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MOTIVATION

¢+ Precision physics at the LHC

+  Need for precise theoretical predictions

+ QCD radiative corrections are crucial

+ The measurements and predictions from QCD have reached
the level that demand the inclusion of electroweak effects

¢+ DY, Higgs productions in hadron colliders - known to N*LO in QCD

¢+ a; ~a -necessary to include the corrections from QED

+ EW corrections compete with QCD under relevant kinematic conditions
for the LHC

+ Theory point of view - perturbative structure of mixed gauge
group , universality of IR singularities ...
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THE GOAL OF OUR WORK

0(8.¢°) = 00(#%2)2/dfmdflizfc(ff?l;/ﬁ%)fd(fﬂ%ﬂ%) X Acd(S;QQaM%aﬂ%)
cd

Partonic cross-section/ Partonic
coefficient function (CF)
(Perturbatively calculable)
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1,)=0




THE GOAL OF OUR WORK

2
General structure of the CF near z— 1 — C]_
Threshold expansion: S
Partonic scaling variable
2it)-1 2fi+)-1
(69)(, 2 _ D ) Lok
A (z,qv) = Z ik Di + ¢ 0(1 - 2) + z e In*(1=2) + O(1 - 2)

Inv mass square k=0 w k=0 j\ /E

Most singular terms when z— 1 A Next-to-dominant singular
D <lnk(1 e z)) Soft-virtual (SV) corrections terms when z— 1.
k —
_I_

(1-2) Well understood in Collinear logarithms
Not much studied
Plus distribution

SV +Next-to-soft virtual(NSV)



THE GOAL OF OUR WORK

To compute A(il’j) for 1 + 7 <3 beyond SV/ Next-to-soft virtual (NSV)

C
for DY and Higgs production in bottom quark annihilation

Infrared (IR) structure of various ingredients that contribute to Qg
in the mixed SU(N) xU(1) gauge theory




NSV —HISTORY

The problem of NSV/NLP(next-to-leading power) logarithms has been of interest for a long
time, and several different approaches have been proposed.

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

@ Factorisation approach to study NLP logarithms
[Del Duca, Laenen, Magnea et al]

@ Important results using physical evolution equations method
[Moch, Vogt et al |

@ Resummation of NLP logarithms at leading order

[Kramer, Laenen, Spira ], [Ravindran, Grunberg], [ Bonocore, Laenen, Magnea |

@ SCET techniques
[Beneke et al], [Stewart, Fleming et al]

@ Factorisation and RG invariance approach to study NSV resummation effects
[Ajjath, Pooja, Ravindran | See talks by Melisso,

X.W Pooja, A jjath..
And many other works. . ang, Foqja, A)Ja



OUR APPROACH

Only diagonal channels :

A g - Drell-Yan




OUR APPROACH

A b Higgs production in bottom quark
annihilation

#* We use:
collinear factorisation
Renormalisation group (RG) invariance
Abelianisation rules



THE FORMALISM

For the diagonal channels, the SV+NSV partonic coefficient function can be
factorised

A 2.7 /A
A?V-'_NSV(ZHquM%‘?M%{aE) — (ZUV,I(afcalﬁ%a/faE ) ‘Fl(acaﬂ27q27€>‘2

X 5(1 - Z) R S1 (&07“27q2yza E)
® Ffll (a},u?‘,u%,z,e) ® FI?I—l(&C,/LQ,u%,z,e)

Zyv,1 — Renormalisation constant Qe — {a'87 ae}

FI — Form Factor

I';; — Altarelli-Parisi splitting kernel

S7 — Soft +next-to-soft contributions
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FORM FACTOR (FF)

FF — pure virtual corrections [Sen,sterman,Magnea ]

IR singularities, resulting from QCD and QED interactions factorise [Moch, Vogt, Vermaseren:

FU@ 1% 6) = Zinl(Q 1% 1 O] (@7 1 i) Ravindsan]

Finite part
universal IR counter term

contains poles

Differentiating both sides with respect to Q% we obtain K+G equation for the FFs

;

2

Gt =5 (o) 2

dQ

Cusp anomalous

Poles Ini : :
RG invariance - - dimension
d .
2 G lnF 27 2, €E) = 0
Hivg, 2 1(Q7, 17 €) —KI({ac s )_
duR

solution in d=4+¢

Cusp, collinear, soft and UV
anomalous dimensions




Some Observations

« The radiative corrections resulting from QCD and QED interactions cannot be factored out

independently

 Neither the IR singular function Z  nor the finite part of FF can be written as a product of

pure QCD and pure QED contributions.

“ Terms proportional to a ' aJ, where i,j > 0, which will not allow factorization of QCD

and QED contributions for both Z , and finite part of FF

A 1 1
« For instance, take a look E%’O) ") < —2AMY) + E(G?’“) (5)) :
at the IR structure — 40 1 40 1 40D
Pure QCD: well S i e\ €l);
) 1 | | 1
known ﬁ%o) — 5_3 <BOOA§-1’O)> + 8_2 ( - 5145-2’0) - 500G§'1’0) (5> + 2_6
: _ A02) | 0,1 L/ 1 02 0,1 1
[ised Q0D L5 = 5 (Ao™) + (= 547 - 86l 6)) + 5
much known, Mixed term #5011 _ 1 ( 1 A(m)) 1 (Gu 1) )
complicated L A § 2e\ "1 )
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Renormalisation Constant

To remove UV singularities in the bare FFs

[Moch,Vogt,Vermaseren |

0

d L

iy Zgy =Y aladn? [ag(ud), ae(ud)
i

!

ij=0 |

v

UV anomalous dimension

Renormalisation scale

» For DY: ’Yé’j = (0 (Conserved operator)

» For Higgs: 72’3. (Yukawa coupling)
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Altarelli-Parisi Splitting Kernel

Required to remove the initial state collinear singularities

[Moch,Vogt,Vermaseren |

AP kernels which satisfy renormalisation group equations

|

d

d

— D11z, p5) =

1

§PII(N%) @ Trr(ps)

l

Factorisation scale

We consider only diagonal parts of

AP Splitting function

_|_

Pri(z, u3) =2

Arlfaci)}) |

(1-2)4 Br({ac(pr))} o(1 - 2)

Cr({ac(pp)}) In(1 - 2) + DI({ac(u%E]

splitting functions

known up to NNLO in QED, QCDx QED
[ D. de Florian, G. F. R. Sborlini and G. Rodrigo]
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What About The Soft + Next-to-soft Contributions ?

A§V+NSV(ZMC]27M%‘7M2R7 ) (ZUVI<CLCMLLR7 ’ )) ‘Ff(acalu q )|

X 0(1-2)®8; (ac,,u q ,z,e)
DT} (e i, 13, 2,€) @ T (e, 2, i,

2, €)

Zyv,1 — Renormalisation constant g

&
.}
?

FI — Form Factor

I';; — Altarelli-Parisi splitting kernel

S7 — Soft +next-to-soft contributions

Collinear logarithmic
contributions

15



Guiding Factors To Compute The Missing Soft + Next-to Soft

Contributions

¢ Finiteness of the partonic coefficient function A;

o Sudakov differential equation(K+G Eqn) of FFs

¢ RG equations of AP kernels and Zyvy s

16



Soft + Next-to-soft Contributions

K + a Eqn fOI' SI [Ajjath, Pooja,Ravindran |

Solution takes convoluted exponential form

S] — CeXp (2(1)1(&&”2, q27 2 6)) - F

Soft+Next-to-soft
distribution ( will be
discussed in detail)

o (2(1)1(2,)) _ 07(2) D

C exp = I=q,b
ZI2JV,I Fr

No pure virtual , Only Real-Virtual
(RV), Real-Real (RR) etc
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All Oreder Structure - MASTER FORMULA

Factorisation + RG Eqns of building blocks
leads to an all order exponential form:

e=0

Ar(q°, w1, 2) —(Z)@z(qQ,uﬁ,ufm,z,e)>

2
\IJI — W‘/,I<&07M27u%76)> + In FI(&C7M27Q276>2)5<1 _Z)

+2®; (dc, 1. q% z, e) —2CInT'y; (&C, 12 4, 2, e)

5(1 — Z), (ln(kl(i;)z) ) =  Leading term : SV
_|_

Next-to Leading

k \
In (1 o Z) term : NSV
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On The Structure Of Soft+Next-to-soft Distribution

[Ajjath, Pooja,Ravindran]

Finite — need to be
determined

RG invariance
implies

identical to the cusp anomalous dimension
that appears in the FFs confirming the universality of IR structure of
the underlying gauge theory(ies)

19



On The Structure Of Soft+Next-to-soft Distribution

Solution verified up to two-loop , expanded around z=1 P?ﬁaﬁeterized in terms
or 1L —=z2
2 2\ (41 I4
A 29 9 A q (1 B Z) (z+])§ 1+ (H']) (,) (i,4)

(I)I({ac}aq y ,E,Z) = Zazag 9 Se<Z 2 (/5[ ( ) (1 Z) (bl (Z E)

— U=z

2y

Phase-space factor From matrix elements

» Expanding the ansatz:

1 1= 2 (i+9)5 _ 5(1 — z) N i _ ka ) Contribute to SV
(1—-2) (i+j)e =
S el G D15 ] " > Combining with SV,
L= (i+9)5 — Z [ ° ' ) contribute to NSV
n
n=0

21 (i49) o0 [(Z +j)e In(1 — z)] ————=mp  Contribute to NSV

[(1 =7 ] N n!
n=0
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Properties Of The SV Solution -Old

Can be extracted
from FFs?

* A‘;"(i’j)(e) — function of {A?’f"), f]i7j)7§I,ij}

Fixed using
Abelianisation rules to
3" order — due to missing

N3LO results

% Soft and collinear divergences proportional to 6(1 — z) and D \

get cancelled against those resulting from the FFs entirely
and the AP kernels partially

* Finite part correctly reproduces all the distributions
in the SV part of CFs Aj

Universality : g%"(i’j) — &;}4’(”’3’3’)

Casimir scaling : ng"@’j) = @g"("’j) = Cr/Cy égl,(i,j)
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Properties Of The NSV Solution -New

"B (’L,]) _ : 7’7.] 7’7.]
¥ ¢; " " (z,€) - function of {C’I ,D; ,gpf(z)}_> Process dependent

% Singular part removes the remaining collinear
divergences of the AP kernels

* NSV finite part + SV counterpart give rises to
next to SV logarithmic terms to CFs Aj

* Universality breaks down beyond two-loop : (bB /(6:3) £ gbB (3,7)
Casimir scaling fails : gbq (623 = ¢B (#,7) + Cp/Ca qu (4,9

NSV piece has z-dependence - consequence: shifting invariance
|

Recent findings from QCD

[Ajjath, P. Mukherjee, V. Ravindran]

arXiv:2006.06726 [hep-ph]

[Ajjath, P. Mukherjee, V. Ravindran, A.Sankar, S.Tiwari] 22
JHEP 04 (2021) 131




Abelianisation - Two-loops

certain transformation rules that relate color and charge factors for the relevant Feynman
diagrams in QCD and QED

Two-loop : qq initiated cases

QCD | QCDxQED QED
C%, 2Cre; e;
CrCy 0 0
Crnslp 0 e (N > g 2+, e%)
CrTF 0 N eZe’

NNLO QCDXQED results for DY were obtained
using the Abelianisation: EEm— [D. de Florian, M. Der and |. Fabre]

Explicit calculation verified the results obtained

using Abelianisation [A. H. Ajjath, A. Chakraborty, P. K. Dhani,P. Mukherjee,
) N. Rana, V. Ravindran et al.]

All the anomalous dimensions are found to
obey the Abelianisation rules till two-loop

23




Abelianisation : Three-loops

5 In QCD up to three loops, the cusp Ay’o), the soft fI(i’O)
— k . . .
and the constants g}i)j contain identical set of color factors, namely

at one loop, we have {Cr}, at two loops {CrCa,CrTrns} and at three
loops {CFCi,CFCATfnf,C%Tfnf,C’FT]?n?c}.

_l I
S 2A(0)

T (¢) in QCD demonstrate uniform color factor structure

® q%"(i’j ) () in QED and mixed QCDxQED obtained taking the Abelian limit
assuming uniform color and charge factor structure holds true to third order

[Ajjath, P. Mukherjee, V. Ravindran]

24



Abelianisation : Three-loops

General set of Abelianisation rules obtained from the

explicit calculation of FFs Example diagram

shown in next slide

A
QCD (a?) QCDxQED (aZa.) QCDxQED (asa?) QED (a?)
0 3C%es 3Crpe; el
CaCs. CaCpes 0 0
Cl%npr a C’anTpe? + Cpe?(NZeg+;e?) a 8§(N283+Z£:E?)+
b CrT e+ e? b !
PLr(Leatdoer) b N e+ 3 el)
q l
CrC?% 0 0 0
CF OA ?’lfTF 0' 0 0
CrniTg 0 0 e; (N el —I—Z{Ief)‘d
q
\J
There is no one-one mapping: ambiguous color transformations — single \j
fermion loop Absence of Self-
interaction

The coeflicients a, b against the corresponding color factors depend on the vertices
contribution from relevant topologies and are dependent on the FFs 25



Example : Three-loop

Transformation rule for C%,

This color factor arises from those diagrams where no fermion or gluon loops are present.
The numerical factor of three at a > a_order accounts for the number of ways a gluon field can be

replaced by a photon field in a pure QCD Feynman diagram.

26



Some Observations On Abelianisation

¢ Abelianisation procedure which succeeded in giving definite color

transformation rules at the two loop level without explicit calculation
fails at the three loop level

¢ Only {Ay’j ), fIi’j %GMJ} follow unambiguous rules

owing to their uniform color and charge factors

¢ At three loops, closed fermion loop configurations map to
different charge-color factors in QED and QCD xQED

hence taking abelian limit of the pure QCD FF results does not produce
pure QED as well as QCD xQED results

& The coefficients {a,b} for QCD xQED and pure QED

color factors can only be fixed by explicit calculation, limits the use of
abelianisation procedure beyond NNLO

27



Abelianisation — NSV Coeflicients

¢ NSV anomalous dimensions { w3 DY } and the coefficients py(2)

do not exhibit any uniform color structure in QCD

¢ Universality of (ﬁf’(i’j )(z, €) breakes beyond 2-loops in QCD
sensitive to hard-vertex information

_i I
¢ Not possible to assume that QBIB’(i’j )(z, €) in QED and QCDxQED
can be obtained by applying the rules at third order

28



Analytic Structure Of The Partonic CF - Third Order

Pure QED

from 2-loop
results

Spoils the

[Prmm—

40
Ago,n) — 16DV 4OV O _ =

+L§ 4f(o 1) §2())2 8f}0’1)0§0’2) +4A§0’1)g0

predictability —32<A(0 ”) OO0 _ 8800082, — 885,10

unknown

:L2{8D§°’” (A§0,1)>2}+L4{ 140D 4 g AOD 0D (4

Predictable ﬁ ”

1,02

(1) A(O 1)f(0 1), _(0)

IOl

0,1 0 0,1
APV 1650 (A0

1 8D§O’1)( I(0,1)> 1 8D(o 1)A(o 2) X 16D(0 1)A(o 1)5%1 n 16D§~0’1)A§0’1)g§f31

R

—6D1(r0’1)

3

(Bh0)? + 8D§0’2>A§°’”} Lo

29



Analytic Structure Of The Partonic CF - Third Order

Mixed QCD x QED

A‘(,l’Q) { (A(O 1))290(1)0 + 16D(0 1)A(1 O)A(O ih i) SD(l 0)(A(0 1)) }

Predictable+E4{2404i2), + 840700 s ABDHSHBIR 40N 20, 1 44205,
from 2-loop ]
results »&4(1,0)0(0,2) + 8A(1,0)A(0,1) Ero())1 i 48A(1’0)(A§0’1))2 il §50014(0 i) 5130
16D (0 1)A(o 1)f(1 ,0) 16D(0 1)A(1 O)f(O il 8D§0’1)ﬁ60A§1’0) il 16D§1’0)A§0’1)f}0’1)
16 @0 0,1
9 it g )}
SpOﬂS the + Lg 805_:?2 2f[0 1) .(12{1 . 8fI(071)C«1(_1,1) + 4( (0, 1))2¢§1i0
predictability ¢ mm—
) ) ) 0,1 1) 0, (1) 0
unknown —4f Ve, - 8f§1 V0 +44P2 N + 24000 + 84T VT 5101 + 84 Vgl 0,
0,1 0,1 0,1 1,0 0 0,1 1 0,1 1,0 (1,0 1
A( )f( ) I 10 A( )f( ) g()n QO(AE' )) CQ@g,io - 32(A(I )) fI( : +4A )90§ ())2

SA(l O)f(O Y 50())1 6414(1 O)A(O 1)f(0 b 2560‘P%1 - 4560051’1) + 4500f(0 1)905'1}0
- —BaoA?””so&Oio — 8850 AT o) — 1685, ATV AP + 16DV (O f0D 4+ 8D AFHY

+16DVALVGY 1 16DPVACY ¢ 4 16DV ALOGY | 4 16D AL g

FBDAPY 16D ALV, 4100 Al — 0D APV 8D | 0
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Summary And Outlook

@

The perturbative structure of the partonic coefficient function has been
studied in the context of QED and mixed QCDXQED taking into account
the NSV corrections.

Factorisation and RG invariance properties of the the scattering cross-
section has been used to achieve this.

Partonic CF exhibits an exponential form followed from the factorisation
and RG evolution Eqns. This exponential form allow the predictions of
certain SV+NSV logarithms to all orders in pertuarbation theory.

The Abelianisation procedure which worked for the case of NNLO QED
and mixed QCDXQED failed to hold true at third order.

The formalism for the Fixed-order NSV mixed QCDXQED computation
has opened up opportunities to study the resummation effects of the NSV
logarithms in this context.
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Future Directions

» Phenomenological analysis of the impacts of QCDXQED
NSVcorrections

» Resummation of NSV logarithms in mixed QCDXQED

» Extending the formalism to study the off-diagonal channel

contributions

Thanks for the attention|
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Backup Slides
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Anomalous Dimensions In QCD-QED

Extracted from AP splitting
function up to 2-loops

Extracted directly from the FFs Cannot be disentangled
up to 3-loops from FFs alone
Universal:  A,=4,

Single pole structure in
FTFs can be extracted

ng,j)(g) _ 2(B§7/,]) . 7}’5,])) + fI('La] + Z €kg];m
k=0

~ éi,j ) (fy(gi’j ) = 0) can be computed using
Operator independent Gl(;iyj ) _ (0:3)

q
Bq:Bb’fq:fb

Only 2B; + f; can be extracted from the FFs up to 3-loops

We need to study the soft corrections to fix f; 34




NSV Anomalous Dimensions

Ci=0, Cy=-0A? C3=-204A14>, Ci=—0(A3+24,43),

D1 =0, Dy=—-Ai1(ocB1+ o), D3=—-Ai1(6Ba+ 1) — A2(cB1+2- ),

[ Dokshitzer,Marchesini,Salam (DMS)]
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Color Transformation Rules- Three-loop

a’ ala, asa? a’

CensTr Cpnpreg CF'E?(NZ(}:E? +ZE;GI2) eg(qu;eg —1—2{3?)

b b b b

b b b b
C2n;Tr Cpr(geg—f—?e?) C'Feg(N§£3+§e?) eﬁ(N%e;-}—;e?)

b b b b

b b b b
(C2 — CaCryp Ty || CrTR(Xef+2ef) | Cref(NXeg+3ef) | ef(NXeq+3ef)

q [ q I q I

b b b b
H_ _H_ H_. .

b b b b
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Color Transformation Rules- Three-loop

‘ ﬂg H (lg(le G,S(lg 612
(2 Caeynmy || CRTe(S@+Te) | crd(NEd+Td)||  @(vEd+Te)
q l q l q ]
b b b b
A A . -
b b b b
(CE — CAQCF ynsTp CpnyTrpe; Crej (N% e "'?‘3?) € (N% eg "'? ef)

c.l c-
< Em <
o Em o
o Em o

=

c-l c-
=l Em =
=l Em o
ool Em o

B
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