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o Fixed-order calculations within the gt subtraction
formalism

@ Transverse-momentum resummation
@ Drell-Yan production at N3LL+N3LO

@ Fiducial power corrections within the gt subtraction
formalism
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Precise QCD predictions and the LHC

The success of the LHC will be crucial for High Energy
Physics.

How to increase the discovery power of the LHC?
The LHC is a (large) hadron collider machine: all the inter-

esting high-pt reactions initiate by QCD hard scattering of partons.

To fully exploit the information contained in the LHC experimental
data (and aventually claiming for new-physics signals) precise
theoretical predictions of QCD dynamics is necessary.
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LHC key results
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@ Very good agreement between experimental results and SM theoretical
predictions of the high-Q? processes
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@ Very good agreement between experimental results and SM theoretical
predictions of the high-Q? processes
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Theoretical predictions at the LHC
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Theoretical predictions at the LHC
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Theoretical predictions at the LHC

Partonic (hard)
cross section
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Fixed-order calculations
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Fixed-order calculations
@ Factorization theorem

A
o= (M) ® fu(M)®ban(as) + O(7)

b .
@ Perturbation theory at leading order (LO):
(0)

v Tdecays (VLO)

5 DIS
B He:

o
6(as) =6

02

@ LO result: only order of magnitude estimate.

=QCD &,(M;)=0.1184£0.0007

00 Gev ™

The QCD coupling
as(Q) ~ 1/(BoIn Q*/Nycp) ~ 0.1
(for Q ~ mpy).

T
PP-W*+X, Vs=8 TeV

K-factor

10 T T T

ncarlo Ferrera iversi DESY - 16/12/2021
9

rell-Yan produc



Fixed-order calculations
@ Factorization theorem

A
o= (M) ® fu(M)®ban(as) + O(7)

b
@ Perturbation theory at next order (NLO):
(0) 1)

v Tdecays (VLO)

5 DIS
B He:

0
G(as) =6" +asé

02

@ LO result: only order of magnitude estimate.
i NLO: first reliable estimate.

=QCD &,(M;)=0.1184£0.0007

0 Q[Gev]
The QCD coupling

as(@) ~ 1/(8o In @*/Nbep) ~ 0.1
(for Q ~ mpy).

T
PP-W*+X, Vs=8 TeV

K-factor
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Fixed-order calculations

(gj @ Factorization theorem
o v Tdecays (NLO) /\
"N\ e =3 "H(M?) @ fo(M) @b (as) + O(37)

03

] Pertuar’gation theory at NNLO & beyond:

&(as) =60 +asé +ais? + ...

02

@ LO result: only order of magnitude estimate.

= Mn:»/):[l(:t:,;m::» NLO: first reliable estimate.
The QCD coupling NNLO & beyond: precise prediction &
as(Q) ~ 1/(Boln Q*/A5¢p) ~ 0.1 robust uncertainty.
(for Q ~ mpy).

T T T
PP-W*+X, Vs=8 TeV DYNNLO

‘%‘%&e@a&!ﬁf
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Fixed-order calculations

Q) v T decays (N'LO)

04 5 DIS
B He:

03

02

=QCD &,(M;)=0.1184£0.0007
100

0 Q[Gev]
The QCD coupling

as(@) ~ 1/(8o In @*/Nbep) ~ 0.1
(for Q ~ mpy).

T T
PP-W*+X, Vs=8 TeV

K-factor

"]

Drell-Yan LO NLO
process

Factorization theorem

o =Y f (W) ® (M) @6 (as) + O(17)

Pertuar’gation theory at NNLO & beyond:
6(as) =6 +as6® +a26® + ...

LO result: only order of magnitude estimate.
NLO: first reliable estimate.

NNLO & beyond: precise prediction &
robust uncertainty.

Higher-order calculations not an easy task
due to infrared (IR) singularities
(impossible direct use of numerical techniques).

NNLO
Hamberg,van Neerven,
Matsuura (1991)
Melnikov, Petriello (2006)
Catani,Cieri,de Florian,
G.F.,Grazzini (2009)

Drell,Yan
(1974)
N3LO

Duhr,Mistlberger (2021)

Camarda,GF,Cieri(2021)

Altarelli,Ellis,Greco
Martinelli,(1980-84)
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Fiducial cross sections at higher order

@ Experiments have finite acceptance important to provide exclusive theoretical
predictions.
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Fiducial cross sections at higher order

@ Experiments have finite acceptance important to provide exclusive theoretical
predictions.

@ Beyond LO infrared singularities in real and virtual corrections prevent the
straightforward implementation of Monte Carlo numerical techniques.
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Fiducial cross sections at higher order

@ Experiments have finite acceptance important to provide exclusive theoretical
predictions.

@ Beyond LO infrared singularities in real and virtual corrections prevent the
straightforward implementation of Monte Carlo numerical techniques.

@ Subtraction method: introduction of auxiliary QCD cross section in a general way
exploiting the universality of the soft and collinear emission. Fully formalized at
NLO [Frixione,Kunszt,Signer(’96) (FKS), Catani,Seymour(’97) (CS)]. It
allows (relatively) straightforward calculations (once the QCD amplitudes are
available). Fully general formalism beyond NLO still lacking.

oMo ./deUR(G) i /mdav(e)

_ /m . {dUR(e)_daA(e)Lo + /m {dav(€)+ /;dcfA(e)Lo
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The gr-subtraction method at NNLO (and beyond)

hi(p1) + h2(p2) — F(M,qr) + X “N\I\‘qu
. . —
F is one or more colourless particles (vector bosons, s
photons, Higgs bosons,...) [Catani,Grazzini(’07)].
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The gr-subtraction method at NNLO (and beyond)

hi(p1) + h2(p2) — F(M,qr) + X “N\I\‘f‘”
. . —
F is one or more colourless particles (vector bosons, s
photons, Higgs bosons,...) [Catani,Grazzini(’07)].

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

F+jets

F
donniolar0 = do'Nn—lLo s

for gt # 0 the N"LO IR divergences cancelled with the N"*LO subtraction
method.

@ The only remaining N"LO singularities are associated with the gr — 0 limit.
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The gr-subtraction method at NNLO (and beyond)

hi(p1) + h2(p2) — F(M,qr) + X “N\I\‘f‘”
. . —
F is one or more colourless particles (vector bosons, s
photons, Higgs bosons,...) [Catani,Grazzini(’07)].

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

F+jets

F
donniolar0 = do'Nn—lLo s

for gt # 0 the N"LO IR divergences cancelled with the N"*LO subtraction
method.

@ The only remaining N"LO singularities are associated with the gr — 0 limit.

@ Key point: treat the N"LO singularities at gv = 0 by an additional subtraction
using the universality of logarithmically-enhanced contributions from gt
resummation formalism [Catani,de Florian,Grazzini(’00)].

aT—=0

dofno — doio ® X(qr/M)dqT

oo 2n

2 2
F as\" WwM* 1 M°
= doo® E E (Tr ) s 0t 2 dPgr
n=1 k=1 ar ar
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The final result valid also for gt = 0 is:

F _ afF F Fjets cT
donno = Hino ® dojo + [dUquLo - dUN”'lLO} )

2 n
where  Hfno = |1+ H @ 4 (ﬁ> HO g (%) HF(")]
7T T T
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The final result valid also for gt = 0 is:

F _ afF F Fjets cT
donno = Hino ® dojo + [dO'quLo - dUN”'lLO} )

2 n
where  Hfno = |1+ H @ 4 (ﬁ> HO g (%) ’HF(")]
™ g T
@ The choi_c)g of the counter-term has some arbitrariness but it must behave
doT T2 dofy ® T(qr/M)dg2 where ¥(q7/M) is universal.

F+jets.

@ do“T regularizes the qt = 0 singularity of do . real and real-virtual N"LO

contributions.
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The final result valid also for gt = 0 is:

F _ afF F Fjets cT
donno = Hino ® dojo + [dO'quLo - dUN”'lLO} )

2 n
where  Hfno = |1+ H @ 4 (ﬁ> HO g (%) ’HF(")]
™ g T
@ The choi_c)g of the counter-term has some arbitrariness but it must behave
doT T2 dofy ® T(qr/M)dg2 where ¥(q7/M) is universal.

F+jets.

@ do“T regularizes the qt = 0 singularity of do . real and real-virtual N"LO

contributions.

@ The finite part of multi-loop virtual corrections is contained in the hard-collinear
function Hfn 0. Its process dependent part can be directly related to the all-order
virtual amplitude by an universal (process independent) factorization formula

[Catani,Cieri,deFlorian,G.F.,Grazzini(’14)].
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The final result valid also for gt = 0 is:

F _ afF F Fjets cT
donno = Hino ® dojo + [dO'quLo - do’N”'lLO} )

2 n
where  Hfno = |1+ H @ 4 (ﬁ> HO g (%) ’HF(")]
™ g T
@ The choi_c)g of the counter-term has some arbitrariness but it must behave
doT T2 dofy ® T(qr/M)dg2 where ¥(q7/M) is universal.

F+jets.

@ do“T regularizes the qt = 0 singularity of do . real and real-virtual N"LO

contributions.

@ The finite part of multi-loop virtual corrections is contained in the hard-collinear
function Hfn 0. Its process dependent part can be directly related to the all-order
virtual amplitude by an universal (process independent) factorization formula

[Catani,Cieri,deFlorian,G.F.,Grazzini(’14)].

@ Final state partons only appear in do" 1 so that N"LO IR-safe cuts are included
in the N"'LO computation: observable-independent N"LO extension
of a N"'LO subtraction formalism.
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Universality of hard factors at all orders

@ Process-dependence is fully encoded in the hard-virtual factor H (as).
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Universality of hard factors at all orders

@ Process-dependence is fully encoded in the hard-virtual factor H (as).

@ All-order universal factorization formula relates H (as) to the virtual amplitude

M _ io: (%)” (n) renormalized virtual amplitude
ab—F = . ab—F>  (UV finite but IR divergent).
n—
T(e, M?) = f: (ﬁ)” 7(,,)( ) IR subtraction universal operators
© B T ) (contain IR e-poles and IR finite terms)

n=1

- hard-virtual subtracted
MapF = [1 — (e, MZ)] Moapr el =

amplitude (IR finite).
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Universality of hard factors at all orders

@ Process-dependence is fully encoded in the hard-virtual factor H (as).

@ All-order universal factorization formula relates H (as) to the virtual amplitude

M _ io: (%)” (n) renormalized virtual amplitude
BF T L ab—F>  (UV finite but IR divergent).
n=
T(e, M?) = f: (as) I(")(e) IR subtraction universal operators
’ - T ’ (contain IR e-poles and IR finite terms)

n=1

hard-virtual subtracted

Vi _ _ 9 2
Mabrr = [1 He, M )] Mab—r amplitude (IR finite).

M

F
Heles) = e
q5—
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Universality of hard factors at all orders

@ Process-dependence is fully encoded in the hard-virtual factor H (as).

@ All-order universal factorization formula relates H (as) to the virtual amplitude

M _ io: (%)” (n) renormalized virtual amplitude
ab—F = . ab—F>  (UV finite but IR divergent).
n—
T(e, M?) = f: (ﬁ)” 7(,,)( ) IR subtraction universal operators
© B T ) (contain IR e-poles and IR finite terms)

n=1

- hard-virtual subtracted
MapF = [1 — (e, MZ)] Moapr el =

amplitude (IR finite).

Maar|?
F _ ‘ qq—F
Hq (Ozs) - ‘M(O) |2
qq—F
@ Process independent part of H' coefficients calculated at NNLO in
[Catani,Grazzini (*11)], [Catani,Cieri,deFlorian, G.F.,Grazzini (*12)] at N3LO in [Luo
et al. (?19,°20)], [Erbert et al. (’20)]
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NNLO QCD predictions compared with LHC data
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Transverse-momentum resummation
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gt resummation hu(p)  famlan)

hi(p1) + h2(p2) — F(M,qt) +X
where F=~* 2% WE H HH, ...

ha(p2) foymy(32 .1 F)
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gt resummation hu(p)  famlan)

hi(p1) + h2(p2) — F(M,qt) +X
where F=~* 2% WE H HH, ...

pQCD collinear factorization formula (M > Agcp):
( aco) h2(p2) fb/hz(XQs#QF)

do ! ! da’a ~
ﬁ(qT7M75) = E /dX1/dX2 fa/hl(xlv H%) fb/hQ(XQv H?—') T;(QT,M,S;QSHM%?,,LL%:).
ar 2570 0 ar
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qT resummation mapr)  Fmlosd)

hi(p1) + h2(p2) — F(M,qt) +X
where F=~* 2% WE H HH, ...

QCD collinear factorization formula (M>A :
p ( QCD) h2(p2) fb/hz(x2~#,2r)
do ! ! 2 2 d
W(%MS)ZZ dx1 [ dxo fyn,(x1, 11F) fon(X2, 1) dq 2 C(ar. M Sias iR, 7).
T ab 0 0

1072

Fixed-order perturbative expansion not reliable for g7 < M:

T, dE grem
dgT—— "'~
0 qu

M2 M?
oo+ as |:C12|n +ciln— +cio|+-
9% %

4

05 55 oy

1/6 do/day (Gev)

t o

o5 L

as In(M?/g2) > 1: need for resummation of large logs. o unmrago

9% =2 dolfm a7 =0
INEE =0

do dores) do(fin) ar da2
7 = 2 7 2 d6(res) qr—0 2 M2
dat dat dqt Jo Tdgx Zq ~Too 4 Y, Sy Cam a2 In™ =

Giancarlo Ferrera — Milan Univel
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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 based on colour coherence. It is the analogous of the
independent multiple soft-photon emission is QED:

1 n
dwn(qu, - an) = — [1dw(a)
Ti=1

@ Kinematics factorization: not valid in general. For g7 distribution it holds
in the impact parameter space (Fourier transform)

/dqu exp(—ib - qT)5(qT - Zqu) =exp(—ib-> qr,) =[] exp(—ib-qr,).
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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gt resummation in QCD

dg _ dalres) | dalfin) | Q% ,rgsles)]  Qr—0 o w2
Az = de? g% Jo qu{W]m ~ En=0 Lm0 Cnm o5 log o

Q% 51 gslfin) QT —0 e
Jo qu{ dq%_ ]f_o. ~ O(W)
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gt resummation in QCD

dg _ dalres) | dalfin) | Q% ,rgsles)]  Qr—0 o w2
Az = de? g% Jo qu{W]m ~ En=0 Lm0 Cnm o5 log o

Q% 51 gslfin) QT —0 e
Jo qu{ dq%_ ]f_o. ~ O(W)

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qr>>1 <log Mb> 1

ds\™) M2 [d?b o
=== [==™TW(b,M
dqg% 5 /471' € (b, M),
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gt resummation in QCD

ds _ d&(res) d&(fin) | Q%.
dq2T dq%_ dq2T ! Jo

5 (res) Qr—0 2 M2
dq2 {do‘ ] T > N com o log™
T 2 n=0 m=0 “nm &g 2
qu f.o. QT

Q% 51 gslfin) QT —0 e
Jo qu{ dq%_ ]f_o. ~ O(W)

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qr>>1 <log Mb> 1

da_(res) _ M2 /d2b

=—e™ITW(b, M),

dez 3 ) 4n

In the Mellin moments space we have:

Wh(b,M) = Hn(as) x exp {QN((Ms,L)} where L = log(M?b?)
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gt resummation in QCD

ds _ d&(res) da.(ﬁn)_
dqy dq dqz '

2
Q 5 (res) Qr—0 2
TdZ{do- ] ~ 2n o oem M
Jo "dq wZ to. 22 n=0 2m=0 Cnm a5 log ez

Q2 g (fin) Qr—0 Q2
Jo 7 da7 {Z%_ ]fo ~ O(Vg)

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qr>>1 <log Mb> 1

oM [

eI W (b, M),

dez 3 ) 4n

In the Mellin moments space we have:

Wh(b,M) = Hn(as) x exp {QN((Ms,L)} where L = log(M?b?)

M2 2 - as
Gn(os.1) == [ < [Aas(a®) + Bulas(e)] =Le(ast) + 6 (ast) + e (asL) +---

- - 2_
A(as):EA“H( )A@) ( )A‘” -; BN(as)ZEBfJ’+(§> B HN(as):a“’)[ =S u(P+ ( >H<2) }
s v ™ ™ s T
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gt resummation in QCD

ds _ dalres) | dalfin) Q3 argsles)] Q0 2n 7 1ogm M2
dif — dg i B ] e e an et

Q2 g (fin) Qr—0 Q2
Jo 7 da7 [Z%_ ]fo ~ O(Vg)

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qr>>1 <log Mb> 1
da_(res) M2 d2b
4

= At (p, M
ey 3 e (b, M),

In the Mellin moments space we have:

Wh(b,M) = Hn(as) x exp {g/\/((ys,L)} where L = log(M?b?)

m dq® 2 = 2 (1) as (3)
Infas.1) = = [ Z [Ates(e)) + Butas(a®)] = La" (0sL) + £ (ast) + 2 ) (rst) + -
Al = =5 A ( )A@) ( )A(3) . EN(as)zﬁgl(\llh(E)zgﬁhm; HN(QS):(,w)[ 25 30, ( >H<z) }

LL (~aglmtl): g, (o),
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gt resummation in QCD

ds _ dalres) | dalfin) Q3 argsles)] Q0 2n 7 1ogm M2
dif — dg i B ] e e an et

Q2 g (fin) Qr—0 Q2
Jo 7 da7 [Z%_ ]fo ~ O(Vg)

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qr>>1 <log Mb> 1
da_(res) M2 d2b
4

= At (p, M
ey 3 e (b, M),

In the Mellin moments space we have:
Wi (b,M) = Hpy(as) x exp {Gn(as, L)} where L= log(M?b?)
M de? 2\ L B 2 as 4@
On(as, L) = —/ *[A(Ocs(q ) + Bun(as(q ))]:Lg( (asL) + gy (asL) + == —gy (asbh)+--

yp? q?
2 3 2
Ag)= 25 A0 +(g) A<z>+<§) AQL. . Bylag = Egﬁg(ﬁ) Bt Hylag=oOft [ +22 90y ( >7—t<2) }
s T ™ ™ s T

™

LL (~a2Lm1): g, (6©); NLL (~a2L?): g2, 2,
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gt resummation in QCD

ds _ dalres) | dalfin) Q3 argsles)] Q0 2n 7 1ogm M2
dif — dg i B ] e e an et

Q2 g (fin) Qr—0 Q2
Jo 7 da7 [Z%_ ]fo ~ O(Vg)

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qr>>1 <log Mb> 1
da_(res) M2 d2b
4

= At (p, M
ey 3 e (b, M),

In the Mellin moments space we have:

Wh(b,M) = Hn(as) x exp {g/\/((ys,L)} where L = log(M?b?)

M2 42
d ~ «@
Infas.1) = = [ % [Ates(a®)) + BN(as(q2))] =LgW(ast) + e (as) + g (asL) + -+
g = 22 A (AP A Bt = S B2 B s g =0 TP ]

LL (~alflmh): g®, (0©@); NLL (~va2l): g, #Y): NNLL (~anirt): g, #Q;
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gt resummation in QCD

ds _ dalres) | dalfin) Q3 argsles)] Q0 2n 7 1ogm M2
dif — dg i B ] e e an et

Q2 g (fin) Qr—0 Q2
Jo 7 da7 {Z%_ ]fo ~ O(Vg)

Resummation holds in impact parameter space: gr <M < Mb>>1, logM/qr>>1 <log Mb> 1
da_(res) M2 d2b
4

= At (p, M
ey 3 e (b, M),

In the Mellin moments space we have:
Wi (b,M) = Hpy(as) x exp {Gn(as, L)} where L= log(M?b?)
m? dg? _ as @
Inlas, L) = —/ o [ Ales(@) + BN(as(q2))]:Lg< (asL) + &y (asL) + —> gy (asl) + -
A(as):%Au)Jr(W)A(z) (W)Am 5 Bulag= <1>+( ) By HN(as):U(m[ YO (ﬂ)Hm }
LL (~a2Lml): g®, (6@); NLL (~alLm): g/(v)' 7_[(,\}); NNLL (~afLr=1): g/(v3)' 7“(/5)?

Resummed result at small g7 matched with fixed “finite” part at large g7:
uniform accuracy for g7 < M and g7 ~ M.
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Transverse-momentum resummation formula

h(p1)

M> Agep, b>1/M, b<1/Agcop

Clas(by/b%)) = C(as(M?))
2 2 2
X exp {7/bM 94 Blas(a®)) dn Clas(q)) ))}

2 /12 q? dlnas(q?)
ha(p2)
dof* © 1 yF 2 d’b
W = - [do’qa,F] Hq (x1p1, x2p2; Q; as(M?)) Z /W e’ S (M, b)

ai1,az

X1

dz 1 dz
X / 711 Caay (21: 05 (B3 /b%)) Foy y1y (31 /21, bé/bz)/ 722 Cgay(22: as(b§/b?)) foy /iy (x2/ 22, B3/ b?)
X2
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Transverse-momentum resummation formula

h(p1)

M> Agep, b>1/M, b<1/Agcop

Clas(by/b%)) = C(as(M?))

M dg? dIn C(as(q?))
y exp{ /bW o Blas(ah) TG I }

ha(p2)
dUE__res) 2 . , N
Pard2dydQ s [d ] HE (x1p1, xap2; Qi s (M?)) D /( ear S (M, b)

aj,ap
Ld d.
X /n zill Caay (21: 05 (B3 /b%)) Foy y1y (31 /21, bé/bz)/x2 Zij Cgay(22: as(b§/b?)) foy /iy (x2/ 22, B3/ b?)
- 1 .
qu/h(X7 b7 M) d \/ M b qr a Z Ozs bz/bz)) ﬁa/h(x/za b(2J/b2)
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gt recoil and lepton angular distribution

@ The dependence of the resummed cross section on the leptonic variable Q is

d&©
dQ2

= 6O(M?) F(qr/M; M*,Q) , with /dQ Flar/M;Q)=1.

the g1 dependence arise as a dynamical gr-recoil of the vector boson due to
soft and collinear multiparton emissions.
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gt recoil and lepton angular distribution

@ The dependence of the resummed cross section on the leptonic variable Q is

d&©
dQ2

= 6O(M?) F(qr/M; M*,Q) , with /dQ Flar/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(ar/M; M279) = F(0/M; M279) + O(q?r//\/F) )

@ After the matching between resummed and finite component the O(q3 /M?)
ambiguity starts at O(a}) (O(a%)) at NNLL+NNLO (NLL+NLO).
@ After integration over leptonic variable Q the ambiguity completely cancel.
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gt recoil and lepton angular distribution

@ The dependence of the resummed cross section on the leptonic variable Q is

d&©
dQ2

= 6O(M?) F(qr/M; M*,Q) , with /dQ Flar/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(ar/M; M279) = F(0/M; M279) + O(qgl'/Mz) )

@ After the matching between resummed and finite component the O(q3 /M?)
ambiguity starts at O(a}) (O(a%)) at NNLL+NNLO (NLL+NLO).
@ After integration over leptonic variable Q the ambiguity completely cancel.

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

@ The dependence of the resummed cross section on the leptonic variable Q is

d&©
dQ2

= 6O(M?) F(qr/M; M*,Q) , with /dQ Flar/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(ar/M; M279) = F(0/M; M279) + O(q?r//\/F) )
@ After the matching between resummed and finite component the O(q3 /M?)

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

@ A general procedure to treat the g7 recoil in g7 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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gt resummation: numerical implementations

@ g7 resummation performed for Drell-Yan process up to NNLL+NNLO by
using the formalism developed in [Catani,deFlorian,Grazzini(*01)],
[Bozzi,Catani,deFlorian,Grazzini(’06,°08)]1. We have included

o NNLL logarithmic contributions to all orders (i.e. up to exp(~a2L™™!));
o NNLO corrections (i.e. up to O(a?)) at small g7;

o NLO corrections (i.e. up to O(a2)) at large g7;

o NNLO result (i.e. up to O(a?)) for the total cross section.
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gt resummation: numerical implementations

@ g7 resummation performed for Drell-Yan process up to NNLL+NNLO by
using the formalism developed in [Catani,deFlorian,Grazzini(*01)],
[Bozzi,Catani,deFlorian,Grazzini(’06,°08)]1. We have included

NNLL logarithmic contributions to all orders (i.e. up to exp(~a2L"™1));
NNLO corrections (i.e. up to O(a2)) at small g7;

NLO corrections (i.e. up to O(a?)) at large qr;

NNLO result (i.e. up to O(a2)) for the total cross section.

¢ ¢ @ @

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

DYQT: computes resummed g7 spectrum, inclusive over other kinematical variables

[Bozzi,Catani,deFlorian,G.F.,Grazzini(’09,’11)]
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gt resummation: numerical implementations

@ g7 resummation performed for Drell-Yan process up to NNLL+NNLO by
using the formalism developed in [Catani,deFlorian,Grazzini(*01)],
[Bozzi,Catani,deFlorian,Grazzini(’06,°08)]1. We have included

NNLL logarithmic contributions to all orders (i.e. up to exp(~a2L"™1));
NNLO corrections (i.e. up to O(a2)) at small g7;

NLO corrections (i.e. up to O(a?)) at large qr;

NNLO result (i.e. up to O(a2)) for the total cross section.

¢ ¢ @ @

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

DYQT: computes resummed g7 spectrum, inclusive over other kinematical variables
[Bozzi,Catani,deFlorian,G.F.,Grazzini(’09,’11)]
DYRes: computes resummed gt spectrum and related distributions, it retains full

kinematics of the vector boson and of its leptonic decay products (possible to apply
arbitrary cuts on these variables, and to plot the corresponding distributions)

[Catani,deFlorian,G.F.,Grazzini(’15)]

http://pcteserver.mi.infn.it/ " ferrera/research.html.
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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)]

DY Turbo project
» Optimised version of DYNNLO, DYqT, DYRes with improvements in

Software Numerical integration

Code profiling Quadrature with interpolating
functions

Loop vectorisation Factorisation of integrals

Hoisting Analytic integration

Loop unrolling
Multi-threading
» Achieved significant enhancement in time performance for a given
numerical precision
» The main application is the measurement of the W mass at the LHC
» Other applications: PDF fits including gt-resummation for cross-
section predictions, sinzew, a(m,)

» Two main modes of operation: Vegas integration and Quadrature
rules based on interpolating functions
Stefano Camarda &
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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)]

Closure tests and benchmark

» Matching conditions implies relation a0

. ¥
between the terms which can be I
used to test their numerical precision g —— 2y NLOWNLL
" 06 —— Z/y* NNLO+NNLL
oW
. + ortonn o ) 04
0.2
E 0|
soF-

002 o4 os 08

lim 1 —doCT0e) /qoV et = ¢
4r—0

; o — tested at 10°
/ o (61

. . SHERPA DYNNLO FEWZ DYTurb
DY Turbo predictions (Quady
fare benchmarked with oy W+ 5 170) pb] 320064 319147

.

3207+ 2 3196 £7
DYRes at NNLL, and a(pp =W~ —1"v) [pb] 225243 2243+ 6 2238 + 1 2248 44
with other programs at _o(p = Z/y = 1*17) [pb] 5020406 5024+04 504601 5028+10
NNLO ~___  Smaldifferences between FEWZ and the other predictions are expected due to
phase space with p,' symmetric cuts, and different subtraction scheme
Stefano Camarda 9

ancarlo rera— M Univer

16/12/2021
ell-Yan production at N3LL+N3



Fast predictions for Drell-Yan processes: DY Turbo

[Camarda,Boonekamp,Bozzi,Catani,Cieri,Cuth,G.F.,deFlorian,Glazov,

Grazzini,Vincter,Schott (’20)]

Example calculation

— Z/y* NLO+NLL
—— Z/y* NNLO+NNLL

cross section [pb]

Time required RES CT
NLO+NLL 6s 0.2s
NNLO+NNLL 10s 0.7s

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

Stefano Camarda

» Example calculation for Z p,
spectrum at 13 TeV

» No cuts on the leptons
» Full rapidity range
» 100 p, bins

s 20 parallel threads

V+jet
4 min
3.4h

DESY - 16/12/2021
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NNLO QCD predictions at large qt

10! NNI,OJE'T' i 'pvpv-"Z+inel' o [s:pTg\(

100 ATLASNzilg : ]
< 107 NLO —— |
3 e ] @ ATLAS data (y/s =8 TeV) [1512.02192] (2.8%
2 s luminosity uncertainty not shown).
5 0 ]
R @ NNLO (i.e.O(a})) QCD predictions

105 Eig%égv Yi<2a [G.-DeRidder,Gehrmann,Glover,Huss,

B} - Morgan(’16)]1. NNLO correction positive

1 (~6-8%) and reduce scale dependence (factor 2

— 2 2

. around p = 1/ M? 4 q%).
z
&

50 100 500
pf(GeV]

Z qt spectrum (g7 > 20 GeV).
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NNLO QCD predictions at large qt

1ot JNNLOJET _ ppozesoiet Ve=sTev

100 ATLAS Data —— ]
NNLO ——

= 1 NLO —— |
3, 1 @ ATLAS data (/s = 8 TeV) [1512.02192] (2.8%
& , luminosity uncertainty not shown).
5 10 1
R @ NNLO (i.e.O(a})) QCD predictions

e Efgggéfv sz [G.-De Ridder,Gehrmann,Glover,Huss,

B} : Morgan(’16)]1. NNLO correction positive

1 (~6-8%) and reduce scale dependence (factor 2

around g = y/M? + g2 ).

]
z
E:

50 100 500
pf(GeV]

Z qt spectrum (g7 > 20 GeV).

In the small gr region effects of soft-gluon resummation are essential
At the LHC 90% of the W™ and Z° are produced with g7 <20 GeV

Giancarlo Ferrera — n Un

DESY - 16/12/2021
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Z /v production at N3LL+N3LO

[Camarda,Cieri,G.F.(’21)]

%’ . 13 TeV, pp — ZIy* - I, pl, > 25 GeV, In| < 2.5 %’ . 13 TeV, pp - Ziy* - I, p > 25 GeV, | < 2.5
% 60; my2<pn,2Q<2mi12< pfu, nJ/Q, Q<2 % 60; Bo=H =2Q=m
= r 2 r
c—" L NLL+NLO resummed c—" C ~— NLL+NLO matched
% 40— I NNLL+NNLO resummed !g 40— — = NNLL+NNLO matched
S " /\ I N°LL+N®LO resummed S r - - =« N'LL+N°LO matched
201/ 20
0= ‘ ‘ ‘ s ‘ 0= s
= B S 15F =
 12f S F e
— C: =
=N N3 E
o =
© 0 5 10 15 2 3 0.5 50 100
q, [GeV] q, [GeV]

DYTurbo results. Resummed (left) and matched (right) NLL, NNLL and N3LL bands
for Z/~* q1 spectrum.

Lower panel: ratio with respect to the N3LL central value.
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Fiducial power corrections
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Fiducial power corrections within the qt subtraction

[Camarda,Cieri,G.F.(’21)]

F+jets CT t
[quT>chut — quT>chut} + O ((q‘%’ /M)P)

ok, = HF @ dofo + /

cuts cuts
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Fiducial power corrections within the qt subtraction

[Camarda,Cieri,G.F.(’21)]

ot e — oG ] + O (a5 / M)

qr>q¢t qar>q¢t

ok, = HF @ dofo + /

cuts cuts

@ doft% and doCT are separately divergent, their sum is finite. A lower limit

gr > q7" is necessary with a power correction ambiguity O ((g*/M)P).
@ Typical cuts on the pr and rapidities of the final state particles leads to linear
(p=1) “fiducial” power corrections (FPC) ((q%*/M)P) [Alekhin et al.(’*21)].
@ The limit g — 0 leads to large cancellations and large numerical integration
uncertainties.
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Fiducial power corrections within the qt subtraction

[Camarda,Cieri,G.F.(’21)]

ok, = HF @ dofo + /

cuts cuts

ot e — oG ] + O (a5 / M)

qr>q¢t qar>q¢t

@ doft% and doCT are separately divergent, their sum is finite. A lower limit
gr > q7" is necessary with a power correction ambiguity O ((g*/M)P).

@ Typical cuts on the pr and rapidities of the final state particles leads to linear
(p=1) “fiducial” power corrections (FPC) ((q%*/M)P) [Alekhin et al.(’*21)].

@ The limit g — 0 leads to large cancellations and large numerical integration
uncertainties.

@ Key point: FPC are absent in resummed calculations when g7 recoil is correctly
taken into account.

/ doFHiets qgo/ 45T Lo ((qT/M)2)
cuts cuts

where d5¢7 is the gt subtraction counteterm with the Born amplitude &©
evaluated with the recoil kinematics [Catani,de Florian,G.F.,Grazzini(’15)].
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Fiducial power corrections within the qt subtraction

[Camarda,Cieri,G.F.(’21)]

g1 subtraction formula without FPC

of, = HF®dafo+/ [daF+jet§ut —dotT cut:|+/ dUFPC—i-O((q%—”t/M)z)
cuts

> qr>q
cuts ar=dr T

with

FPC _ [ 4~CT 4 CT
do - [daqr<q‘7”t daqr<q%“t}
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Fiducial power corrections within the qt subtraction

[Camarda,Cieri,G.F.(’21)]

g1 subtraction formula without FPC

Ugd: HF(X)G'UII_:O—{—/ |:d0'F+jetcsut — dgchT>Q‘%'t] +/ dUFPC—i—O((q‘:;-”t/M)z)
cuts .

>
cuts ar=dr cuts

with

FPC _ [ 4~CT 4 CT
do - [daqr<q‘7”t daqr<q%“t}

® dofPC is universal and IR finite.

@ can be treated as a local subtraction: integration for g7 < " extended at

arbitrary small g7 (e.g. g7/M ~ 1078 GeV)
@ Equivalent methods have been proposed by [Ebert et al.(’20), Buonocore et
al.(’21)]
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Fiducial power corrections at NLO

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

gr < 100 GeV.
g NLO § o[ NLO
° 800 — qT-subtr. 2 L —a qT-subtr.
- recoil g -subtr. g

,,,,,,,, recoil qT-subtr.

B== local subtr. : B== local subtr.

79

S

78

77

=}

76!

3

S
T[T T[T T T

75

3
T

EX=an

107 1

1
0.9 1
1§ Gevy o 1cev]

NLO results with the g7 subtraction method (blue squared points) and g7 subtraction
method without FPC (red circled points) at various values of g, 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, || < 2.5, 66 < M < 116 GeV,

gt < 100 GeV.
g [ NNLO g 1o NNLO
° goo- —=— g -subtr. 2 | —s— q-subtr.
n --- recoil g_-subtr. § rrrrrrrr recoil qT-subtr.
790~ E==S local subtr. === local subtr.
780 r
770; A
- -
750~ r
m | | 099, ) | | | | | | | |
102 e 1 01 02 03 04 05 06 07 08

1
0.9 1
1§ Gevy o 1cev]

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

Order NLO NNLO
gt subtr. (g5 = 1GeV) 768.8 £ 0.1pb 753.34+0.3pb

qr subtr. (¢#* =0.5GeV) 766.8+0.1pb 753.8+0.2pb

recoil g7 subtr. 764.4+0.1pb 759.1+0.3pb
local subtraction 764.4+0.1pb 759.0+0.7pb

Fiducial cross sections at the LHC (\/s = 13 TeV): fixed-order results at NLO and
NNLO. The uncertainties refer to an estimate of the numerical uncertainties.
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Fiducial power corrections at N°LO

N3LO
—=— gysubtr. Z /4™ production and decay at the

-ere--- 1600Il . -SUDr. LHC (13 TeV).
CUTS on leptons: pr > 25 GeV,
In| < 2.5, 66 < My < 116 GeV,
g1 < 100 GeV.

o [pb]

80

3

79

S

78

S

77

=}

76

3

75!

3

T T T T T T[T

10 o [Gev]

Order N3LO

qr subtr. (g$"* =4GeV) T747.1+0.7pb

recoil g1 subtr. 745.7 + 0.7 pb

Fiducial cross sections at the LHC (/s = 13 TeV): fixed-order results at N°LO. The
uncertainties refer to an estimate of the numerical uncertainties.
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o [pb]

Fiducial power corrections up to N3LO

Fiducial power corrections

10qe [Gev)

Giancarlo Ferrera — Milan University & INFN

Drell-Yan production at N3LL+N3LO in QCD

Flip sign of the FPC with order.
Alternating-sign “unphysical” factorial growth
of the FO expansion due to symmetric cuts
[Salam,Slade(’21)].

Unphysical behaviour can be removed within
resummed perturbative predictions. However
the goal of having precise FO calculations is
very relevant.

No reduction of FPC with higher orders. At
N3LO with g5 = 0.05 GeV -0.4% (40.3%
from o2 and a -0.7% o3.
Our method is crucial when local calculations
are not available or when large numerical
uncertainties are associated to the g — 0
limit (e.g. at N3LO).
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Conclusions

@ To fully exploit the information contained in the experimental
data, and to increase the LHC discovery power, precise
theoretical predictions are necessary = computation of
higher-order pQCD corrections.

@ Discussed formalisms necessary to perform fixed-order and gt
resummed predictions up to N3LL+N3LO and presented
results for Drell-Yan production at the LHC.

@ Presented a method to remove linear fiducial power
corrections within the gr-subtraction formalism.

@ Computations encoded in the fast and numerically precise
publicly available code DYTurbo:
https://dyturbo.hepforge.org
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Conclusions

@ To fully exploit the information contained in the experimental
data, and to increase the LHC discovery power, precise
theoretical predictions are necessary = computation of
higher-order pQCD corrections.

@ Discussed formalisms necessary to perform fixed-order and gt
resummed predictions up to N3LL+N3LO and presented
results for Drell-Yan production at the LHC.

@ Presented a method to remove linear fiducial power
corrections within the gr-subtraction formalism.

@ Computations encoded in the fast and numerically precise
publicly available code DYTurbo:
https://dyturbo.hepforge.org
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DYRes results: gt spectrum of Z boson at the LHC

0.08 =
[ DYRes .08 DYRes
L Lo
3 5
Fosdd Foks
033 9
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NLL+NLO and NNLL+NNLO bands for Z/v* gt spectrum compared with CMS
(left) and ATLAS (right) data.
Lower panel: ratio with respect to the NNLL+NNLO central value.

Program performances: for high statistic runs (i.e. few per mille accuracy on cross
sections) on a single CPU: ~ 1day at full NLL, ~ 3 days at full NNLL.
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