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The status of precision QCD (not so long ago) ﬂ(".

UNPOLARIZED SECTOR POLARIZED SECTOR

N3LO
The new Frontier? e g1 NNLO - van Neerven, Zijlstra (‘94)

e NNLO splittings — Moch, Vermaseren, Vogt (‘14)

2014 2015 2016 2017 2018 DY, C.Duhr, F. Dulat, B Mistiberger

from L. Cieri

And it still keeps going...
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The status of precision QCD (not so long ago) ﬂ(".

Karlsruhe Institute of Technology

UNPOLARIZED SECTOR POLARIZED SECTOR
N3LO
The new Frontier? g1 NNLO - van Neerven, Zijlstra (‘94)

NNLO splittings — Moch, Vermaseren, Vogt (‘14)

iggs (TH, app.) C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger
Higgs (VBF) F. A. Dreyer and A. Karlberg
Higgs (Diff in TH app.) . Dulat, B. Mistlberger and A. Pelloni . . .
NNLO singlejet DIS - Borsa, de Florian, IP (‘20)
// L.C,!(.Chen,T.G:L?Enga(r?n',"g‘;/r\lr.gﬁf)gloverandA.Hnss NNLO W produCtiOn - Boughezal, Li’ Petriello (‘21 )
1 1 O;\

2014 2015 2016 2017 2018 DY, C.Duhr, F. Dulat, B Mistlberger NNLO"‘ SIDIS (apprOX) = Abele, de FIorian, Vogelsang ('22)

from L. Cieri
N3LO 91 = Blumlein, Marquard, Schneider, Schonwald (‘22)
And it still keeps going...
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The need of higher order corrections

Significant correctios even in o ¥ a\2 o) a\3 (s
inclusive observables!!! Oqg =04 " + gﬂ"? + (g) Og T (g) Og " T -
Vermaseren, Vogt, Moch (‘05) LO NLO NNLO N3LO

1'04; Fxs :’

--- NLO/NLO DIS structure functions
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The need of higher order corrections ﬂ(".

NNLOJET BEp-g+jet+ 3 J5= 388 Gev

a8 T T T T T K . ) \
_— - ZELS o == ] e New partonic channels at higher orders (e.g.
.l 1 gluons in DIS)
S j::: e | e Parton luminosities can produce sizable
5 L corrections (interrelation with PDFs) )
2aaa
Tasa
o e QCD jets acquiree internal structure
217 o Better matching of jets with experiments
=
- a:g \U

. . . . . . . LO NLO NNLO
4 -5 B @5 1 1.5 2 25 3 \ /
nist

Currie, Gehrmann, Glover, Huss, Niehues, Vogt (‘18)
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Current status of jets in polarized DIS ﬂ(".

Status on jet production in polarized DIS: Status on polarized inclusive DIS:

Structure function coefficients available at
Not much interest in fixed-target

1jet at NLO (N-jetiness)
Boughezal, Petriello, Xing (‘18)

Jjets at NLO (dipoles) van Neerven, Zijlstra (‘94)

Photon - Borsa, de Florian, IP (‘20) e NNLO (NC & CC -g1, g4, g5)
NC & CC - Borsa, de Florian, IP (21) Borsa, de Florian, IP (‘22)

e NNLO (photon - g1)

1jet at NNLO (dipoles + P2B) e N3LO (photon —g1)*

Photon - Borsa, de Florian, IP (‘20) : : ) :
NC & CC - Borsa, de Florian, IP (-23) e Blumlein, Marquard, Schneider, Schonwald (‘22)

1 November 2023  Ivan Pedron - Jet Production in Polarized Deep Inelastic Scattering IAP - TTP, KIT




Dipole subtraction (NLO)

As in any subtraction method, we build a counterterm A that

e Matches the IR behavior of real emission
e Is easily integrated to cancel IR divergences of virtual piece

N0 [ (@)~ (o) ]+ [ [+ [aot]

m+1

They are process independent, and they are based on the
factorization formula:

d-‘J’A = 2 dUB & i-'1]51‘*’;::1ip-:nle
dipoles

Catani, Seymour (‘96)
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Polarized dipole subtraction (NLO)

dAo = % (ff0++ —doT" —do™ " + dﬁ__)

Asin any s rm A that

e Matches the IR behavior of real emission
e Is easily integrated to cancel IR divergences of virtual piece

SNLO _ (d0™) _ —(ao*) _ ]+ {dg"’ LA
e - - o Differences only in
initial state
They are process independent, and they are ba dipoles!!

factorization formula:

dipoles

Catani, Seymour (‘96) - Borsa, de Florian, IP ('20)
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NNLO - Projection-to-Born method (P2B) ST

Obtain the fully differential cross ] '
section from w; { P} q
® The inclusive cross section at the P n P
desired order P P
® The exclusive cross section of the P
observable + 1 jet at one lower +
order
AN —W;{ P} +w; {P'p}
Born kinematics mapping:
pp =P “Integrated” “Integrated”
Pp=pPB+q
Not possible in the Breit-frame!! d NLO LO LO NLO, incl
N\ O =doa, 4 — dop + do
je +7et,P2B @,
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NNLO - Projection-to-Born method (P2B) ﬂ(".

Finite/integrable in 4-dimensions Inclusive cross section
=TT T T T T e
Obtain the fully differential cross ' : ' ] ]
section from : W {ﬁ*} q ’ : : ,
® The inclusive cross section at the | P n | P
desired order | 7 : | P
® The exclusive cross section of the : P ! :
observable + 1 jet at one lower +| : |
order : : :
| | |
— | N 1w H{PE L+ {P)
Born kinematics mapping: | : I
pp =P : “Integrated” 1 : “Integrated”
P =PB+q T S T ,
\ Not possible in the Breit-frame!! ngLO _ dg%??—jet . dJ%?—jetjPZB n dO_(I;LO; incl
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NNLO - Projection-to-Born method (P2B) ﬂ(".

Obtain the fully differential cross
section from

® The inclusive cross section at the u
desired order
+j

® The exclusive cross section of the

observable + 1 jet at one lower
order

Born kinematics n¥ppIng:
pp=2zP
P =PB+q NNLO NLOI 5 NLO NNLO, incl!
dgljef dgﬁjef : dg?jef:PQB _|_ d ljef :
\ Not possible in the Breit-frame! ===~ =mrEmr=mer=mes=
Dipoles Structure Functions
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Parity violating (PV) contributions to DIS ﬂ(".

Links between polarized and parity violating

processes PV NPV 5
o ' +— Ao Y
/Z /7
AJPV B GNPV Y Y
e Trivial in (4-dimensional)
e Only valid in ones after vertex simmetrization and }/5
finite renormalization (d-dimensional)
—ie (Cy + Cq 7°) — —ie (Cy A" + Ca 1)

(A)Cr = s 4CF d(A)6EY

T axial

(restauration of axial Ward identity) —je yH (CV + )y 75)
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Parity violating (PV) contributions to DIS

Quark channel

AT
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Gluon channel

-
~° EVEN y” oDD
e Unpolarized NPV ® Unpolarized PV
e Polarized PV ® Polarized NPV
A A i e P i
H&HPV _ gh PV » uD_PV _ ﬂi‘.}"h PV »
q q q q
A oA ~ NPV
Uq = a D'q
VALID FOR

q+W/Z — q,q+W/Z = qg+gand q+W/Z — qg+g+g

13 1

November 2023  Ivan Pedron - Jet Production in Polarized Deep Inelastic Scattering

o0 analog
relation!

5 .

o

a PV __ _A(A)_ZVPV ”
q

ODD

Unpolarized PV
Polarized NPV

However, PV contributions with initial gluons cancel

due to charge conjugation arguments!

IAP - TTP, KIT



Parity violating (PV) Structure Functions ﬂ(".

. , : ko
The unpolarized F; was known at W = (—yw + %) [Ff(:r, Q) — 5 g(=, Qz)]
NNLO (van Neerven, Zijlstra (‘92)), but (o~ 2a) (po—22a) . o h .
it's polarized equivalents g, y g5 not + p-q ng(I’Q )~ 5 %(=Q )]

. qdpﬁ i i
~ i€wangy - [Fi(5 @) + b 6i(z, Q)]

LR =2 (—k - Kg" + KEY + KB — ide™Plokl)

We get g, & gs at NNLO out of F, y F, L = (g +ergh)? L™,
by the axial Ward identities since LI = (g5 + eAgh) L&,
@ Initial gluon contributions vanish Ly = (1 +eX?Lr,

@ Ignore triangle terms in NC

Borsa, de Florian, IP ('22)
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Parity violating (PV) Structure Functions ﬂ(".

1,9, (2 1,9,(2
The unpolarized F; was known at Aoflg( )= Acig( = 0,
NNLO (van Neerven, Zijistra (‘92)), but ACINS B — ACISP) — oINS(2)
it's polarized equivalents g, y g5 not

AC%NS’(Q) _ AC%S’@) _ C%NS,(Q).

(Pure-singlet PV cancels at NNLO)

&

A r

We get g, & g; at NNLO out of F, y F,
by the axial Ward identities since

@ Initial gluon contributions vanish g §

@ Ignore triangle terms in NC

No longer valid at N3LO!
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POLDIS AT
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FHHEHHEHEHHEHHE AR AR

# 8 * #

# # |\ L1 Q) # #

i, II_H_\I If ‘II/ ! M

# 8 _ * # 1 1 1

o IO Y Calculation implemented in our

i I N B PO ) i Monte Carlo code POLDIS
S e T e T . . . .
# # by 1I. Borsa, D.de Florian & I. Pedron (2020) ## (un)pOIaﬂzed NNLO S|ng|ejet N

I R R
Significant extension of DISENT v@.1 by Mike Seymour, with
minor modififications by Gavin Salam. It includes polarization
of initial estate particles and the Projection-to-Born method
to obtain exclusive NNLO results.

lab frame, for NC and CC

(un)polarized dijets at NLO in
lab frame or Breit frame, for NC
and CC

channel in DISENT ve@.1!!! This accounts for the
discrepancies observed with respect to DISASTER++ 1n
G. McCance, DESY-PROC-1999-@2, also hep-ph/9912481, and
V. Antonelli, M. Dasgupta and G.P. Salam,
JHEP ©@02 (2000) @el, among others.

HH R R R R R R R R R R R R R R R R R R R R

otk ok o o o o o o

#
#
#
#
#
# NOTE: a bug was found in one of the dipoles of the gluon
#
#
#
#
#
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NNLO Jet production at EIC

UNPOLARIZED
NEUTRAL CURRENTS

e Small Z contribution
(photon interference
mostly)

e Good perturbative
convergence

Borsa, de Florian, IP ('23)
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NNLO Jet production at EIC ﬂ(".

i POLDIS
C:"; 100 LO E 'E' 103_ 777 I ' i
= i NLO L 1727 /_/_/__
o I NC ep—jette+X NNLO :%: // i
POLARIZED NEUTRAL 107 J5=140GeV 3 5 10 / i
CURRENTS 5 _ ' = “1.25__4  EEmE e
K-factor NLO ZZ4 K—fac:c-nr-;-N-I_,-O-t 1.00 ;' |
: — 0.75 &
3 3 (v+ Z)/y NNLO 7] 1.50 E_
e Enhanced contribution 100 e — 100
at high Q2, x and pt (PV _
_ =
terms and cancelations) S = ol
e Sizable effect on spin = g
. =~ s C
asymmetries! < < -
< 0F
= 1.50F

1.00 Eﬁ% _____ ::"T"’_"'“ Tz T zzzzz_ 1 égg _ _____

_ 150 F _I_,— L50 :
Borsa, de Florian, IP ('23) Lok _ — ; Look : : . . ,
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NNLO Jet production at EIC
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i POLDIS . | -
G 10° o 1 Zwl B ]
= ; NLO = g/// —
o T NC ep—jet+e+X NNLO = // :
POLARIZED NEUTRAL S0 E 5= 140GeV . 5w / i 1
— C = |
CURRENTS Sj ' = - % : i5555 e
Roctor NLO | 223 Kofactor l:J-N-L-C: t égg ' e
: — R e ' M
; ; — d?c7 Ara? . _ P , _ P
° Enh.anced contribution 1.00 : Z _ ngfj {[1 (1 _y)z] Fj —y?Fl T [1 _a _y)z} Fg}’ s
at high Q2, x and pt (PV _ dzz f B
. = o dra” . ; ; ; . .
terms and cancelations) 3 o drdy g2 {-[1+ -2 gf+v2q] F22[1- (1-9)?| i},
e Sizable effect on spin =
asymmetries! = |
N e — 158: . . . =
oL Vi i ok S -"““'EQ
_________ 1.00 — ===
100 m """ --'I"_'"Illll ﬁ_ III.‘J{ o 050 E‘""ﬂ 1 1 1 1 1
10 ] _I_,— 150 F ' ' ' ' i
Borsa, de Florian, IP ('23) 00— | ] ook . | . . .
6 % 10° 10! 2 % 107 -1 0 1 2 3
pr [GeV] n
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NNLO Jet production at EIC

SPIN ASYMMETRIES
NEUTRAL CURRENTS

e Enhanced contribution
at high Q2, x and pt (PV
terms and cancelations)

e Sizable effect on spin
asymmetries!

Borsa, de Florian, IP ('23)
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NNLO Jet production at EIC ﬂ(".

Karlsruhe Institute of Technology

003 —2OLDIS . ——— ———————— —————— :
L r CC ep—jet+e+X LO [ [ 1
é | /5 =140GeV o |00 =YW el e = ]
2 002 NNLO UNPOLARIZED
= T == | 2 = ] ' CHARGED CURRENTS
© 0.01 [ —1__
1.25F 158_///// — ] : 5
1.00 N WL E
peetst -’_l_l_ﬂ- K-factor NLO K-factor NNLO 1.00F P in——
0.75F | “=5% T P B e Greatly suppressed by
102 103 10-3 102 101 100

e AtLO ptand Q2 are
related, leading to large
corrections

Borsa, de Florian, IP ('23)
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NNLO Jet production at EIC

04
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- 221 LO
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L L L 1 L L L L
] !"_"L----. [ K-factor NNLO }
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2 T e e e 4
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ASYMMETRIES
CHARGED CURRENTS

e Higher than NCs
e AtLO ptand Q2 are

related, leading to large
corrections

Borsa, de Florian, IP ('23)
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What's next? ﬂ(".
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Possibilities:

+» Extend code to calculate SIDIS
+» Add quark mass effects

l!
l »
H
e A%
N
fx
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In conclusion... ﬂ(".

v Higher order QCD corrections are fundamental for the precise
description of observables, and they will be instrumental in the
description of the proton's spin (EIC underway!)

v We presented Polarized NNLO 1-jet production for neutral &
charged current DIS

v Better perturbative convergence, but still with sizable corrections

v Significant corrections to double spin asymmetries
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NNLO Jet production at EIC ﬂ(".
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— .PDLDIS‘H... | -
E 0.004} e nro — e
R R e T POLARIZED CHARGED
g o2 e CURRENTS
5 0,000 Lo :
e Greatly suppressed by

10? 0 102 10010
. W mass

e AtLO ptand Q2 are
| related, leading to large
7 corrections

3 )] S— i S Borsa, de Florian, IP ('23)
6x100 100 2 % 100 1 0 1 B 3
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