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Snap shot of the talk

e Perturbative QCD provides a frame work to compute observables at high energies

® They are "often" sensitive to
1) Renormalisation scale
2) Factorisation scale
3) Non-perturbative quantities that enter

4) Missing higher order contributions(stability of perturbation)
e Higher order QCD corrections reduce these effects
e Soft gluons dominate in some kinematic regions that are accessible at hadron colliders.

e Sudakov resummation of soft gluons can be used to predict for Drell-Yan and Higgs total
cross sections and their rapidity distributions at N3 LO and beyond.
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Standard Model

e Tests of Standard Model of Strong,Electroweak interactions:
SUc(3) SUL(2) Uy (1)

have been incredibly successful.

® This involves 25 years of work from both theorists as well as experimentalists.

1) Discovery of all the gauge bosons (W =*, Z, g),
all the fermions (¢, b, t, 7...),

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

e "BUT"

e \We have not found Higgs Boson yet!. The Higgs boson is the last particle to be discovered
in SM.
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Higgs Mass

Direct:

mp, > 114.4782 Gev

Indirect: <]

mp < 260 GeV (95% CL)

[Summer 2004, LEPEWWG]
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e Recent DO analysis increases top mass to 170.9 4 1.1(stat) &+ 1.5(sys) GeV.

® Higgs mass is 76f32 GeV at the mininum.

300
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Factorisation Theorem (QCD improved Parton Model)

Gotlins,—Soper, Sterman

Hadronic cross section in terms of partonic cross sections convoluted with appropriate PDF:

2S5 do'P1P2 T,mh Z/ —<I>ab (ac ],LF) 25 d&? (g,mi,up)
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Factorisation Theorem (QCD improved Parton Model)

Gotlins,—Soper, Sterman

Hadronic cross section in terms of partonic cross sections convoluted with appropriate PDF:
T
2S5 da'P1P2 T,mh Z/ —<I>ab (a: ],LF) 25 d&? (;,mi,up)
e The perturbatively calculable partonic cross section:

déab (z m?2 - S M ' dé b (%) 2
’ h,a/J'F) = Z A o (zamhaﬂ'FaﬂR)
=0

® The non-perturbative flux:

1 dz

Sa(@ur) = [ Tfatzur) fo(Zonr)

ffl (x, p ) are Parton distribution functions with momentum fraction .
p r 1S the Renormalisation scale and u , Factorisation scale

e The Renormalisation group invariance:

%GP1P2 (7, mi) = 0, H = HKHFsHR
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Higgs Prodution at NNLO (Two Loop level)
Harlander, Kilgore/ Anastasiou, Melnikov/ V.Ravindran, W. van Neerven, J. Smith, 04
Double Virtual:

% — -3 + 148 terms:

Real Virtual:
Double Real:
% —R + 594 terms.
&
In addition:
q+9g—h+ X(q,7,9) q; +q5(q;) =+ h+ X(q,9,9)

|
" For one loop results, see Djouadi et al, Dawson -p. 7127 :



Higgs production at LHC and Scale dependence
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Higgs production at LHC and Scale dependence
Harlander, Kilgore/ Anastasiou, Melnikov/ V.Ravindran, W. van Neerven, J.Smith
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Higgs production at LHC and Scale dependence
Harlander, Kilgore/ Anastasiou, Melnikov/ V.Ravindran, W. van Neerven, J.Smith
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e See Hinchcliff,... for LO and see Dawson, Djouadi et.al for NLO (with finite top mass), NNLO
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Soft part of NNLO

Catani et al, Harlander and Kilgore

1 2
2S da'P1P2 (‘r, mh) — Z/ d_ch)ab (m) 25 da_ab (Z,mh) o my
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e Dominant contribution to Higgs production

100000 1 comes from the region when  — 7

§ 10000 |

1000

® |t is sufficient if we know the partonic cross
section whenx — 7

100 | : .
e xr — T iscalled soft limat.
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X = QZ/S e Expand the partonic cross section around
Gluon flux is largest at LHC T = T.
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Soft part

Catani et al, Harlander and Kilgore

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

dé(z) = €0 (2) + Z(l — 2)tc® z = §

1=1

[ C(O):

> loghk(1 —
c(® — c(()o) 0(1 —2) + E C,go) 08" ( ?)
= _|_
° 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) Higgs and Drell-Yan NNLO results
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Soft plus Virtual at N3LO and beyond
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Soft plus Virtual at N3LO and beyond
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Soft plus Virtual at N3LO and beyond

V. Ravindran

Using "factorisation" of Virtual, Soft and Collinear:

I=q,9 mn=4+c¢

sﬁP(za q27 l"zRa Il:%') = Cexp (l]?f)(z, q2, Pl'zRa P‘l%‘a €)>

e=0
. 2 N 2
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+2 ‘1)15(&37Q27P’29z7€) —2m ClnI‘II(a/salszall'%‘azae)

o Zl(a,,p?%, n?,¢) is operator renormalisation constant with p is mass parameter in
n = 4 + e dimensional regularisation - N3LO

o Fl(a,,Q2,u2,¢) is the Form factor with Q2 = —g? — N3LO
o &1(as,q?%, p?,z,¢) is the soft distribution function - NNLO

e I';yr(as, u?, u%, 2, €) is mass factorisation kernel - N3LO
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V. Ravindran

Using "factorisation" of Virtual, Soft and Collinear:

I=q,9 mn=4+c¢

sﬁP(za q27 l"zRa Il:%') = Cexp (l]?f)(z, q2, Pl'zRa P‘l%‘a €)>

e=0
. 2 N 2
\Pfg(z,qz,qu,p,%—‘,e) — (ln (ZI(G'SaH'2R7F"29€)) —|—ln|FI(a,3,Q2,p,2,€)| >6(1_z)

+2 ‘1)15(&37Q27P’29z7€) —2m ClnI‘II(a/salszall'%‘azae)

o Zl(a,,p?%, n?,¢) is operator renormalisation constant with p is mass parameter in
n = 4 + e dimensional regularisation - N3LO

o Fl(a,,Q2,u2,¢) is the Form factor with Q2 = —g? — N3LO
o &1(as,q?%, p?,z,¢) is the soft distribution function - NNLO

e I';yr(as, u?, u%, 2, €) is mass factorisation kernel - N3LO

~D 1
s m= — for DIS, m=1 for DY, Higgs

as =

1672 2 |
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Sudakov Resummation for Form factors

Vogt, Vermaseren, Moch, V. Ravindran
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Sudakov Resummation for Form factors

Vogt, Vermaseren, Moch, V. Ravindran

2 2 2
[KI <as, u’?as) +GI (as, ’?2 7“_1;,€>]
R

Q2\"* i AI,(i
F) Seﬁp()(e)

d 5T (A
Q2 dQ? In F1 (as,Qzauzas) —

N | =

N|®

oo
Solution : In F¥(as, Q% pu?,¢) = Z ay (

=1
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Sudakov Resummation for Form factors

Vogt, Vermaseren, Moch, V. Ravindran

2 2 2
~ M A K
[KI <asa “§a€> +GI (as, ’?2 ,“_12%35>]
R

Solution : lnﬁ‘I(& Q2 2 — S X Q_2 ‘2 g L"Ia(i)
. S 3[”’ 96)_20’3 “2 € F (6)

d ST (A
Q2 dQ? In F1 (as,Qzauzas) —

N | =

1=1

Formal solution upto 4 loops:

- 1 1
AR ( - zA{) +1 (G%(s))

s 1 1 1 1
p® = 5 <ﬁoA{> t 3 < - A2 - ﬂoG{(s)> + 5-Gz(e)
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Sudakov Resummation for Form factors

Vogt, Vermaseren, Moch, V. Ravindran

2 2 2
[KI <asa “§a€> +GI (as, ’?2 ,“_12%35>]
R

oo . 2\ 1 o )
Solution :  In F(as,Q?%, u?,¢e) = Z a; (%) S? L;’(z) (e)

d 5T (A
Q2 dQ? In F1 (as,Qzauzas) —

N | =

N|®

=1

Formal solution upto 4 loops:

1, 1 1
ey = L[ -2at)+ 2 {elo)

s1,2) 1 I 1 1 i 1 1
Ly =~ 23 <,30A1> + o2 < — §A2 - ,30G1(€)> + 2—€G2(5)
I . . g C'A q .
e A° are maximally non — abelian A = — A, 1= 1,2, 3.
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Sudakov Resummation for Form factors

Vogt, Vermaseren, Moch, V. Ravindran

2 2 2
[KI <asa M§,€> +GI (as, ’?2 7“_1;a€>]
R

oo . 2\ 1 o )
Solution :  In F¥(as, Q?, u2,¢) = Z a; (%) S? L;’(z) (e)

d 5T (A
Q2 dQ? In F1 (as,Qzauzas) —

N | =

N|®

=1

Formal solution upto 4 loops:

- 1 1
AR ( - zA{) +1 (G%(s))

s1,2) 1 I 1 1 i 1 1
Ly =~ 23 <,30A1> + o2 < — §A2 — ,30G1(€)> + 2—€G2(5)
I . . g C'A q .
e A° are maximally non — abelian AT = Cn A, 1= 1,2, 3.
F

e Every order in a s, all the poles except the lowest one can be predicted from the previous
order results using A and 3 function.

- p. 12/27



New observation for single polein e

V.Ravindran,J. Smith, W. van Neerven
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Two loop results for F'2 and F'9 in SU (N) solves the single pole problem:
Gs have interesting structure:

Gi(e) = 2(31—‘71)+f1+26k Ik
k=1
Gie) = 2(BL—~d) + fi —2B0g,"" +Ze"’ ok

B,{ are §(1 — z) part of Py splitting functions. The new constants "f{ and f1" satisfy
Ca .
fig — C—Ffiq 1 =1,2

We conjuctured the form of the single pole: GI = 2(Bf — ~I) + ff + - - - to all orders with
fi =(Ca/CF) fi foralli

Recent three loop result by Moch,Vermaseren, Vogt confirms our conjucture:

|
™ This completes the understanding of all the poles of the form factors. v !
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factorisation:
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Finiteness of the Cross section

V.Ravindran
Observable Al (as, Q?) are finite:

Infra — red safe

The remaining poles after UV Operator Renormalisation(Z, and Z1) and Mass
factorisation:

1

i1 at ithloop
€

Highest poles are not removed by renormalisation and factorisation

e The structure of soft part should be "similar" to the Form Factors.
® Hence using gauge invariance and RG invariance, we can propose

2 2 2

I [~ M —I (. q° M
K ag, 12272775 + G Asy, —5 1;7235

M Hrp M

d . 1
qzd—qz(I)I (as,qzaﬂzazas) — 5
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Finiteness of the Cross section

V.Ravindran
Observable Al (as, Q?) are finite:

Infra — red safe
The remaining poles after UV Operator Renormalisation(Z, and Z1) and Mass
factorisation:

1
cit1

at ithloop

Highest poles are not removed by renormalisation and factorisation

e The structure of soft part should be "similar" to the Form Factors.
® Hence using gauge invariance and RG invariance, we can propose

2 2 2

I [~ M —I (. q° M
K ag, 12272775 + G Asy, —5 1;7235

M Hrp M

d . 1
qzd—qz(I)I (as,qzaﬂzazas) — 5

RG invariance of &I implies:

d —1(. wp2 d —1(. q* n? —1
”2Rdu2RK (as, “_F2i727€> = _I"'zR “2 G (a’sagaﬂ_gazae = —A (aS(N2R))5(1 _z)
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Soft gluon Resummation

V.Ravindran
e Threshold resummation formula in z space for DY,Higgs and DIS:

a?(1—2)>™ép g)\2
/ o Ar (as (W)

~ m
<I>1£(a,s,q2,u2,z,e) — ( { 22
nR
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Soft gluon Resummation

V.Ravindran
e Threshold resummation formula in z space for DY,Higgs and DIS:

— A7 (as(\?
” o Az (as(A%)

2 2m
A m a“(1—2)"""8p )2
‘I’é(as,qz,uz,z,e) — (1—2:{/

-|-G1£ (as (a?(1 — 2)?*™6p) ,¢) }>

L /aq26p\'2 . . 1
#6-2) Sai(T2P) " siabOe
=1

oo 2 \ 3
m ~i [ PR i 7= I,(%)
+(1—z)+ i=z1as (F) Se K (¢)

® The threshold exponents DiI for DY and BiI for DIS are related to @fg (e = 0).

o Ef) (e = 0) upto three loop gives D} and B for:i =1,2,3
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Soft gluon Resummation

V.Ravindran
e Threshold resummation formula in z space for DY,Higgs and DIS:

a?(1—2)>™ép g)\2
/ o Ar (as (W)

_ 2
1— 2 p2, A

R m
‘I’é(as,qz,uz,z,e) — ( {

-|-G1£ (as (a?(1 — 2)?*™6p) ,¢) }>

L /aq26p\'2 . . 1
#6-2) Sai(T2P) " siabOe
=1

® The threshold exponents DiI for DY and BiI for DIS are related to @fg (e = 0).

o Ef) (e = 0) upto three loop gives D} and B for:i =1,2,3

I
e Expansion of Ce (2@1’ ) leads to soft part of the cross section.

e Fixed order N3 LO soft plus virtual cross sections can be computed(except § (1 — z))
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Higgs and Drell-Yan productions beyond NN LO

Universal soft function: V.Ravindran
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e N3 LO threshold corrections to Higgs production:

o(g + g — Higgs)
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. Ca .
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e N3 LO threshold corrections to Higgs production:

o(g + g — Higgs)

e N3 LO threshold corrections to Drell-Yan production:

o(g+q—1T17)

e The scalar form factor F° =< P|v| P > can be predicted at three loop from the known
three loop A;, B;, f; and ;™.
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Universal soft function: V. Ravindran
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(I)g(a'-‘s, q27 Z, Nza E:) — C—F(I)q(a'sa qZ, Z, “’27 6)

e N3 LO threshold corrections to Higgs production:

o(g + g — Higgs)

e N3 LO threshold corrections to Drell-Yan production:

o(g+q—1T17)

e The scalar form factor F° =< P|v| P > can be predicted at three loop from the known
three loop A;, B;, f; and ;™.

e N3 LO threshold corrections to :

o(b+b— Higgs)
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Soft plus Virtual part at N3LO for Higgs Production

Moch, Vogt and V.Ravindran
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Soft plus Virtual part at N3LO for Higgs Production

Moch, Vogt and V.Ravindran

14
28 doP1P2 (1, mp) = Z/ fq»ab () 23 d&°® (g,mh) r= "h

ab T
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Soft plus Virtual part at N3LO for Higgs Production

Moch, Vogt and V.Ravindran

PP tdx b (T mj
2Sdo"172 (t,mp) = E / — Py () 28 d6° (—,mh) T=—"
ab T x T

e Finite terms in F{ and ®! at 3-loop are still
missing
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Soft plus Virtual part at N3LO for Higgs Production

Moch, Vogt and V.Ravindran

1 d m
28 doP1P2 (7, mp,) = Z/ P&, (x) 25 d5° (I,mh) r=_—h
ab ' T x T
e Finite terms in F{ and ®! at 3-loop are still
missing

e \We can not predict §(1 — z) part at 3-loop.
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Soft plus Virtual part at N3LO for Higgs Production
Moch, Vogt and V.Ravindran

1 d m
2S doP1P2 (r,my) = Z/ —w<I>ab (z) 25 d6*° (I,mh) h
ab ' T x T
e Finite terms in F{ and ®! at 3-loop are still
missing

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

® At 3-loop we can predict all

D; j=25,4,3,2,1,0
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Soft plus Virtual part at N3LO for Higgs Production
Moch, Vogt and V.Ravindran

1 d m2
25 407 (o) = 3 [ s @288 (Toms) =

ab T

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

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

® At 3-loop we can predict all
D; j=25,4,3,2,1,0
® At 4-loop, we can predict only

D; j=1,6,5,4,3,2

-p. 17127



Soft plus Virtual part at N3LO for Higgs Production

Py Py 1 dx
2S do (’T, mh) = E _q)ab
£r
ab T
70 r ' | ' | ]
o (pb) LHC(14 TeV) .
X N*LO(pSV) 1 o
60 N . N3LO(pSV) —
AN ____ NNLO i
50 [\ -
i 1 o
40 - o
30 F 4 e
20 | 5
- 1] e
10 |- =
- | | . ...I """" :
100 150 200 250
)

Gluon flux is largest at LHC

(z) 25 d6*° (g, mh)

Moch, Vogt and V.Ravindran

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

missing

We can not predict §(1 — z) part at 3-loop.

At 3-loop we can predict all

D;

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

At 4-loop, we can predict only

D;

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

They contribute bulk of the cross section
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Scale variation at N3LO for Higgs production

N — O'NiLo(H)
oniro(ro)
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cale variation at N3LO for Higgs production
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cale variation at N3LO for Higgs production
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cale variation at N3LO for Higgs production
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oniro (1o
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e Scale uncertainity improves a lot
e Perturbative QCD works at LHC
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Rapidity distributions

V.Ravindran,J. Smith and W. van Neerven
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Rapidity distributions

V.Ravindran,J. Smith and W. van Neerven

dol

d—Y — a]éorn(w(l)awgaqz)WI(w(l)awgaqz) ’ I =gq,b,g ,
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Rapidity distributions

V.Ravindran,J. Smith and W. van Neerven

I
do T

— aBorn

dY (w(l)awgaq2)WI(w(1)7wqu2) ’ I=gq,b,9 ,

1 x?
Y=—log<—(1)), =023 .
2 Tq
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Rapidity distributions

V.Ravindran,J. Smith and W. van Neerven

do!
dYy — aéom(w(l),wg,qz)WI(w(l),wg,qz) ’ I =gq,b,g ,
1 9
Y = Zlog | —¢ T = 29z .
o g (wg) 9 1L2
1 1
WI(a;(l),mg,qz) = Z / da:1/ dx2 ’H(Ilb(wl,wg,p%)
ab=q,q,g 0 0

1 1
X / dz1 / dz2 8(x] — @121) 8(x3 — ®222) A] (21, 22, 4%, uF,.
0 0
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Rapidity distributions
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Rapidity distributions

V.Ravindran,J. Smith and W. van Neerven

dol T

dY —aBorn(wlawZa )WI(wl?w27q ) 5 I=gq,b,9 ,
0)
Y = log (wl), =023 .
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WI(a;(l),mg,qz) — Z / da:1/ dx2 ’H,ab(azl,wg,uF)
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1 1
X / dz1 / dz2 8(x] — @121) 8(x3 — ®222) A] (21, 22, 4%, uF,.
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Rapidity of Higgs production and its Scale dependence at NNLO

Anastasiou, Melnikov, Petriello
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Rapidity of Higgs production and its Scale dependence at NNLO

Anastasiou, Melnikov, Petriello
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Rapidity of Higgs production and its Scale dependence at NNLO

Anastasiou, Melnikov, Petriello

pp-H+X pp-H+X
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e NNLO exact in the large top limit reduces the scale uncertainity significantly
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Rapidity of Higgs production and its Scale dependence at NNLO

Anastasiou, Melnikov, Petriello

pp-H+X pp-H+X
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e NNLO exact in the large top limit reduces the scale uncertainity significantly
e One of the most difficult computations in QCD. Is it the end?
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Rapidity of Drell-Yan and its Scale dependence at NNLO

Anastasiou, Dizon, Melnikov, Petriello
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Rapidity of Drell-Yan and its Scale dependence at NNLO

d*c/dM/dY [pb/GeV]

Anastasiou, Dizon, Melnikov, Petriello
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Rapidity of Drell-Yan and its Scale dependence at NNLO

d*c/dM/dY [pb/GeV]

e NNLO exact reduces the scale uncertainity significantly

Anastasiou, Dizon, Melnikov, Petriello
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Rapidity of Drell-Yan and its Scale dependence at NNLO

Anastasiou, Dizon, Melnikov, Petriello

pp - (Z,77)+X
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e NNLO exact reduces the scale uncertainity significantly

e Also "most difficult" computation in QCD
What is next?
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Three loop (IN3LO) Soft distribution for rapidity

V.Ravindran,J. Smith and W. van Neerven

Using RGE and Factorisation:

-p. 22127



Three loop (IN3LO) Soft distribution for rapidity

V.Ravindran,J. Smith and W. van Neerven

Using RGE and Factorisation:

I/~ 2 2 _ I 1
@, (Gs, g%, n°5 21, 22,€) = q>d,j"fi,'rz,'ite + q’d,singula'r
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Three loop (IN3LO) Soft distribution for rapidity

V.Ravindran,J. Smith and W. van Neerven

Using RGE and Factorisation:

(I)dI(a'S’ q2’ “’2’ 21y 22, 6‘) — q’dI,finite + q’dI,s'ingula'r
where
2
1 1 q“(1—=z1) d)\2
I 2
Py, pinite = 50(1—22) (1 ~ { L2 ~z AL (as(2*))
R

ol enta-sio))

2
d 1 q“(1—21)(1—22) g)\2
2 AI 5 A2
+q dq2 [(4(1 _ Zl)(]. _ ZZ){ ”%i Az (a’ ( ))

+Gg (as (q2(1 — 21)(1 — 22)) ’5)}>

+2z1 & 22
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N3LO,sy results for Drell-Yan rapidity

V.Ravindran,J. Smith and W. van Neerven
N — oniro(l)
oniro(ro)
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N3LO,sy results for Drell-Yan rapidity
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N3LO,gy results for Drell-Yan rapidity
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N3LO,sy results for Drell-Yan rapidity
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