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INTRODUCTION

* What is Next-to-soft?

In QCD improved parton model, the hadronic cross-section is computed via the

convolution of parton distribution functions (PDFs), f(z), and the partonic coefficient
function, A,y (2)
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INTRODUCTION

* The Partonic coefficient function near the threshold : z->1 limit

+cn 0(1 —2) + dpm log™ (1 —2z) + O(1 — z)}
+

\4

Leading singular distributions, also known as leading
power (LP)

Corrections only from diagonal channels

Contributions from soft real emissions + virtual corrections
Well-understood

Resummation known to N3LL
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[ Soft-Virtual (SV) ]
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INTRODUCTION

= The Partonic coefficient function near the threshold : z->1 limit

B =3 (52)" 32 fen [

+cn 0(1 —2z)+dpm log™(1 —2z) + O(1 — z)}
+

> Next-to-leading singular, also known as next-to-
leading power (NLP)

> Collinear logarithms

> Corrections from diagonal and off-diagonal channels

> Not much understood

> Resummation known to LL

[ Next-to soft-virtual (NSV) ]
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INTRODUCTION

* Why Next-to-soft?

>

For the Drell-Yan process at N3LO, Q=200 GeV

Q = pp = pp (GeV) SV NSV
Ds 5.44% In’(1 - 2) 8.60%
D, 2.62% —2) | 9.82%
Dy -2.73% - z) -1.54%
200 Dy -4.25% —2z) -8.98%
D, -1.94% —2) | -6.14%
o -0.146% —2) | -1.28%
gl — 1.03%
TOTAL 0.026% 0.47%
Z-space

Q= ug = tr (GeV) SV NSV
In° N -0.0025% N 0%
In° N -0.001% Lt 0.0004%
200 In*N 0.0244% e 0.006%

In®N 0.171% L 0.1%
In> N 2.85% N 0.56%
InN 6.23% iy 431%
"N 18.3% L 3.30%

TOTAL 27.6% 8.28%

Mellin N- conjugate space




INTRODUCTION

Higgs production in the gluon fusion | N3LO JHEP 03 (2015) 091

Charalampos Anastasiou®, Claude Duhr?, Falko Dulat®, Elisabetta Furlan®, Thomas
Gehrmann?, Franz Herzog®, Bernhard Mistlberger®

ng?;}(z)|(l_z)o = —256log®(1 — 2) (— 115.33%)
+ 9591og?(1 — 2) (— 101.07%)
+ 1254.029198 . . . log3(1 — 2) (— —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!
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INTRODUCTION

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 !

M [n;g)] (N) ~361og® N (— 0.0013%)
+170.679...log® N (— 0.0226%)
+ 744.849 .. . log* N (— 0.2570%)
+ 1405.185 ... log® N (— 1.0707%)
+ 2676.129 . .. log? N (— 4.0200%)
+1897.141...log N (— 5.1293%)
4 1783692, «. (— 8.0336%)

log® N
+ 108 ngN (— 0.0105%)
log? N
+ 615.696 . . . Of\r (— 0.1418%)
log® N
4+ 2036.407 . . . ogj\r (— 0.9718%)
log” N
1 3305.246. .. O%V (— 2.9487%)
log N
+ 3459.105 . ... Oir (— 5.2933%)
1
+703.037... = (— 1.7137%).

N




INTRODUCTION

Understanding the NSV sector is important because:

> Numerically sizeable owing to their large coefficients
> Provide a check of higher-order correction

> Since the NSV sector gives 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 ON NSV/NLP

* The earliest evidence that IR effects can be studied at NSV/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 NSV/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 NSV/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... H



OUR APPROACH

+ The SV formalism was already known for color singlet processes : [Ravindran ‘05,'06]

+ We extended the very formalsim to study the NSV effects in the diagonal channels for
the color singlet processes




OUR APPROACH

« The SV formalism was already known for color singlet processes : [Ravindran ‘05,'06]

+ We extended the very formalsim to study the NSV effects in the diagonal channels for
the color singlet processes

Key points

> Collinear factorisation
> Renormalisation group (RG) invariance

> Logarithmic structure present in the higher order results

—



THE FORMALISM

Let’s begin with the collinear factorisation

Tk 1
—Gan(d”,2,€) = oo 2) Y TT.(zp%,6)® (;Aafb/(qz,uﬁ,uﬁaz,e)) ® Tob (2, g, €)
a’b’




THE FORMALISM

Let’s begin with the collinear factorisation

Coliinear finite partonic

bare partonic cross-section coefficient function

i T 1
—Gan(a’,2,€) = oo (s 2) Y ITT.(zp%,6)® (;Aa/b/(qz,u%,,u%,z,s)> ® Lo (2, p3, €)
a’'b’

Altarelli-Parisi (AP) kernels

€ : Dimensional regularisation
parameter

ﬂ



THE FORMALISM

Let’s begin with the collinear factorisation

Coliinear finite partonic

bare partonic cross-section coefficient function

Tk T 1
—Gan(4”,2,€) = oo 2) Y ITT.(zp%,6)® (;Aa/b/(qz,u%,,u%,z,s)> ® Tob (2, g, €)
a’b’

Altarelli-Parisi (AP) kernels

€ : Dimensional regularisation
parameter

We only study the contribution from
diagonal channel in the above
factorisation formula keeping only SV
and NSV terms




THE FORMALISM

For instance, we only consider the diagonal qq channel for the Drell-Yan process
q ' ' 2
q
g
q
q

q
!

I+
=
I+

-
v, Z
IR
q
g
I
v, 4



THE FORMALISM

The factorisation in the diagonal qq channel for the Drell-Yan process:

Contribute to beyond NSV terms
(1 =2)'In*(1=2),1>0,k>0
V We can safely remove these terms
6SV+NSV
qq _ T SV4+NSV o
zoo Laa®Aaq ® 'sg

Remarkably simple form!!

ﬁ



THE FORMALISM : THE BUILDING BLOCKS

The perturbative structure of Finite mass-factorised SV+NSV partonic coefficient

function for the diagonal channels:

cc -> qq for the DY
gg for g+g->H
bb for b+b->H

-1 2 —1
A Lz €, q g, up) = (FT) X { (ZC,UV) | F (0% &) S(q% 2, €)} 02y (F)

ﬁ



THE FORMALISM : THE BUILDING BLOCKS

The perturbative structure of Finite mass-factorised SV+NSV partonic coefficient

function for the diagonal channels:
cc -> qq for the DY
gg for g+g->H Altarelli-Parisi splitiing kernels

bb for b+b->H /

2 —1
A Az, €, G pp, u7) = (FT) ® { (ZC,UV) |ﬁc(‘Q2, &) *S.(¢% z. e)} 2 r)

/ |
77— }

Form factor (FF) Soft-collinear function

Overall Renormalisation
constant

Each of these building blocks obeys first order differential equations and
additional evolution equations w.r.t various scales (Q, q, BF, UR)

ﬁ



THE FORMALISM : THE BUILDING BLOCKS

Form Factor (FF, captures pure virtual corrections)
h 3\

-1 p -1
Az, €, G g, u7) = (FT) ® { (ZC,UV) | F.(02%, ) |1S.(4% e)} ® (r)

Sudakov diff eqn (K+G diff eqn)  ——
The hard scale

d e 11 7 . ° g
Q2:_q2 \\Q2 10gF — —[Kc(é5,‘uR 8) +GC(&87§_ IJJ—R €)j|

? , , ) )
dQ2 2 /-L2 \ 2R ﬂ‘2 as(lu%) _ %
A4 Poles Finite -
RG invariance Solution
A R Vb )
B ’ ¢ - X 12 Z G ’ € .
/"I/ZR dF;C = O 4 q P 0 /12 F, FF,CZ(KC+GC)/2IS the kernel
dps, —
unction of

Cusp ano dim & mE e or
{A L] B 7f £l }’ ? g }
Collinear ano dim _—"" /
Soft ano dim

uv qnjdim Process dependent

[Sen, Sterman,Magneal



THE FORMALISM : THE BUILDING BLOCKS

-1 2 —1
Az, €, G pp, UF) = (FT) ® { (ZC,UV) F Q% e)|*S(¢% z, e)} ® (r)

Overall Renormalisation constant

Renormalisation scale Renormalisation Group Eqn (RGE)
\ 2 d 1 = (A 2 2 )_ i z,( 2) 2
/J’Rdﬂ%% og Le,uv\Qs, U, U &) = As\Mr) Vi—-1
=il |

N
UV anomalous dimension

ﬂ



THE FORMALISM : THE BUILDING BLOCKS

Altarelli-Parisi (AP) kernels

Az, €, G U, F) FT IF Q% e)|°S(q% z, 6)}

Altarelll Parisi evolution eqn

Factorisation

scale ,u% Fab z ,LLF, = — Poar (Z QS(MF )®F'b(’z H“Fﬂe)
d'uF 2 ’—qqg /
v

We only need to consider diagonal AP splitting kernels and splitting function

. 1 [ui di?
Solution: I',.(u%,z,€) = Cexp (E/ﬂ 573 —- P, (4%, z,e‘))
0

P..(z, %) = 2{ 4 + B (1 —2)+C° log(l1—2)+D°+0O(1 - z)‘
(1—2)+ \ ~~ beyond NSV

Collinear anomalous dimensions(contributes to pure NSV) [Moch,Vogt,Vermaseren]

ﬁ




THE FORMALISM : THE BUILDING BLOCKS

> Soft-collinear function, S.. captures the contributions with at least one real emission (R, RR, RV etc)

> Using the knowledge of the evolution equations and the correspoding solutions of other
builiding blocks, we obtain a 15t order differential equation for the soft-collinear function S.

K+G - type diff egn
2

2 d —c [ . HJ% — q ﬂ%{ [Ajjath, P. Mukherjee, Ravindran]
111 Ssi= | ag, ﬁ, €, 2] 1T G y€, 2 PRD.105.094035

y
dq MR (2 PRD.105.L.091503

Poles Finite

RG invariance

> The solution to the above diff eqn is obtained using the RG invariance of Sc and studying the
perturabative structure of state-of-the-art results for color singlet processes

ﬁ



SOFT-COLLINEAR FUNCTION

> Inspired from explicit results, solution verified up to 3" order, we propose the same structure to
all orders

g*(1 — 2)* )f% (

$Z

) |85V + (1 - 2) gV, )|

J

o
InS*¥EN (G 0% re) = ), 6.5 ( -
i=1

Pure SV part <

Universal coefficients 0o itj-1
A€ fcC _C. (J,k) j k B
J5°F Z Z G, € log" (1 —2) -
j=1 k=0 <

NSV part, z-dependency
Universal & Process dependent coeffcients

C, D ¢ (2) a



INTEGRAL REPRESENTATION

> Knowing the functional form of each buliding blocks, we derive an integral representation for Ac, which
gives an understanding of the all-order structure

q®(1-z)° d)\2
Ac(a®, pg, g, z) = C§(a?, pi, pg) Cexp (/ e (02 OR(Ge(a gl — Z)2)7Z)>
7

>\2

2
F




INTEGRAL REPRESENTATION

> Knowing the functional form of each buliding blocks, we derive an integral representation for Ac, which
gives an understanding of the all-order structure

q?(1-z)? d)\2
Ac(d?, pi, 1e,2) = C§(d®, ug, pg) Cexp (/2 VPéc(aS(Az),z) + Q%(as(q?(1 — Z)2),Z)>
~ =E

> Proportional to 6(1 — 2)
Finite part after cancelling of poles
between F.F & Soft-collinear function

ﬁ



INTEGRAL REPRESENTATION

> Knowing the functional form of each buliding blocks, we derive an integral representation for Ac, which
gives an understanding of the all-order structure

q*(1-2)% 3,2
AC(qzalu%{?M%‘?Z) TH Cg(qzvﬂ%{hu%‘) CeXp (/2 vPICC(aS()\z),Z) ) Qc(as<q2(]- N Z>2>7Z)>
N PF

> Proportional to 6(1 — 2)
Finite part after cancelling of poles
between F.F & Soft-collinear function ‘

PCIC(Z,CLS(,LL%*)) = 2

A%(as (1)) Po(2) + C°(as(p) log(1 — 2) + D°(as (u%))]

> Finite part after
cancellation of poles between splitting
kernels and soft -collinear function

ﬁ



INTEGRAL REPRESENTATION

> Knowing the functional form of each buliding blocks, we derive an integral representation for Ac, which
gives an understanding of the all-order structure

q?(1-z)? d)\2
Ac(d?, pi, 1e,2) = C§(d®, ug, pg) Cexp (/2 VPéc(aS(Az),z) + Q%(as(q?(1 — Z)2),Z)>
~ 2E

> Proportional to 6(1 — 2)
Finite part after cancelling of poles

between F.F & Soft-collinear function ‘
P (2 as(up)) = 2| A%as(uy))Do(2) + C%(as(uf)) log(l — 2) + Dc(as(u%))] j’
> Finite part after Q%as(q*(1 — 2)?),2) = ! Géy (as(®(1 —2)%)) ) +GRsv(as(d®(1 — 2)%),2)
s\q 3 1_ .75V s\d Nsv\as(g 3
cancellation of poles between splitting +
kernels and soft -collinear function > The finite contribution comes completely

from the soft-collinear function




RESUMMATION IN THE MELLIN N-SPACE

+ We solve this integral representation in the Mellin N-space. Convolutions become normal products in the
Mellin N-space, easy to handle.

transformation:

« Mellin 1 ) * The soft limit then converts to:
AS = / dz 2NV 1A (2)
— 0

Z-1 —=> N-ox




RESUMMATION IN THE MELLIN N-SPACE

+ We solve this integral representation in the Mellin N-space. Convolutions become normal products in the
Mellin N-space, easy to handle.

« Mellin 1 * The soft limit then converts to :
y : Ay = dz 2NV 1A (2)
transformation: __-, ), ¢ Z-1 —> Noo

* The large logarithms transform

to: SV NSV

(ln(l—z)) In? N 1nN+ ] +(j( ] )
+ N2

—>

2 2N 2N

|




RESUMMATION EXPONENTS

Solving the integral representation in Mellin N-space, we obtain : w = 2foas(ug) log N

o0

ANV i i) = (D) alGdBo P 31D ) exp(Bo+ i)
i=0 N-independent

The SV part is well-known to third logarithmic accuracy for Color singlet processes

o0
Y (@)In(N) + ) al(up)gf, (@ sterman)
sv.N — 81 ( s ) ( ) {Z(:) S(JL R)g{+2( ! ) [Catani, Trentedue ]

The NSV part is the new result :

4 )

Yion=— Z [ﬁ; (o) + Z h () log* N]

n 0 k=0

—Jw




ALL-ORDER PREDICTION: SV (ALREADY KNOWN)

LP = In'(N)

GIVEN PREDICTIONS
Logarithmic Resummed A?})\, Agi)v A((:}v
Accuracy Exponents
SV-LL 90.0> 91 i Ce L2
SV-NLL 96,1 95 W iy W
SV-N2LL 96,2: 95 £2-3 [2i—4
SV-N"LL 90, In+1>In+1- M, LH—an=1 p—an

ﬂ



ALL-ORDER PREDICTION: NSV (NEW)

L = - In*(N)

GIVEN PREDICTIONS il
Logarithmic Resummed Aii{r Af'}{, Af:}v
Accuracy Exponents
NSV-LL 36,0+ 9595, h§ LY LY Ly~
NSV-NLL 36,1+ 95,95, hS Ly Ly™*
NSV-N2LL 36,2+ 95+ 95, h$ Ly
NSV-N"LL B Wt ot he Ly "tV

d



ALL-ORDER PREDICTION: NSV (NEW)

1 . .
" lae N i — 1 (N
GIVEN GS j\‘r ]-(-}g J.\‘ \ )NS Li\'— — ‘\.' 111 (J_\ )
: : _ (2)
Logarithmic Resummed , 1 iy AN
a; ~ og” N
Accuracy Exponents -
N _ Contains only
TQ\/ ~C C —=C C 2:1—1
NSV-LL 96,0, 91: 91, hi 2 af% log® N Ly one-loop info
NSV-NLL G5 1,95, 9%, h§ L
B
NSV-N’LL 35,2 95, 95, b 2 Ly~
NSV-N"LL §6.ns 9nr1 Tt 15 P " Ly~ "+




ALL-ORDER PREDICTION: NSV (NEW)

1 . .
— oo N I Y (N
S— - - log Y = Li, = L Ini(N)
. . _ (2)
Logarithmic Resummed L - | AN
Accuracy = The leading logarithm for SV+ NSV matches with the existing result:

s 1 Contains only
NSV-LL AP; = gyexp [ln Ng,(w) + ﬁho(m’N)] one-loop info
IQV_N B [Beneke et al.]

- coscra (w0 | EEEE
A)
NSV-N2LL ; N
TQ\/ n o d o C - c . 2i1—(n
N S“f -N"LL 9o.nsIn+1:9n+1: h’n ‘ ‘ L;\ W ‘




ALL-ORDER PREDICTION: NSV (NEW)

GIVEN
Logarithmic Resummed
Accuracy Exponents
NSV-LL 96,05 91> 91, ho

NSV-NLL

o -
90.1: 92,92, }’-1 l

NSV-N?LL

— c —=C o
90.2: 93,93, h$

NSV-N"LL

gt 4 il m— C
.g[].n. 3 -CIH.—f-l ’ gn—!— 1> h’n

ONS

Al

2i—1
Ly

21—2
L.\-

2i—3
Ly

3o

Lf\,- — % hl%N)

Contains only
two-loop info




ALL-ORDER PREDICTION: NSV (NEW)

GIVEN
Logarithmic Resummed
Accuracy Exponents
NSV-LL 96,0591 915 ho
NSV-NLL 90,1+ 93, 95, hY

NSV-N?LL

6.2 95, 95, h5

NSV-N"LL

gt 4 Y - m— C
.g(].n. 3 .q”—k-l ’ gn—!— 1> h‘n A

i, = 10
‘SN

r@? % log™ Nw ONS

2i—n

8

Al

2i—1
Ly

21—2
L.\.

2i—3
Ly

3o

N

J

Lf\,- — % hl%N)

Contains only
n+1-loop info

d



ALL-ORDER PREDICTION: NSV (NEW)

£ \ i 1 ynif AT
GIVEN rﬂ? ﬁ logn N ONS Li\ b In (j\ )
Logarithmic Resummed Af_,'}v
Accuracy Exponents
NSV-LL 36,0+ 9595, h§ N
NSV-NLL s 1, 95,95, h§ L=
- e : Lz . . P ,-_'.
NSV-NZLL 96.2> 95, 93, h$ - Li. S
A Contains only
TQY_N” e 0 —_C c 2i—(n+1)
NSV-N"LL 90,n>9n+1:Yn+1> h‘n A ® LJ\' n+1-|oop info
Verified our prqdictions up to 4t a’ 1 log®* ™ N
order in QCD N
[Moch, Vogt et.al], [De Florian et al.], [Das et al.] )

d



NSV Resummation Phenomenology | Drell-Yan Process

K- factor

Ur = ur = Q(GeV) LO+LL NLO NLO + NLL NNLO NNLO + NNLL dis
0 (R =pF =Q)

500 1.0624 1.3425 1.3925 13950 1.4082 K (Q) = QO

1000 1.0728 13464 1.3995 1.4004 1.4138 do* s = gl =
2000 1.1062 1.3064 1.3739 1.3652 1.3818 Q

1.5
[ —— > Increment from FO - resum at Q=2000 GeV
MMHT2014

137

Knro
KnnLo
Kro+1tm

K-Factor

1.2

1.1

1.0L— 1

KNLO + NLT
KNNLO + NNLE

13TeV LHC

| 1 L 1

500

1000

1500 2000 2500 3000

3500

10.6% : LO > LO+LL
5.2% NLO = NLO + NLL
1.2% NNLO — NNLO + NNLL

> NLO + NLL fromquark part mimics the NNLO

> Resummed predictions are closer compared FO
Resummed corrections decrease as we go higher-order
: Improves the reliability of perturbative predictions

Q [GeV] a



NSV Resummation Phenomenology | Drell-Yan Process
7-point Scale variation

1.5¢
5 .f
I s 3 S552
2 | af MMHT2014 >
: 13 TeV LHC A > FO from all channels &

1.2F resummed predictions

B from only diagonal channels (qq)

do/dQ normalised to do"®/dQ(ugr

10f
0.9: ! LO+LL
0sf NLO : NLO + NI,
. B NNLO : EEE NNLO+NNLL 0>
07F L T =

1074 1073 1072 1074 1073 1072
T T

> NLO to NLO + NLL : band width decreases. Large scale uncertainity at NNLO + NNLL
> NNLO + NNLL is within NLO + NLL unlike fixed order case at high energies

ﬂ



NSV Resummation Phenomenology | Drell-Yan Process

The Factorisation scale

In order to understand the cause of large uncertainty at NNLO + NNLL, we study the scales separately.
M - variation

1.5 . . . .
: > Bands in resummation plot look similar to 7-

point scale variation : large band in 7-point scale
is due to pr- uncertainities

Q)

! 1 HF =
].4:— iﬁaﬁz.,a,q—Q
MMHT2014
13 TeV LHC

HE

1.3F

> prscale mixes up different channels:

B > Collinear logarithms arise from diagonal(qqd) &
LO+LL

LO [ . .
0.8 NLO d NLO -+ NEE off-diagonal (like qg) channels
BN NNLO . mEm NNLO+NNLL

de/dQ normalised to de™C/dQ(jig

| N > Large Jr uncertainity could be due to lack of off-
Yo 10 1072 107 100 1 diagonal contribution!




NSV Resummation Phenomenology | Drell-Yan Process

The Renormalisation scale

To understand the role of collinear resummation, we see the pr - variation :

=pr=Q)

do/dQ normalised to do"°/dQ(ug

Mr - variation

1.5

11|

LO+LL
NLO + NLL
I NNLO+NNLL

|
1073

Ll
1072

[ L] ]
1074 1073 1072

Substantial reduction in the pr - scale
uncertainity at NNLO + NNLL




NSV Resummation Phenomenology | Drell-Yan Process

The Renormalisation scale

To understand the role of collinear resummation, we see the pr - variation :
Mr - variation

1.5

LO+LL
NLO + NLL
B NNLO+NNLL

HE=Q)

Substantial reduction in the pr - scale
uncertainity at NNLO + NNLL

11|

do/dQ normalised to do"°/dQ(ug

1.0}

o ! L TR T T B W | ! L TR R R | L P T W} [ L P T S W R A | L T R S B |
1074 1073 1072 1074 1073 1072
T T

The pr cancellation happens within each partonic channels.
Inclusion of resummed predictions improves the pr - scale uncertainity remarkably

ﬂ



NSV Resummation Phenomenology | Drell-Yan Process

SV -Resummation vs NSV -Resummation

Let's compare the SV resummation with SV+NSV resummation Nomenclature :
1.5 N"LL -> only SV Res
I = pur=_0Q N"LL -> SV+NSV Res
[ MMHT2014 |
14y ,roe=———===o 13TeV LHC
T S M s = T p > Increment from SV resum — NSV resum at Q=2000
o ialf R g, GeV
-E I —— KLo+IL i
| — Kwo+Fiz ; 2.1% for NLO+ NLL - NLO + NLL
X 12f B 0.64% for NNLO + NNLL - NNLO + NNLL
= =  KNLO+NLL

KnnLo + NNLL

> Perturbative convergence is improved after the

1.1 iy . . .
I e ] inclusion of NSV resummation




NSV Resummation Phenomenology | Drell-Yan Process

SV -Resummation vs NSV -Resummation

Comparing SV resummation, SV+NSV resummation with NNLO results

M, scale variation within qq- channel

1.60 1.55 . YT .
: ; - Behaviour of NNLO_+NNLL is
O .| . s :
o155 V<E<ur=0|  mm NLO ol significantly improved from the
MMHT2014 NLOg +NLL [ corresponding SV NNLO -+ NNLL
[ [ m NNLO, P g
1.50 13 TeV LHC B NLO+NIT [ “ ad

NNLOg; +NNLL

145
i BB NNLO, +NNLL
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> Considerable improvement when adding
the NSV resummation over the SV one
135 leading to more reliable predictions
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SUMMARY & OUTLOOK

> Threshold resummation is essentail in the kinematiclimitz - 1

> We extended the threshold resummation framework by including the subleading next-
to-soft large logarithms in the diagonal channels to NNLL accuracy

> This brings in enhancement in the resummed predictions and improves the perturbative
convergence

> However, large scale uncertainities w.r.t the factorisation scale shows the need of

including off-diagonal channles in the NSV resummation for large collinear logarithms,
on-going work, stay tuned!

ﬂ



Thank you for your

attention!
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THE FORMALISM

Let's begin with the Factorisation

Soft-collinear function

Cal , (soft real emission
i _ i ure virtual corrections L
Partonic cross-section (P ) contributions)

\ A 7
&I(Z,G) — (ZI,UV)2 |FI(€)|2 SI(Z,G), I

Unrenormalised Form Factor (FF)

— q.? QJ g
uv
Renormalisation
constant Coliinear finite Partonic
Mass Factorisation coefficient function

1. 1 —
;Oab(qzaz €)= 00 Zraa Z :uFa )® (;Aa’b’(q2,/£%{7/i%‘7z,5)> ®Fb’b(zaug‘7€)

b’ \ /
Altarelli-Parisi (AP) kernels



OUR APPROACH

DIAGONAL AND OFF DIAGONAL

O4q T 4 T
o :qul}'_@ﬂqq@qu‘Fqu®/—“qg®rgd+ﬂ;q®AQ‘Q'®F‘?‘7

T, : T T :
+ 10y ® Agq @ Iyq+ 15, ® Agg @ Lgq+ Iy ® Agqg @ I

+ TP ® Ay ® g+ T2 ® Agy ® Tyq + IE ® Ag ® I'gg.
~SV+nsv
q4q e ol sv4nsv i
T,O_qu@‘dqé ® Igq.

G
B =TT @Ay @Iyg+ T ® Agg®@Iyg+ 'L ® Agg ® Iyg

Z0q
+F£®'A99®F09+Fq£®A99®f99+rc§;®496'®r@9
‘|'Fc?c}®AQQ®FQ;J+F£®A@®EM+F;f?'@AQ@'@FGQ'

&sv—i—nsv
a9 — 7T < sv4nsv o 71 T o Asvinsv o
200 _qu®AqE ®F09+qu®dqg ®FGQ'




OUR APPROACH

o
Off-diagonal Channel: —19 ng R Agqg @ L'qq + ng RN Ry + - -
20
In the threshold limit z ->1 , keeping only logk(l — 2i), k=0,---00 next to SV
o AT .
- SVT11SV nsv
——— 'y @ ALz @Iy + 1., @A @y, .

dropping (1 — Z@-)k? k=1,---0¢

Getting complicated due to Mixing of channels

d



THE FORMALISM : THE BUILDING BLOCKS

AT
Form factor as(KR) = 1672
irtual d e 1 , 2 | 2 12 Sudakov diff egn (K+G eqn)
purevitsal ooy b e (a2 0) 1 620 G )] miccH
corrections) dQ L He [Sen, Sterman,Magnea]
Overall J 00 Renormalisation Group Eqn
Renormalisation ) A 5 o i(,.2 c
5 log Ze.uv(as, bp, ™€) = ) _ag(ur) Yi-1 (RGE)
constant dﬂ%{ S ; ; ' = UV anomalous dimension
Altarelli-Parisi J 1
Splitting kernels % —— (2, pf,€) = = Poo (2,as(1%)) ® Twy(z, u%,€) Altarelli-Parisi evolution eqn
d/JF 2 a'=q,3,9 [Moch,Vogt,Vermaseren]

;

Altarelli-Parisi splitting function [Expanded in the limit z->1]

AC
P.o(z, %) =2 +B°0(1-2)+C° log(1-2)+D°+0O(1-2)| Process independent IR anomalous
(1-2)+ dimensions

ﬂ

{AC,BC,OC,DC}




Phenomenology - Drell-Yan Process

GIVEN PREDICTIONS
2 e ) o A AP AP

Dy, D1, 6 D3, D> D5, Dy D2i-1), D(2i-2)

Lo L3 L3 RS
Dy, D1, 0 D3, D> D(2i-3), D(2i—21)

L2, L1 L0 L4 L2
Dq,D1,6 D(2i—5), D(2i—6)

3 ... [0 L(Qz’—S)

z1 ) z z
Do, Dq,0 D2i—(2n-1))> D(2i—2n)
Lv, ... L9 IS

D;

Il

In’(1 — 2)
( 1-=2 )+
L =In*(1 — 2)

d=0(1—2)
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The Predictions to all orders (z-space)

qqg & gg contributions under u. variation keeping p, fixed

1.4

1.2 b

1.0

0.8 |

0.6

do/dQ

0.4 |

0.2 [

0.0 L

-0.2

_0_4 [ I I | 1 I I I | I I I I | 1 I I I | I I I I I I 1 I I I I | I I I I | 1 I I I | I I I I
500 1000 1500 2000 2500 500 1000 1500 2000 2500

T T
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NSV Resummation Phenomenology | Drell-Yan Process

The Factorisation scale

In order to understand the cause of large uncertainty at NNLO + NNLL, we study the scales separately.
M - variation

1.5 . . . .
: > Bands in resummation plot look similar to 7-

point scale variation : large band in 7-point scale
is due to M- uncertainties

Q)

! 1 HF =
].4:— iﬁaﬁz.ﬂR—Q
MMHT2014
13 TeV LHC

HE

1.3F

> Mrscale mixes up different channels:

> Collinear logarithms arises from qg & qg
channels

LO+LL

B NLO+NLL
. I NNLO+NNLL

de/dQ normalised to de™C/dQ(jig

> Large pruncertainity could be due to lack of off-

0.6-4 ’ ’ IIH“J--;s I - Illllll—z : — :—4 I I IIH”I-.’i ’ I “I“Il"z I = 4 H H
fo 10 10 10 1 e diagonal contribution!

AtNLO:qq—22%&qg = —>5% Bigger cancellation at NNLO.
Lack of qg resummed predictions

At NNLO : g — 4.9% & —25% . =T
aq=aIheag s i causes the larger uncertainty at NNLO + NNLL ﬁ
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