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Incusive cross-section - QCD Improved Parton Model

Parton level Agp(2)

Hadron level

Drell-Yan (DY) / Higgs boson production in Hadron collisions
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Threshold Expansion (z->1) of the partonic CF

Soft-virtual (SV) Regular part
Aap(q”. 152 2) = Sap Ay (@7, 3. 2) + ALE(G7, 1T, 2).

Power series expansion \!/
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comprises pure virtual contributions k=0

and leading threshold contributions from
diagonal partonic channels

with at least one emission of on- 1 1 i1 = 2)
shell parton. f dzD;(z)f(z) fo dz——

Plus distribution + is defined by its action on test function f(z)

[f(z) = F(1)]



¢ Threshold logarithms i(] —
D, (z) (ln (1 z))
==

1 -z

Linked to soft & collinear divergences

Universal process-independent form through certain
IR anomalous dimensions

¢ Dominate in the threshold region, namely z->1

These large logarithms spoil the reliability of the fixed-order
pertutrbative series



Resolution: Thresold resummation
[known since 1989, sterman, catani, trentedue]

Sterman-Catani-Trentedue
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Going beyond the Soft-Virtual

Let us take a look at the regular part

2i—1 oo
AED@D =33 AP0 -2 " —2)

k=0 [=0

Setting =0 in the above eqgn, we obtain the Next-to-soft-virtaul (NSV) terms
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The NSV terms
2i—1

NSV ({0
D) = Z AT In* (1 — 2)



Perturbative structure of the CF near threshold (z->1)

kel —
D(z) — (ln 1(1 z)) 4 I
ps N

Plus-distribution

Leading power (LP) logarithms
Most Singular when z— 1
Corrections from diagonal
Channels
Resummation to N3LL accuracy
Well-understood

Next-to LP (NLP) logarithms

Next-to-dominant singular
Corrections from both
diagonal & off-diagonal
Resummation to LL accuracy

Not much studied




Why Next-to-SV (NSV)?

Higgs production in the gluon fusion | N3LO

Charalampos Anastasiou?, Claude Duhr?, Falko Dulat®, Elisabetta Furlan®, Thomas

Gehrmann?, Franz Herzog®, Bernhard Mistlberger® JHEP 03 (2015) 091
ng?;)(z)'(l_z)o = —2561log®(1 — 2) (— 115.33%)
+ 9591og?(1 — 2) (—  101.07%)
+ 1254.029198 . . . log3(1 — z2) (— —32.15%)
— 11089.328274 . .. log?(1 — z) (— —89.41%)
+ 15738.441212.. . . log(1 — 2) (— —55.50%)
— 5872.588877 . .. (— —14.31%)

The total SV contribution in z-space -> -2.25 % of the Born

The total NSV contribution in z-space -> 25 % of the Born!



The total SV contribution in Mellin N-space (conjugate space) -> 18 % of the Born

The total NSV contribution in N-space -> 11 % of the Born !
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+ 744.849 . .. log* N (— 0.2570%)
+ 1405.185...log? N (— 1.0707%)
+ 2676.129 ... log? N (— 4.0200%)
1 1897.141...log N (— 5.1293%)
+ 1783.692. . . (— 8.0336%)

log® N
10822 (— 0.0105%)
log? N
1 615.696... —2 (— 0.1418%)
log? N
4 2036.407 . . . O%V (— 0.9718%)
log? N
+ 3305.246 . . . O%V (= 2.9487%)
4 3459.105 . . . biN (— 5.2933%)
1
+703.037... — (— 1.7137%).
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Approximate four-loop QCD corrections
to the Higgs-boson production cross section

Phys.Lett.B 807 (2020) 135546
G. Das, S. Moch and A. Vog
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Understanding the NSV sector is important because:

Numerically sizeable

Provide check of higher-order corrections
Help to reduce the scale uncertainites
Stabilize automated fixed-order calculations

These NSV logarithms give rise to large logarithmic contributions in
the threshold limit : spolis the perturbativity of the FO series

Resolution : Find a way to resum these NSV logarithms beyond LL
accuracy



Previous Works

The earliest evidence that IR effects can be studied at NLP
[Low, Burnett, Kroll]

Early attempts :
[Kraemer, Laenen, Spira (98)]
[Akhoury, Sotiropoulos & Sterman (98)]

Important Results & Predictions using Physical Kernel Approach & explicit computation:
[Moch, Vogt et al. (09-20)]
[Anastasiou, Duhr, Dulat et al.(14)]

Universality of NLP effects and LL Resummation:
[Laenen, Magnea, et al. (08-19)]

[Grunberg & Ravindran (09)]

[Ball, Bonvini, Forte, Marzani, Ridolfi (13)]

[Del Duca et al. (17)]

Subleading Factorisation and LL Resummation at NLP using SCET:

[Larkoski, Nelli , Stewart et al. (14) ]

[Kolodrubetz, Moult, Neill ,Stewart et al. (17)]

[Beneke et al. (19-20)] And many other works...



Some of the recent works

Factorisation and RG invariance approach to study NSV resummation effects
[Ajjath, Pooja, Ravindran, Phys. Rev. D 105, 094035, Phys. Rev. D 105, L091503, (2020)]

On next to soft threshold corrections to DIS and SIA processes
[Ajjath, Pooja, Ravindran, A.S, S.Tiwari, JHEP 04 (2021) 131 ]

Next-to SV resummed Drell-Yan cross section beyond Leading-logarithm
[Ajjath, Pooja, Ravindran, A.S, S.Tiwari, Eur. Phys. J. C 82, 234, (2021)]

Resummed Higgs boson cross section at next-to SV to NNLO + NNLL
[Ajjath, Pooja, Ravindran, A.S, S.Tiwari, Eur. Phys. J. C 82, 774, (2021) ]

Next-to-soft corrections for Drell-Yan and Higgs boson rapidity distributions beyond N3LO
[Ajjath, Pooja, Ravindran, A.S, S.Tiwari, Phys.Rev.D 103 (2021) L111502, (2021)]

Next-to SV resummed rapidity distribution for Drell-Yan to NNLO + NNLL
[Ajjath, Pooja, Ravindran, A.S, S.Tiwari, Phys. Rev. D 106, 034005, (2022)]

Resummed next-to-soft corrections to rapidity distribution of Higgs Boson to NNLO + NNLL
[Ravindran, A.S, S.Tiwari, arXiv:2205.11560 [hep-ph], (2022)]



The Approach

Works for 2-> 'n’ colourless Final states

Considered only diagonal channels : _
Keypoints
o o yp
>M< # Collinear Factorisation
q It

% Renormalisation Group (RG)
Invariance

* Logarithmic structure of
higher order perturbative
results

Drell-Yan



The Formalism

Factoring out the pure virtual contributions
Soft-collinear function

2
6.z, €) = (ZC,UV) | F (€)|*S.(z, €)

Partonic cross-section /

Unrenormalised Form Factor (FF)
(pure virtual corrections)

UV Renormalisation constant
Mass Factorisation Altarelli-Parisi (AP) kernel

1 e

) 1
. (2 €) = GOZF (P2, €) ® ( A (U, 2, 6)) ® I'yy(pz, 2, €)

a’b’ <

Partonic cross-section containing only Collinear Finite Collinear Singular
Initial state collinear singularities



Factorisation - Diagonal channel

For Drell-Yan process:
Contributes to beyond NSV

Oqq A A
ﬂ:I‘gq@ﬂ@)rq‘j_l_rgq@ﬁ(grgq_l_...
Z00 zv zx

In the threshold limit z -> 1 , keeping only (lngl—zi) ) §(1 — z;) sV
( _Z'b') 4

/ log®(1 —2;), k=0,---0c0 nexttoSV

dropping (1-— zi)k7 k= 1,0

Diagonal Channel:

A SV+nsv
q9 — 1T @ ASVTISY o T
200 qq q4 aq

Remarkably Simple form |



Coefficient function - Diagonal channel

Finite mass-factorised SV+NSV partonic coefficient function
for the diagonal channels:

-1 2 —1
Az €, q*pg, hf) = /(F T) ® { (chuv) Iﬁc(Q‘z, e)|”S.(q% Z,\e‘)} ® (F)

e L N
Altarelli-Parisi splitiing UV Renormalisation

kernel constant Form Factor Soft-collinear

function



The Building blocks

—1 2 —1
Az €, G up. pp) = (FT) ® { (ZC,UV) | E(0% e)1°S (4% z, e)} ® (r)

Set of governing differential egns

2

/QQ d
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poles

d
dp%,

d 1
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as, ‘u’—g,s) +Gc(c’i5, Q—z, M—};,s)]

H Hr H
finite

l0g Zo,uv (s, i, 12,€) = > _al(ph) ¥51

UV anomalous
dimension

g=1

Z Paa" (Z: GJS(:U’%’)) & Fa;b(z’ H’%" 6)

Splitting function

a’'=q.,q.,9 j

[Sen, Sterman,Magnea]

Sudakov K+G
diff eqn

RGE

AP
evolution
eqn

[Moch,Vogt,Vermaseren]



Altarelli-Parisi kernels

Required to remove the initial state collinear singularities

. . .. . [Moch,Vogt,Vermaseren]
AP kernels which satisfy renormalisation group equations

d 1 _
i L) = 5 3 Par(2:0a(2) ® Tun(autde) . ab=a.2.9
F a":q,ﬁ,g /\l/-}/\
, a AP Splitting function Collinear ano dim
Expansion around z=1 “(contributes to NSV)
r )
e N\

+B°0(1—2)4+C° log(l—2)+ D4+ 0(1 —2)
(1 o Z)-I— 2V . <N~ )‘
\_ SV NSV beyond NSV

PCC(Za M%) = 2 {

We consider only diagonal parts of splitting functions



Building blocks- Summary

-1 2 —1
Az, €, G g, pF) = (FT) ® { (ZC,UV) | F (0% €)|”S (g% z, e)} ® (r)

ZC,U vV Renormalisation const
Fe  Form Factor (FF)
FC AP Kernels

Soft-collinear function

-~ QRE

How to obtain the soft-collinear function Sc ?




Guiding factors to obtain the soft-collinear function S,

»  Finiteness of the partonic coefficient function A,

Sudakov differential eqn of FFs (K+G eqn)

¥ RGE and AP evolution eqn of the splitting kernels



Soft-collinear function also satisfies a K+G type differential egn

2 A R ~ R
q —SC:—[KC(CLS,—,E,Z)—I—GC(CLS, Y 7672)} ®SC
dg® 2 u? py'
IR singular IR finite

Soft-collinear contributions exhibits exponential behaviour:

S.=C exXp (Qq)(:) C exp <2<I>C(z)> = 606(2? 5 c=4q,b,g

Zg,U %4 3 ¢
No pure virtual , Only Real-Virtual
(RV), Real-Real (RR) etc

1 1
Celt?) =5(1 —2) + 5 f(2) + 5,/ ® ) (D) + -+



Solution for the exponent @.

Alreday known : [Ravindran
(705,°06),
j-nuclphysb.2006.06.025]

1

o(is, % 176, 2) = Yl

Z Phase-space factor

(

{

(1 - z)2>Z§SZ< i€
\7_

12

) [3500 + (1-2) 6580 2.

From matrix elements

>

Inspired from explicit results
Solution verified up to 3" order

Expanding the ansatz:

1
(1 —2)

?

[(1—=)7)F =202 | S D

0 [z’e log(1 — z)}n

AC, f€, B¢

singularities get canceled against
those in FF entirely and AP kernels
partially

C*, Df, ¢ (2)
l

Process dependentl

Singularities get canceled
against the residual div in

—— Contributes to SV "M

k
k=0

[(1—2)7]"% =

n!
n=0

— ——p Contributes to NSV



SV+NSV in Nutshell

Restricting to diagonal channels and
around z=1
Mass Factorization Formula

| All-order factorisation formula for A |

Sudakov type differential Equation & RG
Eq.

ALq* pgs ui2) = C exp(‘l"’(qza Higs B> 25 €) )

e=0

Cef®) =5(1 —2) + %f(::) + %f{z) @ f(z)+---



The All-order Formula | The Master Formula

A (G°, Higs Hii> D) = Cexp (‘P"(ﬁ His Hits 2 €) )

=0

2
(hl (ZC,UV (a'SHU’ZEH%{:E)) + In ’pc (&s:ﬂ’thz:E) ’2)5(1 - Z)

+2(I>C(Eis,p2,q2, Z, e) -2C lnFcc(&s,ﬂZ?ufm, Z, e)



The Predictions to all orders (z-space)

GIVEN PREDICTIONS
. v v " AP AP A
Dy, D1, 6 D3, D2 Ds,Dy D2i-1), D(2i—2)
T I I5E I R
Dy, Dy, 6 D3, D- D(2i-3), D(2i—4)
L2 Ll L(} L4 Lgﬂ—?)
Dy, Dy, 6 D(2i—5), D(2i—6)
L3 ... L0 r{%i-3)
Do, D1,0 D2i—(2n-1)); D(2i—2n)
L, ... L9 L™
D, = (lnjl(l — z))
' o “ /4 NSV predictions Checked up to 4t order
L' =1n'(1 — 2) For DIS, DY, ggH, bBH

[Moch, Vogt et.al], [De Florian et al.], [Das et al.]
d=06(1-2)



= But there are certain logarithms which we cannot predict completely from previous order
information.

For instance : log3(1 - z) coefficient at the 3" order.

Even though 2-loop cannot predict completely, but we find predictions for many color
factors agree with known exact results using 2-loop.

99 —+ H Drell-Yan (DY)
—1i1008 , | AN | C3 SO0 e Dol . :
27 27 i F (n-1) .
3584¢; | [ 3072¢s 3072¢ . In general, using as"* info:
X1
6560 19616 19456 6464 log (]' o Z)’ n + ]' S k S zn o 1
: I | = R at order as"
= o = i =111504 , | I
512¢2 512¢a+x4
Gz || 22|
Anastasiou et al.| [Duhr et al.
Gt [ I :
e

The left column stands for the exact result and the right for the predictions using two loop.




Integral representation of CF in z-space

Knowing the functional form of each building blocks one can derive the

integral form as:
captures the delta contribution from FF and S_

Ac(q* z) = C§(q®) Cexp (2‘1’%@2; Z)) ,

Exponent:

i 1 q2(1—2)2 dA2 ! 2 c 2 2
o=y [ S Pela)2)+ Clald -2,
1

2
F
Finite contributions from
cancellation between r“ &S
P, = 2|ADy(2)+ C°In(1 — z) + Dc}

Qa1 - 2).7) = ( :

1—z

T (a0 —z>2>>)+ Forelas(@(L - 2)2),2).

Finite contribution coming from S_



In the Mellin N space

m Mellin moment of CFs

[AC :/Oldz leAC(z)]

® Threshold limit z — 1 in z-Space translates to
N — o0 in N-Space

B N — o0 Taking into account SV and NSV terms

log(1l — 2) B log® N _ log N Lo 1
1— 2z o 2 2N N?2

log® N 1




Tower of NSV logarithms

Structure of Next to SV terms

log N
&r:1—|—as[cflog2N—|—cilogN—|—c{f—{—d} i —I—O(I/N)]
log® N
+a2[clog! N+ -+ o} + a0 4 -+ O(1/N)]
_|_...
110g2n—1N

n| .2n 2n Ay
| N+---+d
+a7 |2 log™ N + - + d2 =



SV+NSV Resummation Formula

Inclusion of the NSV logarithms modifies the existing resummed
expression as : w = 2Ppas(u%)log N

A N (G2, 1, 17) = C5(a°, 1k, 13) exp (Py (0%, 13) + Yiey (@ 7))

N-independent coefficient

Sv.n = log(g6(as(uk))) + gf(w) log N + Z al(Lh) g5y o (w)

7 i=0 New Result
Known since /

1989
[Sterman et.al] c i c
NSV,N = Z at(uf) (gz+1(w) + hi(w, N))

[Catani et.al]

hé(w, N) = Zh (w) log® N. NSV Resummation
exponents




Resummed exponents & Logarithmic accuracy

ﬂsilogN \

N

l
aSZN log® N

1
3 5
S log® N

1 .

Only 1-loop info

\_ J [Laenen et.al]

Logarithmic Accuracy || Resummed Exponents Nomenclature :
— @ 0 a N°LL -> NSV included
— LL 90,091, 91 g resummed results at
- NIL.L a1, 92,94, b N"LL accuracy
NNLL 98127g§7§ga hg
(ol o) (o L 1og 2 ) Tower of NSV logarithms
EDR - that we sum over
31 4 -
a; ~ log™ N )
sl 6
a, ~ log” N
@
B eee .
: . Checked till LL accuracy
C;% log2~2 N a;% log?i~" N [Beneke et.al]

Only 2-loop info Only n-loop info



The Matched Result - F.O + Res

Now we perform Mellin Inversion of the resummed result and add it to the F.O
results to study the numerical impact.

81O+ NTLL n P N ) o
oNORIL _ N0 4 o0 3 [ () N Sy () fo )

- 271
abe{q,q} v

>< (AQ’N - quN ) -
NoLL tr N2LO

The resummed results are matched to the fixed order
result in order to avoid any double counting of threshold logarithms

The contour c in the Mellin inversion is chosen according

to Minimal prescription . .
Used for phenomenological studies



Drell-Yan Inclusive cross-section

1.5

1.0L—

K-Factor
]

MR=pF=@Q
MMHT2014
13TeV LHC

P R
1000

P
1500

NP BT
2000

M IR
2500

M I
3000

3500

Eur. Phys. J. C 82, 234, (2021)

resummed curves lie above their corresponding
fixed order ones - enhancement due to the

resummed corrections
[For Q=500 GeV, LO->LO+LL : 6.2 %
NLO->NLO+NLL : 3.7 % , NNLO->NNLO+NNLL : 0.94 %]

resummed curves are closer
resummed correction decreases as we go
for higher order resummed contributions

Perturbative convergence in the RES
predictions
reliability of RES predictions

N 1 1 I 1
500
Q [GeV]
HR = jtp = Q(GeV) L.O+ LL NLO NLO + NLL NNLO NNLO + NNLL d(T
500 1.0624 1.3425 1.3925 1.3950 1.4082 dQ (MR = I'LF = Q)
K (€)) =
1000 1.0728 1.3464 1.3995 1.4004 1.4138 ( ) dO'LO
y (br = pr = Q)

2000 1.1062 1.3064 1.3739 1.3652 1.3818 Q




7-point scale uncertainities of the resummed results

=Q)

resummed result shows a systematic
reduction of the uncertainties with
the inclusion of each logarithmic

=pF

13 TeV LHC

S
[ corrections
E o improvement at the NLO+NLL
g s NLONIT. than at the NNLO+NNLL in
Q NN NNLOHSNLL comparison to their respective F.O
& predictions
N

+4.10% +4.49% +1.79% +2.08% +0.20% +1.13%
1000 | 2.34763-00% | 2518474297 | 3.1609F179% | 3.28577298% | 3.28767029% | 3.3191*1-13%

0.89%

8.50% 9.10% 2.83% 1.43% 0.37%
2000 | 0.0501F2967%1 0.05547000% | 0.0654F555% | 0.0688F 1555 | 0.0684F 202 | 0.06927 5007

. ~ 7-point var: U = {UF , IR} is varied in the range
cross section in 1075 pb/GeV [V2Q, 2Q] keeping the ratio |IR /|IF not larger than
2 and smaller than V2.



=Q

0g

do/dQ normalised to de™*/dQ(pg

Uncertainities w.r.t 1_scale variation

resummed bands look similar

Lt <2 up=0 o
Iy i) to that of 7-point bands
13 TeV LHC

--width of the 7-point bands mainly
comes from the |UF uncertainties

NLO band gets improved with the
inclusion of NLL, but NNLO band
increses with the inclusion of NNLL

[ LO+LL
[ NLO+NLL
Emm NNLO+NNLL

0.6 NP N | L L N L N
104 103 102 104 103 102

qq
o B dominating
NLO : qq -> 22%
qg -> -5%
Missing qg-channel resummed Bigger
contribution leads to more NNLO: qq -> 4.9% _ cancellation

uncertainty at NNLO+NNLL qg -> -2.8% b/w qq & qg



=pr=Q)

do/dQ normalised to do™C/dQ(ug

Uncertainities w.r.t i scale variation

1Lal

% Sg <L2,ur=0
MMHT2014
13 TeV LHC

Lo
[ NLO
I NNLO

1ol

o LO+LL
[ NLO+NLL
I NNLO+NNLL

107*

T
1073

Ll
1072

107

T
1073

Ll
1072

NNLO+NNLL the error band becomes
substantially thinner

each partonic channel is invariant under
M, variation and hence inclusion of

more corrections within a channel is
expected to reduce the uncertainity

Inclusion of resummed result reduces the |1 uncertainty

remarkably as compared to the fixed order ones




SV versus SV+NSV Resummation: K- Factor Analysis

1.5
' pa—pr=a Perturbative convergence
14l  omm=E===—— 13TeV LHC when the NSV effects are
N included
T 7Y 2 ~~-.
8 i — Kro+In
ET_.U - — Knro+ it
;:2 1.2 [ — KnnpLo+FNLL
1 - = Kro4+LL
= = KNLO+NLL
| - = KNNLO+NNLL ]
1.1 .
L0 = ™ 000 1300 2000 2500 3000 3500

Q [GeV]



Uncertainities w.r.t p_ scale variation in the qq channel

1.60 1.55
< 1 55:, 1 KR <2 _ [
TR & 3<5 =2,ur=Q| MmN NLOy Lsol
= MMHT2014 I NLOgq +NLL Tl
Il 150F 13 TeV LHC — [ B NNLOgg

WS NLOgq*NLL f S NNLOg + NNLL
BB NNLO,;+NNLL

B 1.45 |-
1.45 | I

140 | 140

1.35

do/dQ normalised to do™/dQ(pr

1.35
1.30
130 F
1.25 I
(TS A
T T
Q= ur = ur NNLO,; NNLO,; + NNLL NNLO,; + NNLL
1000 3.52601020% 3.5376 ) 300 3.5576 09057
+0.54% +0.19% +0.0%
2000 0.0717+9:33% 0.072119:1%% 0.072509%,

cross section in 10*-5 pb/GeV for qQ-

channel Interestingly, the behaviour of NNLO qq + NNLL

is significantly improved from the corresponding SV resuilts,
NNLOqq + NNLL, for a wide range of Q.



The Higgs production in gluon fusion

= LO

= LO+IL
- NLO === NLO +NLL
i = NNLO | == NNLO+NNLL
sl =7 NNNLO MMHT2014 —

13 TeV LHC

________________

L NNNLO +NNNLLgy + NNLLygy

v 10° VI 10° 10°
My /my g /My e/ my

M, uncertainty decreases

neligible |I_dependency for F.O results
for the RES results

significant [1_uncertainty for RES
N3LO -> (-3.87%, 0.54%) results \3109-> (-0.1%, 0.2%)

N3LO + N3LL_SV +
N2LL_NSV
-> (-3.46% , 0.38%)

N3LO + N3LL_SV + N2LL_NSV
->(-2.86% , 2.59%)

Eur. Phys. J. C 82, 774, (2021)

The inclusion of NNLL to NNLO decreases
the cross section by 3.15%

N3LO | 48.05 pb
N3LO + N3LL_SV + N2LL_NSV | 47.45 pb
1.25% reduction

qg contribution is very minuscule !

NLO -- gg:48.35%,qg:-0.79 %

NNLO -- gg:19.7 % ,qqg: -2 %
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NLO+NLL (SV+NSV) > NLO+NLL (SV) >>NLO

NNLO+NNLL (SV+NSV) > NNLO + NNLL (SV)>NNLO

A

N

Adding the NSV terms in the
threshold expansion increases the
M. uncertainity

-> beyond NSV is needed to regulate this

In the SV+NSV resummed results,
Spurious beyond NSV terms due
to“inexact” Mellin inversion give rise
to huge |1 unceratinity
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Phys. Rev. D 106, 034005, (2022)
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1.5

the uncertainty at NNLO + NNLL is reduced
from (-2.18%; +3.3%) to (-0.31%; +0.53%)
As we go from Mz to 2 Tev around the
central rapidity

Resummed contribution at NNLL brings in
0.86% correction to NNLO
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Rapidity distribution
Higgs production in gluon
fusion

arXiv:2205.11560 [hep-ph], (2022)

the inclusion of NNLL result decreases
the rapidity distribution at NNLO level
by 3 % at the central rapidity region

higher order uncertainty bands are
completely included within

the lower order uncertainty bands
for the resummed predictions.



Conclusions and Outlook

We set up a formalism to resum the next-to-soft-virtual terms
using factorisation & RG Invariance.

¢ The resummation, taking into account the NSV terms,
appreciably increases the cross section while decreasing the
sensitivity to renormalisation scale.

¢ The inclusion of resummed NSV terms improves perturbative convergence.
¢ The absence of quark gluon initiated contributions to NSV part

in the resummed terms leaves large factorisation scale

dependence indicating their importance at NSV level for DY.

© The sensitivity to factorisation scale increases in the presence of resummed
NSV terms implying the importance of beyond NSV terms for ggH



What more todo ?

¢ All-order structure and resummation for off-diagonal NSV

¢ Extending the current formalism to the case of mixed gauge theroy
Eg: QCD-QED

THANR YOU
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Factorisation — off-diagonal channel

Off-diagonal Channel: % = ng R Agqg @ T'yq + I‘gq R Ngg @ Ty + -

In the threshold limit z ->1 , keeping only logk(l —2), k=0,---00 next to SV

~Asv4nsv
oSVt

q9 T sv+nsv T nsv
200 [ ® Agg B Tqg +1gq ® Rgg @ Ly

L NNSV terms
dropping (1 — z;)", k=1,---00

Getting complicated due to Mixing of channels



Form Factor - The Sudakov differential Eqn

IR singularities factorise [Sen,sterman,Magnea]
F(Q? 12, €) = Zir(Q%, 12, %, ) FT™(Q%, 12, p%,€) | [Moch,Vogt,Vermasern]
universal IR counter term Finite part

contains poles

f[)ifferentiating both sides with respect to Q? we obtain K+G equation for the FFs\

QszlogF :;[KC(QS’ZR e) + G (as f_;i_%g)]

Poles No Poles

RG Invariance
d d
[ u%du% (as(pf) = uRd : G(as(nf)) = —A (as(13)) ]

A — Cr A /fn'aximally non-abelian,
17 Cc47?  verified up to 4 loops




Form Factor - Perturbative structure

i=1

ﬁl{_,(Z) -

ﬁl{_,(3)

Gi(e)

Gh (&)

1 B 2.0 1 /'8
8—4(—6'30‘41)*?3(6‘3

1 2 1 4 171
(- 545 - 31610~ 3hGH® ) + 1 (564(0))

o0
2(BY —874B0) + 1+ D Ekglj’k
=1

o0
I1 Lk
2(B5 —2874B1) + f2 —2Pog; + 2. g,
k=1

1 1
7~ 340G (©)) +5:G5)

4
Al+ %ﬁOA5+§ﬁéc{(e))

~

/

Cusp ano dim

Collinear ano dim

Function of

—{A¢, B, . 7%, g°)

Softano dim ., ' dim Process dependent

[Ravindran, j.nuclphysb.2006.04.008]

All the Anomalous Dimensions have power series expansion in terms of a_



For Drell-Yan :
SV and NSV contributions

Table 3 9% contribution of SV distributions and NSV logarithms to the
Born cross section at NNLO for Q = 200 GeV

QO =pur=pr (GeV) SV NSV

200 In* N 0.0144% N 0%
In® N 0.125% g o 0.05%
In? N 2.70% Ll 0.392%
In N 6.07% o 4.08%
In® N 17.7% + 3.35%

Total 34.5% 7.87%

Table 4 % contribution of SV distributions and NSV logarithms to the
Born cross section at N°LO for Q0 = 200 GeV

Q=pug=pr(GeV) SV NSV

200 N —00025% WN g9
I°N  —0.001% N 0.0004%
In* N  0.0244% N 0.006%
In*N  0.171% W N 01%
2N 2.85% N 0.56%
In N 6.23% n 4.31%
m’°N  183% = 3.30%

Total 27.6% 8.28%




Phenomenology — Drell-Yan Process

do/dQ

qq & qg contributions under |L_ variation keeping | fixed
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Phenomenology — Higgs production in gg fusion

gg & qg contributions under |[1_ variation keeping |1 fixed
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do _ E;TCIZ) Z /0 A
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a,b=q.q.9
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wy = 2 ([T P ().2) + Qila(ad). )

+

2
1 | 8 p) = c 2 =
+4 (51 Pladghy). 22) +2L(as(q1). 22)

+ ¢ diqz (Qé(as(q%z)a %) + 207} . (a5(43). 22) ) })
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MATCHING WITH THE INCLUSIVE

c l
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(gdl (w) + — gdl(a))) In N,

Z ai‘ ( -gd1+2 ((’U) G R Nl ga’ :+2((u))

i=0
—Z hg(w,Ny) + (Ny < N»),

where

hyo(@,N;) = hygo(@) + hy o (@) In Ny,

h (@, N)) _Zh (@) In* N,
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PREDICTIONS: SV logarithms

GIVEN
q.,(2 q.(3 q.(4 aq.(n . .
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