Soft & Next-to-Soft virtual Resummation for
QCD Observables

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Ajjath Abdul Hameed
aabdulhameed @Ipthe.Jussie.fr

Diffraction & Low-x, 24-30 September, 2022

Phys.Rev.D 105(2022) 9, 094035, AAH, P.Mukherjee,
V.Ravindran L PT H E
LABORATOIRE DE PHYSIQUE
Eur.Phys.].C. 82 (2022) 3, 234, AAH, P.Mukherjee, THEORIQUE ET HAUTES ENERGIES

V.Ravindran, A.Sankar, S.Tiwari



mailto:aabdulhameed@lpthe.Jussie.fr

INTRODUCTION : WHAT IS SV & NSV

» In QCD improved Parton model, the hadronic cross section is the convolution of Parton distribution
functions, f(x), and partonic coefficient function, A _;(z)

6(q2’ T) — O-O(lué) Z J'dxl “d'fo;z(xla /’t}%) .fb(xZa M]%’)Aab(qza M}zi‘a Iu[%a Z)
ab

g> — Invariant mass of final state q2 , i - pp — factorisation scale
= 3 — partonic scaling variable pr — renormalisation scale

§ — partonic center of mass energy

> Soft limit defines the kinematic limit where all the final real emissions has almost zero energy~ soft
emissions : 7 = 1

> In this limit, the functional form of partonic coefficient function could be organised in terms of their
singular behaviour in z
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INTRODUCTION : WHAT IS SV & NSV

» In soft limit, the partonic coefficient function could be organised in terms of their singular behaviour in z

[ 2i—1 1 2i—1
$ . /(1 — 2) 5 .

Bab = o Z G2 81—+ C) < 1-z )+ N Ci(,Jl') 'l =2) + 06U =2)
i=0 j=0 J=0 beyond NSV

o Next-to-leading singular
o Collinear logarithms
o Resummation known to LL

o Leading singular distributions

o Contributions from soft real
emissions+virtual corrections

o Resummation known to N3LL

Soft-Virtual (SV) Next “’(ﬁgf\t’;V'ﬂual

» a In(1 — z) ~ O(1) : resummation is required - threshold resummation

[Sterman] [Catani, Trentedue ]



IS NSV RELEVANT?

» Though NSV are less singular to SV, their contributions are numerically sizeable [C Duhr, et al]

For inclusive DY at as2 atQ . - 0.0144%
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THE THRESHOLD FORMALISM

» The approach is based on :
® Collinear factorisation and renormalisation group invariance

® Using the logarithmic structure of known higher order results

» The SV formalism is welll-studied for Color singlet processes. [Ravindran ‘05, 06]

® Extend the same formalism to include the diagonal NSV logarithmic corrections.

» We start with Collinear factorisation :

1 )
Zda’b’(qza <, €) — O-O(ﬂﬁ) Z (FT>a,a(Z7 M]%b €) ® Aab(za q29 /’t}%a /41%) ® bel’(Za //t}27'9 €)
ab

6,, — bare partonic cross section with initial collinear divergences

[' — Altarelli Parisi splitting kernel

» No off-diagonal has been considered : then terms like [ (?;1 X Aqg QI qq do not contribute.

Hence, we can safely drop the sum in the above formula



THE THRESHOLD FORMALISM

» Perturbative structure of SV+NSV partonic coefficient function :

AV (g2 o) = [E() o0 -0 @ S5V © TV u2) @ TRSVESY(z )

d,cc

Virtual Corrections

Altarelli-Parisi splitting kernels

Z Pou (Z, a’s(.u%')) ® Larp (Z, ,LL%—', 6)

a’'=q,q,9

Pee(z,a5(pf)) = 2B(as(u3))8(1 = 2) + 2| A%(as(42))Do(2) + C%(as(pu2)) In(1 — 2) + D¢(as ()

ﬁ —> {A]a B]9 f}’ 71 gl}

Universal anomalous dimensions
And process dependent constants

[Moch,Vogt,Vermaseren |



THE THRESHOLD FORMALISM

» Owing to the first order diff. eq.s and RG invariance:

A (2.2) = ) [o1 -0 ® STV @ (LYY (e ) @ TSV )

d,cc

Soft-collinear distributions - contributions from real emissions

» The solution could be :

S o (=2 N\E - N
nSVNV@ gz = Y at st (LT (L) [ + (-2 ¢8O0

P ﬂzz 1 —Z
. o l+] .« . .
Universal coefficients For of z- dependency - Z fﬁ%",‘) e/ In*(1 — Z)}

Process dependent coefficients ~ *=Y

» Logarithmic structure is obtained to N3LO from the fixed order corrections, we propose the same
structure to all order.



INTEGRAL REPRESENTATION

» With the knowledge on the structure, we can formulate an Integral representation for A, which gives an
understanding on the all order structure.

q*(1-2)* A2
At = Gt Fexp( | SPaGND + g - 09.0)

l 7

» (, is proportional to 6(1 — 7).
Finite part after cancelling of poles
be F & S.

> The integrant is the finite part after
cancellation poles between splitting
kernels and soft collinear function

Pl.(z,as(uf)) = 2 {Ac(as(u%))Do(Z) + Cas(pz)) In(1 — 2) + Dc(as(ufv))}

» The finite contribution
€ denotes convoluted exponential. comes completely from
soft-collinear function

1
Q(a(g*(1 — 2)%),2) = <1—_Z2?sv(as(612(1 -~ Z)Z))> + 28 ye(ag*(1 = 2)%),2)
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RESUMMATION IN MELLIN SPACE

» Convolutions are easy to handle in Mellin space. Hence, generally we solve this integral representation in
Mellin space - gives the resummation formula in Mellin N-space.
a,In N ~ O(1)whena,is

» Definition : 1
Ay = / dz 2N TTAL(2)
0
small : spoils the truncation of

» The soft limit then converts to : 75 ] — A o series

» The large logarithms transforms to :

SV NSV
<ln(1 —z)) . In® N N 1
+

——
l -z 2 2N 2N




REORGANISATION OF SERIES : RESUMMTION

» Solving the integral representation in Mellin N-space :

A]SVV-i—NSV(qZ, ﬂ]%a :“127) — (Z Z(MR)gO l(q IMR’ MF)> eXp<lPC N T ansv N)
i=0

» The SV part is well-known to third logarithmic accuracy for Color singlet processes 5
w=2as(uR) Bolog N

[Sterman] i |
[Catani, Trentedue ] SV N (O))IH(N) + 2 l()uR)gH_z(a))
\ J

» The NSV part is the new result :

1 0
Vi = D |Foaa@) + Zh (@) log" N
n=0
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ALL ORDER PREDICTIONS : SV&NSV

> Let us recollect the all order predations form SV resummation :

GIVEN PREDICTIONS

SV-LL 96,091 L Lo £
SV-NLL 361,95 Lo, LA L2i-1 [2i-2
SV-N2LL 36 2+ 95 £2i-3_ [2i-4
SV-N"LL G6.ms 9515 Teni 15 B, [2i-2n=1 p2i-2n

» Similar way, the all order predictions from NSV resummation could found to be :

GIVEN PREDICTIONS

NSV-LL 36,0+ 95,95, h LY Ly Ly
NSV-NLL 36,1195, 95, h Ly Ly~
NSV-N2LL 36,21 95,95, hs Ly
NSV-N"LL B.rs 0541 Toers 1S Ly~
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(asﬁ log N \
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ALL ORDER PREDICTIONS : SV&NSV

> Let us recollect the all order predations form SV resummation :

» Similar way, the all order predictions from NSV resummation could found to be :

2- loop info

GIVEN

PREDICTIONS

SV-LL 96,091 L Lo £
SV-NLL 361,95 Lo, LA L2i-1 [2i-2
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GIVEN

PREDICTIONS

NSV-LL 36,0+ 95,95, h Ly Ly
NSV-NLL 36,1195, 95, h Ly Ly~
NSV-N2LL 36,21 95,95, hs Ly
NSV-N"LL B.rs 0541 Toers 1S Ly~

=+ In‘(N)

Resumed terms
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ALL ORDER PREDICTIONS : SV&NSV

> Let us recollect the all order predations form SV resummation :

» Similar way, the all order predictions from NSV resummation could found to be :

n- loop info

GIVEN

PREDICTIONS

SV-LL 96,091 L Lo £
SV-NLL 361,95 Lo, LA L2i-1 [2i-2
SV-N2LL 36 2+ 95 £2i-3_ [2i-4
SV-N"LL G6.ms 9515 Teni 15 B, [2i-2n=1 p2i-2n

GIVEN

PREDICTIONS

NSV-LL 36,0+ 95,95, h Ly Ly
NSV-NLL 36,1195, 95, h Ly Ly~
NSV-N2LL 36,21 95,95, hs Ly
NSV-N"LL B.rs 0541 Toers 1S Ly~

Li = 1ni(N)

v = % In*(N)

Resumed terms

(a” kS log"
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N

£
£
2
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\_ J
NLL

11



RESUMMATION FOR DY : K- FACTOR

o Now let us see how these NSV resummation is phenomenologically relevant.

g =pr = Q(GeV) LO+LL NLO NLO + NLL NNLO NNLO + NNLL
500 1.0624 1.3425 1.3925 1.3950 1.4082
1000 1.0728 1.3464 1.3995 1.4004 1.4138
2000 1.1062 1.3064 1.3739 1.3652 1.3818
1.5
pr=pr=0 |1
MMHT2014 |

K-Factor

1.3

1.2

1.1

1.0

==  KnLo
KNNLO
KrLo+it

PR T T | L

KNLO + NTL
KNNLO + NNLL

| I

13TeV LHC

Increment from FO — resum at
Q=2000 GeV

® 10.6% for LO - LO+LL

® 52% for NLO — NLO + NLL

PO W [N WY TN TN SR N SN

1 L

1000

1500

2000 2500

Q [GeV]
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3500

® 1.2% for NNLO — NNLO + NNLL

» NLO + NLL for quark part mimics
the NNLO

» Resummed predictions are closer
compared to FO : improves the
reliability of perturbative predictions

» Resummed corrections decreases as
we go higher order.

12



RESUMMATION FOR DY : SCALE VARIATIONS

® Impact of up & py scales in the predictions using canonical 7-point variation

=pr=Q)

do/dQ normalised to do“©/dQ(ur

[AAH,P.Mukherjee,V.Ravindran,A.Sankar,S.Tiwari]
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MMHT2014
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~ = LO
~ NLO
B NNLO

0 LO+LL
" NLO+NLL
BN NNLO+NNLL

1074

1073

1072

® FO from all channels

® resummed predictions
from only diagonal

channels (gq)

» NLO to NLO + NLL : band width decreases. Large scale uncertainty at NNLO + NNLL

» NNLO + NNLL is within NLO + NLL unlike fixed order case at high energies : notable NSV

corrections from diagonal channels

13



RESUMMATION FOR DY : 4. - SCALE

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

15

Q)

» The py - variation : 1af

HF =

13

1.2}

1.1

1.0

do/dQ normalised to de™©/dQ(pgr

0.9 i
i LO : LO+IL
0.8 w NLO g o NLO+NLL

i B NNLO : BN NNLO+NNLL
0.7} i
T B T = R =
T T

» Looks similar to 7-point scale variation : large band in 7-point scale could be due to pp-uncertainties

» Reason could be due to lack of off-diagonal contribution! Collinear logarithms arises from gg & gg
channels

® AtNLO:gqq —»> 22% & gg — — 5%
Bigger cancellation at NNLO. Lack of ¢ 2- resummed predictions

® AtNNLO:qG — 49% & qg > —2.5% cause the larger uncertainty at NNLO + NNLL

14



RESUMMATION FOR DY : 4, - SCALE

® To emphasise the role of collinear resummation, we see the i - variation :

1.5

=Q)

1.4

=HF

1.1

do/dQ normalised to do“C/dQ(pgr

5<5<2.ur=0 Lo _ W LO+IL
MMHT2014 W NLO i NLO +NLL
13 TeV LHC @ NNLO [ NNLO*‘W

1.0}

104

Ll L I R | L TR R R N L ol L el
1073 1072 1074 1073 1072

» Substantial scale reduction at NNLO + NNLL

» The pup cancellation happens within each partonic channels.

+1.46%
® NLO :_128%

® NLO + NLL : F1:337%

® NNLO: Fo-27%
 10.02%
® NNLO + NNLL: -023%

» Inclusion of resummed predictions improves the pp uncertainty remarkably

15



RESUMMATION FOR DY : SV & NSV

o Comparing SV resummation, SV+NSV resummation with NNLO results

15
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SUMMARY

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Require threshold resummation in the kinematic limit z — 1
> We extend the threshold framework with inclusion of NSV large logarithms

» This enhance the resummed predictions and improves the better perturbative
convergence

> However, large scale uncertainties shows the need of including off-diagonal
resummation for large collinear logarithms, for which works are on the way!
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THANKS FOR THE ATTENTION !
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DIAGONAL AND OFF DIAGONAL

Oqq T T T
ZT‘O:qu®Aqq®Fq6+rqq®Aqg®F96+qu®ch}®F®

T T T
T T T
+ 1 ®Aqq @I+ I @ Agg @ Lyg+ 155 ® Agg ® L.

~ SV+nsv

O _ =
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200 qaq qq qq

o T T r
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FSv+

ag _ T sv-+nsv 1 T +
200 =T ® Ay @ Igg+ Lyg @ Qg™ @ Iy

19



€ & 7 DEPENDENCY OF SV AND NSV

» SV
c c 1 -C —cC
oy (€) = —2(2A1) + ;(9’1(6)) % (e) = %( 53AC) 61 ( ZB1AS — 50Ag — gﬁggl(e)>
35200 = [ - Boas ) + 5 [ 545 - BT | + 2-Ts(e) A2 Lo - e ) + L teso
N e\ 2 2 A A L c\37
» NSV
A 1,
(pgl) (z,€) = EgL,l(z’ €) ,
) 1 . 1 ..
‘sz)(zv 6) — ?(_BOQL,I(Zve)) + 2_€gL,2(Za 6)7
) 1 /4 , .. 1 1. 4 . 1 .
60,0 = 5 (38305420 + 5 ( - 30510 — 30Ga(59) + 5 Ga(e10).
00 ' 1+7—1
Gf i(2.6) = Li(2) + X5.4(2) + Y G719 (). Gy (2 Z Gy k(1 - 2).
j=1
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MORE PLOTS : V & N SCHEMES

1.5 i pr=pr=Q | |
- MMHT2014 | A
i emmEmemaao . 13TeV LHC | |
14f o T —— -l

o
g 3 ) _ » Uncertainty is smaller
rfu? : e : for N-Exponentation
S _
1.2+ o
- = KLo+iL - = Kio+it
|~ KNLo+FIT - = KNLo+NiL
- = KnnNLo+FRIT - = KNNLO 4 NNIL |
1.1
1.0 -I 1 1 l L ' 1 1 l 1 1 L L l 1 1 L 1 l L L 1 1 l L 1 1 L l 1 1 L 1 ]
500 1000 1500 2000 2500 3000 3500
Q [GeV]

Fig. 14 Comparison between the K-factors for the N and N exponen-
tiation at the central scale Q = ug = ur
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MELLIN N-SPACE STRUCTURE

In N
» Partonic cross section in N-space in terms of large logarithms In N & ~

' In N 1 1
6y =1+a, dj— +d— +@(—2)]
: N N N a,In N ~ O(1)when ais
e ;In° N el g (L) small : spoils the truncation of
s 2 N 2 2 series
In° N 1 1
a; B ot +dy—+ 0(—)
In*""' N 1 1
n 2n—1 0_ _
al d; + +d3N+@( 2)]
[sterman et al] SV NSV Ongoing research!

_ Resummation is well understood.
[Catani et al]
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SV+NSV: PREDICTIONS

PREDICTIONS
Agz) A£3) Agz’)
Given one loop coefficients D3, D> D5, Dy D(2?— 1) D2i-2) D, = < (1 = 2) )
Lg Lg ngz—l) 1 -z X
_ o DBa DQ D(2i—3)7 D(Zz’—4) . .
Given two loop coefficients 74 L(z,,; —2) Li = Ini(1 - z)
D2i—s5); D(2i—6)
Given three loop coefficients L£2%—3)
D2i—(2n-1)), D(2i—2n)
LgZi—n)

23



RESUMMATION FOR g — H

m
® The y variation with yp = . = u in pb at 13 TeV with central scale yp = pp = TH
LO LO+LL NLO NLO+NLL NNLO NNLO+NNLL

5.33 13.03 +7.99 4.95 +4.13 3.58
23.89407)5, 42761277, 39.16817 00 41.0325775 464304750 44.96857 00,

e LO+LL == LO
=== NLO +NLL ==+ NLO
=== NNLO +NNLL == NNLO

NNNLO +NNNLLgy +NNLLygy
== NNNLO

H=Hp =Hp

» Resummed cross section decreases at second and
third order indicating better perturbative convergence

/My 24



RESUMMATION FOR gg — H : SV & NSV

Table 10 Values of resummed SV + NSV cross section (in pb) at various orders in comparison to the fixed order results and resummed SV

predictions at central scale value g = pup = -
NLO NLO + NLL NLO + NLL NNLO NNLO + NNLL NNLO + NNLL
39168135 38.014241%% 41.0325* 748 164304431} 45,0904+ 3 44.9685+221

» No considerable improvement at first order due to them NSV resummed predictions
compared to SV ones

» But better behaviour at NNLO + NNLL
» Reason could be due to the considerable NSV contributions at NNLO and not at NLO
® at NLO :73.16% SV and 45.81% NSV

® at NNLO : 15.8% SV and 58.9% NSV
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