Precise QCD+QED
resummed predictions

For the Drell-Yan process
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Motivation

Drell-Yan process

« Standard candle for precision measurements and theory at the

LHC
e Detector calibration
e Extraction of PDFs
* Precise measurement of the strong coupling

e Precise measurement and determination of MW
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Motivation

Drell-Yan process

« Standard candle for precision measurements and theory at the
LHC

 Detector calibration
 Extraction of PDFs

* Precise measurement of the strong coupling

Data at small
transverse
momentum is very
relevant

* Precise measurement and determination of MW
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Transverse momentum
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QCD qt resummation at N4LLa

[DYTurbo]
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Transverse momentum resummation
up to N4LL+N4LO accuracy T

aap) VIM) =

h1+h2—>V+X—>l3+l4+X

P

A0, hy—slsl 2 /1 /1 5 5 A0 g gy —slal
1n2 3l4 M Q — d d ; : , 7 aiaz 34

ai,a2

2
o Tany(XLH I:): Non perturbative universal parton densities (PDFs), pyr ~ M.

. bab: Hard scattering cross section. Process dependent, calculable with a perturbative
expansion in the strong coupling as(M) (M » Aacp ~ 1 GeV).

* This framework relies in the QCD factorization property of the cross sections
Collins, Soper, Sterman [1988] Aybat, Sterman [2008]
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Transverse momentum resummation
up to N4LL+N4LO accuracy T

aap) VIM) =

h1+h2—>V+X—>l3+l4+X

T — P

A0, hy—slsl 2 /1 /1 5 5 A0 g gy —slal
1n2 3l4 M Q — d d ; : , 7 aiaz 34

ai,a2

2
o Tany(XLH I:): Non perturbative universal parton densities (PDFs), pyr ~ M.

. bab: Hard scattering cross section. Process dependent, calculable with a perturbative
expansion in the strong coupling as(M) (M » Aacp ~ 1 GeV).

* This framework relies in the QCD factorization property of the cross sections
Collins, Soper, Sterman [1988] Aybat, Sterman [2008]

Beware! violation of strict collinear factorization beyond N3LO (two loop amplitudes with 5 external legs and n = 4 QCD partons)
Catani, de Florian, Rodrigo [2011] Forshaw, Seymour, Siodmok [2012]
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Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy O | <

The cross section can be decomposed as

VvV
[ABa,1 1614] = [ABG ) 10,1 + [ABLR) 1,1,] .
$ % " gp© L7 db r.‘Z("p2) %‘{:
dBYS) 1, = o Pl o DBOD) Wz v (0, M9, DRETEATES

Bozzi, Catani, de Florian, Grazzini [2005] Bozzi, Catani, de Florian, Ferrera, Grazzini [2011]  Catani, de Florian, Ferrera, Grazzini [2015]

Wy (b,M;! g, &, u2) = Hy (! s; MU g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

Hy('s) = Hy('s)C(!s) C(! s)

Hy(ls) = 1+ W
n=1 #
!" 'l #n
Hv(ts) = 1+ 2 HY
n=1 #
!" 'I #n
C(ls) = 1+ ?S cm
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Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy O | <

NE

The cross section can be decomposed as

(B, a1 15,] = [ABYS) | 1+ [dBED) | ]

aiaz! lzla aiaz! lzla X2
)
$ % 7 h2(p2) a»:‘::::
| o dsY) 1T db . ~
By 1, = el Il = 2 bJo(bG) Waya, byt v (D, M, 9,8 " s, U3, pE) ot e
d! 5 o 2# lim dg —F® =0
bl,b2=q,q Qr" 0 dq% f.o.

Wy (b,M;! g, u&, M2) = Hy (! s; M/ g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

Hard-virtual factor o\

Hy('s) = Hy('s)C(! s),C(! s) Sudakov

|

| C?Ilir;fenar coefficient functions
Hy(ls) = 1+ FS H{Y

n=1

NG (n)
Hy(ls) = 1+ m Hy

n=1

I 'I #n
C(ls) = 1+ ?S cm
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Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy O | <

The cross section can be decomposed as

VvV
.. . . (Pn.
[dbalaZ! |3|4] = [dbc’(;leasg)| |3|4] + [db{glzz)' |3|4:I X2
2
h ,
$ ey P dd® 1T b Z(pz)%‘tz
(res. ! . o
dbalagl 314 = dl = 6 E b‘]O(bq-) Walaz,b1b2! V(b1 M;w; Y qu’ ué)
bube=q@ 0 We are interested in the

impact of the
resummation

Wy (b, M:! s, 3, u2)= Hy (! s:M/u s, M/ue, M/IQ)! exp{G(! 5,L:M/u r, M/
V( S p‘R IJF) V( S MR HF Q) p{ ( S H R Q)} L In(Qsz/bS)

Missing N4LO
Hy(!'s)= Hv('s)C(!' s) C(! s) f.o contribution
! | " (n) Without matching:
Hy('s) = 1+ = Hy artificial estimation of
n=1 Q variation with +1
" s#” - prescription
Hv(I S) = 1+ ? HV
n=1 For a discussion about
"ty #, the f.o, resummation
C(ls) = 1+ > ¢ and the matching
n=1 # please see Alex and
Tobias talks
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Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy O | <

The cross section can be decomposed as

(B, a1 15,] = [ABYS) | 1+ [dBED) | ]

aiaz! lzla aiaz! lzla

3 ” - h2(p2) ﬁ:‘t:
o " db® 17" db L S
dBi e 1, = el lsle = — bJo(b) Waya, bib,t v(b, M, Y8 " s, P2, p2)
b= 0.0 d! 5 o 2#

Wy (b,M;! g, &, u2) = Hy (! s; MU g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

Hy(!'s)= Hv(!s)C(!'s) C(! s)

Hg/l) — H\(,l) +CO + cO,

H£/2) — H\(/Z) +C@ 4+ Cc@ 4 H\(/l)(C(l) + COYy+ cWc®,

Hs’) — H\(/3) +CO® + Cc® 4 H\(/Z)(C(l) + COY) + H\(/l)(C(Z) + CP@ + cOcy
+ Cc@c® + c@Acl

Hsr) — H\(,4) +CH 4 c@® 4 H\(/3)(C(1) + CWY)+ H\(,Z)(C(Z) + C@ + cOcy

+ Hf/l)(c(3) + C® 4+ c@OCW 4+ cOCOY4+ cOCH + cO®CH + cAOC@
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Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy O | <

The cross section can be decomposed as

. .. ) .(Pn.
[dbalagl I3I4] — [d z(arf;)! I3I4]+[db<'£1122)! |3|4] )z%
$ ) . ) ha(p2) a»s‘::
| o " dBg), 1 db . svo°
dBayant 1ty = S om DR0) Waia m v (DM B8 s, LR, LE)
bb=qg 0

Wy (b,M;! g, u&, M2) = Hy (! s; M/ g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

Hard-virtual factor \
‘m"V(I S) C(' S)TC(I S) Sudakov

Resummation scheme
dependent statement!!!!

& Hg/l) _ H\(,l) +CW 4 CO Collinear coefficient functions

H£/2) — H\(/Z) +C@ 4+ Cc@ 4 H\(/l)(C(l) + COYy+ cWc®,
HS?) H\(/3) + CO® + CO 4+ H\(/Z)(C(l) + CD) + H\(,l)(C(Z) + C@ + ccl)
c@cl® ¢ C(Z)C(l),

Partially known

Unknown
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Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy O | <

The cross section can be decomposed as

V
[0Da, 8,1 151,] = [dbérf;)' |3|4]+[db$22)| 13l 2
$ % v gpo 17" db hZ(p ” o . |
Bl | = o bldb;' sl4 5 . b Jo(bG) Waa, brb v(D, M, 9, 8" s, P2, U2)

Wy (b,M;! g, &, u2) = Hy (! s; MU g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

Resummation scheme Hy('s)= Hv(ls)C(s)C(!s)
independent statement!!!! I (1-2) contribution requires the definition of subtraction operators | at N4ALO ! we postpone this topic to the
discussion session

Hg/l) — H\(,l) + CO + C(l),
HS/Z) — H\(/Z) +C@ 4+ Cc@ 4 H\(/l)(C(l) + COYy+ cWc®,
Hs’) — H\(/3) + CO® + Cc® + H\(/Z)(C(l) + C(l)) + H\(/l)(C(Z) + CO + C(l)C(l))
I (1-2) contribution: + CAOcl ¢ C(Z)C(l)
partially known 4)

‘ COR HO(CD + cW) + HP(CP + CO + COCW)

Non ! (1-z) contribution: A_ﬁ,,,,«a- T C( ) + C(Z)C(l) + C(Z)C(l)) n C(3)C(1) + C(3)C(1) + C(Z)C(Z)

unknown



[DYTurbo]
Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy O | <

The cross section can be decomposed as

b
[dbalaz' |3|4] = [dbgle:z)| |3|4] + [dbglzz)' |3|4] )z%
$ % ) 7 n2(p2) ﬁ:‘t:
o " dp® 17 db o TR
dbgleasz)l lala = bldeZ I3l4 5 g bJO(bq‘) Walaz,ble! V(b1 M;w; 9’ " Ss HZR’ Ué)
bLbo=qg 0

Wy (b,M;! g, &, u2) = Hy (! s; MU g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

Hy(!'s)= Hv(!s)C(!'s) C(! s)

The ! (1-z) contribution can be computed from the four-loop quark form factor

H S/l) _ H\(,l) + C(l) + C(l) | Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, Steinhauser [2022]
H£/2) — H\(/Z) +C@ 4+ Cc@ 4 H\(/l)(C(l) + COYy+ cWc®,
Hs’) — H(3) + C(3) + C(S) + H(2) (C(l) + C(l)) + H(l)(C(Z) + C(Z) + C(l)C(l))

+ COCO 4 cOCcO

HW = HO(C® + c®)y+ HP(C® + C@ + cW W)

+ \(/1)((:(3) + CO® 4+ c@OCW 4+ cOCOY+ cOCH + c®CW + cAOC@
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Transverse momentum resummation

up to N4ALL+N4LO accuracy

Wy (b, M;! s, U3, ME) = Hy (! ;M g, ML g, M/Q ) ! exp{G(! s, L; M/u g, M/Q )}

$Q2 dq2

s, L
G(!s, L) e

= LgW(sb)+ gP(tsl)+
g(n) controls and resums the #SLk (k=1) logarithmic terms

B(!s) = B('s)+2#(!s)

1
"= L Se) L

At N4LL we need the resummation coefficients

A5 : 1-3-10-3relative uncertainty
B4 : negligible uncertainty
C4 : 1-2-10-%relative uncertainty

"4 singlet : 1-3-10-3relative uncertainty (non-singlet negligible)
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Transverse momentum resummation

up to N4ALL+N4LO accuracy
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#

n=1

g(n) controls and resums the #SLk (k=1) logarithmic terms

dIn c:(| s)

nts

B(!s) = B('s)+2#(s) +23(! s)

1 :
"= Z108s(R)L , B = B0+ AP I

# Q?

At N4LL we need the resummation coefficients

@ 1-3-10-3relative uncertainty

@ negligible uncertainty
C4 : 1-2-10-%relative uncertainty

"4 singlet : 1-3-10-3relative uncertainty (non-singlet negligible)
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g(5) still fits in a slide!
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Transverse momentum resummation
up to N4LL+N4LO accuracy R

WV(b1M1I S;IJZR’U'IZZ) = HV (I S1M/u R’M/u FvM/Q )' eXp{G(l S’L,M/u R’M/Q )}

$ QZ /0

K 2
Wsl) = & 9T Aus@)in M+ B (@)
2m2 O o
!" "| #n
= Lg®(sb)+ g®(sb)+ 2 g™ (sl

n=1

g(n) controls and resums the #SLk (k=1) logarithmic terms

din C(!
B(s) = B(s)+2#( ) nol ) sogg)
din! S
n 1 = M 2
= E ! 0$S(u2R) L, B(n) = &M + AMn ?
At N4LL we need the resummation coefficients Herzog, Moch, Ruijl, Ueda, Vermaseren, Vogt [2019]
@ 1-3-10-%relative uncertainty Henn, Korchemsky, Mistlberger [2020]
von Manteuffel, Panzer, Schabinger [2020]
@ negligible uncertainty Moult, Xing Zhu, Jiao Zhu [2022]
C4 : 1-2-10-%relative uncertainty
inglet : 1-3-10-%relative uncertainty (non-singlet negligible) Moch, Ruijl, Ueda, Vermaseren, Vogt [2017]

Falcioni, Herzog, Moch, Vogt [2023] Moch, Ruijl, Ueda, Vermaseren, Vogt [2022]
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Transverse momentum resummation
up to N4LL+N4LO accuracy R

WV(b;M1I S;IJZR’U'IZZ) = HV (I S,M/u R’M/u FvM/Q )' eXp{G(l 31L1M/IJ' R’M/Q )}

$ QZ Lyo 2
Gsl) = & 3T AQS(@)in o+ B0 s()
2m2 O o
I’ " I S#n
= LgW(sb)+ g?P(lsl)+ 7  977(sb)

n=1

g(n) controls and resums the #SLk (k=1) logarithmic terms

dinC(l s)
din! S

B(!s) = B('s)+2#(!s) +2$(! )

—(n M 2
IO$S(“'2R) L y B( ) = §L(n) + A(n) In ?

| =

At N4LL we need the resummation coefficients

. : We rely on the Levin transform
- 1-_2.10-3 y
A5 : 1-3-10-3relative uncertainty assigning 100% uncertainty | We

. por . assume that the Levin transform
B4 : neg||g|b|e Uncertainty / estimates the correct sign and order
. . of magnitude.
C4 : 1-2-10-3relative uncertainty J

David Levin [1972]
"4 singlet : 1-3-10-%relative uncertainty (non-singlet negligible)
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Transverse momentum resummation

Camarda, LC, Ferrera [2023]

up to N4ALL+N4LO accuracy

Anticipating our results

Ratio to N*LLa

=

)

R
|

0.98—

DYTurbo
~ 13 TeV, pp" zZ/#" IT, p'T >25GeV, |l|<25
BN
u AN _
SN
1:_;_::43::_;‘-‘-%-_ = = ———————
I~
R
—// —— N'LLa
A5 unc.
- - - #* singlet unc.
— - H4 unc.
— — - Scale variations
1 | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 5 10 30
q, [GeV.

The uncertainties in the N4ALL+N4LO approximation are found to be 5 to 10 times smaller compared to the missing higher order
uncertainties estimated through scale variations.

All “main” channels already present at NNLO : qgbar, qg, gg.

N4LL is the first order at which all the combination of the channels are opened: {q,gb,qp,qbp,g} x {g,gb,gp,qbp,g} (all

combinations)
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qt resummation up to N4LLa accuracy
Results

The T spectrum of Z/y+ bosons with lepton selection cuts at the LHC (/s = 13 TeV) at various perturbative orders

d! /qu [pb/GeV]

ratio to N*LLa

ratio to N*LLa
H
[ I_

Negligible impact at N3LL and N4LL on the choice !

60

40

20

'80< M+, < 100GeV

DYTurbo

13 TeV,pp # ZI$*# I'T,pl >25GeV, |'|<25
m,/4 < Mo Hos Q< m,; 1/2 %UR/UF, uR/Q, uF/Q %2

NLL+NLO resummed
I NNLL+NNLO resummed
N°LL+N?LO resummed
B N*LL+N*LOa resummed
MSHT20aN3LO

q, [GeV]

10 15 20 25 30

Camarda, LC, Ferrera [2023]

'80< M -1 < 100 GeV

DYTurbo

13 TeV,pp # ZI$*# [T,p >25GeV, ['|<2.5
m,/4 < Mo Ko Q< m; 1/2 %HR/HF, uR/Q, uF/Q %2

NLL+NLO resummed
I NNLL+NNLO resummed
NCLL+N?LO resummed
B N*LL+N*LOa resummed
MSHT20aN3LO

60

40

d! /qu [pb/GeV]

20

0 5 10 15 20 25 30
q, [GeV]

Formal mismatch between the N3LO Altarelli-Parisi
evolution as encoded in the N3LO parton densities
functions and the corresponding NXLO evolution

included in the N**LL partonic resummed formula.

The order of Altarelli-Parisi evolution in the
resummed prediction is equal to the order of
the parton densities

we apply this strategy in the next slides

Scale dependence reduced a factor 2 from N3LL to N4LL ! N4LL accuracy is at the 1%-1.5%
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gt resummation up to N4LLa accuracy
Resu |tS Camarda, LC, Ferrera [2023]

The T spectrum of Z/y+ bosons with lepton selection cuts at the LHC (/s = 13 TeV) at various perturbative orders

"80< M+ < 100GeV oY Turbo 80 M - < 100GeV oY Turbo
2 B 13 TeV,pp # Z/$*# [T, p >25GeV, ['| <25 % B 13 TeV,pp # Z/$*# [T, p >25GeV, ['| <25
% 60: my/4 < [, B, Q <mj;1/2 %UR/UF, H/Q, 1 /Q %2 % 60: m/4 <., B, Q<m;1/2 %HR/HF, HJQ, 1 /Q %2
2 - NLL+NLO resummed o - NLL+NLO resummed
UI— — I NNLL+NNLO resummed UI— — I NNLL+NNLO resummed
RS 40— NLL+N°LO resummed S 40— NELL+N3LO resummed
= — B N*LL+N*LOa resummed = — B N*LL+N*LOa resummed
B MSHT20aN3LO B MSHT20aN3LO
20 20—
(UO_I | | | | | ('UO_IIIII
N il
- 1.1 - 1.1
Z z &
e 15 e 1:
o - : : : : o - : : : : :
= 0 5 10 15 20 25 30 = 0 5 10 15 20 25 30
= q_[GeV] = q.[GeV]

Negligible impact at N3LL and N4LL on the choice ! we apply this strategy in the next slides
Scale dependence reduced a factor 2 from N3LL to N4ALL ! NA4LL accuracy is at the 1%-1.5%
Effect of a finite top-quark mass including the singlet contributions mediated by heavy-quark loops at NNLO and N3LO included

—-0.04% at NNLO and less than +0.001% at N3LO

] Rijken, van Neerven [1995]
Chen, Czakon, Niggetiedt [2021]
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gt resummation up to N4LLa accuracy
Resu |tS Camarda, LC, Ferrera [2023]

The gT spectrum of W+ and W- bosons with inclusive leptonic decay at the LHC (/s = 13 TeV) at various perturbative orders

DYTurbo

>'1500F :
D) 13TeV,pp" W
©) B M4 < p, Ko, Q<my 124 pfp, 1J/Q, p/Q #2
lo)
Q B NLL+NLO resummed

- B I NNLL+NNLO resummed
U -
S 1000_ N°LL+N°LO resummed
= - B N*LL+N*LOa resummed

MSHT20aN3LO
500
O=

© B

_1

- 1.1
=

S 1

ke

@

The scale variation at N4LLa accuracy is around +2% at qT ~ 1GeV, then it reduces at +1%
level at the peak (T ~ 4GeV), it decreases further to +0.5% for qT ~ 7 GeV and remains
below +1% level up to gT ~ 30 GeV.
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qt resummation up to N4LLa accuracy
Results

DYTurbo

d! W/d! Z

1.05

| Z
| W

Camarda, LC, Ferrera [2023]

DYTurbo

I NNLL+NNLO resummed

B \'LL+N*LOa resummed

13 TeV,pp# W, zZ/"*
m,/4 < o Mo Q< m; 12 % uR/uF, uR/Q, uF/Q $2

NLL+NLO resummed
N3LL+N3LO resummed

O
©
©

ratio to N*LLa

H

5 10 15 20 25 30
g. [GeV]

£ 8& M - < 100GeV andM,- 3 50 Ge\

 Correlated scale variation /

™. - 13 TeV, pp # W' z/"*
EQ B M4 <, 1, Q<m; 128 p/p, 1/Q, 1/Q $ 2
_. 1.05—
© L
N |§
Ly
B NLL+NLO resummed
0.95— M NNLL+NNLO resummed
' 3 3
— N°LL+N"LO resummed
~  EEN'LL+N*LOa resummed
P S T S N T T T SO N T SO T N AN T SO TN NN E SO SO TR SR AN T S T N
© 1.015
—
-
Z
9
= 0.99 ’ . . . . . .
= 0 5 10 15 20 25 30
= q.[GeV]
: 8 M+ < 100GeV andM;- > 50 GeV
I | ! |
R 2 Z d W d Z
(qT) - I d d
rwo AGr Gr

OK if the mechanisms in the numerator
and denominator are roughly the same

* NA4LL very relevant removing uncertainties in the W/Z pT distribution ratio

* However, analysis is not complete : flavour-dependent intrinsic kT, process-

dependent EW effects

\

Next part of the talk




QED+QCD gt resummation at NLL+NLO
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QED+QCD gt resummation at NLL+NLO

Main differences respect to pure QCD case  ufierl LC. Ferrera, Sborlini [2023
On-shell Z and W production

The cross section can be decomposed as

Catani, Grazzini, Torre [2014] ha(py) :at.ﬁﬁ
. _ .. (res.) .. (Pn.) 1(P1 ’
[dbalazl |3|4] - [d aiay! I3I4] T [dbalazl I3I4]

Fu

(o) n .
db(res-) /0_ dbé?{b' 1314 1 db bJo(b W b M. % & " 2 2
ajas! Islgs | = ey q’) azaz,bibp! V(  V,Y, 8, s, MR, HF)
N d! ® , 2# \V

Wy (b,M;! g, u&, H2) = Hy (! s;M/U g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

U/Obz 2 % Here we include the f.o predictions at NLO (QED and QCD) ha(p2)

L =log 2 +1 Unitary constraint

« Zon-shell at NLL+NLO: colourless and chargeless final state |.C, Ferrera, Sborlini [2018]

W on-shell at NLL+NLO: colourless and charged final state! New Autieri, LC, Ferrera, Sborlini [2023]

The resummation formalism can be obtained with plain abelianization of the QCD results and
it will be not presented in detail here

Naive abelianization of the QCD results does not work. Apart from this fact, the (more involved)
abelizanization procedure has to be applied to the QCD resummation for ttbar final state
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QED+QCD gt resummation at NLL+NLO

Main differences respect to pure QCD case  ufierl LC. Ferrera, Sborlini [2023
On-shell Z and W production

The cross section can be decomposed as

' s oS (PN, h1(ps) :
[dbalaz! |3|4] = [d z(ir1easz)! |3|4]+[db<’51t1’22)! |3|4] o :m‘ﬁr’

Fu

sy " dB, .17 db
.(res. I T
dba]_32! |3|4 = dl = 5 E bJO(bq') Walaz,b]_bz! V(b1 M1¢1 91 Sy qui IJ'|2:) V
by bo=q@ 0
Wy (b, M;! s, &, u2) = Hy (! ;MU g, M/u £, M/Q ) ! exp{G(! s,L;M/u g, M/Q)}
2 02 & Here we include the f.0 predictions at NLO (QED and QCD) h(p2)
L =log 2 +1 Unitary constraint e
« W on-shell at NLL+NLO: colourless and charged final state ! New Autieri, LC, Ferrera, Sborlini [2023]
Q? 2\ \ | $ N &,
G.=1 9T Aoy M +BL0 @)+ DI @) D)= iD®Ws LD
K2 9 g n=2
| | - N ) New linear logarithmic term
Gi('s!.L)= Gu(ls L)+ Lg D)+ g7 L)+ & ML)
n=3 It is specific of charged high-
oo "o mass system production and it is
+ g!(1,1)(| L IL)+ ' '_S n#1 '_ m#lg!(n,m)o L,IL) due to QED soft non-collinear
Sk L " N Sk (wide angle) radiation from the
ntm 2 underlying subprocess
Dl(l) - n i

2
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QED+QCD gt resummation at NLL+NLO

Main differences respect to pure QCD case  ufierl LC. Ferrera, Sborlini [2023
On-shell Z and W production

The cross section can be decomposed as

h1(p1) ’
[0Bayagr 151,] = [ABS ) () 1+ [ABED) ] 1P ”E.ﬁ’C

Fu

0 n .
a]_az' Isly  — I & s q_) azap,byby! V( ! 1301 5, S» U'R’ IJ'F)
N d! ® , 2# \V

WV(b M S;“R;“F)_ HV(| S1M/l’l R!M/l‘l F,M/Q)I eXp{G(I S,L M/“ R!M/Q )}

Lyobz 2 % Here we include the f.o predictions at NLO (QED and QCD) ha(p2)

= log 2 +1 Unitary constraint

« W on-shell at NLL+NLO: colourless and charged final state ! New Autieri, LC, Ferrera, Sborlini [2023]

Q* ¢ M 2" ' , L ¥ %' S
Gu(t,L)=" izz A'( (P)log — + By (! () + D'(! () pley= Lo ® D)
K2 9 g n=2
A(l) 0,1 Al(l)'é)l
" Aq(l)# +in(L ! # gt (sl L) = == h(# #) + — 5 h(#, #)
gL = 7 , 5" 0 6o
0 " 1
B! PN # het #) = 1| L1 #) +In(L #!)$ #LL#) L LEQ 9"
g2 (L) = 1 29 +in(L ! #) ’ #1 4 . (L L #) #1#
0 . o L' # . LB #)
INCTTR N1 #)  # He g tHe S
q 1 _InZ(l! #') n( I) |
"(!)3 2 10 # 1t # “New” mixed contribution not present

by trivial abelianization of QCD results
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QED+QCD gt resummation at NLL+NLO

Main differences respect to pure QCD case  ufierl LC. Ferrera, Sborlini [2023
On-shell Z and W production

The cross section can be decomposed as

' s oS (PN, h1(ps) :
[dbalaz! |3|4] = [d z(ir1easz)! |3|4]+[db<’51t1’22)! |3|4] o :m‘ﬁr’

Fu

(o) n .
db(res-) /0_ dbg){)zl 1314 1 db bJo(b W b M. % & " 2 2
ajas! Islgs | = ey q’) azaz,bibp! V(  V,Y, 8, s, MR, HF)
N d! ® , 2# \V

Wy (b,M;! g, u&, H2) = Hy (! s;M/U g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}

Lyobz 2 % Here we include the f.o predictions at NLO (QED and QCD) ha(p2)

L =log 2 +1 Unitary constraint

« W on-shell at NLL+NLO: colourless and charged final state ! New Autieri, LC, Ferrera, Sborlini [2023]

Q* gep M 2 \ | L 3N &
iy = © n'@ - !
G (L) = 2 A (@)log - + By (! () + D' (D)) D)= 7D+ & DI
w2z 9 g n=2
Nt I New linear logarithmic term
o * % N@ =3 g+ o, >
| !
A'D = 5 g=1 1=1 It is specific of charged high-
2 4+ 2 W . 3 & + €5, mass system production and it is
Al@ = » S S % N©@ B =1 2. 2 " due to QED soft non-collinear
9 2 ’ T , 3 1 ) (wide angle) radiation from the
BID = BIO 4 4@ #‘!;1)% N 'aaN T 2T N(N+D)  E o(N +1) underlying subprocess
Gr O » rg N Y

(1 _3 N2+ N +2
LS\ = Eeg D! = » &
2
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QED+QCD gt resummation at NLL+NLO

Main differences respect to pure QCD case  ufierl LC. Ferrera, Sborlini [2023
On-shell Z and W production

The cross section can be decomposed as

' s oS (PN, h1(ps) :
[dbalaz! |3|4] = [d z(ir1easz)! |3|4]+[db<’51t1’22)! |3|4] o :m‘ﬁr’

Fu

d .(res.) %_ ) dbé?%)z' 314 1 db b TR T 2 2
balazl Islg d! 5 0 E bJo(bQ') Walaz,blbz! V( ’M’SD’S’ S!“R’IJ'F) Y;
bibe=qg
Wy (b,M;! g, u&, H2) = Hy (! s;M/U g, M/ g, M/IQ) ! exp(G(! s,L;M/u g, M/Q)}
1 h2(p2)
&
I_I!V(l) — eaf-l_e‘zif! 1 +H!v(1) - ¢
Gr G 1# G G 1N 2 N(N +1) < We include the full set of one-loop
32 EW virtual scattering amplitudes.
O

HVv @) — Not only for the W, but for the Z for
O o 1 # ! g 1N (N +1)(N+2)’ the sake of completeness.
H IV (1) Sea' Originally not included in! LC, Ferrera, Sborlini [2018]

G g i# ! N ' ’
(N +1)(N +2) Wackeroth, Hollik [1997]

Behring, Buccioni, Caola, Delto, Jaquier, Melnikov et al. [2020]
Bonciani, Buccioni, Rana, Vicini [2021]

* The hard virtual factor H’Y requires the definition of subtraction operators |, suitable to treat massive and
charged final states

* The expansion of the f.o contribution served as a check for the involved abelianization procedure
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QED+QCD gt resummation at NLL+NLO

Autieri, LC, Ferrera, Sborlini [2023]
Results

800 | | | | | | | | | | | | | | | | _ | | | | | | | | | ! ! ! ! ! ! ! _
600 (NNLL+NNLO) gcp+LLggp 1 3000 — (NNLL+NNLO) gep+LLgp —_
—~ - (NNLL+NNLO) gop+ (NLLggp +NLOgy) . -~ (NNLL+NNLO) g+ (NLLggp+NLOgy) i
> i - O
U ©] -
< - | > ]
a I - 2,
(o —
~ 400 —] < 2000
= N _ = -
o o’
e o - o .
~ ™~ _
3 ! ] 3
© - PP >Z+X, Vs=1.96 TeV . .
200 1— Hp=Hg=RQ=pp=2Q'=M, —] 1000 —]
g 1/2<{up/Mz,2Q'/M7,Q" /g3 =<2 ] 7]
B 7] pp~Z+X, Vs=13.6 TeV, NNPDF31_nnlo_as_0118_luxqed
: NNPDF31_nnlO_aS_0118_luxqed ] | /’LF=MR=2Q=/'L{2=2Q,=MZ’ 1/2§$/’Li§/MZ’2QI/MZ’Q,/#i§;gz _
| | | | | | | | | 1 1 1 | | | | | | | | | | | | | | | | | | | |
’g 1.04 I — I | — — | : — T — —T— j 1.03 T T 1 | | — | — | | — | — | T T 1
§ o R E
T 1ok oo os = j L101g- ——— e — =
2 1003\—’;2%’:;;?—— 3 E 1L00f——=——=———— E
I e e E $ 099~ _—— "~ —
o o T - £ 098Ff ", | | |
3 0.98 T N N I T R N I T R N I T R N & ’ L1 1| L1 1| B 11 1
0 10 20 30 40 0 10 20 30 40
qr (GeV) qr (GeV)

* The scale variation band is reduced by roughly a factor 2 with the inclusion of the NLL+NLO corrections

« At the Tevatron and at the LHC, QED uncertainty is dominated by the renormalization scale at LL accuracy and
resummation scale at NLL+NLO |.C, Ferrera, Sborlini [2018]

* The effect of EW loop corrections is extremely small (per-mille level effect)

 Qverall order 0.5% at the LHC at NLL
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QED+QCD gt resummation at NLL+NLO

Results

3000 B | | | | | | | | | | | | | | | | |
2500 [— —
B (NNLL+NNLO) ocp+LLggp ]
— a NNLL+NNLO NLLggp +NLO i
% 2000 ( + )qcp +(NLLggp+ EW) ]
& i
N _
-84 |
~ 1500 —]
" 0 i
o-i -
&S i
} _
< 1000 pp ~W+X, Vs=1.96 TeV -
pp=Hr=RQ=up=2Q =My i
1/25 g/ My,2Q'/My,Q'/ 1) S2 -
500 — ]
B NNPDF31_nnlo_as_0118_luxqed i
B | | | | | | | | | | | | | ]

’g. 104 | | | | | | | | | | | | | | | | |
S e T -
g - === -
g 1'025_\ - ’_’__’__'..'..:-:;-____-_--_--_'""""""'_"_"_";'::;E
S 1o .

E 098 /I/ /I | | | | | | | | | | | | | | | |

0 10 20 30 40
qr (GeV)

do/dqy (pb/GeV)

RATIO to (NNLL+NNLO)gep

Autieri, LC, Ferrera, Sborlini [2023]

12500 | | | | | | | | | | | | |
10000 — (NNLL+NNLO)g¢p+LLaap —
(NNLL+NNLO) g+ (NLLggp +NLOgy) ]
7500 —
5000 —
2500 |
pp-W+X, Vs=13.6 TeV, NNPDF31_nnlo_as_0118_luxqe :
Mp=pg=RQ=ug=2Q'=My, 1/2s{up/My.RQ'"/My.Q'/ug}s2
i | | | | | | | | | | | | | | | | ]
103 [ | [ [ [ [ | [ [ [ [ | [ [ [ [
1.02 E— -
1.01 £ = - .. —
1.00 E / - ———————— E
0.99 E—, - - - - - - - - - - - — = ==
098 | | | | | | | | | | | | | | | |
0 10 20 30 40
qr (GeV)

 The NLL+NLO prediction without the effect of soft wide-angle QED radiation (black dotted curve)

« NLL+NLO scale variation band reduction factor 1.5-2 for T = 20GeV and up to a factor 3 for gT =z 30GeV

 Qverall order 0.5% at the LHC at NLL



[DYQT]

QED+QCD gt resummation at NLL+NLO

Autieri, LC, Ferrera, Sborlini [2023]
Results

1.05

NV

(NNLL+NNLO) gp

] 1.05 — —]

_ (NNLL+NNLO) gep+LLggp -

S 1.00 (NNLL+NNLO)qcp — o L (NNLL+NNLO) gcp + (NLLggp +NLOgy) |
= =
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= _ - = - -

0.95 — . — i ]
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T Mr=pR=RQ=pe=2Q=My, 1/25{1R/ My 2Q'/My.Q'/ up} <2 | ppmup=RQ=pp=2Q'=My, 1/25{up/My,2Q"/ My, Q'/up}<2

—
o
=]
9]

—_

o

o

9]

LA

(AL

N — - — — — - -

0.995 0.995

W/Z RATIO to (W/Z RATIO)qcp
o
o
o

W/Z RATIO to (W/Z RATIO)qcp
o
o
o

0.990 —4/— 0.990 L
10 20 30 40
qr (GeV)
« Correlated scale variation ! use the difference between the prediction at NLL+NLO and the LL? Example of what
happen with different

 The impact of NLL+NLO QED corrections is to make the distribution softer at O(0.5 — 1%) level mechanisms in

numerator and
* This is the combined effect of the W distribution slightly softer and the Z distribution harder denominator




Outlook

 N4LL QCD plays a relevant role removing uncertainties in the W/Z
pT distribution ratio

e NLL+NLO QCD+QED corrections to on shell Z and W boson
production introduce non negligible effects for the W/Z pT
distribution ratio

 QCD resummation at N4LL is implemented in the public code
DYTurbo

e NLL+NLO QCD+QED corrections to on shell Z and W boson
production are encoded in DYQT. (very soon in DYTurbo)

e Full NLL+NLO QCD+QED corrections to Z and W boson production
with decays! wvery soon in DYTurbo



Thank you!!



Backup slides



Comparison of b* and minimal prescription

— —@— SCETLib NLLp

— —®— DYTurboNLLpb /b =1GeV
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« keep bstar with bmax = b0/1GeV to evaluate PDFs, but integrate up to or beyond the Landau pole in the Sudakov
* In one prescription bmax = bL with bL = b0 - exp(1/(2as (30))

* In the other prescription the path of integration is deformed in the complex plane (minimal prescription)



fin(N3LO)/(N3LL+N3LO)
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Non perturbative model used in the N4LLa

For the non-perturbative (NP) effects at very small transverse momenta we introduced, in the conjugated b-
space, a NP form factor of the form

Collins, Rogers [2015]

Snp (b) = eXp{# g]_b2 H# Ok (b) |n(M 2/Q S)}

Ce" (/b))

k(b =0 1l# exp # %Jotﬁm

h=05GeV, Qy=1GeV, 3=0.3, b =1.5GeV'?

o = o / (0 + i)

Other choices available in the code

& m ( ocm(( )

Snp(b) =exp ! 91"‘92'09 00 +93|09 S




