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Drell-Yan qt distribution o) i)
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where V= Z0/y* W*

QCD factorization formula: h2(p2) fb/h2(x21N%)
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Fixed-order perturbative expansion reliable
only for g7 ~ M. When g7 < M:
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gt resummation formalisms

@ Resummation of large gt logarithms achieved in Fourier conjugated space
[Parisi,Petronzio(’79)], [Kodaira,Trentadue(’82)], [Collins,Soper,Sterman(’85)],
[Altarellietal.(’84)], [Catani,d’Emilio,Trentadue(’88)], [Catani,de Florian,
Grazzini(’01)], [Catani,Grazzini(’10)], [Balasz,Yuan,Nadolskyetal.(’97,°02)],

[Kulesza et al.(’02)],[Banfietal.(’12)], [Guzzietal.(’13)].

@ Results for gr resummation also in the framework of Effective Theories,
transverse-momentum dependent (TMD) parton densities and within pr space
formalisms: [Gao,Li,Liu(’05)],[Idilbi,Ji,Yuan(’05)], [Mantry,Petriello(’10)],
[Garcia,Idibli,Scimemi(’11)], [Becher,Neubert(’10)], [Chiuetal.(’12)],
[Dokshitzer,Diakonov,Troian(’78)], [Ellisetal.(’97)], [Frixione,Nason,Ridolfi(’99)
[Erbert,Tackmann(’17)], [Monni,Re,Torrielli(’16)], [Bizonetal.(’17,°18)],
[D’Alesio,Murgia(’04)], [Roger,Mulders(’10)], [Collins(’11)],[D’Alesioetal. (’14)].

@ Effective gr-resummation obtained with Parton Shower algorithms combined
with higher orders: [Aliolietal.(’13),[Hoecheetal.(’14)], [Karlbergetal.(?14)].
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D [Catani,de Florian,Grazzini(’01)]
[Bozzi,Catani,deFlorian,Grazzini(’03,’06)]

gt resummation in QC

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 4,
aE = s e M),

In the Mellin space (with respect to z = M?/8) we have:

Wi (b,M) = 6© Hy(as) x exp {Gn(as, L)}

with L = log(M?b?)
2
Glas, L) = LeW(ast) + g@(ast) + ZLg®lash) +- -+ H(as) =1+ ZxM C§>7ﬂﬂ+~»
™ ™ s
LL (~agLmty: g, (80)); NLL (~a2Lm): g@), 71, NALL (~agLrtk=1y: glhtl) g0,
Resummed result at small g7 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)

d
n@b) — L=In(@Q**+1) = exp{all’}|,_,=1 = / qu(d”):aW);
a7
@ 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 CSS and TMD formalisms

[Collins,Soper,Sterman(’85)]

h(p1)

M > Noeco, b>1/M, b< 1/Agcp

Clas(65/67) = Clas(M7)) F
X exp {f/b;/; dqi; Blas(a®)) %‘Zg))}
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df,:f? = 00 (as (M%)E/" > e s,(m )
[ oo s/ f o1/ 21 8/19) [ 2 oy xs3/89) oy 2 B3/19)
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gT resummation: perturbative accuracy

@ 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(’20)]

https://dyturbo.hepforge.org.
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gT resummation: perturbative accuracy

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(’20)]

https://dyturbo.hepforge.org.
We have explicitly included in DYTurbo up to:

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

Matching with NNLO corrections (i.e. up to O(a3)) at large g7 from results
in [Boughezal et al.(’16)], [Gehrmann-DeRidder et al.(’16)], [MCFM (°23)];

Results up to N*LO (i.e. up to O(a2)) 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
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Z/v* production at N3LL+N3LO (resummed and
matched)

[Camarda,Cieri,G.F.(’21)]

o
2 F 13TeV, pp > 2y — 1, p| > 25 GeV, I < 2.5 3 F 13TeV, pp — Ziy* — I, pl. > 25 GeV, In| < 2.5
R M2 < p, n,2Q<2mi 12 < /i, u/Q Q<2 O gl Ho=H=2Q=m,
ER ER
o L NLL+NLO resummed e C —— NLL+NLO matched
% 40+ [0 NNLL+NNLO resummed % 40— — = NNLL+NNLO matched
° = /\ I N°LL+N’LO resummed ° = - - =+ N°LL+N°LO matched
201/ 20=
o o
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DYTurbo results. Resummed (left) and matched (right) NLL, NNLL and N3LL bands
for Z/~v* qt spectrum.

Lower panel: ratio with respect to the N3LL central value.
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Z/~* production: finite part
[Camarda,Cieri,G.F. (’21)]

13TeV, pp > Z/y* — I, pl, > 25 GeV, | < 25
”R=“F=20=m"

[ 13TeV, pp > 277" > I, pl > 25.GeV, | < 25
L Wy =t =2Q=m,

q_ do™dq, [pb]
3
T
do'/do [%]
=
T

— Ofay) r — Ol
r —Ofa}) r —-0(g)
[ -- Ol

4o

bl L | L | L L

P S Y EE
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q, [GeV]

Finite part at O(as), O(a2) and O(ad) (left) and ratio wrt matched results (right).
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Z/~* and W production at N*LL+N*LOa resummed

[Camarda,Cieri,G.F. (’23)]

ovTube

orrune

> r 13TeV, pp > Ziy* I, pl, > 25 GeV, f| < 2.5 = 1500F 13 TeV, pp - W
g 60 M < g 1, Q< my 172 <, /Q, uJQ <2 o r my4<pn,Q<mi12S un p/Q p/Q <2
a L NLL+NLO resummed a r NLL+NLO resummed
- I NNLL+NNLO resummed 1000 I NNLL+NNLO resummed
T 40— NLL+N’LO resummed k] [ N°LL+N°LO resummed
_8 = B \LL+N*LOa resummed -8 b B NPLL+N*LOa resummed

201 500

0= \ \ \ \ \ (o]l \ \ \ \ \ \
1.1 11

Ratio to N'LL
Ratio to N'LL

25 30 0 5 10 15 20 25 30 35 40
a, [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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Z/~* and W ratio at N*LL+N*LOa resummed

[Camarda,Cieri,G.F. (’23)]

ovtube

b r 13 TeV, pp — W'.Ziy*
;E C M4 < n, Q<mi 12 i, n/Q, u/Q <2
© 1.05—
8 C
N
o
1
NLL+NLO resummed
0.95/— M NNLL+NNLO resummed
N’LL+N°LO resummed
B N'LL+N'LOa resummed
\ \ \ \ \ \
g 1.01F
s 1
£0.99
©
g0 5 0 15 2

" r 13TeV, pp - W .Ziy*
;9 L M4 < g b Qe m 12 S /i 1 /Q, Q<2
© 1.05—
3 L
Nz -
o
1=
r NLL+NLO resummed
0.95[— MM NNLL+NNLO resummed
r NLL+N’LO resummed
[ Bl NLL+NLOa resummed
\ | \ \ \ \
1.01F

Ratio to N'LL
o
0
O

oviube

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/~* and W ratio at N*LL+N*LOa resummed

[Camarda,Cieri,G.F. (’23)]

orruse orute
% r 13TeV, pp - W'.Ziy" " r 13 TeV, pp - W".Z/y"
2 L N4LL+N4LOa MSHT20an3lo ) [ N4LL+N4LOa MSHT20an3lo
B B
o 1.05[= b 1.051=
el = © [
% %
1 1
0.95— [l Scale variations 0.95[— Ml Scale variations
r PDF uncertainties r PDF uncertainties
. . . . . . . . . . . .
o o
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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/~* at N*LL4+N*LOa: numerical uncertainties

[Camarda,Cieri,G.F. (’23)]

_k

o

M)
I

13 TeV, pp = ZIy* = IT, p‘T >25GeV, | <25

Ratio to N*LL
s

L —— N'LL+N‘LOa

< A® unc.

0.98— - -~ y*singlet unc.
— - C*unc.

= — - Scale variations

Covvv b v b e Lo e Lo Ly
5 30
a, [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 < 107! g —— -
8 ATLAS Preliminary J 8 E ATLAS Preliminary J
= V/5=502TeV, 255 pb~" ] = T V/5=5.02 TeV, 255 pb~' ]
i s 1072 n
g ER- ]
S 3 5 E ]
L 107 E
A - S E - E W* -ty El
E —+— Data 7 _, [ —* Data ]
[ — CcTi8 b 107" —— cTi8 3
—+— NNPDF3.1 = E —+ NNPDF3.1 3
E —+ MsHT20 E [ —+ MsHT20 B
DYTURBO NNLO+NNLL 0 e DYTURBO NNLO+NNLL =
il | el Eroy v | el e
ErH ] ] o e ] =
g 11 E E|
g1, H =105 ‘ ‘ F
g B P | E g E ! e e L] E
S + T T TR 3 E + BT €]
Lo = So9sE ]
9 09 & 3
I BT B B Py S el B

1 10 102 101 102
P% [Gev] P (Gev]

NNLL+NNLO DYTurbo predictions for Z qt
spectrum with different PDF sets compared
with data [ATLAS Coll.(’23)]

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

— see F. Giuli talk

T T T T
= 80 ~e- Hadron Collders
T pp - Z, 8 TeV ATLAS  _g_Category Averages PDG 2022
Q r ! Preliminary -e- Latiice Average FLAG 2021
3 | -@- World Average PDG 2022
= 60— -8~ ATLAS Zp_8 TeV
o ok
2 r ATLAS ATEEC b 0.1185 = 0.0021
sl CMS jets —e— 0.1170 + 0.0019
F W, Z inclusive S 0.1188 + 0.0016
I TP ﬁy\glysj‘{e 7777777777777 R
20— == og(m)) =0.108 ) decays —— 0.1178 +0.0019
r — ay(m,)=0.118 QQ bound states —a— 0.1181 = 0.0037
[ — as(mz) =0.128 PDF fits —o 0.1162 = 0.0020
o | | | | \ L o6 jets and shapes ———— 0.1171 = 0.0031
= ‘»2“".__. S S Electroweak fit -8 91800028
i3 g ———
1 T
08’_’// ----------------- . P83+ 000ps " |
ATLASZp, 8TeV @ piis3.
5 10 . " 0115 0.12 0125 0.13
P, [GeV] am)
Z gt distribution DYTurbo at different Comparison of determinations of as(myz).

values of as(myz).
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Modelling Z production for sin’d’.. determination

e T T T T T |
§ 15 ATLASPreliminary —~CT0 ] ATLAS Preliminary
£ [ 8TeV,20.2fb" ——CT14 ] LEP-1 and SLD: Z-pole = 0.23152 + 0.00016
@ [ —— NNPDF31 ] LEP-1and SLD: A% | —e— | 0.23221+0.00029
1= —— MMHT14 = -
C | SLD: A ] 0.23098 + 0.00026
L ] Tevatron [ —— N 0.23148 + 0.00033
05p B LHCb: 748 TeV [ — e | 023142000106
t - 1 CMS: 8 TeV [ — e 1023101+ 0.00053
- | - -
0, ...( « ATLAS: 7 TeV —_—— 0.23080 + 0.00120
F ] ATLAS: eecormty, | | | 0.23119 + 0.00049
-0.51 l ‘ ‘ R ATLAS: ce, [ — 0.23166 + 0.00043
1 | - —
70 80 90 100 110 120 ATLAS: 8 TeV —ct 0.23140 + 0.00036
mi [GeV] 023 0231 0232
e . . .
My, distribution for angular coefficient Ay sin’ey,,
predicted with DYTurbo. Comparison of the measurements of the
2l
sin® 0.
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Modelling W and Z production for M, determination

— see H. Yin talk

x10°
i i LHCb
15|, o Fitregion g |
Before fit L7 fo

2 Data — Total uncerainty

[ I P S POWHEGPYTHIA (ref.) | Stat. uncertainty

p

2 — HERWIG Tevatron I combination
PRD 70 (2004) 092005 DA

2 POWHEGHERWIG 1;:(111 0.2004) 62008

8 ——— PYTHIACTOIMCS PRL 108 (2012) 151804 Bl

———— PYTHIANNPDF31 1 LEP combination .

= DYTUREO Phys. Rept. 532 (2013) 119
ATLAS -
EPIC 78 (2018) 110
LHCb -

4 JHEP 01 (2022) 036

5} CDFII

s 2

= weak Fit (1. Haller et al.)

k-1 PIC 78 (2018) 675

& Electroweak Fit (J. de Blas etal.) -

arX; 112.07274
40 50 60 70 80 90 10C
p%[GeV]
T 80100 80200 80300 80400 80500

my, [MeV]

Z production at the LHC [LHCb
Coll. (°22)]. LHCb data and Z g1
distribution for the different candidate

models compared with LHCb data. Measured values of My, compared with the

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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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

800 1T T
[ T T T
600 = = - (NNLL+NNLO)qeo + (Wges 1
—~ —— (NNLL+NNLO)qey +(NLL+NLOYgrp o
3 ]
N
2
£ 400 —
&
£
~
S
]
200 —
pp ~Z°+X, V5=1.96 Te! =g =2Q=pp=2Q'=M; |
[ NNPDFS.1_luxqed 1/R<kh /M. /M Q /i 3<R ]
3 Lo
i oloaf
% 1.00
£ o098

0 10 20 30
ar (GeV)

Z qT spectrum at the LHC.
NNLL+NNLO QCD combined with the
LL (red dashed) and NLL+NLO (blue
solid) QED with corresponding QED
uncertainty bands.
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[Cieri,G.F.,Sborlini (’18)]

L B e
1.02 [ iy=pn=2Q-pi2Q =My, 1/2<(up/ Mg} <2

1.02 [ ppmpn=20mp=20 M, 1/2<(20/M5}<

RATIO to (NNLL+NNLO)qep

0 10 20 30 40
ar (GeV)

Ratio of the resummation (upper panel)
and renormalization (lower panel) QED
scale-dependent results with respect to
the central value NNLL4+NNLO QCD

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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W qT spectrum at the LHC.
NNLL+NNLO QCD results combined
with the LL (red dashed) and
NLL+NLO (blue solid) QED effects
together with the corresponding QED
uncertainty bands.
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Combined QED and QCD gt resummation on W/Z spectrum

[Autieri,Cieri,G.F.,Sborlini (’23)]

(WNLL+NNLOoc

(NI NNLO g L

W/Z RATIO

(NNLL+NNLO) g+ (NLLggny+NLOgr)

0.95—

1.005 !

1.000 [—

0.995:

W/Z RATIO to (W/Z RATIO)qqp

b
©
B
S

W over Z qT spectrum at the
Tevatron. NNLL+NNLO QCD results
combined with the LL (red dashed) and
NLL+NLO (blue solid) QED effects
together with the corresponding QED
uncertainty bands.
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°
S
o
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0.995 } {
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©
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W over Z qT spectrum at the LHC.
NNLL+NNLO QCD results combined
with the LL (red dashed) and
NLL+NLO (blue solid) QED effects
together with the corresponding QED
uncertainty bands.
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Conclusions

@ Discussed formalism to perform g7 resummed predictions 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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PDFs uncertainties and NP effects

DYqT

@ PDF uncertainty is smaller than the scale
uncertainty and it is approximately
independent on g7 (around the 3% level).

7% 0sgyes1.2 Gev®

XX PDF 1g unc.

scale dep.
75

do/dqy (pb/GeV)

50

§ NNLL+NNLO

§ ppoZO+X-1'T4X,  Va=14 Tev
25 [
§ NNPDF3.0  mg/4<(Quupmin}<ms, 1/2<{us/pnQ/ ued<2

el b b b
10 15 20 25 30
ar (GeV)

NNLL+NNLO result for Z g1
spectrum at the LHC at /s = 14 TeV.
Perturbative scale dependence, PDF
uncertainties and impact of NP effects.
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PDFs uncertainties and NP effects

@ PDF uncertainty is smaller than the scale
uncertainty and it is approximately
independent on g7 (around the 3% level).

7% 0sgyes1.2 Gev®
XX PDF 1g unc.

s el dep @ Non perturbative intrinsic kt effects
parametrized by a NP form factor

Snp = exp{ngpr} with 0 < gyp < 1.2 GeV2:

do/dqy (pb/GeV)

50

§ NNLL+NNLO

§ ppoZO+X-1'T4X,  Va=14 Tev
25 [
§ NNPDF3.0  mg/4<(Quupmin}<ms, 1/2<{us/pnQ/ ued<2

exp{Gn(as, L)} — exp{Gn(as, L)} Swp

ol b b b b
10 15 20 25 30
ar (GeV)

NNLL+NNLO result for Z g1
spectrum at the LHC at /s = 14 TeV.
Perturbative scale dependence, PDF
uncertainties and impact of NP effects.
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PDFs uncertainties and NP effects

L N L B B S S
£ ‘JqT LHC Ve=14 TeV]

- @ PDF uncertainty is smaller than the scale
00f % uncertainty and it is approximately
independent on g7 (around the 3% level).

01

RATIO-1

s
o

@ Non perturbative intrinsic kr effects
ey parametrized by a NP form factor
b Swp = exp{—gnpb’} with 0< gyp <1.2 GeV2:

[P /A I I B A B

0.2 T
F I I I I

S 0.0 R RO A XXX ~ ~
E :jy ] exp{Gn(as, L)} —  exp{Gn(as, L)} Swp
B AR E @ NP effects increase the hardness of the g1
ar (GeV) spectrum at small values of gr. Non trivial
interplay of perturbative and NP effects
NNLL4NNLO result for Z gt (higher-order contributions at small g7 can
spectrum at the LHC at /s = 14 TeV (up) be mimicked by NP effects).

\/s =8 TeV (down). Perturbative scale .
dependence, PDF uncertainties and impact © NNLL+NNLO result with NP effects

of NP effects normalized to central very close to perturbative result except
NNLL+NNLO prediction. for gr < 3GeV (i.e. below the peak).
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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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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—qé,l\l_? (m— +7T) s lﬁ(—’W,N_m’

Resummed result matched with corresponding finite O(c) term.
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gt recoil and lepton angular distribution
@ The dependence of the resummed cross section on the leptonic variable Q is

5©)
% =6O(M?) F(qr/M; M*,Q) , with /dQ Flqr/M; Q) =1.
the g1 dependence arise as a dynamical gr-recoil of the vector boson due to
soft and collinear multiparton emissions.

@ This dependence cannot be unambiguously calculated through resummation
(it is not singular)

F(qT/M; M279) = F(O/M; M279) + O(qT/M) )
@ After matching between resummed and finite component the O(g3 /M?)

ambiguity start at O(a) (O(a2)) at NNLL+NNLO (NLL+NLO).
@ After integration over leptonic variable Q the ambiguity completely cancel.

@ A general procedure to treat the g7 recoil in g resummed calculations
introduced in [Catani,de Florian,G.F.,Grazzini(’15)].

@ This procedure is directly related to the choice of a particular (among the
infinite ones) vector boson rest frame to generate the lepton momenta:
e.g. the Collins—Soper rest frame.
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The gqr-su btraction method [Catani,Grazzini(’07)]

F
hi(p) + ha(p2) — FMyar) +X .,

x 55
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The gqr-su btraction method [Catani,Grazzini(’07)]

F
hi(p) + ha(p2) — FMyar) +X .,

x 55

@ Observation: at LO the gt of the F is exactly zero.

F+jets

F
dUN"L0|qT#0 = dUNn-lLo )

for q1 # 0 the N"LO IR sing. cancelled with the N™'LO subtraction method.
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The qT'SUbtraCtion method [Catani,Grazzini(’07)]
F
hi(p) + ha(p2) — FMyar) +X .,
x 535

@ Observation: at LO the gt of the F is exactly zero.

F+jets

F
dUN"L0|qT#0 = dUNn-lLo )

for q1 # 0 the N"LO IR sing. cancelled with the N™'LO subtraction method.

@ Key point: treat qr = 0 exploiting universality gt resummation formalism

F+jets

d CT
nnio — 99Nmlo] o

dopeo = Hino ® doio + [dU
where
co 2n 2 2
—0 as\" M 1M
dofho T dofo®Y > (22) xe0 M it M g
n=1 k=1 T ar ar

’H:,nl_o(as) contains multi-loop virtual corrections via an universal factorization
formula [Catani,Cieri,deFlorian,G.F.,Grazzini(’14)].
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Fiducial power corrections within the gt subtraction
[Camarda,Cieri,G.F. (’21)]

ofy= [ Hwdolor [

F+j CcT
[ / jets /
cuts cuts

cut 2
qr>q¢t qr>qSHt +0 ((qT /M) )
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Fiducial power corrections within the gt subtraction
[Camarda,Cieri,G.F. (’21)]

F+jet C
(o738, — 0T | + 0 (a5 /M)

Fo_ F F
Thid = H ®d0Lo+/ ar>act

cuts cuts
@ do" % and do " are separately divergent, their sum is finite. A lower limit
gt > qF" is necessary with a power correction ambiguity, typically (standard
fiducial cuts) linear O ((¢%°/M)) [Alekhin et al.(’21)]..
@ The limit g% — 0 leads to large cancellations and numerical uncertainties.
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Fiducial power corrections within the gt subtraction
[Camarda,Cieri,G.F. (’21)]

ofy=| H ©dofo+ / t [dvF““fm - dU?chTur} + / do"PC + O((a5/M)?)
cuts

cuts ar>ar cuts

@ do" % and do " are separately divergent, their sum is finite. A lower limit
gt > qF" is necessary with a power correction ambiguity, typically (standard
fiducial cuts) linear O ((¢%°/M)) [Alekhin et al.(’21)]..

@ The limit g5* — 0 leads to large cancellations and numerical uncertainties.

@ Key point: “Fiducial” power corrections (FPC) absent including with

FPC __ ~CT cT
do = [quT<q%ﬂ — dUQT<q§'Ut:|

where d&¢7 is the gt subtraction counteterm evaluated with g7 recoil defined in
[Catani,de Florian,G.F.,Grazzini(’15)].

Giancarlo Ferrera — Milan University & INFN 8/6/2023

g+ resummation for inclusive vector boson production



Fiducial power corrections within the gt subtraction
[Camarda,Cieri,G.F. (’21)]

ofy=| H ©dofo+ / t [dvF““fm - dU?chTur} + / do"PC + O((a5/M)?)
cuts

cuts ar>qr cuts

@ do" % and do " are separately divergent, their sum is finite. A lower limit
gt > qF" is necessary with a power correction ambiguity, typically (standard
fiducial cuts) linear O ((¢%°/M)) [Alekhin et al.(’21)]..

@ The limit g5* — 0 leads to large cancellations and numerical uncertainties.

@ Key point: “Fiducial” power corrections (FPC) absent including with

FPC __ ~CT cT
do = [quT<q%ﬂ — dUQT<q§'Ut:|

where d&¢7 is the gt subtraction counteterm evaluated with g7 recoil defined in
[Catani,de Florian,G.F.,Grazzini(’15)].

@ do"PC is universal and IR finite and can be treated as a local subtraction:
cut

integration for g7 < q§* extended at arbitrary small g7 (e.g. g7/M ~ 107% GeV)
@ (“Recoil”) gr subtraction implemented in DYTurbo.

@ Equivalent methods proposed by [Ebert et al.(’20), Buonocore et al.(’21)].

Giancarlo Ferrera — Milan University & INFN 8/6/2023

g+ resummation for inclusive vector boson production



Fiducial power corrections at NLO

Z /~* production and decay at the LHC (13 TeV).
CUTS on leptons: pr > 25 GeV, |n| < 2.5, 66 < M < 116 GeV,
gr < 100 GeV.

NLO 1.01— NLO
—=— Q_-subtr. [ —=— g -subtr.

----e---- recoil g _-subtr. ----e---- recoil g_-subtr.

BE=== local subtr. : B== local suTbtr.

o [pb]

80!

3

ratio to local

79

S

78

77

=}

761

3

]
(ARERRALANERARN R AR R ARN R

75

3

T I N NS N ST EEET N N N
01 02 03 04 05 06 07 08 09 1
& Gev]

S T

3E

8 [Gev)

NLO results with the g7 subtraction method (blue squared points) and g7 subtraction
method without FPC (red circled points) at various values of q?‘t, and with a local

subtraction method (black line).
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Fiducial power corrections at NNLO

Z /~* production and decay at the LHC (13 TeV).
CUTS on leptons: pr > 25 GeV, |n| < 2.5, 66 < M < 116 GeV,

g7 < 100 GeV.
g F NNLO § 1o NNLO
° goof- —=— q_-subtr. ° L —=— g -subtr.
F - recoil g -subtr. % el (el qT—subtr.
790~ === local subtr. BE== local subtr.
780 r
770; A
750; F
H T T BT R R N N N T N T
102 10 1 01 02 03 04 05 06 07 O

8 [Gev)

NNLO results with the g7 subtraction method (blue squared points) and gt
subtraction method without FPC (red circled points) at various values of g$f, and
with a local subtraction method (black line).
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Fiducial power corrections at N3LO

NaLo
—=— qsubtr. Z /4™ production and decay at the

--- recoil qT-subtr.

o [pb]

80!

3

LHC (13 TeV).

CUTS on leptons: pr > 25 GeV,
In| < 2.5, 66 < My <116 GeV,
gt < 100 GeV.

79

S

78|

]

T T T T T T T

77

=)

761

3

75

3

" [GeV]

N3LO results with the g1 subtraction method (blue squared points) and gt

subtraction method without FPC (red circled points) at various values of g3t
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Universality in gt resummation

The resummation formula is invariant under the resummation scheme transformations
[Catani,deFlorian,Grazzini(’01)] (for hc(ocs) =1+ Zrﬁl aghﬁ")):
F F -1
Hi(as) —  He(as) [he(as)] ™,

Be(as) — Bc(as)—ﬁ(“)%cgf)

Ca(z,05) —  Cap(z,5) [he(as)]? .
@ This implies that HS, S, (B.) and C not unambiguously computable separately.

I

@ Resummation scheme: define HY (or C,p) for single processes (one for qg — F
one for gg — F) and unambiguously determine the process-dependent HF and the
universal (process-independent) Sc and C,p for any other process.

@ DY/H resummation scheme: HYY (as) =1, Hf(as)=1.

Hard resummation scheme: Ca(g)(z) for n > 1 do not contain any 6(1 — z) term
(other than plus distributions).

@ Hf(as) =1 (i.e. he(as) = HE (as)) does not correspond to a resummation
scheme (SCF and C, would be process dependent, [de Florian,Grazzini(’00)]).
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Hard-collinear functions

The function H' (as) (process dependent and resummation-scheme independent)
includes the hard-collinear contributions and it can be written in Mellin space as:

H' (as) = H (as) Cas) C(as) .
The functions H (as) and C(as) are scheme dependent (a simple resummation scheme

is: HPY (as) =1, i.e. Y™ =0 for n > 0):

Hoas) = 1+3 0t H™”, H(as) =1+ a3, Clas) =1+ agc®

n=1 n=1

therefore

HF(l) _ HF(1)+C(1)+C(1)

7_[,:E(Z) _ HF(2)+C(2)+ C(2)+HF(1)(C(1)+ C(l))+ cHcm

,HF(3) _ HF(3)+ c® 4 C(3)+HF(2)(C(1)+ C(l))+HF(1)(C(2)+ c@ 4 C(l)c(l))
+CPc® L c@c®

7_[F(4) _ HF(4)+C(4)+ C(4)+HF(3)(C(1)+ C(l))+HF(2)(C(2)+C(2)+ C(l)C(l))
+ HF(I)(C‘?’) +C® 4 c@c®  c@cMyy cOch B 4 c@c®
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Universality of hard factors at all orders

[Catani,Cieri,deFlorian,G.F.,Grazzini(’14)]
@ Process-dependence is fully encoded in the hard-virtual factor Hf (as).

@ However Hf (as) has an all-order universal structure: it can be directly related to
the virtual amplitude of the corresponding process c(p1) + ¢(p2) — F({qgi}).

oo
A AL ok as\" (n)  [a oA renormalized virtual amplitude
Meer(pr, i {ai}) = 0§y (E)MCEAF(pl’pQ' {ai}), (UV finite but IR divergent).
n=0

Te(e, M?) =

NgE:

as\" 7(n)( ) IR subtraction universal operators
o) € ’ (contain IR e-poles and IR finite terms)

3
[l
-
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Universality of hard factors at all orders

[Catani,Cieri,deFlorian,G.F.,Grazzini(’14)]
@ Process-dependence is fully encoded in the hard-virtual factor Hf (as).

@ However Hf (as) has an all-order universal structure: it can be directly related to
the virtual amplitude of the corresponding process c(p1) + ¢(p2) — F({qgi}).

oo
A AL ok as\" (n)  [a oA renormalized virtual amplitude
Meer(pr, i {ai}) = 0§y (E)MCEAF(pl’pQ' {ai}), (UV finite but IR divergent).
n=0

7 2y — as\ " 5(n) IR subtraction universal operators
le(e, M") = Z (271—) " (e), (contain IR e-poles and IR finite terms)
n=1
v A a i 2 A A hard-virtual subtracted
MCE—’F(plv P2; {ql}) = |:1 - IC(ea M )] MCE—)F(pla P2; {ql}) y amplitude (|R finite).
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Universality of hard factors at all orders

[Catani,Cieri,deFlorian,G.F.,Grazzini(’14)]
@ Process-dependence is fully encoded in the hard-virtual factor Hf (as).

@ However Hf (as) has an all-order universal structure: it can be directly related to
the virtual amplitude of the corresponding process c(p1) + ¢(p2) — F({qgi}).

_ as (n) renormalized virtual amplitude
Mezwsr(Pr, P2i{ai}) O‘SZ ( )M F(PP2i{ai}) s (v finite but IR divergent).

(e, M2 Z ( ) 7(")(6) IR subtraction universal operators

< (contain IR e-poles and IR finite terms)
n=1

v A a - 2 A A hard-virtual subtracted
MCE—’F(plv P2; {ql}) = |:1 - IC(ea M )] MCE—)F(pla P2; {ql}) y amplitude (|R finite).
Hard factor is directly related to the all-loop virtual amplitude:

Mv q ) N qi 2
03 (M) HE Gapy, xopa; @ ns(2)) = (2 igir L PLepeila )

|M57?‘7)—>F(X1P17X2P23{Qi})|2 ’

This formula extended up to N3LL in the case of threshold resummation.
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