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Introduction

Resonant Region

LHC Electro-Weak precision physics:

o extremely precise determination of W mass 80.354+0.007 GeV
with expected uncertainties at the level of O©(10 MeV) at the

end of HL-LHC

e measurement of the effective mixing angle starts to compete
with LEP: sin® 67 = 0.23101 + 0.00053

CMS 1806.00863

LEP + SLD —— 0.23153 + 0.00016
LEP + SLD: A’y B —O0— 0.23221 + 0.00029
SLD: A, B —0— 0.23098 + 0.00026
CDF ee+up 9.4 fo'' . | — e | 023221 0.00046
DO ee 9.7 fo B — 0.23147 + 0.00047
ATLAS ee+up 4.8 fo™ B o 0.23080 + 0.00120
LHCb pp 3 fb™ B o 0.23142 + 0.00106
CMS pp 18.8 b - —o— ------------------------ 0.23125 + 0.00060
CMS ee 19.6 fb” 5 0.23056 + 0.00086
CMS ee+up B ———— 0.23101 + 0.00053
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e Modelling of the SM background relevant for new physics
searches

e Measurement of the dilepton invariant mass spectrum

expected at O(1%) at m,, ~ 1 TeV

e Requires control of the SM prediction at the ©(0.5%) level
in the TeV
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Introduction

very accurate SM predictions!

0 = de1dx2ﬁz/hl(xlaﬂF)f}g/hz(XzaﬂF)aab(@ Hes Hp) + O(NQ)

Disclaimer: I will focus on

fixed-order computations! -

6, = 600 + 6004620 1 5G0 4 QD
ab ab ab

ab ab

g QCD corrections dominant effects. They are known up to

e NNLO differential cross sections
[Anastasiou, Dixon, Melnikov, Petriello (2003)], [Melnikov, Petriello (2006)] [Catani, Cieri, Ferrera, de Florian,
Grazzini (2009)] [Catani, Ferrera, Grazzini (2010)]

e N°LO inclusive cross sections and di-lepton rapidity distribution

e N°LO fiducial cross sections and distributions see balle b\j X. Chen
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Introduction

very accurate SM predictions!

0 = J'dxldxzfa/hl(xla/’tF)ﬁy/hz(x29/’tF)8ab(§a Hes Hp) + O(NQ)

Disclaimer: I will focus on
fixed-order computations!

~ _ 20,0 ~(1,0 ~(2.,0 ~(3.0
6 =60+ 6004650 + 659 + QCD
+6OD 4 < EW >
ab
M NLO EW corrections

e known since long
[S. Dittmaier and M. Kramer (2002)], [Baur,Wackeroth (2004)], [Baur, Brein, Hollik, Schappacher, Wackeroth

(2002)]

* nowadays automatised in different available generators
[Les Houches 2017, 1803.07977]
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Introduction

very accurate SM predictions!

= [dxldxzfa/hl(xla ﬂF)ﬁg/hz(xza HE)O 1S, pgs pip) + O(NQ)

Disclainer: I will focus on

fixed-order computations!
6.=600 15 (1 0)_|_ (20)_|_ (30)_|_ QCD

ab — “ 4p

+6'00 + . EW

+ 0(1 Dy “ QCD-EW I

Remark: N°LO results displays a slower convergence of the perturbative series than expected from previous orders

Mixed QCD-EW corrections

e should compete with N°LO according to the physical counting @ ~ ag and represent the leading residual theoretical
uncertainties due to truncation of the perturbative expansion

e is highly desirable in view of the expected precision target at HL-LCH, both in the resonant and and in the off-shell
regions (0,1) -
| from factorised ansakz, do de''V dogs [ de®V)
’ O(—2%) ok m,, =1 TeV dX  dX dX dX
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Mixed QCD-EW corrections: state of the art

The computation of fully differential mixed QCD-EW corrections to the production of an electro-weak boson is a non trivial task

Theoretical developments

- progress on two-loop master integrals
[Bonciani, D1 Vita, Mastrolia, Schubert (2016)], [Heller, von Manteutfel, Schabinger (2019)], [Hasan, Schubert (2020)]

- renormalization
[Dittmaier, Schmidt, Schwarz (2020)]

- 2-loop amplitudes for 2 — 2 neutral current DY for massless leptons
[Heller, von Manteuffel, Schabinger, Spiesberger (2020)]

- 2-loop amplitudes for 2 — 2 neutral current DY (retaining logarithms of the lepton mass)
| Armadillo, Bonciani, Devoto, Rana, Vicini (2022)]

On-shell Z/W production (2 — 1 process)

- analytical mixed QCD-QED corrections to the inclusive production of an on- shell Z
[De Florian, Der, Fabre (2018)]

- fully differential mixed QCD-QED corrections to the production of an on-shell Z
[Delto, Jaquier, Melnikov, Rontsch (2019)]

- total Z production cross section in fully analytical form including exact NNLO QCD-EW corrections
[Bonciani, Buccioni, Rana, Vicini (2020)]

- fully differential on-shell Z and W production including exact NNLO QCD-EW corrections
[F. Buccioni, F. Caola, M.Delto, M.Jaquier, K.Me¢lnikov, R.Roentsch (2020)], [Behring, Buccioni, Caola, Delto, Jaquier, Melnikov, Rontsch (2020)]
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Mixed QCD-EW corrections: state of the art

The computation of fully differential mixed QCD-EW corrections to the production of an electro-weak boson is a non trivial task

Beyond on-shell computations

- dominant Mixed QCD-EW corrections in Pole Approximation for neutral- and charged- DY processes
[Dittmaier, Huss, and Schwinn (2014,2015)]

- approximate corrections available in parton showers based on a factorised approach
[Balossini et al (2010)], [Bernaciak, Wackeroth (2012)], [Barze’ et al (2012,2013], [Calame et al (2017)]

- neutrino-pair production including NNLO QCD-QED corrections
[Cier1, Der, De Florian, Mazzitell1 (2020)]
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Mixed QCD-EW corrections: state of the art

The computation of fully differential mixed QCD-EW corrections to the production of an electro-weak boson is a non trivial task

Beyond on-shell computations

- dominant Mixed QCD-EW corrections in Pole Approximation for neutral- and charged- DY processes
[Dittmaier, Huss, and Schwinn (2014,2015)]

- approximate corrections available in parton showers based on a factorised approach
[Balossini et al (2010)], [Bernaciak, Wackeroth (2012)], [Barze’ et al (2012,2013], [Calame et al (2017)]

- neutrino-pair production including NNLO QCD-QED corrections
[Cier1, Der, De Florian, Mazzitell1 (2020)]

This ktalle

- mixed QCD-EW corrections to charged current Drell-Yan with approximate 2-loop amplitude
[LB, Grazzini, Kallweit, Savoini, Tramontano (2021)]

- mixed QCD-EW corrections to neutral current Drell-Yan
[Bonciani, LB, Grazzini, Kallweit, Rana, Tramontano, Vicini (2021)]
[Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel, Melnikov, Rontsch, Signorile-Signorile (2022)]

see btalle bv Sighorile-Signorile

Important to have an independent calculation based on very different approaches for the infrared subtraction and for the
calculation of the two-loop virtual amplitude
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Mixed QCD-EW corrections: state of the art

The complexity is similar to the calculation of NNLO QCD corrections for a 2 — 2 multi-scale process including emission
from final state legs

Two-loop virtual diagrams (plus one-loop squared)

One-loop diagrams with one gluon or one photon
emission

Tree-level diagrams with one gluon and one
photon emission
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Mixed QCD-EW corrections: state of the art

The complexity is similar to the calculation of NNLO QCD corrections for a 2 — 2 multi-scale process including emission
from final state legs

Two-loop virtual diagrams (plus one-loop squared)

One-loop diagrams with one gluon or one photon \/
emission

Tree-level diagrams with one gluon and one \/
photon emission

e The computation of tree-level and one-loop amplitude is nowadays fully automatised, using tools like OpenLoops and
Recola

e The double-real and real-virtual corrections known from studies of the large transverse momentum lepton pair final state
[A.Denner, S.Dittmaier, T.Kasprzik,A.Muck (2011), A.Denner, S.Dittmaier, M.Hecht, C.Pasold (2015)] [J.Lindert et al., 1705.04664]

e Complications: numerical stabilities in the deep infrared regions
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Mixed QCD-EW corrections: state of the art

The complexity is similar to the calculation of NNLO QCD corrections for a 2 — 2 multi-scale process including emission
from final state legs

Two-loop virtual diagrams (plus one-loop squared)

One-loop diagrams with one gluon or one photon
emission

Tree-level diagrams with one gluon and one
photon emission

ISSUES

e computation of two-loop virtual amplitudes (generation of the amplitudes, y;5 treatment, 2-loop UV renormalization,
subtraction of IR divergences, IBP reduction, evaluation of Master Integrals)

e combining all contributions to obtain the prediction for physical cross section and differential observable is a non-trivial task
due to the presence of IR singularities (from intermediate virtual particles and real emission phase space integrals)
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The g, subtraction formalism for NNLO QCD-EW corrections

GENERAL IDEAS

* Do not reinvent the wheel: the structure of IR singularities is associated to only the QCD-QED subpart and can be
worked out by a dedicated abelianisation of the NNLO QCD results [de Florian, Rodrigo, Sborlini (2016)], [de Florian, Der, Fabre (2018)]

e We rely on the g subtraction formalism and its extension to the case of massive final-state emitters (heavy quarks in QCD
and leptons 1n EW) [Catani, Grazzini (2007)], [Catani, Torre, Grazzini (2014)], [Catani, Devoto, Grazzini, Kallweit, Mazzitell1, Sargsyan (2018)], [LB, Grazzini, Tramontano, 2019]

Resolution variable

gr .= transverse momentum of the dilepton final state
Q := invariant mass of the dilepton final state

One emission is always resolved for g;/Q > 0
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The g, subtraction formalism for NNLO QCD-EW corrections

GENERAL IDEAS

* Do not reinvent the wheel: the structure of IR singularities is associated to only the QCD-QED subpart and can be
worked out by a dedicated abelianisation of the NNLO QCD results [dc Florian, Rodrigo, Sborlini (2016)], [de Florian, Der, Fabre (2018)]

e We rely on the g subtraction formalism and its extension to the case of massive final-state emitters (heavy quarks in QCD
and leptons 1n EW) [Catani, Grazzini (2007)], [Catani, Torre, Grazzini (2014)], [Catani, Devoto, Grazzini, Kallweit, Mazzitell1, Sargsyan (2018)], [LB, Grazzini, Tramontano, 2019]

Lepton must be massive!

Initial-state radiation Final-state (collinear) radiation

For g;/Q > O one emission is always resolved There are configurations with g;/Q > 0 and two unresolved
emission if leptons are massless

| j/ ” ‘ 0000 ‘ ; ‘
(or photon)
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The g, subtraction formalism in a nutshell

do = i dom

m,n=( \ O(a'a”) term

doV) = 7D & do; ) + [dal(el’l) — daélz’,l)

] QT/Q>rcut
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The g, subtraction formalism in a nutshell

do = i dom

m,n=0 \ O(a'a”) term

do'") = 70D @ do, , + Hdal(el’l) |~ daélz’,l)]
‘ B QT/Q>rcut

e Double real + real-virt have only NLO-type singularities above the cut
e Apply a suitable NLO subtraction scheme (CS dipole in our case)
e Their contribution is finite

e Double unresolved singularities display themselves as large logarithms of the cutoff parameter r_,

CO + @(rm

cut

* rcut l=1 .

Loops & Legs 2022



The g, subtraction formalism in a nutshell

do = Z dom
m,n=0 \ O(a'a”) term
doV = 1D ® do; ) + [dal(el’l) — do'l:D

o]
QT/Q>rcut

* The counterterm is obtained by expanding at fixed order the g, resummation formula
through abelianisation of

available QCD resulks

) _
dol" ~ ZXlni Fet + Co+ O0L) =P J [dalgl’l) — dagT’l)] ~ C, +<@(rg’flt)>
=1 Feut

e The counterterm removes the IR sensitivity associated to the cutoff variable

J
F cut

Size of power corrections affects the performance of the method ; trade off in the choice of 7,
» sufficiently small to render power corrections negligible

» sufficiently large to reduce numerical instabilities due to (global) cancellation of large quantities
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Power Corrections (PCs) in the Drell-Yan process

» QCD corrections: quadratic (m = 2) for inclusive setups, linear power corrections may arise for fiducial cuts [Ebert, Tackmann,
2019], [Salam, Slade, 2021}

general solution for fiducial power corrections

Ebert, Michel, St t, Tacl , 2020], . (s . .
L Eoert, Michel, Stewart, Tackmann ] through a modification of the subbraction formula

[Catani, de Florian, Ferrera, Grazzini, 2015]

pT“tf 6=0'qT+A6h“PCS('”cut)+@(Ffut)

" Fout ngT dagT @

Vad v A1) = | dp | dr’ | 22O (PF(®rr) = O (@)

rn

1y uO

qr =0 qr 7 0
LB, Kallweit, Rottoli, Wiesemann, 2021], [Camarda, Cieri, Ferrera, 2021
Bo/Boaro 1 oo £ X, pra > 27GeV, [yl < 25 LB, » » 202101 , Lter, , 2021]
110 _ O Aonvo —— Aonio(Teut) qq + q(7)q’ channels _ o/ono — 17] pp = LT + X, pre>27GeV, |y < 2.5
Ao-lf\}%LO AUKITI\}Eg (Tcut) - ] ot —— 08 (Teut) !!;i
+5 | AgNNLOJET ] 106 [ NLOC NLOC cut gFE ]
T ] NNLO ] [ Ol(glsjg Ul%qﬂg (Tcut) !!!!!!!!!!
0 %Iz;;ﬁ;;_;_ﬁ;ﬁh“”ﬁm T PTG P TTTTTTTT PTTTTTICTTEiiiT300iidiiiiiiidiiiiiscdcd Yy _ [ ONLO !!!;!!i
H Hrzeg ] o !!!!!!!!!
-5 _ ¥ et senan. . +0.4 _ !!!!!;!!!!
_10 _ ------------------------------------- I !i!!!!!i!
I R o o e o o LR o o e LR s o s o o i !;i
+10 qg channel 1 +0.3 1 g
[ ; I ii!i
_|_8 :— . !!!!!!!!!!i!;!!!!!!!!!!—_! —|—O 2 : iiiiiiiii
- gEEEEE EEEE i <1 ii
+6 - i !E!E;;;:!!m;ﬁ!ﬂ**“ﬁ ] [ ##HH
[ FEET ] : ¥
4 - H;EEHH***H!H!H 1 +0.1 I{IHH
42 Lopgd BT ity
;q:l;;l;II+ - 0 ;I;+i'-":':fz’""'"""-------"""""""""""""‘m""*"“"*""*"‘“‘""‘““'m*"“‘"""’T"""T"TI’TI:““‘ﬁ
R R E 2t ES S EdT (TP I T Py T I p— - i
0 01 02 03 04 05 06 07 08 09 10 0 01 02 03 04 05 06 07 08 09 10
Teut = CU.th/Q [%] Tout = Cuth/Q [%]
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Power Corrections (PCs) in the Drell-Yan process

» EW corrections: linear (m = 1) power corrections due to final-state emission

qq-channel

analytical insight for inclusive cross section in pure QED

» Mixed QCD-NLO EW: linear (m=1) + log enhancement

e Rather large r,, dependence on the mixed corrections

e Control of the mixed corrections at O(5-10%) which translates into per

mille level accuracy on the total cross section

I 2 2 4 ]
N 3T 66—  -4T+87 4340 1+p
o (s rcut) - Feut 7 T > 08 GB(S)
8 21 3—-p p(3 — %) 1 -p
4m?
p=1/1 ] |LB, Grazzini, Tramontano, 2019]
AO'/AO'eXtr 1 [%]
. AM(e) qfchamnel -
. 80 2z ARNirx ;z_
i general we have to rei.v O LT _:
an extrapolation procedure! ! e :
2 _ #I;IHIII ]
0 &
10_::::I:=::I:=::I:=::I:=::I::::I:===I====Iq;=C}lgL£éliit
0 -I,
EstizEm i, ]
—10 IHIH PErgrgg _:
—20 - i TEirzg, S _5
0E T _

* Bin-wise extrapolation for distributions
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The g, subtraction formalism in a nutshell: Hard-Virtual coefficient

= 3" don

m,n=0 \ O(a'a”) term

1,1 1,1
do; o + [a’al,(e ) — daéT )]
T/Q> Feut

* The hard-collinear coefficient brings in the virtual corrections and finite remainder that lives at g, = 0, restoring the
correct normalisation

Process dependent hard-virtual Process independent (universal)
functions: universal relation with the collinear functions known up N3LO in QCD
all-order virtual amplitude Catani,Grazzini (2011)],
[Catani, Cier1, de Florian, Ferrera Grazzini (2013)] :Catam Cieri, de Florian, Ferrera, Grazzini (2012)
[Luo, Yang, Zhu, Zhu (2019)]
~ ~ [Ebert, Mistlberger, Vita (2020)] )
M >=0 -1 >
H ~< M| M >

computed with abelianisation

w0 = 1O )1~ ) WDy, g

IR subbtracted ampt&ud&

| (1,1) z7(0,0)*
| OO
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Outline

e 2-loop virtual amplitude
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2-loop virtual NC-DY: exact calculation

WORKFLOW

Feynman diagrams: QGRAF |

Dirac Algebra and interference terms:
FORM

UV renormalisation,
subtraction of IR poles

Numerical grid |

Treatment of ys: Naive anti-commuting ys; with reading point prescription

MIs with up to one massive boson exchange are evaluated analytically

[Bonciani, D1 Vita, Matrolia, Schubert, 2016], [Heller, von Manteuffel, and Schabinger, 2020] [Hasan, Schubert, 2020], [R. Bonciani, A.

Ferroglia, T. Gehrmann, D. Maitre, and C. Studerus, 2008], [R. Bonciani, A. Ferroglia, T. Gehrmann, D. Maitre, and C. Studerus, 2008],
[P. Mastrolia, M. Passera, A. Primo, and U. Schubert, 2017]

5 MIs with two massive bosons cannot be easily expressed in terms of GPls
Require an alternative strategy (see also [Heller, von Manteuffel, Schabinger (2019)])

Semi~analytical evaluation of tree-loop interference
| Armadillo, BOnciani, Devoto, Rana, Vicini 2022] see Falle b:j S. Devolko

 Numerical resolution of differential equations for MIs via series

expansions, inspired by DitfExp [Hidding (2006)] but extended for complex
masses

e Arbitrary number of significant digits (with analytic boundary condition)
e The method is general (applicable to other processes)

e Numerical evaluation of amplitudes takes O(10 min/point) per core

for fast numerical

integration

Loops & Legs 2022 11



2-loop virtual NC-DY: numerical evaluation

* Validakiown: several checks of the MIs performed with Fiesta and PySecDec, comparison with the PA in the resonant region

* Evaluakiown: preparation of an optimised numerical grid covering the physical 2 — 2 phase space relevant the LHC in
(s, cos @) with GiNaC and DiffExp/SeaFire [T. Armadillo et al in preparation] and interpolation with cubic splines for numerical

integration
» O(9 h) on a 32-cores machines for 3000 grid points

» the lepton mass is kept finite wherever needed to regularise the final state collinear divergence; the logarithms of the lepton mass
are subtracted from the numerical grid and added back analytically

» the resulting UV- and IR-subtracted Hard-Virtual coefficient is a smooth, slowly varying function

2Re (LMD .009)

£ 250 HD =

T 150 ‘ M OD) ‘2

[ 50 int 250 |

F—50 | o, 150 |

1150 In units ——oy 0 1

L org T int .
—150’
—250°

3 ~1.0

[ Armadillo, Bonciani, Devoto, Rana, Vicini 2022]
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Outline

e Phenomenological results
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MATRIX framework

e = = =— s — =~ — —

o - - o o -
M ATR'X | ini allweit, Wisem 208]

o o | S o o |

 AMPLITUDES

SUBTRACTION SCHEME

|

e @WNLO: dipole and g subtraction
e @NNLO: g subtraction

Recola (Collier, CutTOols,...)

& 2-]oop: dedicated 2-loop codes
(VVamp, GiNac, TDHPL,...)

generation

‘® bookkeeping all subprocesses

* automatic implementation of
. dipole subtraction

I— - I —
MATRIX v2.0
e NNLO QCD ditferential predictions for many color singlet processes: H, V, yy, Vy, V'V for all leptonic decays

e combination with NLO EW for all leptonic V and V'V processes
e loop-induced gluon fusion channel at NLO QCD for neutral V'V processes

W MATRIX v2.1 (beta version) matrix.hepforge.org see ballk bj Stefan Kallweik
e NNLO QCD for tf and yyy production

* bin-wise extrapolation and inclusion of QCD fiducial power corrections in 2-body kinematics

Loops & Legs 2022 13


https://matrix.hepforge.org

MATRIX framework

— —_— ]
[Grazzini, Kallweit, Wiesemann, 2018]

—_—— — — e ——— — T _

o * ] |

SUBTRACTION SCHEME

|

| * | MATRIX

- AMPLITUDES

|

e @WNLO: dipole and g subtraction
e @NNLO: g subtraction

Recola (Collier, CutTOols,...)

& 2-]oop: dedicated 2-loop codes
(VVamp, GiNac, TDHPL,...)

generation

‘® bookkeeping all subprocesses

* automatic implementation of
. dipole subtraction

I— e I
MATRIX v2.0
e NNLO QCD ditferential predictions for many color singlet processes: H, V, yy, Vy, V'V for all leptonic decays

e combination with NLO EW for all leptonic V and V'V processes

e loop-induced gluon fusion channel at NLO QCD for neutral V'V processes

@P MATRIX v2.1 (beta version) matrix.hepforge.org Mixed QCD-EW corrections
for Drell-Yan available in a future

o L D for tt and ducti
NNLO QCD for #f and yyy production release

* bin-wise extrapolation and inclusion of QCD fiducial power corrections in 2-body kinematics
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Mixed QCD-EW corrections for NC-DY

First calculation of complete mixed QCD-EW correction to Drell-Yan [LB, Bonciani, Grazzini, Kallweit, Rana, Tramontano, Vicini 2021]

SETUP (LHC @+/s = 14 TeV)

NNPDF31 nnlo as 0118 luxged
Pr, > 25 GeV,

massive muons (no photon lepton recombination)

|y, | <25,

G, scheme, complex mass scheme

fixed scale yup = pup = m,

M+ -

> 50 GeV

o [pb] OLO 0—(1’0) 0_(0,1) 0-(270) 0—(1’1)
qq [809.56(1)| 191.85(1) | —33.76(1) | 49.9(7) | —4.8(3)
q9 — —158.08(2) — —74.8(5)| 8.6(1)
q(g)y — — —0.839(2) — 10.084(3)
q(q)q’ — — — 6.3(1) | 0.19(0)
99 — — — 18.1(2) —
Yy 1.42(0) — —0.0117(4) — —
tot [810.98(1)| 33.77(2) | —34.61(1) | —0.5(9) | 4.0(3)
"o +42%  —43% ~0%

NLO and NNLO QCD corrections show large
cancellations among the partonic channels (especially

between gg and gg)

NLO QCD and NLO EW corrections are of the same
order and opposite sign (accidental cancellation)

Mixed QCD-EW corrections are dominated by the gg

channel and are larger than NNLO QCD (for the
particular chosen setup)

Photon induced processes rather suppressed

Computational resources

- 0(120k) core hours for NNLO QCD
(reduced by a factor 2-3 by including fiducial PCs )

- 0(180k) core hours for mixed QCD-EW

Loops & Legs 2022



Mixed QCD-EW corrections for NC-DY

First calculation of complete mixed QCD-EW correction to Drell-Yan [LB, Bonciani, Grazzini, Kallweit, Rana, Tramontano, Vicini 2021]
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My [GeV] My [CeV] pr,u+ [GeV] pr.u+ [GeV]

» Around resonance, breakdown of fixed-order

» Naive QCD-QED factorisation fails to describe the high-tail

» Breakdown of naive QCD-QED factorisation below Z peak

» PA provides an excellent description near the resonance

» O(1%) corrections at 1 TeV, PA slightly off » The high-tail is dominated by Z+Tjet configurations, with Z

almost on shell; qg channel by far dominant
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Mixed QCD-EW corrections for CC-DY

Mixed QCD-EW correction to Drell-Yan with two-loop virtual approximated in PA [LB, Grazzini, Kallweit, Savoini, Tramontano, 2021]

pp— pty,+ X Vs = 14TeV pp— pty,+ X Vs =14TeV
0 F - N
o0 F
40

do®D)

(1,1)
dafact 1

—de(D 3

SETUP (LHC @+/s = 14 TeV)
e NNPDF31 nnlo as 0118 luxged
e Pr,>25GeV, |y,| <25, pp, >25GeV

90 t
+10 f

e massive muons (no photon lepton recombination) N

~10 |

—
T
—_

30 |
2
10 £

1072

do/dpr ,+ [pb/GeV]
do/dpy ,+ [pb/GeV]

do/doro [%]

o G, scheme, complex mass scheme

o fixed scale up = pup = my, "y -

o [pbl | ouo +(1,0) 50,1) 520) 5 (L) ol b T T

g7 | 5029.2 | 970.5(3) | —143.61(15) | 251(4) | — 7.0(1.2) e S

49 — | ~1079.86(12) _ —377(3) 39.0(4) » Same pattern of corrections as in NC-DY
g9y | — — 2.823(1) — 0.055(5) » Mixed QCD-EW corrections dominated by qg channel (exact)
9Qq)q | — — — 44.2(7) 1.2382(3) » Focus on lepton transverse momentum, but transverse mass

49 - - - 100.8(8) - around the W peak should well described by PA

Possibiliby to estimatbe the
tot | 5029.2 | —109.4(4) | —140.8(2) 19(5) 33.3(1.3) . biliky .
: | impack o W mass as i

G(m,n)/GLO iy No XA —_289 +0.4 % <+O6 %) OV\SOLMQ wOT [Dittmaier, Huss, Schwinn (2015)]

» Computation of the exact 2-loop amplitude
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Mixed QCD-EW corrections for CC-DY

Mixed QCD-EW correction to Drell-Yan with two-loop virtual approximated in PA [LB, Grazzini, Kallweit, Savoini, Tramontano, 2021]

SETUP (LHC @+/s = 14 TeV)

e NNPDF31 nnlo as 0118 luxged

pr,>25GeV, |y, | <25, Pry, = 25 GeV

massive muons (no photon lepton recombination)

G, scheme, complex mass scheme

fixed scale pp = pp = my,

pp—ptr,+X V5 =14TeV
60 5_ T
50 E
40 |

pp — piy,+ X V5 =14TeV

do(t1)

- aofi)

—de(D 3

—
T

30 |
2
10 £

1072

do/dpr ,+ [pb/GeV]
do/dpy .+ [Pb/GeV]

0F
10 |

90t
+10 F
0 F
~10 |

do/doro [%]

do/doges (%]

o [pb] 01,0 0'(1’0) 0‘(071) 0‘(270) 0'(171) 0 JJI—L_ -------------------- R SRR SRR SEEREsERSEERSERSEERESEREEEREES
g7 |5029.2 | 970.5(3) | —143.61(15) | 251(4) | —7.0(1.2) B e
9 | — | —1079.86(12) — —377(3) 39.0(4)
g9y | — — 2.823(1) — 0.055(5) Rewmark: the pattern of QCD correction is
9q)q | — — — 44.2(7) | 1.2382(3) sensitive to the scale choice
99 | — — — 100.8(8) —
tot | 5029.2 | —109.4(4) | —140.8(2) 19(5) | 33.3(1.3) Up = g = My /2
" /o —2.2 % —-28% +04% +0.6%
ooy +10% —29% +42% +08%  C——
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Phenomenology of mixed QCD-EW corrections for NC-DY

|[LB, Bonciani, Devoto, Grazzini, Kallweit, Rana, - s
Tramontano, Vicini 1n preparation | ﬁl-'zjm =_ 107 £ 1O ;
150 N = == i ?D:I ] ]
SETUP (LHC @4/s = 13.6 TeV) £ | B 5 N =
3 L 4 o ]
e NNPDF31 nnlo as 0118 luxged S100F ] g 10! & - .
Iy - — =
B
* Pru>25GeV, |y, |<25 66GeV<m,, <116GeV = ¢ s B
e massive muons (no photon lepton recombination) [ == EEES ggg - - - EEES ggg i aatl
h 1 h 0k NNLO QCD+EW+MIX . 100 NNLO QCD+EW+MIX =
.Gﬂsceme,compexmasssceme — b e e e e
. — ol _ — o NNLO QCD+EW -
e fixed scale up = pup =m, | ! : | 107 NNLO QCDiEWJrMIXfact .
—_— 2 0] = . - NNLO QCD+EW+MIX -
+ ¥ + s
a B a g
m m s 1L 1% o)
- (2¥) 1,] L . o) 5
G -scheme o [pb] g [pb] | ¢\ [or0 ; of NG QG EW E e :
L.O 763. 40(2)+g gg . . g - NNLO QCD+EW+MIX¢,ct - g —d B -
S _ ] = :
NLO QCD 802.26(6)727, | 38.86(6) | 5.1% 5 —SE PNEOIRS TR S T S S S S S R
NNLO QCD 802.5(7) 10 ‘81% 0.2(7) 0.0% Lo [ S—— ] 9 ' ' ' ' e ey
NLO EW 730. 76(2):&% b | —32.65(3) | —4.3% 3 ﬂ__H_\_I — NNLO QCD/LO l_#__h % _ —— NNLO QCD/LO -
NNLO QCD+EW 769.8(7) "y 5o — — g Lok . o1k L — —— =
NNLO QCD+EW+MIXg,, | 768.2(7)102, | —2.0(1) | — L | | | I T ] | | | | | I
NNLO QCD+EW+MIX | 772.4(8)* 02, 2.6(2) | 0.3% —2 ~1 0 1 2 70 75 80 8 90 95 100 105 110
Yup My [GeV]
» Mixed QCD-EW corrections are smaller in this Setup, but non- uy\ﬁarﬁaiy\i&ias; 7-p0int scale variation
trivial O(1%) shape distortion in the distributions NNLO QCD+EW+MIXfact: NNLO QCD+EW+
» Stabilisation of theory uncertainties factorised approximation of mixed corrections
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L R 10 71— 1

|[LB, Bonciani, Devoto, Grazzini, Kallweit, Rana, O S S e BN T
Ce . . = B%%4 NNLO QCD %4 NNLO QCD

Tramontano, Vicini in preparation | 10-4 H— NNLO QCD+EW _ 10-4 - ] NNLO QCD+EW

NNLO QCD+EW+MIX NNLO QCD+EW+MIX

107° .

SETUP (LHC @+/s = 13 TeV) CMS 2103.02708
e NNPDF31 nnlo as 0118 luxged

e pru>33GeV, |y, <24, my., > 150 GeV

—
=
\]
|
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I I
| |
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3
|
l

backward fowward

e massive muons (no photon lepton recombination) cosf” <0 cos” >0
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o dynamicscale yp = pg =m,. -
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|||I|||
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|
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L
|

NNLO QCD+EW
NNLO QCD+EW+MIX¢,ct -

NNLO QCD+EW+MIX
I I I I I

NNLO QCD+EW ’
NNLO QCD+EW+MIXfact -
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I I I I

|
p—t
ot
T
|
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L

do /donNLoqep+EW — 1[%)]
i
o
|
b bar v b ah L A WAy
do /donNLoQcD+EW — 1[7%0]
i
o
|
J

|
N
S
|
N
S
T

[ —— NLO EW/LO ’ —— NLO EW/LO 7]
[ — NNLO QCD/LO ] —— NNLO QCD/LO -

DO
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K-factor
K-factor

[
I LI |

—

» Negative corrections of several percents in the 1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
tails with respect to NNLO QCD+EW My [GeV] My [GeV]

» The factorised approximation catches the bulk of QCD-EW corrections pointing towards a factorisation of NLO QCD
corrections and EW Sudakov logarithms

as observed U [Buccioni et al (2022)]
» Small residual non-factorisable effects at (sub) percent level
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Conclusions & Outlook

e The Drell-Yan process is a cornerstone of the LHC precision physics program: a lot of progress from experimental and theory
pointing towards an astonishing target of (sub) per mille accuracy

e We have presented a new computation of the mixed QCD-EW corrections to the neutral and charged Drell-Yan processes
with massive lepton

e For the first time, all real and virtual contributions are consistently included for the neutral current process. For the
charged current, only the finite part of the two-loop amplitude is computed in the pole approximation

e The cancellation of the IR singularities is achieved with the g; subtraction formalism while the two-loop virtual amplitude is
computed by applying a semi-numerical approach

e Mixed QCD-EW corrections are small but usually larger than what expected by naive counting of couplings. They improves
the theoretical accuracy and may lead to non-trivial distortions of the shape of differential observables

e Impact on the high-energy tail of the invariant dilepton mass: ~1-5% at m,,~1-3TeV, relevant for New Physics searches.
It is described reasonably well by a factorisation of NLO QCD and NLO EW (Sudakov logs) corrections
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Conclusions & Outlook

‘Praspe&:&s

e Pheno studies ongoing (electrons and comparison with Buccioni et al, A5, electroweak input scheme, implications on W
mass determination)

e Computation of the exact 2 loop mixed QCD-EW amplitude for the charged current process

e Inclusion of mixed corrections in resummed predictions for the transverse momentum of the dilepton system and of the
charged leptons
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Abelianisation procedure

gq channel in NNLO QCD

’
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Abelianisation procedure

qq channel in NNLO QCD

Zly* Zly*
Color structure + symmetry factor (identical gluons)

1 C2 ] 1 C
N2 N, N2 [ ] N AT

Photon-gluon replacement. Two distinguishable processes
> vV VVVNVVNN > S5 S 555

C Fej?
Ne

1
—Tr[T°T%) e} =
AL EEREE] YVVVWVWVW N¢ !
Zly*

« SN “

Replacement list:
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Abelianisation procedure

gq channel in NNLO QCD

” h m< > >
Y g <
Y |
‘ o |
- Zlyt o ZlyF )
CA -0, T,—>0, Ci— ZCFef2
Replacement rules
qg channel in NNLO QCD gg channel in NNLO QCD
C,—0, Tp—0, Ci- 2CFef2 Cy—>0, Cp— €f2 gg channel in QCD-QED

Cy,— 0, Tx— Ncequ gy channel in QCD-QED
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The g, subtraction formalism for NNLO QCD-EW corrections

gr subtraction formalism extended to the case of heavy quarks production [Catani, Grazzini, Torre (2014)]

Successful employed for computation of NNLO QCD corrections to the production of

® a tOp pair [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan (2019)]

®* a bottom pair pI‘OduCtiOD [Catani, Devoto, Grazzini, Kallweit, Mazzitelli (2021)]

e atop pair and a Higgs (off-diagonal channels) [Catani, Fabre, Grazzini, Kallweit, (2021)]

The resummation formula shows a richer structure because of additional soft singularities
(four coloured patrons at LO)

e Soft logarithms controlled by the transverse momentum

anomalous dimension I', known up to NNLO [Mitov, Sterman,
Sung(2009)], [Neubert et al (2009)]

e Hard coefficient gets a non-trivial colour structure (matrix in
colour-space)

e Non trivial azimuthal correlations

e Notice that is crucial that the final state is massive: the mass is

1bSqrSM . . . . g
qT the physical regulator of the final state collinear singularities
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The g, subtraction formalism for NNLO QCD-EW corrections

gr subtraction formalism extended to the case of heavy quarks production [Catani, Grazzini, Torre (2014)]

Successful employed for computation of NNLO QCD corrections to the production of

® a tOp pair [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan (2019)]

®* a bottom pair pI‘OduCtiOD [Catani, Devoto, Grazzini, Kallweit, Mazzitelli (2021)]

e atop pair and a Higgs (off-diagonal channels) [Catani, Fabre, Grazzini, Kallweit, (2021)]

The resummation formula shows a richer structure because of additional soft singularities

(four coloured patrons at LO)

1/b S gr SM

MIXED QCD-EW case

Final state is colour neutral

purely soft contributions exhibits a much simpler structure

the corresponding soft logarithms are entirely controlled by the
O(a) soft anomalous dimension

1 | (2p; - p)*
th—z{(e3,2+ef)(l—m)+ Z ee;In ! }

21112
m
i=1,2;j=3,4 Qm;

q(p1) + G’ (py) = C(p;3) + ?/Z(D/)(PO

the same is valid for the finite soft function (contact term)
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Hard-Virtual coetficient: IR structure and finite amplitudes

2
MU0 = ./%<1,0>+% <1> Cr Ly <%+iﬂ) L_Z | o

fin T €2 e 12
i 2] 2 2
20D = 041 (& Li(24im) |t 2l g0
fin T €2 e 12 2 €
a\ (a) [ 1 1|3 el + e
a0 = g0 - (L) (L) 2+ ed)C C o
fin T T 864( ‘ )Cr 2¢3 2 2
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2-loop virtual CC-DY: Pole Approximation

The Pole APF?OX&MQ&EOM (PA) is a systematic expansion around the resonance pole with respect to the parameter I'y,/My,.
Beyond the narrow width approximation, the PA:

e keeps dominant (logarithmic) terms in I'y, /My,

e the structure of the IR singularities resembles that of the full computation

Factorisable corrections Non-Factorisable corrections

Corrections to the production and /or decay vertex Box topologies containing a soft photon linking production and decay

4
— a(,) (0) _ <(0,1)<(1,0 0
= F o My = 58D
1% 1% 1% W

[Dittmaier, Huss, and Schwinn

Initial-Initial: extracted from  Initial-Final: computed  Final-Final: finite (2014)]
mixed QCD-EW form factors  using RECOLA renormalisation constant
- [Behring, Buccioni, Caola, [Dittmaier, Huss, and

Delto, Jaquier, Melnikov, Schwinn (2015)]

Rontsch (2020)] W boson

- Bonciani, Buccioni, Rana,
Vicini (2020)] Z boson

We apply the PA (improved by a re-weighting procedure) only for the computation of the interference of the two-loop virtual
with the tree-level amplitude for

e charged current Drell-Yan process

e cross checks and validation for the neutral current process
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Hard-Virtual coefficient in PA: re-weighting

2Re (M 0007
Hmn — fn PA  form=01.n=1
PA W/ACOIE oM =R L=

Remark: since the Hard-Virtual term is eventually multiplied by do; , the above definition corresponds to compute the
virtual-tree interference in PA

We consider alternative definitions which differ for terms beyond the accuracy of the PA

eat NLO-EW (m =0,n = 1)

2Re (ME-D .0 O0"
PA rwg 0,0) 12
| MR

eat NNLOQCD-EW (m=1,n=1)

0012 2Re (MDD .O07)

ngklr)wg = H{'V x e 02 e Effectively re-weights with the exact
TP M b4 | MK | one-loop EW virtual amplitude
1,1) 7(0,0)* 0,1) 27(0,0)*
. Wy HOD  2Re (D ®") - 2Re (MGD o OOT)
HPA,rwgV o HPA X H((),l) o (0,0) |2 X 'R %(0,1) M (0,0)*
PA | M- | C ( fin , )pA
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Hard-Virtual coefficient in PA: validation @NLO EW

102 pp — pty, + X Vs = 14TeV pp — pty, + X Vs = 14 TeV
C -.__.-l'_i"!“'--i 10_1 E'i dO_(O,l)H
B - | - - ak (0,1)n
% 1 % 1072 dal(joAl)
o 10k S B e dops g
= 2 1073
5 Y
- = 1n—4
B @)
= dagj&l)ﬂ = 107°
.......... dO-(O’l)H
10~ [Thve || | 107
+8
g _|_6 §| —|—80 - <
= +4 — +60 B
| +2F | i
= oL = 140 [
S ot ) |
S S 20 |
° 5 RS EEENNEENENRN NN
—6 ] 0 L ]
gt i IO O o e T T T
30 35 40 45 50 50 100 150 200 250 300 350 400 450 500
P+ [GeV] pr .+ [GeV]

e The Pole Approximation supplemented with the re-weighting

o agrees with the exact result at the percent level both below and above the peak

=

o good modelling (correct order of magnitude) of the hard-virtual at high pT

o difference with exact coefficient: ©(20%) at 300 GeV, 0(80%) at 500 GeV with PA systematically overshooting the exact
result (Sudakov Logs)
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Factorise ansatz

We present our prediction for the O(a,a) correction as

¢ absolute correction

enormalised correction with respect to the LO cross section

enormalised correction with respect to the NLO QCD cross section

We compare our results with the naive factorised ansantz given by the formula

1,1 (0,1) —1
daf(act ) _ da( LO) v dGQQ % 6ZIGLO
aX aX adX aX

Remark (especially for the transverse momentum distribution)

A factorised approach is justified if the dominant sources of QCD and EW corrections factorise with respect to the hard W
production subprocesses.

At NLO, gluon/photon initiated channels open up populating the tail of the p, spectrum, thus leading to large corrections
(giant K-factors)

We do not include the photon-induced channels in the NLO-EW differential K-factor to avoid the multiplication of two giant
K-factors of QCD and EW origin, which is not expected to work
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Convergence of the perturbative expansion in the presence of fiducial cuts

Fiducial cuts may challenge the convergence of the perturbative fixed-order series

e Symmetric cuts on the transverse momentum of the two-body decay products lead to an enhanced sensitivity to soft

radiation when the two particles are back-to-back in the transverse plane
[Klaser, Kramer, 1996], [Harris, Owens, 1997], [Frixione, Ridolfi, 1997]

e They lead to linear power corrections in the transverse momentum spectrum of the color singlet g,

e The linear dependence in g, is related to a factorial growth of the coefficients in the perturbative series (with

alternating-sign coefficient, hence Borel-summable) [Salam, Siade, 2021]
[Billis, Dehnadi, Ebert, Michel, Tackmann, 2021]

o The effect is larger for the case of the Higgs due to its Casimir scaling 30f -
: ~ ATLAS Prelimi 139 fb " =

e Asymmetric cuts on the transverse momentum of the hardest and 281 reliminary( ) -
the of the softest particle do not improve the situation. — 2L B i

2 N $ l , -

e Symmetric cuts and asymmetric cuts are commonly used for Drell- & [ [ NLO I NPLL+NLO -
Yan and Higgs analysis, respectively. C T N’LL+NNLO =

Q __F ! -

. . . 221 t =
Viable resolution strategies \@ - NNLO  Avoum | NNLL+NLO -
L - l _

e improve the convergence by resumming the linear power 20 . A resum @ Aro :
. — = FO i ! —
corrections 18 s o 99— H —~~ (13 TeV)

e alternative choices of cuts [Salam, Slade, 2021] 16C | rEFT, myg = 125 GeV -
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Restoring the quadratic dependence on g;

In the standard g subtraction master formula [Catani, Grazzini, 2007]

OnonLo = |doLo ®  + [df’&?fé - d“(F?T] 0(qr/Q = Teud) + O (1ur)

the counterterm is given by a pure LP expansion of the g, spectrum

e above r,, : all power corrections are exactly provided by the real matrix element (avoiding any double counting)

-

e below r,, : all

 power corrections are missing

Formally, the residual dependence on the slicing parameter r,  is given by the integral of the non-singular component of
the real spectrum below the cut.

-y
dof s 1, — g7/ Q)

For the case of fiducial cuts, the leading power correction is linear (k = 1). It can be predicted by factorisation and is
equivalent to the g; recoil prescription

— =

E—

| . d aFfjet,reg ‘
' (N)LO
| dq)F+jet 4D o(r cut — 4T / Q)G)cuts(q)Fﬂ'et) —
o F+jet J
where O, implements the fiducial cuts and @5 = OF(Dg, 1) is the recoiled kinematics
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Restoring the quadratic dependence on g;

Improved g, subtraction master formula

__ _

‘\ F+je
 ONLo = Jdallfo & X J [dG(NJ;JLE) N dagT] AGr1C = rew)

|

i
Il

with the linPC term, Ac™5(r. ), given by

linPCs p fou / _ dagT rec / ddgT
Ac (F ) = | dDy O dr 1o, O, (ch (ch,r)) 10, O, (Pp)

Remarks on the 1inPC term
e it affects the g, subtraction formula at the power corrections level only
e its formulation is fully differential with respect to the Born phase space
* itisintegrable in 4 dimensions (local cancellation of infrared singularities)

e itis completely determined by the knowledge of the counterterm (can be easily implemented in any code
implementing the g, subtraction method)
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Restoring the quadratic dependence on g;

Improved g, subtraction master formula

__ _

‘\ F+ije
\ Gg\l)NLo = JdUEo & A J [dG(N_;JLE) N ddgT] Ngr!/Q — Tew)

|
[

with the linPC term, Ac™5(r. ), given by

linPCs p fou / _ dagT rec / ddgT
AN ) = [P | dr! | 2o B (PF (P 1) = o O (P

Remarks on the linPC term

e for the case of fiducial cuts, we expect that its inclusion will change the power correction scaling from linear to
quadratic (k = 1 to k' = 2)

e for other cases, we expect that its inclusion will not make the power correction scaling worse

* in principle, given its formulation, it can be applied to any process
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Origin of linear power corrections

Kinematics of the tWO-bOdy decay [Ebert, Michel, Stewart, Tackmann, 2020], [Alekin, Kardos, Moch, Trocsanyi, 2021], [Salam, Slade, 2021]
Q - qgr cos¢ _

. | Pri = 1 + -0 (q7/07)
q" = (mypcoshY, gp,0,mpsinh Y) 2coshAy |  Q coshAY _

in the small g, limit

pf = Pri (cosh(Y+ Ay), cos ¢, sin ¢, mysinh(Y + Ay)) Pr2=DPr1—4qrcos¢ + O (q%/Qz)

pl = q"—p" m=Y+Ay
N, =Y — Ay 2qQT cos¢sinh Ay + O (q%/Qz)
The two-body decay phase space with cuts is given by
1 (" i |
ch—>p1+p2(QT) — @ ; d¢ dAyEG)cuts(QTa ¢9 A)’, CU.tS)

The integrand has a dependence on ¢; through the combinations g7 and gz cos ¢. It follows that

use of cuts breaking the |
azimuthal symmetry |

.~ presence of linear fiducial |
power corrections
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Origin of linear power corrections

cut cut

Symmetric cuts: pr;>pr > =12 = min(py,pro) > py

two different integrands: breaking of azimuthal symmetry

Pr1 cos ¢ <0 cut

min(py, Pro) = / /2

T,1>FT,2 {pT,l — dr cos@ cosgp >0 (I)(qT) _ (I)(O) — > qQT Pr J d¢ COS ¢
T

Asymmetric cuts: p%ard > p;“t’h and p;"ft > p;ut’s —> min( P11 PT,2) > p;“t’s

cut

= min(pr,; — Opr, Pra) > Pr

cut

+ opr and py, > py

cut

Staggered cuts: Pr1 > Pr

Pr1— Opr cos ¢ < opr/qr

min - 5 ’ —
(Pr,1 = OPr: Pr2) {pT,l — g COS ¢ Ccos ¢ > opr/qr

‘ In the region g, < dp;, the quadratic dependence on gy is
}'ﬂ restored, as numerically observed in [Grazzini,Kallweit, Wiesemann, 2017]

= ——=
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Fiducial PCs and differential distributions

pp = 00T + X, pre > 27GeV, |ye| < 2.5 pp%ﬁé + X, 77£1<25 25<77g2<49 pTg>20GeV
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