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Standard Model

e Tests of Standard Model of Strong,Electroweak interactions:

SUO(3) X SUL(2) X Uy(l)

have been incredibly successful.

® This involves three decades of work by experimentalists as well as theorists.

1) Discovery of all the gauge bosons (W=, Z, gluon),
all the fermions (¢, b, t, T...),

2) Precise measurements of SM parameters at 0.1% level
effects(aerm , s, g — 2, myy , My,....).

e The Higgs boson is the last particle to be discovered in SM.

® We are in the process of discovering Exotic and New Physics beyond the Standard Model
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Parton Model (QCD Factorisation)

Py + P, — h(IT1™ /higgs/g) + X

2S doP1P2 (‘T, m,zl) = Z fa/pl () & fb/Pz ()
ab

® 25d&°P (1,m

2
h
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Parton Model (QCD Factorisation)

Py + P, — h(IT1™ /higgs/g) + X

28 doP1P2 (1,m3) =Y fup (7)) ® fop, (T) ® 25d6°° (t,m3),

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

Py + P, — h(IT1™ /higgs/g) + X

28 dof1Pz2 (‘T, m,zl) = Z Ja) Py () & To) Py () ® 28 d&® (‘T, m,zl) , =

® f,(x) 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.

1@ @@ fule) = [

1 1
dxq / den fi(x1) - -« fn(xn)d(x — 122 + -+ )
0 0
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Factorisation-UV and IR renormalisation

28 doP1P2 (r,m2) = Z fPa(m) ® % (r) ® 28d6°"7 (r,mjf),
ab
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Factorisation-UV and IR renormalisation

28 doP1P2 (r,m2) = Z fPa(m) ® % (r) ® 28d6°"7 (r,mjf),
ab

e Collinear(mass) singularity factorises: (Infra-red divergence )

1 1 )
do'ab("'a—) Zrca (TaMF, —> X Tas (T,MF,—> Q@ d&ca (T, ur)

EIR, €IR
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Factorisation-UV and IR renormalisation

2S dot1 P2 (T, mﬁ) = Z fPa ()
ab

® FfPo(t) ® 238ds*"B (r,m}),

e Collinear(mass) singularity factorises: (Infra-red divergence )

1

1

dO'ab(T, —) Z I'ca (Ta HE —> X Lap (T, HE —> X da’cd(‘r, I'LF)

€IR

€IR

In MS Factorisation Scheme

]ca,(T, IJ'F) = Lap (7-7 HF

1

—) ® fZu(7)

€IR
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Factorisation-UV and IR renormalisation

28 doP1P2 (r,m2) = Z fPa(m) ® % (r) ® 28d6°"7 (r,mjf),
ab

e Collinear(mass) singularity factorises: (Infra-red divergence )

1 1 )
do'ab(”'a—) Zrca (TaMF, —> X Tas (T,MF,—> Q@ d&ca (T, ur)

EIR, €IR

- 1
In MS Factorisation Scheme fa(Typur) = Tap (7-7 HF —) X fBb(T)
€IR

e Renormalised version of parton model:

25 dot1 P2 (Ta mizp,):Z Jo (Tspnr) ® fo(mour) ® 28 de® (Ta mizp,a FLF) )
ab

(e o)

e s i) = 5 (S Y (i,
1=0
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Higgs production at LHC

Georgt, Spira et al,Dawson, Harlander, Kilgore, Anastasiou, Melnikov, Smith, van
Neerven, VR

my /2 < pr = pr < 2mpg
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Higgs production at LHC
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g+ g — H at Two loops for LHC

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

N = INiLO (1)
oniro (o)
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g +g — H at Two loops for LHC

Harlander, Kilgore, Anastasiou, Melnikov, van Neerven, Smith, V.Ravindran
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What is next?

"Going Beyond NNLO"

e To check perturbative stability
e Technically non-trivial task

e Attempt to compute them for the dominant soft gluon contributions
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Soft part of NNLO

Catant, Harlander, Kilgore
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Soft part of NNLO

Catant, Harlander, Kilgore
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Soft part of NNLO

Catant, Harlander, Kilgore

1l dx m2
28 doP1P2 (1,my,) = Z/ @,y (x) 28670 (Z,my,) r=_h
LHC (S= (14Tev)2) ® &, (x) becomes large when
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w—
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e Dominant contribution to Higgs production

100000 1 comes from the region when & — 7

§ 10000 |

1000

e |t is sufficient if we know the partonic cross
section when x — T

100 : .
e x — T is called soft limat.
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Soft part

Catant et al, Harlander and Kilgore

e Expand the partonic cross section around x = T or z =
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Soft part

Catant et al, Harlander and Kilgore

® Expand the partonic cross section around © = Torz = Z = 1.

do(z) = |CO(2) [+ (1 —2)ic® z = §
=1
l
k —Zz
c® = 5(1—z) + 52, (%) Dy (2)
_|_

L C(()i) will be pure constants such as ¢(2), ¢(3).

] Compute the entire cross section in the "soft limit".
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Soft part

Catant et al, Harlander and Kilgore

® Expand the partonic cross section around © = Torz = Z = 1.

do(z) = |CO(2) [+ (1 —2)ic® z = %
=1
l
k —Zz
c® = 5(1—z) + 52, (%) Dy (2)
_|_

L C(()i) 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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Soft gluon cancellation
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oV (z,Q?%,es,ec) - Virtual soft gluon

(1F*12)

- p. 10/29



Soft gluon cancellation

V. Ravindran
UXb(zv Q?,es,ec) - Virtual soft gluon aaRb(z, Q?,es,ec) - Real soft gluon

(IF1]%) (®)5)

- p. 10/29



Soft gluon cancellation

V. Ravindran
UXb(zv Q?,es,ec) - Virtual soft gluon aaRb(z, Q?,es,ec) - Real soft gluon

(IF'1?) (®)5)

® ¢, - soft gluon regulator
® c. - collinear parton regulator

e Soft plus Virtual is soft gluon divergence free:

R+V
aab+ (Z’QzaEC) — Uc‘sz(zan’ss’ed + Ufb(zan’ESaEC)
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Soft gluon cancellation

V. Ravindran
UXb(zv Q?,es,ec) - Virtual soft gluon aaRb(z, Q?,es,ec) - Real soft gluon

(IF'1?) (®)5)

® ¢, - soft gluon regulator
® c. - collinear parton regulator

e Soft plus Virtual is soft gluon divergence free:

R+V
aab+ (Z’Qzasc) — o'c‘sz(zan’ss’ed + Uc?b(zan’ESaEC)

Only collinear singularities remain

- p. 10/29



Factorisation of Collinear partons

Due to the massless partons, collinear singularities appear in
e the phase space of the real emission processes

e |oop integrals of the virtual corrections

- p. 11/29
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Factorisation of Collinear partons

Due to the massless partons, collinear singularities appear in
e the phase space of the real emission processes

e |oop integrals of the virtual corrections

R4V
aab+ (2, Qza €c) = Z Cea (2, I"’%‘ s€c) @Tap(2, U’%‘a ec) @ Acal(z, Qza I"%‘)
c,d

(Bare) (Mass Factorised)

DGLAP kernels satisfy Renormalisation Group Equations:

d
dy%

1
WO Tz wdee) = TP (2,143) ®T (2 ik <0) -
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Factorisation of Collinear partons

Due to the massless partons, collinear singularities appear in
e the phase space of the real emission processes

e |oop integrals of the virtual corrections

R \%
+ (zan EC) Zrca(zaﬂ%‘,GC) ®I‘db(zall'%‘350) ®Acd(zaQ2aF‘%‘)
c,d

(Bare) (Mass Factorised)

DGLAP kernels satisfy Renormalisation Group Equations:

d

1
_—quz ®I‘zp,2€ .
i 1P (,03) ®T (=, 4 <o)

T
The diagonal terms of the splitting functions P(*) (z) have the following structure

Py (z) =2|Bl ,6(1 —2) + Al Do| + B [,(2),
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Factorisation of Collinear partons

Due to the massless partons, collinear singularities appear in
e the phase space of the real emission processes

e |oop integrals of the virtual corrections

otV (2,Q% ec) = Y Tea(z i, ec) @Tap (2, 13, ec) ® Acal(z, Q% 1)

c,d
(Bare) (Mass Factorised)

DGLAP kernels satisfy Renormalisation Group Equations:

d
dy%

1
F’/%‘ — EP(zaﬂ%‘) ®I‘(zall'%‘7€c) .

The diagonal terms of the splitting functions P(*) (z) have the following structure

PP (2) =2 Bj1,6(1 —2) + Aj{;Do| + Pr(zg,II(z) ;
In? (1 —
D; = < - 1( z)) , Pr(e?q jrare regular when =z — 1.
—z
_|_

A,{- cusp anomalous dimension B,{ collinear anomalous dimension
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Factorisation of Soft and Collinear partons

12

B a In(1 — 2)
A(z,Q?) = 6(1—z)—|—as[a115(1—z)+(1_z)++a’13< 1—z >_|_

—|—R1(z)]—|—a§[---—|—---—|—---+R2(z)]—|—---
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Factorisation of Soft and Collinear partons

12

B a In(1 — 2)
A(z’Qz) = 5(1—2)"‘(13 [a116(1—2)+ (]_—Z).l. —|—CL13< 1—= >_|_

—|—R1(z)]—|—a§[---—|—---—|—---+R2(z)]—|—---

as = as(Q?) and R;(2) are regularas z — 1
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Factorisation of Soft and Collinear partons

12

B a In(1 — 2)
A(z,Qz) = 5(1—2)"‘@3 [(1,116(1—2)—'— (]_—Z).l. —|—CL13< 1—= >_|_

—|—R1(z)]—|—a§[---—|—---—|—---+R2(z)]—|—---

as = as(Q?) and R;(2) are regularas z — 1

Soft distribution functions factorise

A(zaQ2) = S(Z,Q2,[,L%%) X [5(1 - z) + asRI(zaQ2alJf%{) + a§R2(zaQ27“%{) + -
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Factorisation of Soft and Collinear partons

12

B a In(1 — 2)
A(z,Qz) = 5(1—2)"‘@3 [(1,116(1—2)—'— (]_—Z).l. —|—CL13< 1—= >_|_

—|—R1(z)]—|—a§[---—|—---—|—---+R2(z)]—|—---

as = as(Q?) and R;(2) are regularas z — 1

Soft distribution functions factorise
A(z,Qz) = S(z,Q2,y,2R) (% [5(1 —z) + asfil(z,Qz,p%) + a?Rz(z,Qz,p%) + ..

Soft contribution exponentiates

S(z, Q?, sz) = Cexp (‘Il(z, Q2, qu)> , U(z,Q3?, sz) 1s finite distributio
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Factorisation of Soft and Collinear partons

B ais In(1 — 2)
A(zQ%) = 5(1‘z)+0‘8[a115(1_z)+(1_z)++"’13< 1 —= >+

—|—R1(z)]—|—a§[---—|—---—|—---—|—R2(z)]—|—---

as = as(Q?) and R;(2) are regularas z — 1

Soft distribution functions factorise
A(z,Qz) = S(z,Q2,y,2R) (% [6(1 —z) + asfil(z,Qz,p%) + a?Rz(z,Qz,p%) + ..

Soft contribution exponentiates

S(z, Q?, NZR) = Cexp (‘Il(z, Q2, qu)> , U(z,Q3?, MZR) 1s finite distributio

cef(R) = 51—2)+ %f(Z) n %f(Z) ® f(z) + %f(Z) RF(2) @ f(2) 4.

Drop all the regular functions.
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Soft plus Virtual at N3LO and beyond

Using "factorisation” of UV, Soft and Collinear:

I=q,9 mn=4+e¢

L p(z, @, uk,n3) = Cexp (‘Pfa(z,qz,qu,u%,s)>
e=0
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Soft plus Virtual at N3LO and beyond

Using "factorisation” of UV, Soft and Collinear:

L p(z, @, uk, u3) = Cexp (‘Pfa(z,qz,qu,u%,s)>
e=0

~ ~ 2
q’f?(zaqzal"'%%a“%‘as) — <1n|FI(a87Q27F"2,5)| +

_I_

o Fl(a,,Q2?, u2,e) is the Form factor with Q2 = —q?

I=q,g

n—4-+¢

)5(1 — z)
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Soft plus Virtual at N3LO and beyond

Using "factorisation” of UV, Soft and Collinear:

I=q,9 mn=4+e¢

L p(z, @, uk, u3) = Cexp (‘Pfa(z,qz,qu,u%,s)>
e=0

T 2 ~ 2 |
+‘P{3(z,q2,ué,u%,s) — (ln‘FI(aSaQ27N27€)‘ + In (ZI(a’Sall'%%alllzas)) )5(1—,2

o Fl(as,Q?,u?,¢e) is the Form factor with Q% = —q?

o Z!(as,p%, n?,€) is operator renormalisation constant
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Soft plus Virtual at N3LO and beyond

Using "factorisation” of UV, Soft and Collinear:

I=q,9 mn=4+e¢

P p(z,d%, 1%, nE) = Cexp (‘Pfa(z,qz,qu,u%,s)>
e=0

~ R 2 R 2
q’é(zaqzau%%al"%‘as) — <1n|FI(a,S,Q2,p,2,s)| + In (ZI(a’Sau%{7N2as)) >5(1_z)

—2mCln FII(&Sa ;,l,z, p,%,,z, s)
o Fl(as,Q?, u?,¢) is the Form factor with Q? = —g?
¢ ZI(&S, qu, uz, g) is operator renormalisation constant

o I';r(as, pu?, u%, z, €) is mass factorisation kernel
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Soft plus Virtual at N3LO and beyond

Using "factorisation” of UV, Soft and Collinear:

I=q,9 mn=4+e¢

P p(z,d%, 1%, nE) = Cexp (‘Pfa(z,qz,qu,u%,s)>
e=0

~ R 2 R 2
\Pf?(zaq2all'%2,“%‘as) — <1n|FI(a,S,Q2,p,2,s)| + In (ZI(a’SaF"%{aﬂzas)) >5(1_z)

—2 mClnI‘II(&S,uz,p%,z,e) +| 2 <I>1_—I,(a,s,q2,[,l,2,z,€)

o Fl(as,Q?, u?,e) is the Form factor with Q2 = —g?

e Zl(as,p%, u?,€) is operator renormalisation constant } known to order N3 LO

® I'yr(as,pn?, u2, z, ) is mass factorisation kernel

® L (as,q?, u?, z,€) Only known to order N2LO

. : 1
Finiteness of w1, (¢) fixes all the = poles of ® 2 to order N3LO
g
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Sudakov Resummation

Ashoke Sen, Mueller, Collins
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Sudakov Resummation

Quark and Gluon Form factors:

F(as,Q?, u?,¢)

Fg(&sanaﬂzae) —

Ashoke Sen, Mueller, Collins
-1
<aq(p) |V ¢|a@) > [ﬁ(p’)'mu(p)]

1 v
—5 <g|TT‘[G“ Gpjy]lg>
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Sudakov Resummation

Ashoke Sen, Mueller, Collins
Quark and Gluon Form factors:

—1
Fi(as,Q?, p?,¢) <4q(p) | vv*¢ | a(p') > [ﬁ(p')'mu(p)]

. 1
FQ("'Sanauzas) — _5 <g|T7‘[G”VG“,/] |g>
Gauge invariance and Renormalisation Group invariance:
1 Ty 5 Q2 7
Q°—— lnFI(aS,Qz,p, s) = —|K! as,—g,s + Gt —5 1;,6
Q 2 P v

e K contains all the poles in €.

e G collects rest of the terms that are finite as € becomes zero.
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Sudakov Resummation

Ashoke Sen, Mueller, Collins
Quark and Gluon Form factors:

—1
Fi(as,Q?, p?,¢) <4q(p) | vv*¢ | a(p') > [ﬁ(P')'mu(p)]

o 1
FQ("'S?QzaN'ZaE) — _5 <g|T7‘[G”VG“,/] |g>
Gauge invariance and Renormalisation Group invariance:
1 Ty 5 Q2 7
Q°—— lnFI(aS,Qz,p, s) = —|K! as,—g,s + Gt —5 1;,6
Q 2 P -

e K contains all the poles in €.
e G collects rest of the terms that are finite as € becomes zero.

FI is RG invariant implying:

d A “2 d A Q2 Mz
ph—— K' <asv —§’€>: — M%WGI <as, —5 “—g,e = —A'(as(1}))
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Sudakov Resummation

Ashoke Sen, Mueller, Collins
Quark and Gluon Form factors:

—1
Fi(as,Q?, p?,¢) <4q(p) | vv*¢ | a(p') > [ﬁ(P')'mu(p)]

o 1
FQ("'S?QzaN'ZaE) — _5 <g|T7‘[G”VG“,/] |g>
Gauge invariance and Renormalisation Group invariance:
1 Ty 5 Q2 7
Q°—— lnFI(aS,Qz,p, s) = —|K! as,—g,s + Gt —5 1;,6
Q 2 P -

e K contains all the poles in €.
e G collects rest of the terms that are finite as € becomes zero.

FI is RG invariant implying:

d “2 d Q2 Mz
g (o5 o) =i (o Se) = A

Al (as(p%)) are finite, called cusp anomalous dimensions.
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Solution in dimensional regularisation

Vogt, Vermaseren, Moch, VR
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Solution in dimensional regularisation

Vogt, Vermaseren, Moch, VR

N|®

QZ
2

) s

oo
lnﬁ‘I(&S,Q2,p,2,€) — Z ag (

1=1
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Solution in dimensional regularisation

Vogt, Vermaseren, Moch, VR

N|®

oo . 2\ 2 o )
in P (s, @2 0) = Yo ai (%) 7 st £ o)

2
1=1 H

(G{<e>)

A 1 1 1 1
@ = L(mal)+ 5 - jab-mel) + Lake

Formal solution upto 4 loops:

A 1
Lz = —(—2A{>+

c2

o=

- p. 18/29



Solution in dimensional regularisation

Vogt, Vermaseren, Moch, VR

N|®

oo . 2\ 2 o )
in P (s, @2 0) = Yo ai (%) 7 st £ o)

2
1=1 H

Formal solution upto 4 loops:

A 1 1
£ = L[ -2a1)+1(elo)
g g
s1,2) 1 I 1 11 I L 1
Lg = =3 <,30A1> + pe) ( — §A2 —BOG1(€)> + 2—€G2(5)
A are maximally non-abelian
a9 = G4 i=1,2,3.
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Solution in dimensional regularisation

Vogt, Vermaseren, Moch, VR

N|®

QZ
2

) s

oo
lnﬁ‘I(a’SaQ27ﬂ'23€) — Z ag (

1=1

Formal solution upto 4 loops:

5I,(1 1 1
£t = €—2<—2A{> + E<G{(€)>
s1,(2) 1 I 1 11 I L 1
Lg = =3 <,30A1> + pe) ( — §A2 —BOG1(€)> + 2—€G2(5)
A are maximally non-abelian
A7 = SA 4o i =1,2,3.
CFr

Every order in ag, all the poles except the lowest one can be predicted
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New observation

VR,Smith,van Neerven
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New observation

VR,Smith,van Neerven
Two loop results for "¢ and F9 in SU(N) solves the single pole problem:
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k=1
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B{ are collinear anomalous dimension. The new constants "f{ and f5" satisfy
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New observation

VR,Smith,van Neerven
Two loop results for "¢ and F9 in SU(N) solves the single pole problem:
G's have interesting structure:

Gi(e) = 2(31—’)’1)+f1+26k fok
k=1
Gi(e) = 2(Bi—~L)+ ff —280g, " +Z€"’ !k

B{ are collinear anomalous dimension. The new constants "f{ and f5" satisfy

C
7 = C—A.ff t=1,2 Recall Al = = A

Even the single pole can be predicted.

Recent three loop result by Moch,Vermaseren, Vogt confirms this conclusion

i This completes the understanding of all the poles of the form factors.

1
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New observation(contd)

VR
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New observation(contd)

VR
The single poles GY (&) has the structure:

1 .
; 2(B] —~{)+ £l + > _Cl(g;,Bi,¢)

J
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New observation(contd)

VR
The single poles GY (&) has the structure:

1 .
; 2(B] —~{)+ £l + > _Cl(g;,Bi,¢)

J
After coupling constant renormalisation (&s — as(p1%)):

= [2(B] —~D) + 7]

g
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New observation(contd)

VR
The single poles GY (&) has the structure:

1 .
; 2(B] —~{)+ £l + > _Cl(g;,Bi,¢)

J
After coupling constant renormalisation (&s — as(p1%)):

= [2(B] —~D) + 7]

g

Operator renormalisation constant satisfies the RG:

d . =,
N%%d 7 In ZI(G'SaN?%alllzas) — Z a’s(l*"%%) (’YzI)
MR 1=1
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New observation(contd)

VR
The single poles GY (&) has the structure:

1 .
; 2(B] —~{)+ £l + > _Cl(g;,Bi,¢)

J
After coupling constant renormalisation (&s — as(p1%)):

1[ (Bf —~]) + £

g

Operator renormalisation constant satisfies the RG:

d . =
N%% dp2 In ZI(G'SaFl'?%aN'zas) — Z as(l*"%%) (’YzI)
R 1=1

After operator renormalisation, the poles of the form factors will have

A] and 2B + f;
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Drell-Yan and Wilson loops

G.P. Korchemsky, A.V. Belitzky
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Drell-Yan and Wilson loops

G.P. Korchemsky, A.V. Belitzky

Q? dopy (z, Q%)

G0 = TbyHpY (@) Woy (2)
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Drell-Yan and Wilson loops

G.P. Korchemsky, A.V. Belitzky

> dopy (z, Q?)
Q dQ?

via the Fourier transform, WDY (2z), of the vacuum average of the Wilson loop

= o0y Hpv (Q*) Why (2)

— Q < d 0
WDy(z) — E/ %ezyow(z)WDY(yO),
— o0

1
where Wpy (yo) = F(O|'I‘I'T’Pexp (zg% da:“B“(w)) |0),
c Cpy
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Drell-Yan and Wilson loops

G.P. Korchemsky, A.V. Belitzky

> dopy (z, Q?)
Q dQ?

via the Fourier transform, WDY (2z), of the vacuum average of the Wilson loop

= o0y Hpv (Q*) Why (2)

— Q < d 0
WDy(z) — E/ %ezyow(z)WDY(yo),
— o0

1
where Wpy (yo) = F(O|’I‘I'T’Pexp (zg% da:“B“(m)) |0),
c Cpy

Renormalisation group equation:

o
Oas

(uai + Blas) ) In Woy (y) = 2Teusp(as) InL(y) + Ty (as),
L
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Drell-Yan and Wilson loops

G.P. Korchemsky, A.V. Belitzky

2 dopy (2,Q%) (0
dQ? -

via the Fourier transform, WDY (2z), of the vacuum average of the Wilson loop

Q

py (Q%) Wpy (2)

_ > dun -
Wby (2) = %/ Ziﬂ(_)ezyow(z)WDY(yo),
1
where Wpy (yo) = F(O|’I‘rT’P exp (zg% da:“B“(:c)> |0),
c Cpy

Renormalisation group equation:

(uai + Blas) =2 ) In Wiy () = 2Teusp(as) In L(y) + Ty (as),
M Oas

Soft anomalous dimension I'py is now known upto two loop level:

I'py(g) = D ailly, i=1,2

We find ril = ra i=1,2
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Multi-parton amplitudes (MPA) in QCD

Catant, Aybat, Dixon, Sterman, Magnea
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Multi-parton amplitudes (MPA) in QCD

Catant, Aybat, Dixon, Sterman, Magnea
e Consider a process:

M >: a(p1) + b(p2) — c(p3) + d(pa) + - - - + n(pN)
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Multi-parton amplitudes (MPA) in QCD

Catant, Aybat, Dixon, Sterman, Magnea
e Consider a process:

M >: a(p1) + b(p2) — c(p3) + d(pa) + - - - + n(pN)

e Single pole of the multi-parton amplitudes in QCD can be decomposed as follows:

In |M > = ¥ E(GI(e)—l—I‘I(tI,e))

stnglepole I—legs

where T'! (t1, €) depends on the kinematics.

- p. 22129



Multi-parton amplitudes (MPA) in QCD

Catant, Aybat, Dixon, Sterman, Magnea
e Consider a process:

M >: a(p1) + b(p2) — c(p3) + d(pa) + - - - + n(pN)

e Single pole of the multi-parton amplitudes in QCD can be decomposed as follows:

In |M > = ¥ E(GI(e)—l—I‘I(tI,e))

stnglepole I—legs

where T'! (t1, €) depends on the kinematics.

Gi(e) = 2(B] —~}) + £ + OB, ¢) i=1,2

- p. 22129



Multi-parton amplitudes (MPA) in QCD

Catant, Aybat, Dixon, Sterman, Magnea
e Consider a process:

M >: a(p1) + b(p2) — c(p3) + d(pa) + - - - + n(pN)

e Single pole of the multi-parton amplitudes in QCD can be decomposed as follows:

In |M > = ¥ E(GI(e)—l—I‘I(tI,e))

stnglepole I—legs

where T'! (t1, €) depends on the kinematics.

Gi(e) = 2(B] —~}) + £ + OB, ¢) i=1,2

o GI(e)arerelatedto < 0|®3, (o0, 0)®3, (0, —00)|0 > where

A2

®3(A2, A1) = Pemp[ig/ dAB-A(A,B)]

A1
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Multi-parton amplitudes (MPA) in QCD

Catant, Aybat, Dixon, Sterman, Magnea
e Consider a process:

M >: a(p1) + b(p2) — c(p3) + d(pa) + - - - + n(pN)

e Single pole of the multi-parton amplitudes in QCD can be decomposed as follows:

In |M > = ¥ %(GI(e)—I—I‘I(tI,s))

stnglepole I—legs

where T'! (t1, €) depends on the kinematics.

Gi(e) = 2(B] —~}) + £ + OB, ¢) i=1,2

o GI(e)arerelatedto < 0|®3, (o0, 0)®3, (0, —00)|0 > where

A2

®3(A2, A1) = Pemp[ig/ dAB-A(A,B)]

A1

e The peculiar combination | 2(BY — ~1) 4+ fI |with universal fI appearsin G (¢).
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Universality in the strong coupling region from AdS/CFT

L.F. Alday
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Universality in the strong coupling region from AdS/CFT

L.F. Alday
e N = 4 Yang-Mills theory is conformal (C4 = 2Cr = N.), one of the simplest field
theories.
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Universality in the strong coupling region from AdS/CFT

L.F. Alday
e N = 4 Yang-Mills theory is conformal (C4 = 2Cr = IN¢), one of the simplest field
theories.
dgs

dlIn p,zR

=0
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Universality in the strong coupling region from AdS/CFT

L.F. Alday
e N = 4 Yang-Mills theory is conformal (C4 = 2Cr = N.), one of the simplest field
theories.
dgs

dln qu

=0

® |nfra-red divergences of the on-shell multi-parton amplitudes exponentiate (weak coupling):

93 N¢
87

Agiv(e) = ] exp (E%AI(A) + EGI(A)) A=

I=legs

where Ay () are cusp anomalous dimension and Gy () are collinear anomalous
dimension.

® Gr(A) = 2Bjr(N) + cr fis universal, where representation dependent constants cq = 1
andcg = 2.
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Universality in the strong coupling region from AdS/CFT

L.F. Alday
e N = 4 Yang-Mills theory is conformal (C4 = 2Cr = N.), one of the simplest field
theories.
dgs
_99s  _ o
dln qu

® |nfra-red divergences of the on-shell multi-parton amplitudes exponentiate (weak coupling):

93 N¢
87

Agiv(e) = ] exp (E%AI(A) + EGI(A)) A=

I=legs

where Ay () are cusp anomalous dimension and Gy () are collinear anomalous
dimension.

® Gr(A) = 2Bjr(N) + cr fis universal, where representation dependent constants cq = 1
andcg = 2.

e Bj(A) are related to energy of the classical strings spinning on AdS and are related to
anomalous dimensions of twist-2 operators with high spin.
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Universality in the strong coupling region from AdS/CFT

L.F. Alday
e N = 4 Yang-Mills theory is conformal (C4 = 2Cr = N.), one of the simplest field
theories.
dgs
_99s  _ o
dln qu

® |nfra-red divergences of the on-shell multi-parton amplitudes exponentiate (weak coupling):

93 N¢
87

Agiv(e) = ] exp (E%AI(A) + EGI(A)) A=

I=legs

where Ay () are cusp anomalous dimension and Gy () are collinear anomalous
dimension.

® Gr(A) = 2Bjr(N) + cr fis universal, where representation dependent constants cq = 1
andcg = 2.

e Bj(A) are related to energy of the classical strings spinning on AdS and are related to
anomalous dimensions of twist-2 operators with high spin.

® |n the strong coupling using AdS/CFT, Alday has shown recently that it is indeed to true

Gr(A) =2Br(X) + CI2£:( — 1 —2vg + 5log(2) + 2log(w) — log(A))
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Solution to (Soft)Sudakov Equation
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Solution to (Soft)Sudakov Equation

d ~ 1 |—r1 [ . LLZ —1(. q* “2
® — &' (as,qz,p,2,z,s) = S |K as’—g’z’s +G as,—z,—lj,z,s
2 7 MR M
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Solution to (Soft)Sudakov Equation

e K' contains all the infra-red poles

® (G isregularase — 0

Solution to (soft) Sudakov equation:

I(n .2 ,2 e i q? ‘2
¢ (asaqauazas)—zas

q2

2

KR

9

L3

2 s 29 E
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Solution to (Soft)Sudakov Equation

d ~ 1 |—r1 [ . LLZ —1(. q* “2
® — &' (asaq2a“’2aza€) = S |K as’—lzz’z’s +G as,—z,—lj,z,s
2 7 MR M

e K' contains all the infra-red poles

® (G isregularase — 0

Solution to (soft) Sudakov equation:
; 5 o > g2\ ...
&' (as,q%, p*, z,e) = ng (—) St 1) (2, ¢)

Most general solution:

KH
~
—
Q
w
Q
N
=
N
N
®
)
I
KA
~
VammN
Q»
w
Q
N
—
ek
]
)
N
3
=
N
U]
)
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Solution to (Soft)Sudakov Equation

d ~ 1 |—r1 [ . ”2 —I [ . 2 ”2
q2_2(I)I (aSaq29H2aza€) = - |K aSa—Ijazas +G a’S’q—Z’—Izz’z’s
dq 2 7 KR K

e K' contains all the infra-red poles

® (G isregularase — 0

Solution to (soft) Sudakov equation:
; 5 o > g2\ ...
&' (as,q%, p*, z,e) = ng (—) St 1) (2, ¢)

Most general solution:

KH
~
—
Q
w
Q
N
=
N
N
®
)
I
KA
~
VammN
Q»
w
Q
N
—
ek
]
)
N
3
=
N
U]
)

e All the poles are known upto three loop
e All the poles and finite terms are known upto two loop level
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Threshold Resummation

e Alternate derivation for the threshold resummation formula in z space for both DY and DIS:

N ™m
q)lg(a'saq2al*"27za€) — < {

a®(1—2)?"8p g)\2
/. e A (@ (%)

1 —2= nZ2,

‘l‘EIJI’ (as (q2(1 - z)2m6P) ,E) })
4+

rsa—2) S ai ( u(sp) st dp ™ (e)

=1

oo 2 2
m ~i [ MR —I(z)
+<1_z>+ .231‘13(”2) (e)

1=

N|®
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Threshold Resummation

e Alternate derivation for the threshold resummation formula in z space for both DY and DIS:

2 2m
m 97 (1=2)""dp g)2
q)lg(a'saq2all'27za€) — ( {/ Ag (aS(Az))
1—2z| Juz A2

‘|‘EIJI’ (as (q2(1 - z)2m6P) ,E) })

e The threshold exponents D7 for DY and B/ for DIS are related to Gh (e = 0).

o @f: (e = 0) upto three loop gives D and By for ¢ = 1, 2, 3 (Moch,Vermaseren,Vogt)
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Threshold Resummation

e Alternate derivation for the threshold resummation formula in z space for both DY and DIS:

2 2m
m 97 (1=2)""dp g)2
q)lg(&saqzauzazag) — ( {/ Ag (aS()‘z))
1—2z| Juz A2

-|—G1£ (as (¢°(1 — 2)*™ép) , ) })

e The threshold exponents D7 for DY and B/ for DIS are related to Gh (e = 0).

o @f: (e = 0) upto three loop gives D and By for ¢ = 1, 2, 3 (Moch,Vermaseren,Vogt)

I
e Expansion of Ce(zép) leads to soft part of the cross section.

e Soft part of Wilson Coeffient of Fs (x, Q?) structure functions upto "four loops" can be
reproduced (Moch,Vogt,Vermaseren)
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Soft plus Virtual part at N®LO,sy for Higgs Production

Moch, Vogt, V. Ravindran
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Soft plus Virtual part at N®LO,sy for Higgs Production

Moch, Vogt, V. Ravindran

1 d 2
" H . . T m
2S doP1P2 (1,my,) = g / B,y () 25 d&*P (—,mh) r=—h
ab
70 r ' ' | ' | ]
- o (pb) LHC(14 TeV) -
X N*LO(pSV) ]
60 N . N3LO(pSV) —
C\: ______  NNLO ]
L ]
50 :\' 7]
40 [ -
30 F -
20 | 5
10 [ =
100 150 m 200 250

Gluon flux is largest at LHC
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Soft plus Virtual part at N®LO,sy for Higgs Production

Moch, Vogt, V. Ravindran

1 da T m?2
2S dot1P2 (r,mp) = —®,p () 28 dé?® (=, my, =2
b 9
T €T L S
ab
70 | T T I T I ] ) ) . I I i
- o (pb) LHC(14 Tev) 1 o Finite terms in F* and ®* at 3-loop are still
X N*LO(pSV) ] g
60 ‘\ _______ N3LO(pSV) | mISSIng
\ —_____ NNLO ]
\ ]
50 N .
w0 .
30 F -
20 | .
10 [ =
100 150 200 250

Gluon flux is largest at LHC
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Soft plus Virtual part at N®LO,sy for Higgs Production

Moch, Vogt, V. Ravindran

1 dx T m?2
2S doP1P2 (1,my,) = B,y () 25d6*° (—,my, r=—h
? ’
T £ L S
ab
70 : : : : : - o _ , ; _
- o (pb) LHC(14 Tev) 1 o Finite terms in F* and ®* at 3-loop are still
X N*LO(pSV) ] g
o kT NLomsyy missing
L\ NNLO ]
: )
0 1 @ We can not predict §(1 — =) part at 3-loop.
40 [ ]
30 F ]
20 | .
0 F el =
: | I | I T Lo :
100 150 m 200 250

Gluon flux is largest at LHC
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Soft plus Virtual part at N®LO,sy for Higgs Production

Moch, Vogt, V. Ravindran

1 dx T m3
ZS da‘Plpz (Tamh) — Z/ _i)a,b (213) 28 d&a’b (—,mh) T = —h
T £ T S
ab
70 - ' T ' I ] L. ) I I )
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e \We can not predict 6(1 — =z) part at 3-loop.

e At 3-loop we can predict all

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

® At 4-loop, we can predict only

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

e They contribute bulk of the cross section
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Scale variation at N®LO,sy for Higgs production
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e Scale uncertainity improves a lot

® Perturbative QCD works at LHC
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Rapidity distribution do/dY of Higgs at N°>LO,sv
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Rapidity distribution do/dY of Higgs at N°>LO,sv
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Conclusions

e Gluons from the soft and collinear regions "factorise".
e Resummation of soft and collinear gluons is possible through Sudakov resummation.

e Universality of single poles in the form factor and the connection to Wilson loops is how
understood

e Resummed total cross sections and rapidity distribtions can be used to determind soft gluon
contribution to order N3LO

e Soft plus virtual (SpV) to order IN3 LO stabilises the perturbative prediction against scale
variations.
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