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Drell-Yan qt distribution o) i)

hi(p1) + h2(p2) — V+X — & +£6+X
where V= Z0/y* W*

QCD factorization formula: h2(p2) fb/h2(x21N%)
do ! ! 2 2 d&ap 2y 2 2
_— = E f. , f F) ——— .
d*qr dM? dy dQ £ b/odxl/odx2 am(X1s W) fom(X2, 1) PaqrdM2dydQ (as(uR), 1R 1)

Fixed-order perturbative expansion reliable
only for g7 ~ M. When g7 < M:
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with o217 = allog™(M?/q3) > 1.

. - . . 107
Resummation of logarithmic corrections mandatory.
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Soft gluon exponentiation

Sudakov resummation feasible when:
dynamics AND kinematics factorize
= exponentiation.

@ Dynamics factorization: general propriety of QCD matrix element for soft

emissions. 1.0

dwn(q1, ..., qn) >~ - H dw;(q;)
Ci=1

@ Kinematics factorization: not valid in general. For g7 distribution it holds
in the impact parameter space (Fourier transform)[Parisi,Petronzio(’79)]

/dZQT exp(—ib - qr) 5 (QT*Z qT,-> =exp(—ib- Y ar,) =[] exp(=ib-ar,).
j=1 j=1 j=1

@ Exponentiation holds in the impact parameter space. Results have then
to be transformed back to the physical space: gr <M < Mb>1,
log M/qr>1 <logMb>1 .
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dT resummation in QCD (catani,deFlorian,trazzini (?01)]

[Bozzi,Catani,deFlorian,Grazzini(’03,’06)]

dé d&(res) da(fin)
dq%_ dqu dq%_ !
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dT resummation in QCD (catani,deFlorian,trazzini (?01)]

[Bozzi,Catani,deFlorian,Grazzini(’03,’06)]

dé d&(res) da(fin)
dq%_ dq2T dq%_ !

In the impact parameter space: gt <M < Mb>>1, logM/qr>>1 < log Mb> 1

dse) M2 [d’b g,
G = e T WbM),
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[Catani,deFlorian,Grazzini(’01)]

gt resummation in QCD
[Bozzi,Catani,deFlorian,Grazzini(’03,’06)]

dglres) | galfin) |
dq2T dq%_ !
log M/q1>>1 < log Mb>> 1

dé _
dq%_

In the impact parameter space: qr <M < Mb>>1,

~ (res) 2
dé b e (1),

dg? § G

In the Mellin space (with respect to z = M?/3) we have

W/\/(b.,/\/l) = 5(0) HN(as) X exp {QN((MS, L)}

with L = log(M?b?)
2
H(as)*l"’ HW 4 ( >H(2)+--»
s

Ies, 1) = LeW(ast) + 8P (ast) + gP(ast) +
NKLL (~agLrtk=1): glkt1) (k)

LL (~agLm): g, (60)); NLL (~a2L™): g®), 7,
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[Catani,deFlorian,Grazzini(’01)]

gt resummation in QCD
[Bozzi,Catani,deFlorian,Grazzini(’03,’06)]

dglres) | galfin) |
dq2T dq%_ !
log M/q1>>1 < log Mb>> 1

dé _
dq%_

In the impact parameter space: qr <M < Mb>>1,

~ (res) 2
dé b e (1),

dg? § G

In the Mellin space (with respect to z = M?/3) we have

W/\/(b.,/\/l) = 5(0) HN(as) X exp {QN((MS, L)}

with L = log(M?b?)
2
H(as)*l"’ HW 4 ( >H(2)+--»
s

Ies, 1) = LeW(ast) + 8P (ast) + gP(ast) +
NKLL (~agLrtk=1): glkt1) (k)

LL (~agLm): g, (60)); NLL (~a2L™): g®), 7,
Resummed result at small g+ matched with corresponding fixed “finite” part at large
g1: uniform accuracy for g < M and g7 ~ M.
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@ Resummed effects exponentiated in a universal of Sudakov form factor,
process-dependence factorized in the hard-virtual factor Hf(ozs) via all-order formula
[Catani,Cieri,deFlorian,G.F.,Grazzini(’14)].

@ Resummation performed at partonic cross section level: (collinear) PDF evaluated at

wr ~ M, fy(b%/b?) = exp {— b;;,;b2 3 ’yN(as(q2))} fu(u%): no PDF extrapolation in
the non perturbative region, study of ug and pr dependence as in fixed-order calculations.

@ No need for NP models: Landau singularity of as regularized using a Minimal Prescription
without power-suppressed corrections [Laenen et al.(’00)], [Catani et al.(’96)].

@ Introduction of resummation scale @ ~ M: variations give an estimate of the uncertainty
from uncalculated logarithmic corrections.

In(M?p) — In(Q*b?) + In(M?/Q?)

@ Perturbative unitarity constraint: recover exactly the total cross-section (upon integration

on gr)

n@b) — L=In(@Q**+1) = exp{all’}|,_,=1 = /qu(d‘g’):a(m”;
2

@ General procedure to treat the gr recoil [Catani,de Florian,G.F.,Grazzini(’15)]:

d&©

79 = 6O(M?) F(qr; M*,Q) with F(qr; M, Q) = F(0; M?, Q) + O(q}/M?)
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Connection with TMD formalism  [Coltins,Soper,Sternan(05)]

h(p1)

M>> /\QCD, b>> 1/M, b<< 1//\QCD

Clas(by/b%)) = Clas(M?))
M dg? aen dIn Clas(q?))
x exp{f/bg/ﬁ T Ales(e’)) TG R }
ha(p2)
d (res) M d b
oF _ ; gqFHF (M2)) Z/ lths(M b)

a1,a2

dq%_

1d. dzo
X/ L Cqan (215 a5 (B3 /b?)) al/hl(Xl/zlvbO/b2)/ == Cgap(z2i as(b3/b%)) foy /1y (x2/ 22, b/ b7)
x1
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Connection with TMD formalism  [Coltins,Soper,Sternan(05)]

h(p1)

M>> /\QCD, b>> 1/M, b<< 1//\QCD

Clas(by/b%)) = Clas(M?))
M dg? dIn C(as(q?))
X exp {*/bg/b2 z Blas(q)) Tdinas(@) }
ha(p2)

(res)
d
9F M ( HF (M2)) Z/d b Iths (M b)

2 - qq F
qu s ai,az

d22

Ldz
X/ 7 qar (21; s (b5 /b7)) al/hl(Xl/zlvbO/b2)/ a2 (22: s (b3 /b%)) Foy iy (x2/ 22, B/ b?)
x1

For/n(x, b, M) =32, [1 82\ /S (M, B)Cyy (2 as(b2/b2)) foyn(x/2, b3/ b?)
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q1 resummation up N*LL+N*LOa

@ We have implemented the calculation in the publicly available code:

DYTurbo: computes resummed and fixed-order fiducial cross section and related
distributions it retains full kinematics of the vector boson and of its leptonic decay
products [Camarda,Boonekamp,Bozzi,Catani,Cieri,Cuth,G.F.,deFlorian,Glazov,
Grazzini,Vincter,Schott (220)]

https://dyturbo.hepforge.org.
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q1 resummation up N*LL+N*LOa

@ We have implemented the calculation in the publicly available code:

DYTurbo: computes resummed and fixed-order fiducial cross section and related
distributions it retains full kinematics of the vector boson and of its leptonic decay
products [Camarda,Boonekamp,Bozzi,Catani,Cieri,Cuth,G.F.,deFlorian,Glazov,
Grazzini,Vincter,Schott (220)]

https://dyturbo.hepforge.org.

@ g1 resummation performed for Drell-Yan process up to N*LL-+N*LOa We
have included

o N*LL logarithmic contributions to all orders (i.e. up to exp(~a2L""?%));
o Approximated N*LO corrections (i.e. up to O(a)) at small g7;
o NLO corrections (i.e. up to O(a2)) at large gr;

@ Matching with NNLO corrections (i.e. up to O(a?)) at large g7 from results
in [Boughezal et al.(’16)], [Gehrmann-DeRidder et al.(’16)], [MCFM (°23)];

@ Results up to N3LO (i.e. up to O(al)) recovered for the total cross section
(from unitarity).
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Fast predictions for Drell-Yan processes: DY Turbo

[Camarda,Boonekamp,Bozzi,Catani,Cieri,Cuth,G.F.,deFlorian,Glazov,
Grazzini,Vincter,Schott (’20)]

Example calculation

351 » Example calculation for Z p,
—— Z/y* NLO+NLL spectrum at 13 TeV
— Z/y* NNLO+NNLL

cross section [pb]
@
S
T

» No cuts on the leptons

» Full rapidity range

2 100 p, bins
5k
s ¢ i is % 25 s 20 parallel threads
g, [GeV]
Time required RES CT V+jet
NLO+NLL 6s 0.2s 4 min
NNLO+NNLL 10s 0.7s 3.4h

s The most demanding calculation is V+jet
— can use APPLgrid/FASTnlo for this term

Stefano Camarda 11
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Z /~* production at N3LL+N3LO

[Camarda,Cieri,G.F. (’21)]

O¥Turbo.

oo
2 13 TeV, pp — Z/1* — I, pl, > 25 GeV, | <2.5 > F 13 TeV, pp > Z/y* — I, p| > 25 GeV, In| < 2.5
g 6ol my2<pn,2Q<2m; 12 fu, n/Q, u/Q <2 g s0l Ba=n =2Q=m,
& =1 r
5 [ NLL+NLO resummed o N —— NLL+NLO matched
¥ 40 I NNLL+NNLO resummed B 40 — = NNLL+NNLO matched
° S /\ I NPLL+NPLO resummed o = - - =« N°LL+N°LO matched
201/ 20—
[ ]
o=

- B = -
a £ 2 ——
Z 1.2 § e )
o i ~

2

T 0 5 10 15 20 2!

5 30
q, [GeV]

DYTurbo results. Resummed (left) and matched (right) NLL, NNLL and N3LL bands

for Z/~* qt spectrum.

Lower panel: ratio with respect to the N3LL central value.
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Z/~* production at N3LL+N3LO

[Camarda,Cieri,G.F. (’21)]

O¥Turbo

L 137TeV, pp > Zy* > I, pl > 25 GeV, In| < 2.5
- }LR=}LF=2Q=I'T]H

— Ofa)
— 002

s

-- 02
a0 “

fi
a, do™/da, [pb]
D
(=]
I

T oo v e TR SRR TR PRI T
40 50 60 70 80 90 100
q, [GeV]

Finite part at O(as), O(a%) and O(a3).
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Z/~* and W production at N*LL+N*LOa

[Camarda,Cieri,G.F. (’23)]

ovtue

oo

> r 13 TeV, pp — 2y — I, > 25 GeV, fn| <25 % 1500+ 13TeV, pp > W
% 60: my4 < i, Qemi1/2<p 1 /Qp/Q <2 % C myd<ppn, Qemi2< i, 1 /Q p/Q<2
=t = NLL+NLO resummed = r NLL+NLO resummed
- 8 NNLL+NNLO resummed 1000 9 NNLL+NNLO resummed
S 40— NLL+N’LO resummed k< L N’LL+N’LO resummed
5 r B N'LL+N‘LOa resummed g S B N‘LL+N‘LOa resummed

201 500

[V , , , , , O=. . .. , , , , , ,
11 1.1

ratio to N'LLa
ratio to N'LLa

25 30 0 5 10 15 20 25 30 35 40
q, [GeV] q, [GeV]

DYTurbo results. Resummed NLL, NNLL, N3LL and N*LLa bands for Z/v* (left) and
W (right) g1 spectrum.

Lower panel: ratio with respect to the N*LLa central value.
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Combining QCD and QED

Z/~* and W production at N*LL+N*LOa

[Camarda,Cieri,G.F. (’23)]

ovtue

13 TeV, pp —» W',Ziy*
M4 < gy b Q<M 12 < QL 1 /Q <2

NLL+NLO resummed

0.95/— M NNLL+NNLO resummed
NLL+N’LO resummed
B \'LL+NLOa resummed
\ \ , . . ,
S1.01F

25 30
a [GeV]

UZ
o
o

ovTubo

13 TeV, pp - W Ziy*
my4 < p b, Qemi 12 0/ 1 Q1 /Q <2

NLL+NLO resummed
B NNLL+NNLO resummed
N’LL+N’LO resummed
B \'LL+N*LOa resummed
\ ,

25 30
q [GeV]

DYTurbo results. Resummed NLL, NNLL, N3LL and N*LLa bands for g7 spectrum of

W (left) and W™ (right) over Z/~* ratio.

Lower panel: ratio with respect to the N*LLa central value.
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Z/v* at N*LL+N*“LOa

[Camarda,Cieri,G.F. (’23)]

=

o

R
I

13 TeV, pp - Zy* - I, p, > 25 GeV, if| < 2.5

Ratio to N*LLa
/

e —N'LLa

----- A5 unc.

0.98— - -~ v*singlet unc.
— - H4 unc.

= — - Scale variations

30
q, [GeV]

Uncertainties from approximations of the perturbative coefficients at N4LL+N4LOa
compared to scale variations.
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DY Turbo vs LHC data comparison

=10 ' g — T T = S 107" g
8 E ATLAS Preliminary 3 8 E
= [ V5=5.02TeV, 255 pb~" ] = .t V5 =5.02 TeV, 255 pb™
2L So1072
g s
3 f E 8. .F
e 107
T E Z e E - E W* -ty
£ —— Data 3 —o L Data
L[ s b 107" —— cTi8
107" E- —— NNPDF3.1 = E —+— NNPDF3.1
E —— MsHT20 E [ —+ MsHT20
F DYTURBO NNLO+NNLL 0 e DYTURBO NNLO+NNLL
108 ph———+——++] ] ]
e 11 E
£1.05 & ‘ ‘
g E ! e e L]
TSR S E + e LN ‘ ‘
Qo5
09 E
R Py S AN =
101 102 101 10°
p? 1GeV] Pl [GeV]

NNLL+NNLO DYTURBO predictions for Z NNLL-+NNLO DYTURBO predictions for
qt spectrum with different PDF sets W qt spectrum with different PDF sets
compared with data [ATLAS Coll.(’23)] compared with data [ATLAS Coll.(’23)]
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Modelling W and Z production for as and M, determination

Theoretical predictions from DYTurbo used for determination of SM

T T T T
8- Hadron Collders
ATLAS g CGategory Averages PDG 2022
Preliminary -e- Lattice Average FLAG 2021 —— Total uncertainty
8- Worid Average PDG 2022 "
8- ATLASZp 8TeV S digedaiaty
Tevatron I combination 5
ATLAS ATEEC T 0.1185 +0.0021 PRD 70 (2004) 092008
ouS s —e 0.1170 £0.0019 oo o
W, Zinclusive —“+o— 0.1188 £0.0016 PRL 108 (2012) 151804
N IO
ATLAS -
QG bound states e 0.1181 £0.0037 EPIC 78 (2018) 110
PDF fits ——f 0.1162 00020

LHCb
THEP 01 (2022) 036

e'e jets and shapes — 0.1171 £0.0031

El ler et
EPIC 78 (2018) 675

Electroweak Fit (J. de Blas et al.) -
arXiv:2112.07274

ATLAS Zp 8TeV

L L f
0115 012 0125

013
a(m)

80100 80200 80300 80400 80500
my, [MeV]

Measured values of My, compared with the

Comparison of determinations of as(myz). ¢
prediction of from the global electroweak fit
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Combining QED and QCD ¢t resummation

W and Z g distributions sensitive to QED effects.

Pythia 8 QED ISR

QEDISR on/off

0.995

W+

0.99 w-
—z

|

0.99F W+/Z
E W-/Z
0 5 10 15 20 25 30
P, [GeV]
October 2, 2017 Stefano Camarda 6
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Combining QED and QCD ¢t resummation
[Cieri,G.F.,Sborlini(’18)]

We start considering QED contributions to the g1 spectrum in the case of colourless
and neutral high mass systems, e.g. on-shell Z boson production

m+h - Z2°+X

In the impact parameter and Mellin spaces resummed partonic cross section reads:

Wa(b,M) = 6O (s, o) x exp {G'n(as,a,L)}
G'(as,a,L) = G(as, L) + Lg'D(aL) + '@ (aL) + 372, (2)"g'"(al)

+ g0V (asL,al) + D% e (22)"7H(2)" g (sl al)
n+m#2

Has,a) = Hlas)+ 2HD+ 352, (2)" Hy” + 225, (55)"(2)" Hy O™

LL QED (~a"L"t1): g/); NLL QED (~arL"): g'®, 3/,
LL mixed QCD-QED (~afanL?"): g/(11);
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The LL and NLL QED functions g'(l) and g’(z) has the same functional form of the QCD ones:

AD A L in(1 - \)

/(1) L
g (al) = % Y ,
B’ A A\
7(2) _ N ’ ’
gy (al) = % m1—Ay-é2<Tj;+mu—AO

yH N In(1 —\) by
( n(1 =)+ 11—\ +17/\')’

the novel LL mixed QCD-QED function reads:

(1) A’(l)/
A (sl al) = 29 BOlhA,X 20 P peyryy
12
By~ Bo
Y AL = )) “N (1= N)
hA N )= ————In(1 = X)+In(1 =X\ |
(X = =32t = = X) [ 2GR e (U )

L AN g (A=)
CLi L (2= A)
ACSY P\ )

where A = %,30 asl, N = %ﬂé a L, and Bo, Bé, B1, Bo.1, ﬂé)l are the coefficients of the QCD
and QED S functions.
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Abelianization procedure

dlIn as(uz) _ 2 2 s (as ntl > ozs)"H a\™

gz = Alas(). o)) = Z;ﬁ" — Zﬁ Bam ( — ~)

n— n,m+1=0

dlna(uz) ’ 2 2 - s [ it - ’ a " as\7"
i =AU e ==3"6,(—) = > Buml - :

dinp? 'n—0 7" n,m+1=0 77 7r

Novel QED coefficients obtained through an Abelianization algorithm
5 -
() _ 2 n(2) _ 2 n(2) /(1) _ pr(1) 7(1)
A = Aq __aeqN Bq,N_Bq +2’qu,N’

3 nf n
with By =2l NP =Nl + D e
q=1 =1

2
w2 (3, Y Nt w 3o NAN+2
Yaa.N = % (4+ annry ~E TN ED ) Yo = s S v DT o)

HFW e 2 84 W 3¢
q?ﬂ—qTJ,N_? (m— +7T) s q‘?(—’yQ,N_m’

Resummed result matched with corresponding finite O(c) term.
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Combined QED and QCD gt resummation for Z production at

the LHC [Cieri,G.F.,Sborlini (*18)]
Eouc;‘ [ B R 1.023‘ L A 1‘/2<‘Eu;;/mz‘z<z‘€
== = (NNLL+NNLO)gop+(1L)gg ] 101;7 e =
= 1500 —— (NNLL+NNLO)gey + (NLL+NLO) gz ] 1005 . =
4 F 1 g F T
E [ 3 099~ -~ —
& 1000 — z £
] K &
3 g
500 — 2
F pp-Z°+X, Vs=8 TeV, NNPDF3.1_luxqed %
[ HMr=pg=RQ=pg=2Q'=My. 1/2<{ug /Mz.Q'/Mz.Q'/p53<2 =
PR e e ——
g 1.02 &=
i 1o
5 0.99
s 0.98 n Lo MR
20 30 40
ar (GeV)
Z qT spectrum at the LHC. Ratio of the resummation (upper panel)
NNLL+NNLO QCD combined with the and renormalization (lower panel) QED
LL (red dashed) and NLL+NLO (blue scale-dependent results with respect to
solid) QED with the corresponding the central value NNLL+NNLO QCD
QED uncertainty bands. result.
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Combined QED and QCD gt resummation for Z production at

the Tevatron [Cieri,G.F.,Sborlini (°18)]
B ) S DO A PR E
02 [ mr=py=RA=p=2Q =My, 1/2</5;i,{nfz(_<727” .
600 = = = (NNLL+NNLO)gen +(LL) gen |
= = (NNLL+NNLO) e+ (NLL+NLO) g ]
$ 3
£ 400 — 3
g Z
3 g
200 — E
pp ~Z°+X, V5=1.96 Te! p=tp=2Q=pp=2Q'=M; | 2
[ NNPDFS.1_luxqed 1/Z<[Mﬁ/MzQ/M,Q/M.§<E ] E
b 10sm
g 1.02;
% 1.00
T R B R E A N I B
0 10 20 30 40 0 10 20 30 40
ar (GeV) qr (GeV)
Z qT spectrum at the LHC. Ratio of the resummation (upper panel)
NNLL+NNLO QCD combined with the and renormalization (lower panel) QED
LL (red dashed) and NLL+NLO (blue scale-dependent results with respect to
solid) QED with corresponding QED the central value NNLL+-NNLO QCD
uncertainty bands. result.
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Combining QED and QCD gt resummation for W production
[Autieri,Cieri,G.F.,Sborlini (’23)]

We next consider QED contributions to the g7 spectrum in the case of colourless and
charged high mass systems, e.g. on-shell W= boson production

b4k — WELX
@ Initial state QED emissions sensitive to different quark charges (q(;’ — Wi):
2 2 2
2e; — €5 + ey
@ Final state QED emissions: abelianizion of QCD resummation formula g1

resummation for tf production [Catani,Grazzini,Torre(’14)]:

2

M 2
A (b, M) = exp { I ""D'(a(qzn}

/b2 g2

) =S (2) o o
ith D'(a) = (f)D", d DO =_%
wi (@) Z - an 5
n=1
@ Factor A’(b, M) resums soft (non collinear) QED emissions from final state (and
from initial-final interference). Effects from D’(c) start to contribute at NLL.

Same functional dependence, in terms of g’(i) functions, as the B’(a) term.
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Combined QED and QCD g1 resummation on W production
[Autieri,Cieri,G.F.,Sborlini (’23)]

8000 [T )
2500 [
[ (NNLLANNLO)gep+ L
= F LLANNLO g (NLL g+ NLOgy)
£ 2000 Qu! )aco+ (NLLgm )
g [
< [
2 [
2 1500
&
3
N
< 1000 PP-W+X, Vs=1.86 TeV, NNPDF3.1
Br=Hg=2Q=pp=2Q'=My
1/25 /My 2Q /U 0/ Ha}S2
500
31.04,1111‘1111‘1111
g 1.02 F
S 100
§ ose8E

ar (GeV)

W qT spectrum at the Tevatron.
NNLL+NNLO QCD results combined
with the LL (red dashed) and
NLL+NLO (blue solid) QED effects
together with corresponding QED
uncertainty bands.
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12500 [~ T
10000 [— (NNLL+NNLO)qp +HiLggy -]
= I (NNLLANNLO) gen + (NLLqg+NLOgy)
]
o —
C 7500
8
Gl
g
o 5000 —
S
5

2500 —

[ pp-W+X. Ve=13.6 TeV. NNPDFS.1
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Combined QED and QCD gt resummation on W/Z spectrum
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Conclusions

@ Discussed formalism to perform g7 resummed predictions up
to N*LL+N*LOa and presented results for Drell-Yan
production at the Tevatron and the LHC.

o Discussed perturbative uncertainty performing ugr, urF and Q
scale variation and its reduction going to higher accuracy.

@ Discussed formalism to perform combined QCD and QED g7
resummation for Z and W production at hadron colliders.

@ Presented a fast and numerically precise publicly available
code DYTurbo: https://dyturbo.hepforge.org
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