R RRIILRIIILLLRKKS
R R R R R RS ELLIIKLS 2 S
R R R R R R A RIS, Dessesatetet 3
R RRRRIEIIIKELLKIKLIKEK, 28 ISEAKIKIKS
i tatatateteteletstatetototototetesels o evatatetetetetetetetetatatey
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L ,,o,oo‘ooo.ooooo,of.o
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D
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% 3RRRS
2> 0.0.0'0,:‘:,:
XX

==
N
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1
0.9
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M

H

® The corrections are 3% at LHC and 10% at Tevatron

e Scale uncertainity is around 10% at NLO level

® NNLO reducesitto 2 — 3% at NLO level
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QCD+Electroweak

e NNLO QCD corrections are comparable to electtrowead corrections
® Electro weak corrections has opposite sign

K\yn(Tevatron)

=
w
T

12}

11¢

R R R R R I TR
R R s
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R R R IR
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=
o

=
o1
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=
N

=
w
T

12

QCD+EW
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QCD+Electroweak

NLQO: Han, Willenbrock , NNLO: Brein, Djouad:, Harlander EW: Ciccolini,

Dittmaier, Kramer

- - A A
[ N =- N ST SR

o(pp — ZH) NNLO / LO

— —
- N

o
o]

L T T T T T T T T T T T T T T T T T I ]
- \s=7TeV -
E m— NNLO/LO (= 16) 1
- E=NNLO/LO (+20) A
]
__I | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I__
100 150 200 250 300
(b) MH [GeV]

LHE HIGGS XS WG 2010

11

LHC @7 Tev |
1 1 1 1 1 1 1

150 200 250 300

My [Gev]
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Associated Production of Higgs with tops

Processes: ~
pp/pp—t+t+ H
Sub processes(leading order(LO)):

gq —-t+t+ H
gg —t+t+ H

t g vooooy—— ¢
q
>~ - — — — — H
q - H |
t _
g vooo0—— ¢

e Rate will be very small! BUT ...
® At Tevatron, these are clean events for Higgs mass below 140 GeV
e At LHC, these are clean events for Higgs mass below 125 GeV

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

® Theoretical Uncertainties in the LO cross section is large:

1400
1200 | Vs=14 TeV
M,=120 GeV

1000 H=mc+M,/2
— AN CTEQS PDF’s
= AN
= 800 | N ] o
o N (84
~ - P, P s(ur) A
(o) S o 1’72 ~ <_ ¢ab(87 IJ’F)

600 | S~ 47

I - c)- \\\\
400 + Lo T~
200 L L L L L L L1 L L
0.2 0.5 1 2 4

W,

® a) Renormalization scale through strong coupling constant as (i r)
b) Factorisation scale i through parton distribution functions

c)Various parton densities themselves

e Uncertainity: 100% — 200%

- p. 40/50



NLO processes

Next to Leading order QCD corrections:

t g —— ¢
q 3
- — — - H
q ——H F B
g g g
‘ t ’MU‘gimjt
- - - - - - H
q - H \
t 9 vosoo—— t

g voooo -- H |
Nt 9 toooo—— 1
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Scale dependence on onro at LHC

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

1400

1200 | Vs=14 TeV
M,=120 GeV
=m+
1000 Ho=mtM,/2
- S CTEQ5 PDF’s
£ AN
=~ 800 o
z -
S RN
5 600 | S
—— - 0 \\\\
400 + Lo Te—
Onio T
200 1 1 L 1 1 [ 1 1
0.2 0.5 1 2 4

Wi,

® o= m¢+ My /2and u=2m¢ + Mjy,.

e | O 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%

o ocNLO(g 4+ g —t+t+ h)isstable underscale oNLO(q+g — t+t+ h)isvery
sensitive to scale
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Total cross section at LHC

1400

1200 F Vs=14 TeV ——— 0

CTEQS PDF's Oyio » H=Hy
(0]
g

1000

800 F

600 r

OLonto (b)

400 |

200 r

0 1 1 1 1
100 120 140 160 180 200
M, (GeV)

o oNLO(g 4+ g — t+t+ h)isdominant
o ocNLO(g4+g—t+t+h)andoNLO(gq+ g — t+ t+ h) are less dominant
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ICHEP 2010: Tevatron updates

ICHEP: Data of 5.9 fb—1 at CDF and 6.7 £b—! at DO exclude Higgs of mass in
158 < mpy < 175 GeV/c2.
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ICHEP 2010: Tevatron updates

ICHEP: Data of 5.9 fb—1 at CDF and 6.7 £b—! at DO exclude Higgs of mass in

158 < mpy < 175 GeV/c2.

95% CL Limit/SM

Tevatron Run |l Preliminary, <L>= 59fb™

R
| | Tevatron
Exduson

| LEPExcluson

=
o

1 L SM=1 N . -
" Tevatron Bxduson
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Winter 2011: Combined Tevatron updates

Data of 8.3 fb—1 exclude Higgs of mass in 158 < my < 173 GeV/c? at 95% CL.
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Winter 2011: Combined Tevatron updates

Data of 8.3 fb—1 exclude Higgs of mass in 158 < my < 173 GeV/c? at 95% CL.
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July 2012: Combined Tevatron updates

Data of 10 fb—! exclude Higgs of massin 100 < mpy < 106,147 < m; < 179 GeV/c?
at 95% CL.
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July 2012: Combined Tevatron updates

Data of 10 fb—! exclude Higgs of massin 100 < mpy < 106,147 < m; < 179 GeV/c?

at 95% CL.
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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
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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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Theory influence on the rates
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Theory influence on the rates
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Theory influence on the rates
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Theory influence on the rates
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Sub leading corrections due to finite top mass at NNLO are now known and

the large top mass limit works well (0.5%) upto my = 300 GeV.
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Conclusions

e fixed order QCD corrections contribute bulk of the cross section

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

e IN N L L resummation effects can be included through suitable central scale choice.

e At V'S = 8% TeV, the scale uncertainty is around 8% at mg = 125 GeV

e At V'S = 8% TeV, the PDF uncertainty is around 3% at mz = 125 GeV.
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