Towards Mixed QCD-EW
corrections to Drell-Yan
processes beyond
resonance region

Pheno 2021

Syed Mehedi Hasan
(INFN, Sezione di Pavia)

In collaboration with

Taushif Ahmed,
Long Chen,
Doreen Wackeroth.

May 26, 2021

Email: syedmehe@pv.infn.it

’N%leﬁ!uto Nazionale

-

di Fisica Nucleare
Sezione di PAVIA



Outline

Motivation

Mixed NNLO QCD-EW corrections
Method

Outlook



Motivation



Motivation

W and Z production at the LHC via Drell-Yan Processes
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Motivation

W and Z production at the LHC

Standard Model Total Production Cross Section Measurements stus: November 2019
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Big cross section and clean
experimental signature.

W boson mass and sin®6} ¢
determination.

New physics search, eg. W and Z’
resonances.
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Motivation

Mixed QCD-EW correction enhancement at higher energy
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[Campbell, Wackeroth, Zhou ,2016]

-> We need to have control over the NNLO mixed QCD-EW corrections. 6



Mixed NNLO QCD-
EW Corrections



Available fixed order calculations for Drell-Yan processes

NLO QED and QCD corrections. (known for a long time)

NLO EW corrections. [Wackeroth et al '97,'98,’04],[Baur et al ‘98,'02,’04],[Dittmaier et al ‘02,’10]

NNLO QCD and QED corrections [Hamberg et al '91],[Anastasiou et al ‘03,’04],[Melnikov,Petriello ‘06],[Stefano
et al '07]

NNLO Mixed QCD-EW corrections to decay of W & Z boson. [Kuehn et al ‘96],[Kara ‘13]

NNLO Mixed QCD-EW corrections to Z production form factors [Kotikov et al ‘08]

NNLO QCD-QED virtual corrections to lepton pair production. [Kilgore et al ‘“12]

NNLO Mixed QCD-EW virtual corrections to DY production of W and Z bosons [Bonciani “11]

Double real contribution to total cross section for on-shell single gauge boson production. [Bonciani et al 2016]
NNLO Mixed QCD-EW corrections adopting pole approximation. [Dittmaier, Huss, Schwinn ‘“14,'16]
QCDxQED [O(aa,)] mixed and QED2 [O(a?)] corrections to the production of an on-shell Z boson [Florian,
Ignacio 2018]

NNLO QCDxEW corrections to Z production in the qq channel [Bonciani et al 2019]

NNLO QCDxEW corrections to on-shell Z production [Bonciani et. al. 2020]

The O(a2) Initial State QED Corrections to e+e——y*/Z0* [Blumlein et. al. 2020]

Drell-Yan Cross Section to Third Order in the Strong Coupling Constant [Duhr et.al. 2020]

Mixed NNLO QCD x electroweak corrections of O(N_f a_s a) to single-W/Z production at the LHC [Dittmaier et
al, 2020]

Mixed QCD-electroweak corrections to on-shell Z production at the LHC [Buccioni, et. al, 2020]

Mixed EW-QCD two-loop amplitudes for gq —{+{— and y5 scheme independence of multi-loop corrections
[Manteuffel et. al. 2020]

Mixed QCD-electroweak corrections to W-boson production in hadron collisions [Behring et. al. 2021]
Estimating the impact of mixed QCD-electroweak corrections on the W-mass determination at the LHC
[Behring et. al. 2021]

Mixed QCD-EW corrections to pp—{ vf + X at the LHC [Buonocore et. al. 2021]

To do: Complete NNLO Mixed QCD-EW corrections for Drell-Yan processes in a fully flexible Monte Carlo
program.



Mixed NNLO QCD-EW corrections

Structure of the fixed order prediction

do = dopp+ado, +a’do,2+ ...+ agdo,, + (l‘gﬂfﬂ'&% S
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a) Double-virtual corrections

(b) Real QCD x virtual EW corrections (d) Double-real corrections

[Alexander Huss ‘14]
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Mixed NNLO QCD-EW corrections

Structure of the fixed order prediction

do = dopp+ado, +a’do,2+ ...+ agdo,, + (l‘?ﬂfﬂ'ﬁg S

(b) Real QCD x virtual EW corrections (d) Double-real corrections

[Alexander Huss ‘14]
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Born interfered double virtual corrections at O (aay)

(c) Factorizable “initial-final” corrections (d) Non-factorizable corrections

[Alexander Huss ‘14]
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Born interfered double virtual corrections at O (aay)

(c) Factorizable “initial-final” corrections

[Alexander Huss ‘14]
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Example Feynman diagrams for non factorizable double virtual
correction at O (aa;) to DY process
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-> All the ingredients, i.e. Master Integrals, for the process qg — [t~ and
qq’ — v are calculated in the massless final state approximation.

-> Recently the helicity amplitudes for lepton pair production has been calculated

in the limit of massless final state. o _
Bonciani, Di Vita, Mastrolia, Schubert, 2016]

Manteuffel, Schabinger, 2017]
Heller, Manteuffel, Schabinger, 2019]
Heller, Manteuffel, Schabinger, Spiesberger, 2020]
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[do®@”) /dm(e*e )]/ [do®™ /dm(e*e )]

NLO EW corrections to NC DY m(l+l-) distribution
with and without detector effects
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detector effects require control over the inclusiveness

-> |t is necessary to keep lepton mass up to logarithmic term

[Baur, Keller, Sakumuto, 1997]
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-> Amplitude given by Feynman diagrams

A= Zaili
[

Method

l4
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-> Amplitude given by Feynman diagrams

A= Zaili
[

-> Project onto basis using Integration by Parts identities

A=Zcifl-

(Tkachov; Chetyrkin, Tkachov)

Implemented in public codes

REDUZE (Studerus, von Manteuffel)
Fire (Smirnov)
Air (Anastasiou, Lazopolus)

Kira (Maierhoefer, Usovitsch, Uwer)

Method

w

l4
A

f2
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-> Amplitude given by Feynman diagrams

A= Zaili
[

-> Project onto basis using Integration by Parts identities

(Tkachov; Chetyrkin, Tkachov)

A= Z o f; Implemented in public codes
l REDUZE (studerus, von Manteuel
Fire (Smirnov)
Air (Anastasiou, Lazopolus)
Kira (Maierhoefer, Usovitsch, Uwer)

Method

fi 4

-> Calculate basis elements via differential equations. These basis elements

are so called Master Integrals (M)
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MiIs for the NC DY
process in case of
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Formfactor Decomposition

Lorentz covariance

M = u(p4,m){1 Y5 5 h ,Dﬁ%}’ff(p?nm) ® U(m){m ’}9/475}15(191)

Linearly complete in 4-dim but not in D dimensions
Projectors: (unless fully anticommuting 75 is used)

M = Z FnTn A (Gram Matrix GU — (T;T, T) A Pn = G’;IT]T

1 - L
E{(s—T)T—m(s—QT)gﬁ} D
L rer —h7s Ha
T T e T P |
H(s=T)T —m(s — 21 } Dhs
—9/1’}’5 9/4’75
% {T(T —s) — msp’ﬂs} 1 | D475 ]

Since we have no anomalous diagrams, we use fully anticommuting s

[Chen 2019]
[Ahmed et. al. 2020]
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Outlook

The importance of keeping the lepton mass up to the leading Log terms in the final

state is presented.
With our available ingredients, the amplitude can be written in terms of GPLs
which is easy to incorporate into Monte Carlo to simulate differential distributions.
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Differential Equation

-> Kinematic derivative in space spanned by Mis

axf = Axf

Method
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: . : Method
Differential Equation et

-> Kinematic derivative in space spanned by Mis

axf = Axf

-> Conjecture: There is a basis such that:

axg = EAxg (Henn)

->There are many strategies to get the epsilon factorized form

¢ Magnus Theorem (Ageri, Di Vita, Mastrolia, Mirabella, Schlenk, Tancredi, US)
* Unit leading Singularity (Henn)
* Reduction to fuchsian form and

Eigenvalue normalization (Lee, Smirnov)

* Factorization of Picard-Fuchs operator (Adams, Chaubey, Weinzierl)
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Method

Solving Canonical Differential Equation

Canonical form
0:9(x, €) = eA(z)g(z, €)

dg(z,€) = € Y~ M;dlog(n;)g(z,€)

« Kinematic dependence encoded in n

e Nn’'s form the alphabet

Solution given by

g(z,e) =

1+i]dA...dA
i=1""

_é’(m{], E) ool

Algebraic 1s : Chen Iterated Integrals

(Chen)

C(npix) = ]dlog(m) ... dlog(n,)

Rational 1s : Generalized Polylogarithms

(Goncharov)

~ 1 T
G(0,;z) = ELog(m)

G(Tﬁn; -T) — / at G(Tﬂn—l; t)
0

t—wl




Method

Boundary Conditions
-> Solution given by
glz,e) = |1 +ZjdA...dA g(zg,€)
=17
-> Two general ways to fix the boundary
~ KnownLimit  Pseudothresholds
o Takingthe limitxtoxo « Solution has unphysical divergences
e Fix boundary constant by matching the e Demanding absence of unphysical
solution to known function divergences gives relations between
boundary constant
B R
lim N . Leftover constants must be provided
5—0 ! RN !



» First order DEQ
8. f(z) = A(z) f(z)
» Solution given by Magnus exponentlal
filz) = ®llle0) Fia)

0, [4]() = /d A(ry)

/ / dTldTQ 7'1 TQ)] e
o o

» Connected to Dyson Series

zanw

/_ dr, A(ry) ...
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Method

Boundary Fixing:
input
mf — 0l
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EXTRA SLIDES

ATLAS Report on W mass (January 2017)

Currently at the LHC My, is extracted from My and P; of the [v in W boson production.

my = 80370+ 7 (stat.) £ 11 (exp. syst.) + 14 (mod. syst.) MeV
= 80370 £ 19 MeV,
L L T
DELPHI O
L3 @
OPAL @
CDF —
DO —.——
ATLAS W* — &
) ® Measurement
ATLAS W Stat. Uncertainty
ATLAS W* — Full Uncertainty ———

PR R R
80250 80300

[ATLAS Collaboration. arXiv preprint arXiv:1701.07240 (2017)]

MPENE P I R
80350 80400 80450 80500

myy [MeV]
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EXTRA SLIDES

ATLAS Report on W mass

T | T
ATLAS & my
=u Stat. Uncertainty
— Full Uncertainty
LEP Comb. ° 80376433 MeV
Tevatron Comb. ° 80387+16 MaV
LEP+Tevatron ® 80385+15 MaV
ATLAS Py 80370+19 MeV
Electroweak Fit 8035648 MeV
I | | I
80320 80340 80360 80380 80400 80420
my, [MeV]

L IR B L I AU A
O, 805 B m = 17284 £ 0.70 GeV
f I m,, = 125.09 + 0.24 GeV
80.45— W 68/95% CL of m,, and m, —
80.41- —
80.35F -
80.3 :_ = 68/95% CL of Elacimwealé
- Fit w/o m,, and m, ]
- (Eur. Phys. J. C 74 (2014) 3046) -
B 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 i
802545170 175 180 185
m, [GeV]
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Events/ 0.5 GeV

Data / Pred.

EXTRA SLIDES

Missing transverse momenta distribution
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EXTRA SLIDES

Parameter Input value Free Fit Result w/o SXP- input . “/ 0 exp. input
in fit in line in line, no theo. unc

My [GeV]© 125.14 + 0.24 yes 125.14 4+ 0.24 9312 93+23

My [GeV] 80.385 + 0.015 - 80.364 £+ 0.007 80.358 + 0.008 80.358 + 0.006

'y [GeV] 2.085 +0.042 - 2.091 +0.001 2.091 + 0.001 2.091 + 0.001

My [GeV] 91.1875 4+ 0.0021 yes 91.1880 + 0.0021 91.200 £ 0.011 91.2000 + 0.010

Fz [G()V]

Gﬂexci [I].b]

2.4952 £ 0.0023
41.540 £0.037
20.767 £ 0.025
0.0171 £ 0.0010
0.1499 £ 0.0018
0.2324 £ 0.0012
0.670 + 0.027
0.923 £ 0.020
0.0707 £ 0.0035
0.0992 £ 0.0016
0.1721 £ 0.0030
0.21629 £+ 0.00066

2.4950 + 0.0014
41.484 4 0.015
20.743 + 0.017

0.01626 + 0.0001

0.1472 + 0.0005

0.23150 =+ 0.00006

0.6680 + 0.00022

0.93463 =+ 0.00004

0.0738 =+ 0.0003
0.1032 =+ 0.0004
0.17226 70 5050

0.21578 £ 0.00011

2.4946 £ 0.0016
41.475 £ 0.016
20.722 £ 0.026

0.01625 £ 0.0001
0.1472 £ 0.0005
0.23149 + 0.00007
0.6680 £+ 0.00022
0.93463 + 0.00004
0.0738 £ 0.0003
0.1034 £ 0.0004
0.17226 £+ 0.00008
0.21577 + 0.00011

2.4945 £ 0.0016
41.474 £ 0.015
20.721 £ 0.026
0.01625 £ 0.0001
0.1472 £+ 0.0004
0.23150 £ 0.00005
0.6680 £ 0.00016
0.93463 + 0.00003
0.0738 £ 0.0002
0.1033 £ 0.0003
0.17226 + 0.00006
0.21577 + 0.00004

me [GeV]
mp [GeV]
my [GeV]
Dy (M3)12)

g (M'%)

L7t
4201507
173.34 4 0.76
2757 £ 10

ves
yes
ves
ves

ves

1.274507
4207047
173.81 + 0.85(V)
2756 £ 10
0.1196 £ 0.0030

177.0133)
2723 + 44
0.1196 4 0.0030

177.0+£2.3
2722 £ 42
0.1196 £ 0.0028
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