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The idea: as from semi-inclusive processes
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In this paper we have studied [...] the next-to-leading logarithmic terms in
semi-inclusive hard processes such as the DIS and DY processes at large x.

Since the Monte Carlo algorithm with these improvements is accurate to
next-to-leading order in the large-x region, it can be used to determine the

fundamental QCD scale Ay
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The idea: as from semi-inclusive processes

Advantages:
o higher sensitivity to as w.r.t. inclusive observables;

@ calculable at higher theoretical accuracy w.r.t. exclusive
observables.

Challenges:
@ sensitivity to infrared (Sudakov) logs;

@ sensitivity non perturbative QCD effects.

Classical semi-inclusive obs. at hadron colliders:
high invariant-mass Drell-Yan lepton pair
at small transverse-momentum (qT).
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as from Z-boson gt distribution

this talk M. Schott talk
e e
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[UA2 Coll..(’92)] compared with compared with
compared with [Catani et al. (*10)] [Catani et al. (?15)]
[Altarelli et al. (’84)]
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Drell-Yan qT distribution h1(p1) Flvﬂ;)

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

QCD factorization formula: h2(p2) fb/h2(x21N%)

do,
/ da / e Fm(cts 12) Fmc2, 12) S22 (s (1B) i3 ii2)-
qu dq7

Fixed-order perturbative expansion reliable
only for g7 ~ M. When gr < M:

2
ar dbqg
/da% & 1+as[C12L +C11Lq-r+“‘:|
0

dg> “
3
+a? |:C24L “+o1lqr +} +0(a3) 3
2/.2
with gLyl = allog”(M?/q) Z 1.
Resummation of logarithmic corrections mandatory. % aew =
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QT resummation in QCD [Catani,deFlorian,Grazzini(’01)]

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

ds __ dslres) | dglfin) |
dqF ~  dqr dg '

In the impact parameter space: qr <M < Mb>>1, logM/q7>1 < log Mb> 1

da_(res) M2 d2b bar
=— [—e" YT W(b,M
dz 8 / ar © (6. M),

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

W (b,M) = Hn(as) x exp {Gn(as, L)}

with L = log(M?b%) and asl ~ 1

G(as. L) = LeW(as) + &P (ast)+ 2 g(ast)+---  H(as) =50 (1 + By ® (E)ZH@M = >
LL (~agLmy: g, (80)); NLL (~a2l™): g®, HW); .o NALL (~agLmth=t): gk+1) 4400,

Resummed result at small g+ matched with corresponding fixed “finite” part at large
g1: uniform accuracy for qr < 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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gT resummation: perturbative accuracy

@ Formalism implemented in numerically efficient and 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

@ Formalism implemented in numerically efficient and 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(a})) at large g7 from results
in [Boughezal et al.(’16)], [Gehrmann-DeRidder et al.(’16)], [MCFM (°23)];

@ Results up to NLO (i.e. up to O(al)) recovered for the total cross section
(from unitarity).
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Z/~v* production at N3LL4+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
4, .F 5 1.5F =
= 2 £ T
%z 1.2 S E e
o |y E e e -
o £ e ——
= £ =—-r
© 5 10 15 20 25 30 0.5 5 50 100
q, [GeV] q, [GeV]

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
0 10 20 30 40 50 60 70 80 q,g[(’GeQI?O 3 10 15 20

q, [GeV]

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

[Camarda,Cieri,G.F. (’23)]

O¥tubo

= o —1.02
o r 13 TeV, pp — 2Z/y* — I, pl, > 25 GeV, In| < 25 £ 13TeV, pp — Z/y* — I, pl > 25 GeV, | < 25
o 60F my4 <, Qemi /2 < i, 1 Q, Q<2 z ,\\ gy
a r o
o L NLL+NLO resummed ° LN
o L I NNLL+NNLO resummed = ~— T
B 40— NLL+N’LO resummed o L
) " B N'LL+N*LOa resummed
201
of ,// — NLL«N'LOa
<eeee A% Unc.

IR 0.981 -~ v singlet unc.
Zz C'unc
S 1 = — - Scale variations
2 e S T TSI EE R R
©
g 0 5 10 15 20

0 5 30
q, [GeV]

DYTurbo results. Left: Resummed NLL, NNLL, N3LL and N*LLa bands for Z/y*

(left). Right: Uncertainties from approximations of the perturbative coefficients at

N4LL+N4LOa compared to scale variations.
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Z/~v* production theory vs data
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DYTurbo results at N*LLa accuracy compared with data [ATLAS Coll.(’23)].
Time performance of O(seconds): (with exception of V+jet term with fiducial lepton
cuts).
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Modelling Z (and W) production for sin*¢0!. and My,

determinations

ATLAS Preliminary

LEP-1 and SLD: Z-pole oy 0.23152 £ 0.00016
w _ —— Total uncertainty
LEP-1 and SLD: A —e—i | 0232214000029 -
B ‘Tevatron I combination
SLD: A, | —e—i _| 0.23008 + 0.00026 PRD 70 (2004) 092008
+ DOII
Tevatron —.— 0.23148 £ 0.00033 00 ot s -

LHCb: 748 TeV >—Q——<7 0.23142 £+ 0.00106 LEP combination i B
Phys. Rept. 532 (2013) 119

CMS: 8 TeV —— 0.23101+ 0.00053

ATLAS -
I - EPIC 78 (2018) 110
ATLAS: 7 TeV —_———————— 0.23080 + 0.00120 LHCb -
k= — JHEP 01 (2022) 036
ATLAS: eecotHi ——— 0.23119 + 0.00049
ATLAS: ee [ +te— | 023166+000043 ctroweak Fi
- o] 78 (2018) 675
ATLAS: 8 TeV e 0.23140 + 0.00036 Electroweak Fit (J. de Blas et al.) -]
aXivi3 1 1207274
023 0231 0232 o
sirfol,, 80100 80200 80300 80400 80500

my, [MeV]
Comparison of the measurements of the
sin? H’Eﬂ(.

Measured values of My, compared with the
prediction of from the global electroweak fit
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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

hi+h — Z°+ 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'P(aL) +g'P(aL) + 2, (2)" 2 g’ (aL)

+ g (asL,al) + X ma (55)"71(2)" ey (asL, al)
n+m#2

H(as,a) = Hlas)+ HO+TE, (£)" HY” + D (53)"(2)7 Hy ™"

n,m=1

LL QED (~a"L"t1): g/); NLL QED (~arL"): g'®, 3/,
LL mixed QCD-QED (~afanL?"): g/(11);

Giancarlo Ferrera — Milan University & INFN 7/2/2024
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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)qep + (Wges 1
—~ —— (NNLL+NNLO)qey +(NLL+NLOYgrp o
3 ]
N
2
£ 400 —
&
£
~
S
<
200 —
ppZ°+X, V5=1.96 Te! =g =2Q=pp=2Q'=M; |
[ NNPDFS.1_luxqed 1/R<kh /M. /M Q /i 3<R ]
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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)]

]
1.02 [ y=pn=2Q-pi2Q =My, 1/2<(up/ Mg} <2

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

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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Non perturbative effects

oP - Z; 5 = 1.96 TeV;
30 . .
@ Up to now discussed result in a complete

perturbative framework (except for PDFs).

T

10

do/dp_ [pb / GeV]
N
S

@ Non perturbative intrinsic kr effects
parametrized by a NP form factor
Snp = exp{—gb?} with 0< g <1.2 GeV2:

o

-10 — g=10GeV?

0.

—20F NNLO+NNLL
L s

o 1.2
E o1 T T
L exp{gm(ag,L)} — eXp{gN(Q’s,L)}SNP
0.9
[ 5 10 i5
p, [GeV]
3 Yz G-196Tev
[}
a
=3
o+
T
8
—,=0.118
— 1, =0.108
~20- NNLO+NNLL — ag=0.128
o 128 s 1 \
g 1
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Non perturbative effects

PP —Z; (=196 TeV;

“F @ Up to now discussed result in a complete
/’\ perturbative framework (except for PDFs).
10
@ Non perturbative intrinsic kr effects

parametrized by a NP form factor

do/d| P, [pb / GeV]
N
S
T

-10 — g=10GeV?

T 1 Swp = exp{—gb’} with 0<g <12 GeV?:
2 1.2
g exp{Gn(s, L)} — exp{Gn(cs, L)} Swe
0.9]
[] 5 10 15 .
P, [GeV] @ NP effects increase the hardness of the gr
3 4°§°5%Z=‘§=‘-96Te" spectrum at small values of g7. Non trivial
g °F interplay of perturbative and NP effects.
o 20
s ‘°?f\ @ However possible to disentangle the effects:
: scale of the NP effects is (g7) ~ 1 GeV

o

405— oms (g ~ 0.5GeV?), scale of “soft gluon” recoil is
’ZOE_INNLOQNNLL . :Z::Ig::gg ) <qT> ~ 10 GeV.

o 1.2

E 1.1
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Z-boson gt measurement at CDF

The CDF measurement of Z/v* — eTe™ (y/s = 1.96 TeV with
[ £ =2.1fb"1) eoF cor1. 1007 is ideal for as(mz) determination.

. @ Measurement in full-lepton phase space with
g j~‘ small extrapolation using angular coefficients
= ) :; T method = allows fast analytic predictions
= with DYTurbo.

[

_
o
=
.
:
‘
s
-

~

AclAP; (pb I GeVic)
(=
Q

RLLL L S
»

-
C
3

@ pp collisions: small contribution from
heavy-flavour in initial state (0.4% bb — Z,
1.3% cc — Z). Quark mass effects negligible.

=
<
b

-
<
S

10° 50 100 150 200 50 300 350
e'e’ Pair P, (GeVic) @ Low pile-up and good electron resolution.
Fine g7 bins (0.5GeV) with relatively small
[CDF Coll.(’10)] bin-to-bin correlations.
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Methodology

% 507 @ DYTurbo interfaced to xFitter.
40; . Fit region: Z g7 < 30 GeV, predictions at
N3LL+O(a?) (i.e. N*LL+N3LO at low g7)

a0l ~ with NNPDF4.0 PDF at NNLO.

o & . @ Defined x® with experimental (Bex) and
: s PDFs (B:) uncertainties (equivalent to

10 ’ including the new dataset in the PDF using
F - ‘ profiling/reweighting).

03 L roa1804+0.0011-0.0011 @ The non-perturbative form factor is

0.11 0.112 0.114 0.116 0.118 0.12 0.122 03524 Snp = exP{—gbz} with g left free in the fit.

2
) Naata (U?Xp + 5T Bjexp — i = F,?,f‘ﬂk,th>
X (Bexp: Ben) = Z A2

i=1 i

+ Zﬁjz,exp + Zﬁi,th .
J k
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Theory uncertainties

PDF fit Hessian profiling
as(mz) 0.1188 4 0.0008 0.1184 4 0.0006
2 1GeV?) 0.69 +0.05 0.71 £ 0.05
Dataset x>/points Xx2/points
NC DIS HI-ZEUS et p 955/905
CC DIS HI-ZEUS e p 46/39
NC DIS HI-ZEUS ¢™ p 219/159
CC DIS HI-ZEUS e™ p 53/42
HI-ZEUS correlated x2 91
CDF Z pr 41/55 40/55
Total 1405/ 1184

ancarlo Ferrera

@ Bias from as-PDFs correlations
[Forte,Kassabov(’20)] — PDFs refitted.
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Theory uncertainties

as(mz) 2[GeV?) X2 Hdof
NNPDF4.0 0.1192 £ 0.0008 0.66+0.05 41/53
cris, 0.1189 +0.0010 4053
CTISZ 0.1198 £ 0.0009 4153
MSHT20 0.1185 0,009 05 40753
HERAPDF2.0 0.1188 £ 0.0008 0.69£0.05 40753
ABMP16 0.1185 £0.0007 0.62£0.05 4253
MSHT20an3lo (N*LL) 0.1184 = 0.0009 0.73+0.05 40/53
PDF fit 0.1184 £ 0.0006 0.71£005 1405/1184

Bias from as-PDFs correlations
[Forte,Kassabov(’20)] — PDFs refitted.

Other PDF sets considered. CT18, CT18Z,
MSHT?20, HERAPDF2.0, ABMP16 (NNLO) and
MSHT20an3lo. The midpoint value is the
nominal result and the PDF envelope as an
additional uncertainty.
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Theory uncertainties

@ Bias from as-PDFs correlations
[Forte,Kassabov(’20)] — PDFs refitted.

Baftn  arfhw  OFe 0D <lov) L @ Other PDF sets considered. CT18, CT18Z,
1 1 1 0.1192 £ 0.0008 0.66 £ 0.05 41153

! ! 2 0.1183 £ 0.0007 0774008 053 MSHT20, HERAPDF2.0, ABMP16 (NNLO) and
: : v ohisons  owsom e MSHT20an3lo. The midpoint value is the

X o : g aTEae e nominal result and the PDF envelope as an
! o o orlEOONR 05008 additional uncertainty.

. . o @ Uncertainty from missing higher orders:

; ; Comn  orsso my /2 < {pgr, pr, Q} < 2my with

03 | 0s oN2L0007 0642005 0.5 < {ur/pr, pr/Q:pnr/Q} < 2.

0s 0s ) ouB L0 0755005

05 05 05 0.1192 + 0.0007 0.64 +£0.05
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Theory uncertainties

as(mz) 2 [GeV?)
bjim =2 GeV~! 0.1187 % 0.0007 0.83 £ 0.05
blim — 00 0.1199  0.0008 0.42£0.05
o 0.1186 + 0.0008 0.65 +0.05
q=0.1GeV* 0.1197 £ 0.0008 0.51£0.05
VEN PDF evolution 0.1190 £ 0.0007 0.71£0.05

Giancarlo Ferrera — Milan University & INFN

Bias from as-PDFs correlations
[Forte,Kassabov(’20)] — PDFs refitted.

Other PDF sets considered. CT18, CT18Z,
MSHT?20, HERAPDF2.0, ABMP16 (NNLO) and
MSHT20an3lo. The midpoint value is the
nominal result and the PDF envelope as an
additional uncertainty.

Uncertainty from missing higher orders:
my/2 < {,MR7,UF7 Q} < 2my with

0.5 < {ur/uF, br/Q, 1/ Q} < 2.

NP effects: bu-pr. b. = b/y/1+ b2/b2
(bjim = 2 — 3 GeV™1) and minimal pr.
(bjim — ©0); quartic term exp (—gb*) and
different parametrization of Syp
[Collins,Rogers(’15)].
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Theory uncertainties

O(a?) Matching correction [fb]

—@— Matching correction
Fits to MC replicas
I 55% CL of MC replicas

Giancarlo Ferrera — Milan University & INFN

Bias from as-PDFs correlations
[Forte,Kassabov(’20)] — PDFs refitted.
Other PDF sets considered. CT18, CT18Z,
MSHT?20, HERAPDF2.0, ABMP16 (NNLO) and
MSHT20an3lo. The midpoint value is the
nominal result and the PDF envelope as an
additional uncertainty.

Uncertainty from missing higher orders:

m”/2 < {,U,RHUF7 Q} < 2my with

0.5 < {ur/uF, br/Q, 1/ Q} < 2.

NP effects: bs-pr. bx = b/y/1+ b2/b?

lim
(bjim = 2 — 3 GeV™1) and minimal pr.
(bjim — ©0); quartic term exp (—gb*) and
different parametrization of Syp
[Collins,Rogers(’15)].

. - 3
Uncerainty from finite component at O(a?).

7/2/2024
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Theory uncertainties

@ Bias from as-PDFs correlations
[Forte,Kassabov(’20)] — PDFs refitted.

T @ Measurom — @ Other PDF sets considered. CT18, CT18Z,
NIV S — . MSHT?20, HERAPDF2.0, ABMP16 (NNLO) and
[ PoF(+)Exg. Unc MSHT20an3lo. The midpoint value is the
Total Unc. /(S I nominal result and the PDF envelope as an

,,,,,,, -~ additional uncertainty.
: @ Uncertainty from missing higher orders:
= my/2 < {,MR,,UF7 Q} < 2my with
— 0.5 < {ur/uF, br/Q, 1/ Q} < 2.
t‘rﬁ,RfPDFZO el el
il . — 2
N i et ® NP effects: b.-pr. b, = b/\/1+ b2/b2_
0116 0118 012 0122 (b/im =2-3 Gevfl) and minimal pr.

(bjim — ©0); quartic term exp (—gb*) and
different parametrization of Syp
[Collins,Rogers(’15)].

@ Uncerainty from finite component at O(a3).
@ Check with DO data and fit boundaries.
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Fit results

> Fpp—>2Z15=196TeV;L=2.1f"
G 2
8 20F - -
ot H Statistical uncertainty +0.7
§ 1 Experimental systematic uncertainty +0.1
8 ; PDF uncertainty (NNPDF4.0) +0.4
PDF uncertainty (envelope of PDFs) +0.7
Scale variations uncertainties +0.4 ~09
Matching at O(a3) +0.1
—e— CDF Data DYTurbo Non-perturbative model +0.7
_5p ¢ duncorrelated %545 Post-fit Flavour model 0 -03
E X Pre-fi
F i stotl ) NN Preit . QED ISR < 20.1
= Lower limit of fit range +0.2
g 14 Total 13 1.6
ota +1.2 — L
£ 12
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Simultaneous fit of as(mz) and g at N3LL4+-O(a2) (N3LL4+-N3LO):

as(mz) = 0.1191+453

g = 0.66 & 0.05 GeV/?
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Conclusions

e Novel methodology for determination of avs(mz) based on
Z-boson small-gt distribution.

@ Based on N3LL+N3LO resummed QCD predictions.

@ Result in agreement with the world average. Uncertainty
comparable to other determinations.

@ Precise collider determination: 1.2% relative uncerainty.

@ Crucial development of DYTurbo program to compute fast

and accurate theoretical predictions:
https://dyturbo.hepforge.org
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