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Collinear factorization formula in hadron colliders

doppsx = Z/ dzy dzaf; (z1) f; (z2) dojjmx (1P, moPo) Fy |1+ O(A%QCD/QQ)]
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A key challenge in precision QCD calculations for the LHC is handling
infrared (IR) divergences, which must cancel between real and virtual emis-

S10NnS.



Two main approaches for the cancellation of IR divergences
Slicing

) 1
IM|*Frdgg = [MPFrdeg],  + [ [IM]PFrdes+ O(6)
0 & Js

- Non-local in phase space;
. Large cancellations between singular and regular terms;

. Straightforward to implement;

Subtraction [See Xuan Chen’s talk]

/ IMIPFydgg = / [|M|*F; — S] dga + / S dg

. Local in phase space;
. Potentially, offers better numerical stability;

- More difficult conceptually;



Modern slicing variables

I. Transverse momentum of a colorless or colored (but massive) system:;

[Catani, Grazzini "07]
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[Chen, Gehrmann, Glover, Huss, Yang, Zhu *23] Mazzitellid, Rottolia, Savoini *23]

For processes with jets, such as pp — V+jet or pp — 2 jets, gr is

unsuitable because gr = 0 for radiation emitted inside jets.
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2. Jettiness; [Boughezal, Focke, Liu, Petriello °15; Gaunt, Stahlhofen, Tackmann, Walsh *15]
. in {Q%ki Qk; QQNki}
N — 9 9 0 9
2@

. Computation of singular contributions is facilitated by factorization for-

mula; [Stewart, Tackmann, Waalewijn *10]

f 1 d
" lim——2 = BQBRSRHR Q- --®J,

7—0 0 dr

. Some N°LO ingredients are known:

. Jet function: [Bruser, Liu, Stahlhofen > 18]
. Beam function: [Behring, Melnikov, Rietkerk, Tancredi, Wever ’19; Ebert, Mistl-
berger, Vita 20]

. Zero-jettiness soft function: [Baranowski, Delto, Melnikov,Pikelner, Wang >24]
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qr and jettiness slicing variables

. For most color-singlet processes, qr performs better than O-jettiness as

slicing variable [Campbell, Ellis, Seth *22]
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- Motivating the search for an extension of g7 to processes with jets;
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. kr-ness and A ' was recently introduced: [Buonocore, Grazzini, Haag, Rottoli,

Savoini ’22; *23]
.. One-jet resolution variable A Fr: an event in which F' is accompanied

by m partons with momenta ps, . . ., P19
m+2

AEr = Z Pir| — [Pl
1=3
. n-jet resolution variable kp-ness: from the kp-clustering algorithm

pp—H+j+X

0.30 1 T ) ' = oS, ‘ . .
i S ~——+4  .Both jettiness and kr-ness results
T 0 = i c
nicely converge
a4 015
s T . The resolution variable dependence
o — 1 i in the case of jettiness 1s strong

0.2 0.4 0.6 0.8 1.0
Tcut [%/]

. However, implementing it beyond NLO will be very challenging in the

absence of a factorization formula.
:



TMD and jet physics
- QCD factorization of jet TMDs:

SR,

i¢jets

coll
=== Jet axis

soft
kJ_

qr = +O0(k*) < Q

kj_OH—O- k_j:)ft — 0

.Sum over all soft and collinear partons not combined with hard jets
. Deviation from gr = 0 is caused only by particle flow outside jets

. Non-global observables [Dasgupta & Salam *01]
. Factorization formula (¢r < @), R < 1) within SCET and Jet effective
theory [Becher, Neubert, Rothen, DYS *16 PRL]

bT y
dQQTdX Z/ i bTS]_ﬂ/kU)T) i/Ny (517 bT) j/Na (527 bT)

XHijmvi (8,8, my) Z <jwl§ ({ns}, Rp;) ® Uﬁ({ﬂ} >RET)>

m=1

Refs: pp — V+jet [Chien, DYS, Wu ’19 JHEP]
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TMD and jet physics

. Define ¢r using pp-weighted recombination scheme [Banfi, Dasgupta, Delenda

"08].
1
— PTr = PTi + PT,j>
o WP + w;g; Wil + Wiy n
Qbr — ; Yr = ) W; = Pr
W; + W; W; + Wy

J2

where n — oo: Winner-take-all scheme [Bertolini, Chan, Thaler *13]

. N3LL resummation for jet gr @ e*e™ and ep: [Reyes, Scimemi, Waalewijn,
Zoppi 18, "19]

. N2LL resummation for 0¢ @ LHC: [Chien, Rahn, DYS, Waalewijn & Wu ’22
JHEP + Schrinder 21 PLB]

. N3LL resummation for 0¢p @ ep: [Fang, Ke, DYS, Terry *23 JHEP; Fang, Gao,
Li, DYS °24]



qr-slicing for jets

- Recently, we propose two ways of extending g7 to processes with jets; [Fu,

Rahn, DYS, Waalewijn, Wu ’24]
The key ingredient is the use of a recoil-free jet axis!

. Azimuthal decorrelation: 0¢ or ¢,

qrx — Px1 + Pz.2

. Total transverse momentum: qr:
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Azimuthal decorrelation (0® or ¢.,)

- A simple factorization formula; [Chien, Rahn, DYS, Waalewijn & Wu ’22 +
Schrinder *21]
. Suitable for processes that are planar at LO: pp — 2 jets, pp — V+jet,

+

eTe” — 3 jets, etc.;

By using the recoil-free scheme, the
transverse momentum perpendicular
to the scattering plane g, or equiva-

lently the azimuthal decorrelation 09,

1s a suitable slicing variable.
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Azimuthal decorrelation (0® or ¢.,)

. Factorization formula (pp — 2 jets):

do-fact T igyb
e B (z4,b , bz by
e [ B By 0 30

X tr {7:[@74/@6 <pT,17 m —n2) S@'jkﬁ (bs, 1, 772)} -

. Factorization ingredients:
~Standard TMD PDFs B; ;: known at N3LO; [Luo, Yang, Zhu, Zhu, ’19;
Ebert, Mistlberger, Vita *20]
. Soft function S}jkg: can directly be obtained from the standard TMD
soft function at NNLO; [Gao, Li, Moult, Zhu *19]
- TMD jet functions J ,: partially known at NNLO; [Reyes, Scimemi,
Waalewijn, Zoppi ’19; Bell, Brune, Das, Wald ’23; Fang, Gao, Li, DYS ’24]
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Azimuthal decorrelation (0 or ¢,)

LHC 13TeV pp — 2jets+X GNLO
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.NLO correction 6o N=0;

dqgr————
dX A P B

.Jets defined using the anti-k7 algorithm

with R = 0.5.

.. Converge nicely to the NLO result
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Transverse momentum (G7)

. We can still use the total transverse momentum gy = |gr| of the color-
singlet and jets as a slicing variable, when using the WTA scheme.

. Especially, for processes that are non-planar at LO, such as pp — Z + 2
jets, pp — 3 jets, etc.

» Factorization formula:

dafact dQET
AX dor b Bz as br)B; ) T 7
dX dgr QT/ A Jo(qrbr) MZI;K (24, br) Bj(xy, br) T (b)) Ti (by)

AN

X tr [HU%M (pr1,m — 12) Sijkf(R: ET, mn, 772>] ’

. Only soft function 1s new: Outside the jet (br), Inside the jet (b,);



Soft function

. In small R limit, soft function refactorizes into simpler global and collinear-

soft contributions:

Sisre(R, br) = 8800 (br) S (Rbr) S (Rb.) S¢™ (Rbr) S (Rb,) + O(R™)

7

The leading term in the small R limit is sufficient to check RG consistency.
. The power corrections of R*" can be obtained by expanding in R. Similar
method has been applied in some processes. E.g. Two-loop jet veto pyet°

beam function [Bell, Brune, Das, DYS, Wald *24 JHEP]

Two-loop gluon rapidity anomalous dimension:

2 524 167 176 3220 44r2 560 176
AdSAR) = ( — ~ N2 — —1n22 — 48
2 (R) ( 9 "3 T3 7 9 9 T3t 3

+17.9R? — 1.28R* — 0.0169R° + 0.000402R® — 2.62 - 10 >R

1n2) In R+



Soft function

A() cuty _ s 2 2 n; - N
S (qT)—47T{ AL ZT + 1L, [4L ZT +8;T -T;1In
—81n2(T1+T2)-(T3+T4)—16ln2T3-T4] —€ZT§
w2 o R
+ {(T1+T2)-(T3+T4)—|—2T3-T4} 411’12LV—|—§—|—41I1 5
+* Z(Tl +T5) - T;8In2In (2 coshy;)
JEjets
+T;5-T, [8 In 21n(4 cosh ng cosh ;) — 21n*(2 4 2 cosh(ns — n4))
+2( =) T, T;S5( R,ng,m)}
1<J
Jet-jet dipole:
R 73 — N4 7 6
SST(R) = — 2R*In — tanh? R* |- —
) T ( 2 >+ l3 1+008h(n3—774)]

+ O(RY)

+ R?

49 e3 (362773 + 3e2m 86773+774) ! (R) (62773 + e2m _ 106773+774)2
— In
2

720 2(em + emn)? 2 36(em + em)
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gr-slicing for pp —> 2 jets

LHC 13TeV pp — 2jets+X @ONLO
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. g7 converges better than g, slicing

- We add power corrections up to
O(R*) which reach 1% accuracy as
R =0.5.



Summary and outlook

— IR divergences pose a significant challenge in precision QCD calculations,
particularly for multi-jet final states.
— Two novel extensions of transverse momentum slicing variables (g, and g7)
are proposed, specifically designed for jet processes.
.. These extensions simplify the treatment of soft functions, especially for
planar processes like pp — 2 jets.
. The slicing approach was successfully demonstrated at NLO.
. The g, slicing variable is also applicable to hadron processes;
— These developments provide a promising framework for addressing the chal-
lenges of multi-jet final states at N°LO, paving the way for advancements

in precision QCD calculations.



Thank You
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