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Motivation

3D Tomography Factorization Violation

Single-spin asymmetries in dijet production at
polarized proton-proton colliders probe 3D
proton structure and TMD PDFs. [Boer,
Vogelsang ’04; Bomhof, Mulders, Vogelsang
Yuan ’07; Quu, Vogelsang, Yuan ’07 ...]

Transverse momentum dependent (TMD)
factorization is violated in dijet production.
[Collins, Qiu *07; Collins ’07, Vogelsang,
Yuan ’07; Rogers, Mulders ’10 ...]

qr-slicing for multiple jet

Jet calibration

The transverse momentum imbalance 1s used, By defining the slicing variable with WTA jet
for example, in jet calibration. [The CMS momentum, we can generalize qp-slicing to
Collaboration *11; The ATLLAS Collaboration ’12] colored multi-jet systems. [RJF, Rahn, Shao,

Waalewijn, Wu "24]




TMD Measurement at LHC
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Azimuthal decorrelation 6¢ and transverse
momentum imbalance g7

# Back-to-Back Dynamics 'N' Radiation Imbalance

In dijet production, momentum conservation in
the transverse plane enforces the back-to-back
alignment at the Born level.

Soft and collinear radiation induces deviations
from this topology, generating imbalances in the
transverse momentum (g or azimuthal angle 6¢.

qr = P17 + D21l
q
56 = Im— |¢1 — ol ~ 2
1,T

All-order resummation is required in the back-to-back limit!



Non-global logarithms (NGLs)

soft radiation sensitive to the
jet boundary
Standard E-scheme jet

Non-global logarithms
(NGLs)

Complex factorization scheme

TMD predictions are traditionally
bottlenecked at NLL accuracy due to
:> complex factorization framework.
[Sun, Yuan, Yuan ’14; Chien, Shao, Wu ’19;
Gao, Kang, Shao, Terry, Zhang ’23]




Winner-take-all recombination scheme

Standard E-scheme simply sums the four-momenta of all particles within the jet.
Winner-take-all (WTA) scheme: [Bertolini, Chan, Thaler "13]

Clustering step: for the closest emission pair i and J:

) nj, PT,i=> PT,
PT,r= PT,i+PTj Nr=14 - ’ ’
' ' o { nj, PT,i < PT,j

The WTA scheme is recozl-free.

For the azimuthal decorrelation 8¢, the WTA scheme eliminates non-global
logarithms (N GLS) entirely. [Chien, Rahn, Velzen, Shao, Waalewijn, Wu ’20; Chien, Rahn, Shao,
Waalewijn, Wu ’22]

For the transverse momentum imbalance qr , the standard NGLs of qr disappear

and the NGLs of jet radius R in the small R limit 1s 1solated in the soft sector. [RJF,
Rahn, Shao, Waalewijn, Wu ’20]



WTA Transverse Momentum

* Consider a multijet scattering process at LHC: p(FPa) +p(P) — Z J(pi) + X.
1=1

* The total transverse momentum of the final jets 1s defined as:

qr = Z@%TA = Z( Z pk,T) nw;, T
i= i=1

kejet-i

N
(j’T :Z Z (pk,TﬁWz’,T _ﬁk,T) _ﬁa,T _ﬁb,T _ﬁs,T
i=1 kEjet-i

N
:—Zzﬁ& Da, T — Db, T — Ps, T
1=1 k€jet-i
with #® . ke ot
Pr.’| = Pk, T Dk, T W, T € jet-i.

) o In-cone contribution g0 1s perpendicular to the
plg )J_ nw;,T =0+ O(pk,T (or — ¢}NTA)2) ‘ Pk 1 18 perp

jet and the beam axis at leadlng powet. 7



Azimuthal decorrelation 6¢=|r— V™ — ¢34

* In the back-to-back limit (6¢p K 1) o ~ dy

pr
e hard: py, ~pr(1,1,1),
e n,p-collinear: pt ~ pr (6¢%, 1, 0O )n;i;»
e soft: pl; ~ PT (5¢7 5¢7 5¢)7
e 1 2-collinear: pe ~ pr (66°,1,00) ;-
 SCET-II Factorization formula:
d*o -y TaZb  2pT
dmdnodprdg, 4~ 1682 1 + &y
4 ijkl
>z > dby ibyq
Y X  on € v Sike,10 by 111,725 15 v) T (by, w1, s v) Tg (by, w2, V)

X Bz/p (wa,by,wa,,u, V) B_j/p (xb,by,(.Ub,,U,, V) 3



Resummation formula for 0@

RRG- > Jet & beam >> Soft > RG- > Hard >> Soft Jet & beam >

Rapidity Renormalization Group [Chiu, Jain, Neill, Rothstein *11]

d*o TaTo 20T / db,, (,,S ) T (by, py)
= - —Y cos (b —
dn dne dpr dgy Z_j% 16752 1 + Oy iy (byay) i:}_bll , \Vi

T | S
X Z €xXp {/ : [’7cusp(as) (CH In % + Ak + /\;{’) + 27H(a8)] }

X Hijoke k k' (PT, M — N2, 1) Sijke, ki (by, M1, M2, g, Vs)

X Bz/p (xay Wa, bya Hfs Va) B_y/p (xba Wh, by’ Ky, Vb)

X jk (byawla ,ufa Vl) «73 (by7 w2, ,u’f7 V2)

X exp [—Sf\rp(by, Qo,wa) — Sﬂp(by, Qo,wb)] :
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Transverse momentum imbalance gy

N N
Z ZZ@EZ& Pa, T — Db, T — Ps, T

1=1 kcjet-t

e SCET Factorization formula:

d*o TaTh 2pT d2br .. =
— d elar-br
dny dne dpr dgr ij% 16782 1 + 0y a / Pq / 27r)2

X Siine17(bry 1, m2. B s ) T (by, wi, ) T (by, wa, p, V)

X Bi/p(xaa Wa, b, 1, V) Bj/p(xba we, br, 1, V)‘

* Only soft function is new: Outside the jet ( ), inside the jet (dy)-
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Small-R refactorization of gp-soft function

@r/pPr K R K1)

* In small-R limit, the gr-soft function refactorizes into global and “collinear-soft”
contributions, up to power corrections in the jet radius.,

—

Sz’jk@(gTa R, n1, 72, Ky V) — Szgyl'zll?al(bT’ n, 12, K, V{Sk(gTa n, R, 22 VﬂSE(ETa 12, R, K V) + O(R2n)

Encoding the collinear-soft and ultra-collinear-soft modes

* Non-Global Logarithms: Sy (Sp) contains NGLs of the jet radius.

* Calculation Method 1: These can be computed using the multiplicity-interacting

EFT framework. [Becher, Neubert, Rothen, Shao "15, ’16; Becher, Pecjak, Shao ’16; Larkoski,
Moult, Neill “15]

* Calculation Method 2: Boosting along the jet axis reduces Sk (Sp) to the hemisphere
soft function, separating the dependence:

* In-cone: depends on b

* Out-of-cone: depends on b_
11



SCET modes for g7 distribution
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Refactorization of §;

For the momentum k of ultra-collinear-soft mode, we have k= > k™, k.

Under this hierarchy, the Fourier exponent associated with the out-of-cone measurement
admits the power expansion

— — ]_ .
bT-k'T = —-b-k=x —§b+k5 y
beam coordinates —

jet coordinates
with b#* = (0, by, by, 0) and b+ = —b,n; .

. : : nt nt
Momentum decomposition along the jet axis: p* = (n; - p) Moy (R - p )?Z + 0" = (i - p, 7Py, D )nin

Applying the factorization framework for non-global observables in the small R limit:
[Becher, Neubert, Rothen, Shao ’15,’16; Becher, Pecjak, Shao *16]

7 d(u; cs ucs —
Si(bTa'rh'?Ra,U'a E I I / ( J ] S ({nlanzau} b’y7 R, My )sz ({nivniag}a bz, R, M)]
m;=0 j=1 d;

= Z <S};§f({ni,ﬁi,y},bx,R, p) ® Sy ({ns, ng, ut, by, R, v)). .



Collinear-soft and ultra-collinear-soft functions

SCS.({ni,ﬁi,u} by, R, p,v) =

my

dE;E¢7°
/ (%)d 7 |Ma, (ni, 7, {p})) (M3, (i, 7ia, {p})| exp (zb Zpky> O ({p}).

j=1 k=1

Collinear-soft amplitudes: |Mf,ifz(nz, s, {p})) = ({1_)}|S(nz)ST(ﬁz)|O)

my
In-cone constraint:  ©% ({p}) = H S} ( R? — M), R, = R , ultra-collinear soft collinear-soft
i1 i " Dj 2 cosh n;
= "

Sm; ({7 ), by, By p) = lewni(umi)wvf (u1) U (75) U (i) | Xoues) _ § ;%
Xucs | i )J_,Jf _\_\1 : ;
(Xues | Ua(ni)Up(7)Us () - - Upn, (tm, ) [0) exp(—%“ > Ky ) '
igiet—i y




RRG and global RG evolutions

ny - p i p * Two sets of RRG evolution:
Al \\\ Al \ U T (br, py) U : I}, (by, pes)
1 1 \ .
beam S, | jet H -2 H i
PT | ‘ PT | . : Vi . Vi
A \ * llinear-soft i=ab =1
2 2 \\ CO -
~Y ~ | \ . . .
b I/ B ' '\ with the rapidity scales
2 28
\\ p ~ qy ) S ~
\ Se l/ini(’izabl 2) I/SNbo/bT
qr qr ‘ ultra-collinear-soft T ’
P’ ~ g ‘\‘lfe_a_m PP~ GRS Ves,i ~ bo/(|by|R;) (1 = 1,2).
' —> N P — > NP
qTr pr qTR 5 QyR
qy/pT

* Typical scales in RG evolution: un ~ 2pr,

po ~ s ~ bo/br,  fles ~ Mg ~ b0/|by|a pucs ~ Rbo/(2|bz]).

* The RG evolution of the hard function is analogous to that for the g,, distribution.

* The RG evolution of the jet function from (i to iy ~ by /bt should be included to resum the large
logarithms In(|by,|/br) that arise in the limit sin ¢, — 0.
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Non-global RG evolution

* The evolution matrix for the collinear-soft and ultra-collinear-soft functions:

L d Lfod .
I] exp [ / e 4 / —“F?CS] Una (Bucs, Bes)-
. Hcs ‘U: Hucs M

* We resum the leading non-global logarithms In R,

oo

; LL A _
UI’(IG (,U»uc3> .U’CS) =" Z <1 X UmO({nia nig, @}, Hucs ,U«cs)>

m=0

* Dasgupta—Salam parametrization [Dasgupta, Salam, "01]

2 2
G T u21 + (au) ) o 1. os(pucs)

- 1
3% 1+ (bu)e N

UKIG(/‘L’UICS)/J’CS) ~ eXp ( ,BO o ([.L ) ’
S CS

with @ = 0.85C,, b = 0.86C,, c = 1.33.
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NNLL+LL7 Resummation formula for g
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* b,-prescription:

[by|
1+ 52/b2

max

bz |
14+ b2/b2 .,

1+ b7 /bhrax

* Scales in ¢ resummation:

ph = vp - 2pr gy = min{vy - pp, ., Ha}

* Scales in g7 resummation:

bo
bTﬁ

bo
by,* ’

Ms=ub=Mf=min{Uf ,,uh}, Kj = Hes = Uf

. Rby
Uh = Up - 2pT Poucs = N Vf o0, fhes 0
T, *
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Effects of NGLs

effect of NGLs, R = 0.5

NNLL
NNLL (purely global)

* The comparison reveals that the inclusion of
the resummation of NGLs leads to a noticeable

= suppression of the cross-section in the peak
O 5 region.
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NNLL+LO Matching

d0maen(NNLL + LO) = (1 — #(0)) (do(NNLL) + Usf (0) do(LO non-singular)) + (0) do(LO full)

The transition function t(0) acts as a smooth switch, transitioning from 0 in the resummation-dominated region

e The effective evolution matrix, Ufi (O) = exp { /
2

to 1 in the fixed-order region.
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is used to suppress the divergent non-singular terms in the infrared regime.
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Comparison with PYTHIA 8.3

NNLL + LO matching vs PYTHIA for ¢ distribution oos NNLL + LO matching vs PYTHIA for g7 distribution
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Both the azimuthal decorrelation ¢ and the transverse momentum imbalance g7 are robust against
hadronization and multi-parton interactions (MPI).



Conclusions

* WTA scheme eliminates standard non-global logarithms (NGLs), simplifying the
factorization;

* Small-R Limit: Exploiting R < 1 allows the soft function to be refactorized into
global, collinear-soft, and ultra-collinear-soft modes, enabling the calculation of
NGLs of R;

* Joint resummation involving NNLL accuracy for global logarithms and LL
accuracy for the small-R NGLs.



THANK YOU!



Backup: Combination of the collinear-soft and
ultra-collinear-soft functions

* The perturbative expansion of S; is organized as

ZaaS(:u) Zaas(llf)

| +y
Sz(b_L, b ) 1+ . i

2
SO, 5) + ( ) SOy, 5) + O(ad)

* NLO ;i S{P(by, b%) = (S5 S5 + (550 55°0) 4 (57 @ 7)) = (5577 + (1@ 57°1)

) 2e \7 R 2¢
with:  (1ese0@,) = o (ML) (MRUENS, sy — o (LE)
bo bo boR;

S 12 37 3y T 3714407 T35 80 °  40g

2 4 7 ( n wn (3 e 4(3 1774 4¢3€2  3mt 7T4€3>
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Backup: Combination of the collinear-soft and
ultra-collinear-soft functions

* NNLO §;:

S (bL, b) = (

, 9
> (V|bL|R) 2lw2(y|b;|R’) C'2h B 4 C;C4(ha + VY )+CmeFhf]
0

de 2
) gy Sout + C;Ca(ga + v9™) + C; nprgf]

(

|bJ_| Zb+ﬂ V|bJ_|Ri U 2 ~9
i w 'hin ou | 7 .
( bo boR; bo iapens O

* Double-real ultra-collinear-soft emissions, where one emission is in-cone and unobserved, while the other is
emitted outside the jet cone and measured:

) CiCa(sa — ga — vq"™) + CingTr(sf — gf)]

2 22 1,40 134r°  44¢s  8r’ qusf_gf:(ﬁ_s_w?)l 68 647> 16(3
39 9 27 3 457 3 9

QA=8A—9A—?)31“t= € 9 + 27 3
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0 term

600 - —— refactorized EFT (pa + R™%6G,4)
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Backup: Refactorization of the hemisphere
calculation and its power corrections

eY term

_50 -

—100 A
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Relative difference (%)
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{  hemisphere (ry)

CrneTe Term

——=- Zero Line
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The comparison demonstrates
that the two approaches are
consistent in the small radius limit

R K 1.

Fg=pa+R %G +O(CRInR,R)

272 2(3—117% 4 672 In2 — 18(3) 4 44x?
=T _ - -2 18R
3¢2 9¢ +[<3 o T C‘"’) .
4 4 2 44
+ 50 + 71% + 57 (-134+3610%2) + % 16 12| + O(RIn R, R),

4 872\ 1 8 5 4
—(5—7)—+§(—3+27T)IHR+

p 5 (=51 + 1672 — 36¢3) + O("RIn R, "R).
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Back-up: Anomalous dimensions

* The standard form of the RG equations of collinear-soft and ultra-collinear-soft functions can be derived as,

d m
SCS({n“nl’u} by’R My V) Z ;:rs),l S?S({niaﬁiag})byaR, K, V) d UCS UCS ucs
dlnu = dln’u, ({nz,nz,u} bx,R ,Ll, ;8 {nunz;u} ba:aR “)@I‘ml
m 0o
= Z (chamll + le) st({niaﬁiag}abyaRvu) V)a Z ucs {n,,nz,u} bx,R /J) (Fu055ml1 le) .
=0

m:

Their combination §;, evolves under the RG without any residual multiplicity mixing,

d
dlnp

S’i(gTa i R, 1, V) = (FCS + Fucs) Si(l_;T7 ni, R, b, V)'
* The two-loop global anomalous dimensions for the collinear-soft and ultra-collinear-soft functions are

I(as, {ni,ni}, Ry p,v) = 2Cz"Ycusp(O‘-‘S) In VLR-a

4 2b2
Fucs(a37 {’I’Li, 'F"z'}, bm, R, ,Ll,) = _Ci’)’cusp(as) 1 a

n—5—- bng _iWSign(bmnz’,m) )
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The non-singular contribution (B +
ByIn0) (O = 8¢ or qr) retains a
logarithmic divergence as O — 0, despite
being suppressed relative to the leading
singular terms:

do(LO full) ~ do(LO singular)
dlog,, O ~—  dlog O

= (Al InO -I-Ao) + (BlO + BOOIIIO),

do(LO full) A;InO+ A
dO N (@)

do (power corrections)
dlog;o O

—|-(Bl -I—B()th).

This logarithmic enhancement is characteristic
of exclusive or jet-dependent observables.

[Ebert, Tackmann ’19; Salam, Slade *21; Grazzini,
Wiesemann ’17]



