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Standard Model Summary Plots June 2024

[ATLAS Collaboration "24]

Standard Model Production Cross Section Measurements
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Generalized q-Slicing for Multi-jet
Final states



Slicing Approach

[Fabricius, Schmitt, Kramer, Schierholz ’81; Catani, Grazzini ’07; Gao, L1, Zhu 13 ..]]

(m) (m) 00 (m+1)
doxiro _ /5 dqr doyiy o n / dar doni-io
dX 0 dXdqr 5 dXdqr

* 5 (orqH plays a role as slicing variable here;

* The factorization formula, obtained e.g. through Soft-Collinear Effective Theory
(SCET) [Bauer, Fleming, Luke *00; Bauer, Fleming, Pirjol, Stewart *01], can be used to handle
the cancellation of infrared (IR) divergences in

= 1 P
dO'(m+1) do . . .
* whereas —_N<T'LO — ZPQCD g numerically easier to compute.
dqr dqr

Large cancellations between singular and regular terms.



Modern slicing variables

* Transverse momentum of a colorless or colored (but massive) system. [Catani,
Grazzini ’07; Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan ’19]

For processes with jet production, qr defined using standard jet axis is unsuitable,
because only out-of-jet radiation contributes to SJA qr.

* N—jettiness [Boughezal, Focke, Liu, Petriello ’15; Gaunt, Stahlhofen, Tackmann, Walsh *15]
Kinematic dependence? [Bell, Dehnadi, Mohrmann, Rahn °23, Agarwal, Melnikov, Pedron ’24|

Power corrections? [Moult, Rothen, Stewart, Tackmann, Zhu ’17; Ebert, Moult, Stewart, Tackmann
Zhu ’18; Eberta, Tackmann *20; Campbell, Ellis, Seth *22; ...] S i menene

o(NLO) (fb)

e kKr-ness uonocotre, Grazzini, Haag, Rottoli, Savoini ’22
T g

0) (tb)
I

* WTA-gT [RJF, Rahn, Shao, Waalewijn, Wu *24] N et
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qr-slicing for Jets

* We propose two generalizations of qr that can be used for jet processes.
The key ingredient is the use of a recoil-free jet axis!

Utilizing the Winner-Take-All (WTA) scheme to define slicing variables.

* Standard E-scheme simply sums the four-momenta ot all particles within the jet.

* Winner-take-all scheme: [Bertolini, Chan, Thaler *13]
Clustering step: for the closest emission pair { and J:

) ni, PT,i=> PT,
PT,r= PT,i+PTj, Nr=1 ’ ’
' ' o { nj, PT,i < PT,j

In the WTA scheme, radiation inside the jet can also influence the jet axis through
momentum conservation, similar to radiation outside the jet, leading to a non-zero qr.



WTA Transverse Momentum
N

* Consider a multijet scattering process at LHC:  p(F,) + p(5) — Z J(pi) +V(pv) + X.
i=1

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

N N
Z@%TA +pv,T = Z( Z pk,T) nw;, T + Pv,T.
i=1

i=1 \k€Ejet-i

qr

N

E E (pk, 7w, T — Pk, T) + Dv.T — PV.T — Da, T — Db, T — Ds, T
1=1 kE€jet-1

N .

- —O(Z) - - =

= Dy | = Pa,T — Pb,T — Ps, T
i=1 k€jet-i

qr

with ﬁk(:f)J_ = ﬁk:,T — Pk, T ﬁWi,T7 k € jet-i.

L () . .
RO In-cone contribution ( 1s perpendicular to the
plg)J_ -nw,, T =0+ O(pk,T (¢ — ¢}NTA)2) I:> Pk 1 18 perp

jet and the beam axis at leading power.



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

* Planar case: (c.g, pp — 2jets) * In the back-to-back limit (§¢p < 1)  §¢p ~ L

pr
e hard: py, ~pr(1,1,1),
e n,p-collinear: pe ~ pr (00%,1,00)na;,
o soft: ps ~ pr (6¢,69,59),
e nj o-collinear: pt ~ pr (6¢%,1,60)n,7,-
* Factorization formula:
dio :Z ToZp  2pT
dnidnadprdg, Pt 16752 1 + Oy
412 X /C: i—%eibyqysijkﬁ,IJ(bya M, 12, 1y V) Tk (by, w1, p, v) T (by, wa, 1, V)

X<

X Bz/p (.’,Ca, byawaa My V) Bj/p (xba by,CUb, My V)



Azimuthal decorrelation

* Tactorization formula (pp — 2jets):

d4o Z ZTaTb 2PT

dnidnedprdg, N vt 16782 1 + Oy

> db,
* / Q_;ezbyqysijke,u(bya 151125 11 V) Tk (by, w1, 1y v) T (by, w2, b, v)
oo

X Bz/p (CCa, by7 Was Uy V) Bj/p (xb> bya Wh, s I/)
* Factorization ingredients:

e Standard TMD PDFs Bi,]-: known at N31.O; [Luo, Yang, Zhu, Zhu’19;
Ebert, Mistlberger, Vita’20]

* Soft function Sijke : can be obtained directly from the standard TMD
soft function at NNLO; [Gao, Li, Moult, Zhu "19]

* WTA jet functions Ji ¢: partially known at NNLO. [Gutierrez-Reyes,
Scimemi, Waalewijn, Zoppi "19; Bell, Brune, Das, Wald "23; Fang, Gao, Li,
Shao ’24; Buonocore, Grazzini, Guadagni, Haag, Rottoli ’25]




Transverse momentum imbalance

* We can still use the magnitude of the total transverse momentum g7 = |qt| of the
Color—singlets and jets as a slicing variable, when utilizing the WTA scheme.

N
QT—ZPZV\C/FA‘FPVT——ZZ]?/SZ)J_ Pa, T — Po,7 — o, T
1=1 k€jet-1

* (r-slicing can be applied to processes with non-planar kinematics, such as pp —
Z + 2jets, pp — 3jets, etc.

* TFactorization formula (pp — 2Zjets):

dio TaTh 2 d2b
" =3t 2T o [ 0o, [ en
mdnzdprder = 16785 1 + Ok (2m)

X Sijre (b, mos 1 1y ) Ti (byswi, ) Tg (by, wa, 1, V)

X Bi/p(xa’ Wa, b1, My 1/) Bj/p(xba w, br, My V)‘

* Only soft function i1s new: Outside the jet (BT), inside the jet (by).



gr-soft function (q7/pr K R K 1)

* The gr-soft function refactorizes into global and “collinear-soft” contributions in small-R limit, while
the remaining power corrections appear as a series in R%™,

—

Sijkﬁ(gTa R7 n, M2, K, V) — Szgjl'zll?al(bT> i, 12, K, V)%‘k(gqU i R7 M VjSE(ETa n2, R7 122 V) + O(R2n)

Encoding collinear-soft and ultra-collinear-soft modes

A

Ag P n; - N
* NLO: Stinee (a5° 11,2, B, p,v) = 4;#) {—4Li > Ti+L, [41115—2 > T;+8) T T;ln 5
i i i<j

2
—8In2 (T + Tp) - (T1+T3) —16In2 T, - T2] - %ZT?

/.1,2 T2 5 R
+[(Ta + Ts) - (T1 + T2) + 2 Ty - Ty (41n21n§ + 5 +4ln 5)
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. . . . R m — N2
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dy-slicing for pp — 2jets

LHC 13TeV pp — 2jets+X GNLO
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gr-slicing for pp — 2jets

LHC 13TeV pp — 2jets+X GNLO
|2l <2, pri > 100GeV, pra > 80GeV, R = 0.5, factorization scale: 2pr
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Slicing capitalizes on this,

do 0 dO’LP
— = d 1 P
X /0 ClequT[ + O )]+/(5

oo

/ dO—l‘()S.
dgr

dXdgr’

We include finite terms up to O(R ),
achieving a 1% precision for the cross

section at R = 0.5.



1 — 60NO(rey)/6aNO

Comparison between two slicing variables

LHC 13TeV pp — 2jets+X GNLO
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* The curves are obtained from fitting to
aA Trcut In Tcut + b Tcut-

* qr converges faster than g, slicing at the
expense of a more complicated soft function,
and can also be extended to non-planar Born
processes.



NNLO WTA 6¢-slicing in SIDIS

[Dong, Fang, Gao, Li, Shao, Zhu ’26] [2602.22972]
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Dijet resummation for WTA
azimuthal decorrelation and
transverse momentum imbalance



Non-global logarithms (NGLs)

* For the azimuthal decorrelation 0@, the recoil-free WTA recombination scheme

eliminates non-global logarithms (NGLs) entirely. [Chien, Rahn, Velzen, Shao, Waalewijn,
Wu ’20; Chien, Rahn, Shao, Waalewijn, Wu ’22]

* TFor the transverse momentum imbalance g , the standard NGLs of g disappear,
but NGLs of R emerge specifically in the small jet radius limit (R < 1).



Resummation formula for 0@

RRG: Jet & beam Soft RG- Hard Soft, Jet & beam
Hn Hr

[Chiu, Jain, Neill, Rothstein *11]

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

Frd S
X Z exp { / : [’Ycusp(as) (CH In % + Ak + /\Tr{f) + 2’YH(043)] }

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

X Bz/p (xay Wa s by7 K, Va) B_y/p (mba Wh, bya Hfs Vb)

X jk (byawla Hf, Vl) t7€ (by7 w2, U, V2)

x exp [~ Sip (by, Qo,wa) — Sep (by, Qo )| -



SCET modes for g7 distribution

ny - p n; - p
A || \\ A || ‘\
1 \ 1 \ .
beam hR | Jet
| @ pll @
N 1
' o 9 N | * g collinear-soft
\‘ p° ~ pT N Qy/R \‘ .
\\\ \\ p2 ~ q:g\\\
\ \ N S o
qr | ) ar | ‘ ultra-collinear-soft
p° ~ g7 “\'lfe_a_m p’ ~agr R~ ~-
1 | ) na . p L Il |
qr pr grR% @R
qy/pPT
. pl]i NpT(17171)7 ¢

e n,-collinear:
)

e 71 >-collinear:

pgz ~ (Q%/pTypTa QT)ni’r_zm

pgz- ~ (qg/pTapTa qy)nﬂ_bz

e n; >-collinear-soft:

(i=1or2)

plst ~ qr (]-a 17 1)7

pgs ~ |Qy|/R (sz 1, R)nz'ﬁq;?

e njo-ultra-collinear-soft: phes ~ qr (R?,1, R)y,7,-



The function Si (qT/pT K R K 1)

* The gqr-soft function refactorizes into global and “collinear-soft” contributions in
small-R limit, while the remaining power corrections appear as a series in R%™

Sz'jkﬁ(gTa R, n, N2, Ky V) — Szgjl'zll?al(gTa mn,n2, K, V{Sk(gTv m, R, 122 VﬂSE(BTa n2, R, s V) + O(Rzn)

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

* Non-Global Logarithms (NGLs): S;(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_



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, I/)>



Collinear-soft and ultra-collinear-soft functions

SCS~({niaﬁi7u} byaR 22 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)

m;
In-cone constraint: (-)fn({p}) H © ( Rz? — M) , R;= R ) ultra-collinear soft collinear-soft
e i " Dj 2 coshn;
= U1

S ({ni, s, u}, by, R, p) = Z: O\US, (um,) - - Uf (u) U (7)) U (1) | Xaes)
X

(Xues|Ua (1) Up(725) U1 (u1) - - - U, (m; )|0) exp(—%b+ Z kﬂ—) JJJ,I &
et —i Y

§|




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

* The perturbative expansion of S; is organized as

ZaOés(,LL) 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 7r4e3>



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
) 02 Sout + C CA(QA id ,Uout) iid C. nfTFgf]

(

|bJ_| Zb+ﬂ V|bJ_|Ri U 2 ~9
| 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



€% term

Refactorization of the hemisphere calculation
and its power corrections

600 —— refactorized EFT (pa + R7%6Ga)
{  hemisphere ()
500 A
400 -
300 A
200 -
100 A
CrCy Term

0_
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9
‘w’ 14 —=- Zero Line
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D () S, —————— i = " o s s s s s e
-FL_’ 0
° i
p -1
2
® 2
(O]
m T T T T T T

-7 -6 -5 -4 -3 -2 -1 0

log10 (R)

eY term

50
—— refactorized EFT (R™%¢qy)
04 { hemisphere (ry)
_50 .
—100 -
—150 -
—200 -
—250 -
CeneTE Term
_300 T T T T T T
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<
> 14 —-- ZeroLine
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€3 o Y S S
< 0
=
© .
o -1
2
© 2
()
m T T T T 1 T
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logio (R)

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?
== _ — - 48 )IlnR
3¢2 9¢ +[<3 o T C‘"’) .

Tt w2 44¢3

(~134+361n%2) + =% ~16¢3In 2] +O(CRIn R, R),

7 = R%g; + O("RIn R, °R)

4 2\ 1 4
= (§ - 8%) o g (-3+2r*)InR+ 57 (-51+ 167 — 36¢3) + O(¢°RIn R, ¢°R).



RRG and global RG evolutions

ny - p ni-p
A \ AV
| M 1 \ .
beam hR ' jet
ar @
N \ \ .
2 2 . ! collinear-soft
p*~pr q/R} O
\ S .
v P~y
\ \ s ~ ~.
qr | qr .\ultra—collinear—so’ft‘
p’~qr - 'lf(ia’fn P’ ~apRT -
' ——> Ng " P SR > 1
qr pr qr R22 q R
qy/PT

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

Wy ~ ps ~ by /br,

* Two sets of RRG evolution:

11

(Vs)ri(bTaﬂf) (VCS,'I:)F'L(by,MCS)

7 1 (7,

i=ab 1=12

with the rapidity scales
Vi ~ Wy (i:a,b,l,Z), I/SNbo/bT,

Vesi ~ bo/ (1by | Ri) (i = 1,2).

pres ~ pj ~ bo/|byl,  pucs ~ Rbo/(2[bs|).

* 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.



Non-global RG evolution

* The evolution matrix for the collinear-soft and ultra-collinear-soft functions:
ki d ki g .

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
—CACiﬂ- u21 + (au) ) Cw 1 s (Hucs)

— 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.



NNLL+LL7 Resummation formula for g

d°c
dn1 dnz dpr dgr d¢y
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SUCT R INC
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T Hiod
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cS “ ucs M
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X Hijske, Kk (DT M — T2y 11)S 00 g1 i (0T 11525 g5 Vs)

oo
< TI S (S8 ({nps gy wh, b, By pracs) ® S5, (g, i, 0}, by, By s, Vesp) )
p=12m,=0

X Bz/p (xaa bTawav Hfs Va) B]/P (.’Eb, bvabv Hfs Vb) \7/6 (by’whuja Vl) \7€ (by,w2,/ij, V2)

X exp [_Sli\IP(bTawa)Va) - Slj\'IP(bT)wba Vb)] .



Wh uncertainties

3.5
; NLL
NNLL
2.5
a5
,3 2
s § 1.5
1 -
0.5
O T T T T T
00 01 0.2 03 04 05 0.6
0
Wy uncertainties, R = 0.5
= NLL
NNLL
- 8 )
P
<
< 6
A
sls
2] \

20

40 60

qr [GeV]

80

[ uncertainties

3.5
, NLL
NNLL
2.5
o
3 2
ol 1.5
ol
1 =
0.5
0 T T T T T T
00 01 02 03 04 05 0.6
0¢
simultaneous uncertainties, R = 0.5
= NLL
NNLL
— 8 ]
-
S
< 6
A,
4
58
2 \\\\\\\\\\\\\\\

20 40 60 80

qr [GeV]

NLL and NNLL Resummation results

* b,-prescription:

[by| bz |

1+ b2./b2 .« 1+ b2/b2

max

* Scales in ¢ resummation:

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

* Scales in g7 resummation:

bo
bTﬁ

bo
y Hh (5 lf'jz,ucszvfb )
Y,*

fs = pp = fif = min {'vf

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

14+ b2/b2 .,



do

Effects of NGLs

[nb/GeV]

effect of NGLs, R =0.5

NNLL
NNLL (purely global)
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The comparison reveals that the inclusion of
the resummation of NGLs leads to a noticeable
suppression of the cross-section in the peak
region.



Validation of factorization and Power corrections
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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) AilnO+ 4
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]



NNLL+LO Matching

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

PO du [ as(2 4p?
* The effective evolution mattix, Uffzﬁ(o) = exp { / 7'“ <—( WpT)4CA In % )]a
2pr

is used to suppress the divergent non-singular terms in the infrared regime.

The transition function t(0) acts as a smooth switch, transitioning from 0 in the resummation-dominated region
to 1 in the fixed-order region.

NNLL + LO matching for g7 distribution

NNLL + LO matching for §¢ distribution
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Comparison with PYTHIA 8.3

NNLL + LO matching vs PYTHIA for §¢ distribution NNLL + LO matching vs PYTHIA for g7 distribution
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* Both the azimuthal decorrelation 6¢ and the transverse momentum imbalance g7 are robust against
hadronization and multi-parton interactions (MPI).



Conclusions

* Novel Slicing Framework for Jets: Proposed winner-take-all (WTA) azimuthal

decorrelation §¢p (planar) and transverse momentum imbalance g7 (general) slicing
variables to handle IR divergences.

* Resummation for Dijet Production (pp — Zjets):
* 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!



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) )



