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Background
Why Z Production

Also, see talks by Mathieu and Simone on Tue
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[ Why Drell-Yan

The Drell-Yan (DY) process is important:

» Quantitative test of perturbative QCD. i y
» Constraints the PDFs. =
» Precise determination of electroweak " i

observables: may lead to BSM signature.

CMS pPreliminary : :
: — — LEP AL - 0.23221 £ 0.00029
TRy SLD A - 023098  0.00026
LEP combination |- 80376 + 33 [US SE—— i iy
Phys. Rep. 532 (2013) 119 CDF 1.96 TeV — 0.23221 + 0.00046
DO |- 80a75 + 23 e |
PRL 108 (2012) 151804 b D0 1.96 Tev — 0.23095  0.00040
CDF | 804s35 + 0.4 — ATLAS 7 TeV| e 023080 £ 000120
Science 376 (2022) 6589
Cb 80354 = 32 LHCb 7+8 TeV —_—— 0.23142 £ 0.00106
- . R Cl— B
JHEP 01 (2022) 036
ATLAS cMs 8 Tev —4 0.23101 £ 0.00053
|- 803665 + 15.9 - 4
Exw éAUS 15085, subm. to EPJC LHCb 13 TeV. d 0.23147 + 0.00050
M |- 80360.2 + 9.9 - -
This Work h == EWfit CMS 13 Tev —— 0.23152 £ 0.00031
I I I ’ .
This analysis 13 TeV - 0.23153 + 0.00023
80300 80350 80400 80450 L. B1. .. |
MeV 0230 0231 0232 0233
my ( e ) sin? Bl

» Relative uncertainty: 0.012% [1]. » Relative uncertainty: 0.104% [2].

[1].cMS (2024) [2].CMS (2026)
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[ Why Drell-Yan

The Drell-Yan (DY) process is important:

» Quantitative test of perturbative QCD.

» Constraints the PDFs.

» Precise determination of electroweak

observables: may lead to BSM signature. o Q\

Projected uncertainty

> Smw: 6 x 1073 % [3].
> 0s2: 4x 1072 % [3].

Tanmoy

Projected uncertainty

> Smw: 6 x 107%% [4].
> 5s2: 1x107° % [5].
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[ Why Drell-Yan

The Drell-Yan (DY) process is important:
» Quantitative test of perturbative QCD.
» Constraints the PDFs.

» Precise determination of electroweak

observables: may lead to BSM signature.

HiLum

HL-LHC PROJECT

» Standard candle: For any process o,p— vy = £N—Y, where Lpy = 2L

90

Improving the Drell — Yan precision is indispensable

[m] = =
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[ Drell-Yan at threshold

Drell-Yan at threshold

Non

factorizable

corrections
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Drell-Yan at threshold
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7 Production: Contributions

Drell-Yan at threshold

Parton density
integral

functions

. . A
oH Zgb:/da:ldxzd@ps fa(z1, ur) fo(xo, pr) Gap—x (8, pr, pr) +O (ﬂ
= Phase-space

5)
Parton-level cross
section
ou =00y [ (nr) ® Dyur, ur) @ f; (ur)
¥

oo is the Born level cross-section.
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7 Production: Contributions

Drell-Yan at threshold

— A A Aqgcp
oH —Z /dx1dx2d¢ps fa(z1, ur) fo(xo, pr) Gap—x (8, pr, pr) +O (7
a,b .
Phase-space Parton density Parton-level cross
integral functions section

on = oo Zfihl (1r) ® Ag(pr, pr) ® fjhz(NF)
,J

oo is the Born level cross-section.

A=) al'alA™

m,n
Tanmoy
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[ 7 Production: Contributions

A=1+ [asAéo—i—ag (A°1 +

Drell-Yan at threshold

— A A Aqgcp
oH —Z /dx1dx2d¢ps fa(z1, ur) fo(xo, pr) Gap—x (8, pr, pr) +O (7
a,b .
Phase-space Parton density Parton-level cross
integral functions section

on = oo Zfihl (1r) ® Ag(pr, pr) ® fjhz(NF)
,J

oo is the Born level cross-section.

1

2 ~2

~

1
: 201 /:Ol
|: ?230 529(221

- )] + |:(J,§A§O + asac Ay pw + - ]
1
s2¢2 2

A2y S%A%;) + O(asa?) + O(a?) - ]
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[ Z Production: Status ]

Process: pp — Z + X, /s=14 TeV, PDFSet: MMHT2014, ir, i € (@,27@)

2

90 -

C HLLHC Projection : +1% nb [9] ]

sof :

70 oMS [8] ]

r 63.3£2.4% ]

= L § ]
> 60 [ ATLAS [7] 7
+ [ 6at2% 1
N £ ]
T oL ]
L 50 F ]
S E ]
Sl L 1
wf :
af :

20 ]

[7]1.ATLAS-PHOTO (2024) at 29fb_l ,[81.CMS (2026) at 5.01fb_l ,[9] .CERN—Yello%l—Report (2020)
[=} = =

it
«
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[ 7 Production: Status

o(pp — Z + X)[nb]

90
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Process: pp — Z + X, /s=14 TeV, PDFSet: MMHT2014, ir, i € (@,27@)

2

CMS [8]
63.3+£2.4%

¢

ATLAS [7]
64+2%

LO

HLLHC Projection : + 1% nb [9]

Drell, Yan (1970)

50.6+14%
4LL: 57.5114%

[7]1.ATLAS-PHOTO (2024) at 29fb_l ,[81.CMS (2026) at 5.01fb_l ,[9] .CERN—Yello%l—Report (2020)
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[ 7 Production: Status

o(pp — Z + X)[nb]

90

80

70

60

50

40

30

20

Process: pp — Z + X, /s=14 TeV, PDFSet: MMHT2014, ir, i € (@,27@)

2

CMS [8]
63.3+£2.4%

¢

ATLAS [7]
64+2%

LO

HLLHC Projection : + 1% nb [9]

NLO
+a Altarelli (1979)
+a Baur (2001)
62.7+£5%
NLL: 64.6+7%

Drell, Yan (1970)

50.6+14%
4LL: 57.5114%

[7]1.ATLAS-PHOTO (2024) at 29fb_l ,[81.CMS (2026) at 5.01fb_l ,[9] .CERN—Yello%l—Report (2020)
[=} = =
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[ 7 Production: Status

Process: pp — Z + X, /s=14 TeV, PDFSet: MMHT2014, ir, i € (%,27@)

90 .

r HLLHC Projection : +1% nb [9] ]

sof .
70 oMS [8] ]

[ 63.3+24% ]

= - ]
> 60 [ ATLAS [7] 7
+ [ 64t2% ) ]
N N NLO NNLO (—a?) 1
T 50 +a Altarelli (1979) + Hamberg (1991) ]
) L 4o Baur (2001) +af Melnikov (2006) 1
Nt L 62.745% +asa Bonciani (2020) ]
[ NLL: 64.6+7% 63.24+3% ]

40 ~ +N2LL: 63.5+3% -

L LO a2 Armadillo (2026) ]

L Drell, Yan (1970) ]

30 - 50.6+14% ]

5 4LL: 57.5114% 1

20 .

[7] .ATLAS-PHOTO (2024) at 29fb~ ', [8]
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[ 7 Production: Status

o(pp — Z + X)[nb]

[7]1.ATLAS-PHOTO (2024) at 29fb_l ,[81.CMS (2026) at E').Olfb_l ,[9] .CERN—Yello%l—Report (2020)
= =

Tanmoy

90

80

70

60

50

40

30

20

Process: pp — Z + X, /s=14 TeV, PDFSet: MMHT2014, ir, i € (@,27@)

2
r HLLHC Projection : +1% nb [9] ]
L oMS [8] 4
r 63.3+£2.4% % ]
[ ATLAS [7] } ]
[ 644+2% 2 . 1
[ NLO NNLO (—a?) N3LO (+a?) ]
C +ay Altarelli (1979) +'¥g Hamberg (1991) 4,3 Ahmed (2014) N
r +a Baur (2001) o Melnikov (2006) 4 3 Manteuffel (2014) ]
r 62.745% +aso Bonciani (2020) ‘a3 Duhr (2020) ]
[ {NLL: 64.6+7% 63.2:£3% 64.142% ]
L +N2LL: 63.5+3% -
r 2 . onopy  FaZa Our Work (Ongoing) 7]
L a2 Armadillo (2026) 5 1
N LO ]
N Drell, Yan (1970) ]
r 50.614% 7
+ 4LL: 57.5114% B
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[ 7 Production: Contributions

A=1+ [asAéo—i—ag (A°1 +

Drell-Yan at threshold

— A A Aqgcp
oH —Z /dx1dx2d¢ps fa(z1, ur) fo(xo, pr) Gap—x (8, pr, pr) +O (7
a,b .
Phase-space Parton density Parton-level cross
integral functions section

on = oo Zfihl (1r) ® Ag(pr, pr) ® fjhz(NF)
,J

oo is the Born level cross-section.

1

2 ~2

~

1
: 201 /:Ol
|: ?230 529(221

- )] + |:(J,§A§O + asac Ay pw + - ]
1
s2¢2 2

A2y S%A%;) + O(asa?) + O(a?) - ]
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7 Production: Contributions

Drell-Yan at threshold

_ A A Agcep

oH —Zb /dl’ldCCQd(I’FS fa(x1, pr) fo(ze, pr) Gapx (8, pr, ur) +O (T

= Phase-space Parton density Parton-level cross
integral functions

section

ar =00 " (nr) @ Dgpr, ur) ® £ (ur)
W

o is the Born level cross-section.

A=1+ [ ; H ]
2 21 1 21 1 21
[+ +ag ae (A'y + 202 Az + ?AW) +
[ O(ofae) g X v*

} [ O(lae) gx Z ] [ O(atae) g x W* }
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Calculations

The Form Factors
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[ The Form Factors: Definition

Vj
q
—

z +

n

QCD ® EW corrections to DY Process
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[ The Form Factors: Definition

Pz (] Y
z + z +
/ 7

CP even & Vector CP even & Axial CPodd & V+ A
voYH agy*~°® voq"
Vozm ot g a9 q"Y°

Q50" Y q

=] F
QCD ® EW corrections to DY Process



[ The Form Factors: Definition

e

CP even & Vector CP even & Axial CPodd & V+ A
voy" agy*~°® q"
Voot qu a9 q"Y° aq 2m6“”7 Q@
Threeloop contribution to oparton
x / i, MEMLP™

Tanmoy

/ AT MM
_,—/
combination of FFs

N
)

(=)
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[ The Form Factors: Workflow

[ Generation of diagrams }

QCD ® EW corrections to DY Process
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[ The Form Factors: Workflow

{ Generation of diagrams }

]
{

Mapping to integral families

QCD ® EW corrections to DY Process

l

QGRAF [Nogueira)

Reduze [von Manteuffel|

Mapping the diagrams to a few sets of

integral families using momenta shifts.

o
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[ The Form Factors: Workflow

{ Generation of diagrams }
{ Mapping to integral families }

integral families using momenta shifts.
[ Feynman Rules, Dirac, Color Algebra ]

QGRAF [Nogueira)

Reduze [von Manteuffel|
Mapping the diagrams to a few sets of

Apply projectors, perform Dirac Traces,
color algebra using in-house routines

written in FORM [Vermaseren].

Tanmoy
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[ The Form Factors: Workflow

{ Generation of diagrams }
{ Mapping to integral families }
integral families using momenta shifts.
[ Feynman Rules, Dirac, Color Algebra ]

Apply projectors, perform Dirac Traces,

color algebra using in-house routines

QGRAF [Nogueira)

Reduze [von Manteuffel|
Mapping the diagrams to a few sets of

Reduction to MIs

written in FORM [Vermaseren].

Based on

Kira [Lange, Usovitsch, Zhu], LiteRed [Lee].

=] F
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[ The Form Factors: Workflow

{ Generation of diagrams }
{ Mapping to integral families }
integral families using momenta shifts.
[ Feynman Rules, Dirac, Color Algebra ]

Apply projectors, perform Dirac Traces,

color algebra using in-house routines

QGRAF [Nogueira)

Reduze [von Manteuffel|
Mapping the diagrams to a few sets of

Reduction to MIs

|
|

Kira [Lange, Usovitsch, Zhu], LiteRed [Lee].
Solving the MIs

written in FORM [Vermaseren].

Based on

Tanmoy
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[ The Form Factors: Workflow

{ Generation of diagrams }
{ Mapping to integral families }

{ Feynman Rules, Dirac, Color Algebra ]

Apply projectors, perform Dirac Traces,

color algebra using in-house routines

QGRAF [Nogueira)

Reduze [von Manteuffel|
Mapping the diagrams to a few sets of

integral families using momenta shifts.

Reduction to MIs

|
|

Kira [Lange, Usovitsch, Zhu], LiteRed [Lee].
Solving the MIs

Tanmoy

written in FORM [Vermaseren].

Based on

Renormalization
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Calculations

MIs and nonsinglet FFs

TP, Rana N (JHEP 10 (2025) 233) arXiv: 2506.15363
TP, Rana N, Ravindran V (JHEP 05 (2026) 220) arXiv: 2512.22992

QCD ® EW corrections to DY Process 12



[ The Form Factors: Evaluation

w+

s+ #1523
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[ The Form Factors: Evaluation

w—

s #1523
[

Evaluation of the Master Integrals

v Analytic evaluation of all (308+4) Master Integrals in terms of GPLs.

» Required three independent rational transformation, massive symbolic
parallelization. Computational cost in final run: ~ 10* core-h.

=] F
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[ The Form Factors: Evaluation

Z@AZ + W@AZ + @%\Z + #1523

[

The non-singlet Form Factors

» Defn of Non-Singlet: {Diagrams} N j % =0

Tanmoy
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[ The Form Factors: Evaluation

Z@ﬂz + v@ﬂz + {ED:TZ + #1523

[

The non-singlet Form Factors

» Defn of Non-Singlet: {Diagrams} N j % =0
Internal Z

» Initial expression size: 50 GiB

Internal W
» Final expression size: 2.1 MiB

» Initial expression size: 40 GiB
» Final expression size: 3.7 MiB
Tanmoy
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[ The Form Factors: Evaluation

Z@ﬂz + v@ﬂz + {ED:TZ + #1523

[

The non-singlet Form Factors

» Defn of Non-Singlet: {Diagrams} N j % =0

» The final expression is complete analytic in terms of Generalized Polylogs:
But, contains divergences:

2 A(@,mv) | B(¢*,mv) | C(¢*,mv) | D(¢*,my) E(¢* my)
MPP = SR ST SR ST

=] F
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Calculations

Renormalization

TP, Rana N, Ravindran V (JHEP 05 (2026) 220) arXiv: 2512.22992
TP, Rana N, Vicini A (PLB.2026.140967) arXiv: 2604.18516

QCD ® EW corrections to DY Process 14
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[ UV Renormalization
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[ UV Renormalization

Renormalization Checklist
Z/w

QO External NS quark wave-function
QO Strong coupling

Tanmoy
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[ UV Renormalization ]

Renormalization Checklist

@)

QO External NS quark wave-function
2w QO Strong coupling
QO Electroweak charge / Vertex

O Vector Boson wave-function

Tanmoy QCD ® EW corrections to DY Process 15



[ UV Renormalization

Renormalization Checklist

QO External NS quark wave-function

QO Strong coupling

QO Electroweak charge / Vertex

O Vector Boson wave-function

[ Quark wave-function + Strong coupling ]

» Define: ¢y — Z” alad Zijpp and o2 — Z” alad Z%as . Then define:

Fren = |Z¢|2FBare

. Z FioZ F F
FI% = oy + Zot + FroZus + FaoZor — 5006 11 BooFroZor  Boofii  PorFio

€

€

[\]

€
[m] = =
Tanmoy
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UV Renormalization

@)

Renormalization Checklist

Vv O External NS quark wave-function

A Vv O Strong coupling

QO Electroweak charge / Vertex

O Vect

or Boson wave-function

[ EW charge + Vector Boson wave-function ]

Weak charge + VB wavefunction

90 ,1/2 1 1
C—%Zzé — \/4V2Grm2 (1 - §A7‘+ 7(502)
(s —cu) 85

’LU S'w

where: dcy = 0277 +20Z. +

[10] .Bonciani (2021)

Vertex Oblique correction [10]

Vg — Vg —2Q, 52 Ak

ésw 2¢yw

where: Ak = + =—06Z4z
Sw

Tanmoy QCD ® EW corrections to DY Process
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[ UV Renormalization

Renormalization Checklist

Vv O External NS quark wave-function

Vv O Strong coupling

QO Electroweak charge / Vertex

E

O Vector Boson wave-function

EW charge + Vector Boson wave-function
Ar=2u (5C >+252 +—
c2 \ c2

w

J

— (T (0) ~ RelThuw (m)]) + Vi + Bw
Ar=0+a Ar® [11] + asa Ar'? 9] +o® Ar® [13] + ola Ar

W

2
» Similar perturbative expansions hold for 6cz/w or Ax. We performed full
off-shell calculation to evaluate d¢? cy

21
[14]
' Ak?, Ar?! with analytic series expansion
[11].8irlin (1980,83) [12].Freitas(2000) [13].Awramik (2002,03,04) [14].Chetxykin, (1995)
QCD ® EW corrections to DY Process
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[ UV Renormalization

Tanmoy

Renormalization Checklist
Vv O External quark wave-function
Vv O Strong coupling

Vv O Electroweak charge / Vertex

v/ O Vector Boson wave-function

[ After complete UV renormalization J

pren Bl(q:imﬂ o Ci(q*, my) . Di(q°, my) o Ei(¢*, my)

€3 €2 €

+ G

» These poles are pure IR: /""" = Z;p Fi" gives IR finite FFs: 5] ™",

[15] .Catani(1998) [16].Sterman(2002) [17].Becher(2009) [18].Gardi(2008)

e =
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Calculations

The singlet FFs

TP, Rana N arXiv: 2606.20342
TP, Rana N (Under progress) arXiv: 261x.xxxxx

QCD ® EW corrections to DY Process 18



[ The Singlet FFs

Nonvanishing Vector FFs
v T (

..’)/ .../‘)/5...

) using NDR
Nonvanishing Axial FFs
A '_[}(75)'_[‘1«(75)
Tr ( 00 75 00

DT (A7 Py

Tanmoy
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[ The Singlet FFs

Nonvanishing Vector FFs
v T (

..’)/ .../‘)/5...

) using NDR
Nonvanishing Axial FFs
A Tr(~~-'y5~~~)Tr(-~~'y5---)
A Tr ( 00 75 00

DT (A7 Py

Problem with v° in d-dim

» It is not possible to satisfy both anti-commutativity and trace-condition:

{"*,7°}=0
nw. v p o 5

YY)

Tr(
» Solution:

45e"VP?

Abandon any one of the condition and renormalize it at the end.
Tanmoy

» Proposed schemes: 't-H-V (1972), BM (1977),Larin (1991) KKS (1992), -
[m] = =
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[ The Singlet FFs

Nonvanishing Vector FFs
v T (

..’)/ .../‘)/5...

) using NDR

Nonvanishing Axial FFs

A Tr(~~-'y5~~~)Tr(-~~'y5---)
A Tr(fy5)Tr(7575 75)

Larin’s prescription }
» Abandon the anticommutativity and for axial-vector, replace:

¢ b
i prabe
Y Y5 = —5;€
abed

» Contract €

3' YaYbYe

using the 4 — dim identity resulting d — dim Lorentz indices.
» Compensate the violation by restoring the form of axial Ward identity.
Tanmoy
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[ The Singlet FFs:

Axial FFs for ~

Nonvanishing Axial FFs
X Tr(---75~~-)Tr(~'y5-~-75--
@ Tr (. 5.

T (95 )

.75.)

Tanmoy
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[ The Singlet FFs:

Axial FFs for ~

[}
QCD ® EW corrections to DY Process
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[ The Singlet FFs:

Axial FFs for

2 2
F:i%xg,'y _ Z au(Qdad + Quau) C

» UV renormalized IR subtracted Born-normalized pure axial FFs at pu? — —¢*:

16
Dcist i {—? — 196 +32¢(2) + 48<(3)}
ue{u,ct
de{d,s,b}
Q%aqa. 28 192
+D_ Geass Or | ¢ +582-960(2) -
q

74(2?}

=] F
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[ The Singlet FFs:

» We start with the SU(N) x U(1) axial anomaly eqn:

(OuJ)r = asnpTr (GG)r + ac (FF)gr
with, GG = €uupo Ga,uv Gy

FF = GHypaF;_wFpa

=] F
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[ The Singlet FFs:

» We start with the SU(N) x U(1) axial anomaly eqn:

(OuJ)r = asnpTr (GG)r + ac (FF)gr
with, GG = €uupo Ga,uv Gy

FF = €MVPUF[_LVFPU
» Since anticommutativity is violated, current renormalization: Jf = ZWSZS Jf
T D] = amers

X EHVP1P2

=] F
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[ The Singlet FFs:

» We start with the SU(N) x U(1) axial anomaly eqn:

(OuJ)r = asnpTr (GG)r + ac (FF)gr
with, GG = €uupo Ga,uv Gy

FF = €MVPUF[_LVFPU
» Since anticommutativity is violated, current renormalization: Jf = ZWSZS Jf
T D] = amers

R EHVP1P2
» The renormalization of gauge-field density operators is non-trivial

(Oud) R Zy 0 0 (0.J2)B
(Gé)p S Zg,i Z(;(; 0 (Gé)g
(FF)g Zry 0
Tanmoy

ZFF (FF)p

=] F
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[ The Singlet FFs:

» We start with the SU(N) x U(1) axial anomaly eqn:

(OuJ)r = asnpTr (GG)r + ac (FF)gr
with, GG = €upo Gayw Goe  FF = €uvpo Fuv Foo

» Since anticommutativity is violated, current renormalization: J B 75 J, 5

» After UV renormalization and IR subtraction, the constants read:

21 _ au(Qﬁad+Q§au Quaqau 28
Zisa= 2 " oga s P\t -

2¢ 4
u€{u,c} Cw w
de{d,s,b}
2 2 2
72 = 3 au(Qd;d4+4Q7U“”> Cr {196 — 48¢(3)} + Z 2“4“‘13” Cr {-173}
ue{u,c} CwSw CuSw
de{d,s,b}

Tanmoy QCD ® EW corrections to DY Process 21



[ The Singlet FFs:

» We start with the SU(N) x U(1) axial anomaly eqn:

(OuJ)r = asnpTr (GG)r + ac (FF)gr
with, GG = €upo Gayw Goe  FF = €uvpo Fuv Foo

» Since anticommutativity is violated, current renormalization: Jf = ZWSZS Jf

» Combine everything, the finite pure axial FFs at u? — ¢*:

au(Q3aq + Q2a,
Fihg, = Y 4G Gt o o))
u€{u,c} wew
de{d,s,b}
Q%a,a, 192 .
+zq: perer OF 409 — 96¢(2) ~ —=-¢(2)

Tanmoy QCD ® EW corrections to DY Process
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[ The Singlet FFs: Z/ W

[ Axial FFs for Z/ W+

Nonvanishing Axial FFs

Tr(...75..‘)'Iy(.75...75‘..75.)
Tr(-oenq®e ) T (---q%n)
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[ The Singlet FFs: Z/ W

Axial FFs for Z/ W+

Tanmoy
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[ The Singlet FFs: Z/ W

Axial FFs for Z/ W+

» For four active intermediate flavours, only one topology contributes.
» This suffices for the present purpose.

=] F
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[ The Singlet FFs Z/ W

[ Axial FFs for Z/ W+

» Massive Boson does not introduce new UV divergence, so:

2,1
7

2 2
_ Z au(vgad + vy au)
MS,z

ue{u,c}

16
cd st €
de{d,s}
2 2
2,1 au(vgaq + viay)
h =
5,7 4 4
C’Ulsll)
u€{u,c}
de{d,s}

{196 — 48¢(3)}

=] F
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Fsing,Z =

[ The Singlet FFs Z/ W

[ Axial FFs for Z/ W+ }
» Massive Boson does not introduce new UV divergence, so
2,1 _
Zoss= Do

2 2
ay(viaqd + viay)
ue{u,c}

16
cd st €
dE{d7 s}

Z Gy Udad+U 2 )

4
CuwS ’LU

{196 — 48¢(3)}

>

(viaq + v2ay)
uwe{u,c}

4 o4
cﬂ}s’lﬂ
de{d,s}

» In the on-shell limit ¢ — m7 for intermediate Z the finite axial FF

{ 31.1341672998045 4 9.20241201912141 z}
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[ The Singlet FFs Z/ W

|

» Similarly, for intermediate W with z = —::—Z the finite axial FF:
21

Axial FFs for Z/ W+

2
2
w
7 _ Z au(Va 4 V) [ 136(=1 + 20 + 302)H_1 ()  144(—1 + 2®)H_1_1 ()
sing, W — ]c2 g4 22 -
u€{u,c} R
de{d,s}

8(51 — 153z + 4w2(—2 + 3z)) Ho(z)
3z

22

T

8(—8 + 11z)Hp o(z) o 8(15 + 8w2(—1 + z) — 33z)(—1 + z)Hy ,0(x)

z2

32(=1+a2)H_1 o(z) 64(—3+z)Hy,_1(z)
1‘2 B
_192(—1 4 2?)H_1, _1,0(z)

x
322

96(—1+3%)H_19,_1(x)
5 —96Hp, _1,_1(x)
x
96(—4 +32)Ho0,—1(2)  16(=2+3w)Ho00(x) _ 192(-1+ 2)? H1,0,—1(2)
xT T LE2
64(1 — 4z +2%)Hy,_1,_1,—1(z) | 64(1 —4z+2°)Hy, _1,_1,0(2)
- (1)2 fl)2 + ’
Tanmoy
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6

Calculations

The SV Cross-section

TP, Rana N (Under progress) arXiv: 2611.xxxxx
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[ The SV Cross-Section

Z Production Threshold

Squared matrix element factorizes
[19]. Schematically:

The differential

PS
Schematically:
|Mn+1 soft|2 ~ |Mn|2 ® I/soft

factorizes

d(pn+1 soft =~ dq)n ® dq)soft

[19] .Catani(1996,00)
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[ The SV Cross-Section

Z Production Threshold

Squared matrix element factorizes
[19]. Schematically:

The differential

PS
Schematically:
|Mn+1 soft|2 ~ |Mn|2 ® I/soft

factorizes

d(pn+1 soft =~ dq)n ® dq)soft
» Collect the soft-collinear divergences to define finite soft-virtual X-section
[20]:

A%
Aq

~ b 2
(2, 6%, b, 1F) = Z¢ (WR)IFo(@®)P8(1 = 2) © C %) @ Ty (1) ® Tglis¥)

[19] .Catani(1996,00) [20].Ravindran(2006)
Tanmoy
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[1].Catani(1996,00) [2].Ravindran(2006) [3].Goyal(2025)

[ The SV Cross-Section

Z Production Threshold

Squared matrix element factorizes
[19]. Schematically:

The differential

PS
Schematically:
|Mn+1 soft|2 = |Mn|2 ® I/soft

factorizes
[20]:

d(pn+l soft =~ dq)n ® dq)soft
» Collect the soft-collinear divergences to define finite soft-virtual X-section

|FE™2 75 6(1—2)

2qdiv
Ce™ 4

~ b 2
A7V (2, 6wk 1) = Zg (R Fo(¢*)P8(1 = 2) ® C ™) @ Ty () ® Tg(uiF)

Cezq)gm ®
| pfin2 2pfin
=|F?|70(1—2) ® Ce v

=] F
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The SV Cross-Section

Asv ~ = D5(1536C7¢2) + Dacr <7

7040C4 €2 1280e2n
5 + . ) + D [C?;e?(—6144 — 153672)
2560¢2n; 17152 25672
+Cp <7Tq + Cael ( e T) ] + Do [30720026243
256
+Cr 2 0 1Vf 7 —

102472 4480
) 32 Z el + Cae; (
+ D, { O}%ei (6132 + 1488

563272 .
9 9 S
118474 s e e 35572 582472
- _ 2( - _
5 3 A% 9 27
30 . 440 . 5608 1024w
— 5184§3> (Z eq) <_T + 12843> +epng <— A 1152<3> } }
_ 3584 140872  64x? 512043 3422  16x?
+ D, e n + = ( ) — = —
0 P\ 27 81 27 DIE 3
167%  608Cs 25856 620872  352x%  26240¢3 736
ol ek +Cae; = = + - — 7%
45 9 27 81 27 9 3
2 2 5599 6572  1037%
+C2e ( 12288¢5 — 307272 (5 +36864C5> +0(1—2)|c2( - - =
P 1380C5 + 4072¢5 + 10336¢2
B ™
2835 g 3 3
[21] .Ajjath(2019)
Tanmoy
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[ The SV Cross-Section: Z

[

SV Cross-Section: Z

)

A% 5 = (0 + 65t + o) { Dot + Do+ Dist+ Do

+ 6(1 — 2) [# + Terms from FfZi;ll,Z] }

SV Cross-Section: W

» Define the following combination of vector couplings:
Vg = (vg+ aq)2

Viu = (va + aq) (v + au)
A%y w=Ds[#Vy+ # Vau] + Do [# Vy + # Vau] + D1 [# Vau + # V]

+ Do [#Vau+# V] +6(1 - 2) [# Vy + # Viau + Terms from Féﬁlw]
#: Coeflicients determined from the lower order.
Tanmoy
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[ The SV Cross-Section: Preliminary Results

Input Parameters

mz = 91.153 GeV, mw = 80.358 GeV, np =4, a(0)=7.297x10""

Gr = 1.166378 x 10~° GeV ™2, PDF: NNPDF31 nnlo as 0118 luxqed nf 4

Order (G, Scheme) NLO NLO |, _N2LO NNLO NNLO , _N3LO(EW)
log o + o (o o +o
(Scaled with o) Full Full SV Full Full Y
COM Energy .
+3.94% +0.99% —+0.00% —+0.00%
W 1.1355+391% 1.1297+099% 1.1322+0-00% 1.1323+0-00%

Tanmoy QCD ® EW corrections to DY Process



[ The SV Cross-Section: Preliminary Results

mz = 91.153 GeV,

Input Parame

mw = 80.358 GeV,

ters

np =4, «o0)=7.297x1077

Gr = 1.166378 x 10~° GeV ™2, PDF: NNPDF31 nnlo as 0118 luxqed nf 4

Ratio of Cross section

Order (G, Scheme) NLO NLO | N2LO NNLO NNLO | NSLO(EW)
(Scaled with o) TFull OFull T ISV OFull ORall gy
COM Energy 1 13r5+3.94% ] ]297‘#0.99% 1 1322+0.‘)0% 1 1323+0.‘)0%
(\/g —14 Tev) N 3 —2.48% ' —1.24% N —0.97% ' —0.92%
09995
aET 0999
agD 09993
.
5
Looss 5 ooesz :
Bossma |
S
'S 0.9990
L0035 g
5
& o000
10030
09980
10025
09987
5w w5 G T Ta—

Tanmoy

Renormalization scale iz (GeV)

QCD ® EW correction

o
Renormalization scale t1q (GeV)

s to DY Process

29



Tanmoy

7

Conclusion

Conclusion and Outlook
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Conclusion and Outlook ]

» We presented the analytic calculation of non-singlet, and singlet (np = 4)

Form-Factors for Drell-Yan on-shell Z production.
» We performed all the required UV renormalizations.
» We performed required IR subtractions to calculate the finite SV cross-sections.

» From order-of-magnitude estimation of the SV cross-section, N3LO QCD-EW

correction of ¢gg — V is indispensable for FCCs.

[ Immediate Goal J

» Extending the calculation for five active intermediate flavours (np = 5).

» Calculating the differential SV cross-section for full Drell-Yan.

L Long-Term Goal J

» The real-virtual and real calculations at order O(a2ca).

Tanmoy QCD ® EW corrections to DY Process 31
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Thank you for attention
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1

Appendix
Additional Details

Also, see talks by Mathieu and Simone
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[ Drell-Yan at threshold

Drell-Yan at threshold
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[ Drell-Yan at threshold

[ Drellbya Rk hreshold

» At N3LO correction O(a?a):

V' Mi(a?) (iG(m¥, 8)) My (a) TF-type
X Mi(aia) (iG(m3, 3)) My (1) I-type

Tanmoy QCD ® EW corrections to DY Process
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[ Drell-Yan at threshold ]

[ DR L eahold ]

» At N3LO correction O(a’a): ;QWO
V' Mi(a2) (iG(m3, 3) My(a) IF-type - F
X Mi(a2a) (iG(m¥, 5)) Ms(1) L-type @

» Neutral current DY process with intermediate Z using Breit-Wigner

approximation:

2 [(Z = 1)

& (qa— 1) = g\/iGF m F2 > (3 — m2)

it
5

=] F
Tanmoy QCD ® EW corrections to DY Process 34



[ Drell-Yan at threshold

[ Drell-Yan at threshold J

» At N3LO correction O(aia):

V' Mi(a?) (iG(m¥, 3)) My ()
X Mi(aza) (iG(m3, 3)) My(1)

IF-type
I-type

Tanmoy QCD ® EW corrections to DY Process



[ Drell-Yan at threshold

[ Drell-Yan at threshold J

» At N3LO correction O(aia):

V' Mi(a?) (iG(m¥, 3)) My ()
X Mi(aza) (iG(m3, 3)) My(1)

IF-type
I-type

Tanmoy QCD ® EW corrections to DY Process
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