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Correlation Functions

e An ambitious program is to rethink

Run: 496908

observables for particle physics at colliders

2025-05-05 14:22:14 CEST

in terms of QFT correlation functions of
local operators

[llustration from [Bossi et al. ‘25]




Correlation Functions

e An ambitious program is to rethink

Run: 496908

observables for particle physics at colliders menc 1maten
in terms of QFT correlation functions of

Why do it?

= No final state sum and IR divergences of

local operators

traditional amplitude methods

= Leverage deeper structural insights from
fundamental QF'T objects

= CF is a mine of universal ingredients that show

[llustration from [Bossi et al. ‘25]

up in collider observable

< It’s fun!



Correlation Functions

e Start with the QCD vacuum

— - —

<X - = ¢

QCD Vacuum Sample, Dec. 1975




Correlation Functions

e Start with the QCD vacuum

e [ixcite it via insertion of local operators of the theory




Correlation Functions

e Start with the QCD vacuum and excite it via insertion of local operators of the theory

e We’ll consider J“(CB) — @Z(ZB)’V’LL?ﬂ(SE)



Correlation Functions

e Start with the QCD vacuum and excite it via insertion of local operators of the theory

e We’ll consider

e 2-point correlation funetion




Correlation Functions

e Start with the QCD vacuum and excite it via insertion of local operators of the theory

o We'll start with J“(CIZ‘) — w(:c)'y“w(x)

e 2-point correlation function <Q ‘ J(O) J( ZL’) ’Q> Adler Function , R-ratio,

Hadronie Vacuum Polarization

< Measures total cross section in eTe”
= Very well known object, many loops known

= Used to extract the anomalous dimension of
the coupling, Blag], to 5 loops




Correlation Functions

e Start with the QCD vacuum and excite it via insertion of local operators of the theory

o We'll start with J“(ZIS‘) — @Z(CB)’Y’“’?ﬂ(SIJ)

e 2-point correlation function 0)J(x Adler Function , R-ratio,
Hadronic Vacuum Polarization

Ok, but what about differential
observables?
= Used to extract the anomalous dimension of

the coupling, Bag], to 5 loops 9



What is a detector?

e As we want to ask more fine grained

questions to our vacuum sample, we need

to add detectors and understand detectors

Illustration inspired by [Simon Caron-Huot, Kologlu,Kravchuk, Meltzer, Simmons-Duffin ‘22]
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What is a detector?

e As we want to ask more fine grained

questions to our vacuum sample, we need

Energy detector

to add detectors and understand detectors

NOLE) <> £(7) = lmo? [ dn 70, v
S0)5% (n)—rgglor - n T (t, rn)

Charge detector

;QT-Q — . > 73 —
lOEE <“—p Q1) = lim r2/_ dt n;J'(t,rn)

r—00
o0

Illustration inspired by [Simon Caron-Huot, Kologlu,Kravchuk, Meltzer, Simmons-Duffin ‘22]
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What is a detector?

e As we want to ask more fine grained

questions to our vacuum sample, we need

Energy detector

@ > 2= Jim s [

Local Operator

to add detectors and understand detectors

Charge detector

By — o -t [T

Local Operator

Illustration inspired by [Simon Caron-Huot, Kologlu,Kravchuk, Meltzer, Simmons-Duffin ‘22]
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Correlation Function for Differential Observables

e We can construct detector operators via non-local operations on local operators in the theory

e Construct collider observables as

Energy detector

correlation functions of detector operators <L)
202 Ramae —hmr/ dtn{T(t, ril)
“Collider correlators” e Local Operator

Charge detector

ST
R« - i el
r—0o0

Local Operator

13



Correlation Function for Differential Observables

e We can construct detector operators via non-local operations on local operators in the theory

e Construct collider observables as

Energy detector

correlation functions of detector operators = ‘
@ «— ¢ ' T, rit)
“Collider correlators” <L Local Operator

e Construct them as transforms of

multipoint correlation functions

of local operators

QT (0)®(22)®(x3)J (2)|€2)

14



From Correlation Functions to Collider Correlators

Multipoint Correlation Collider Correlators

Funetions of Local Operators

Standard QFT quantity Promote local operators to Asymptotic Observable

encoding information on detector operators Measurable in

the underlying theory Experiments at Colliders

15



Outlook: from Correlation Functions to Collider Correlators

Multipoint Correlation

Funetions of Local Operators

Standard QFT quantity
encoding information on
the underlying theory

4 point correlation function

of EM charges
(QJF (1) S (22) J* (23) ] (24)[2)

Promote local operators to
detector operators

Example

Charge detector

Q(m) = lim r2/ dtn; J'(t, ri7)

r—00
— o0

Collider Correlators

Asymptotic Observable
Measurable in
Experiments at Colliders

Charge-Charge

correlator

€



From Correlation Functions to Collider Observables

e Very powerful tool in conformal theories (CFTs) since CF are very constrained
e Significant work in N=4
e Spectacular series of results

= (Correlation function/Wilson Loop/Amplitude Dualities
= OPE data from integrability to constrain amplitudes
= Ingredients of resummation of EEC

= Many more...

(QIJ(0)@(22)(w3)J ()| —> |o(v)|~ > Fu(X) [ Mete-x|

17



From Correlation Functions to Collider Observables

(QIJ(0)@(22)(w3)J ()| —> |o(v)|~ > Fu(X) [ Mete-x|

e Very powerful tool in conformal theories (CFTs) since CF are very constrained

Practical example

3 loop determination of 4 point EEC analytically to  ~
correlation function in N=4 SYM  —— NNLOin N=4 5YM 5

G(z,z
<O‘O(£U1)O(CEQ)O($3)O(3]4)‘O> — (332( $2 ))2 EEGIE) = 47T3C2 gl—IE(IJ dz/ Z (—2) 1—()
AN x dDiscz— 1DISCZ ol(z—2 g( Z)]



From Correlation Functions to Collider Observables

(QIJ(0)@(22)(w3)J ()| —> |o(v)|~ > Fu(X) [ Mete-x|

e Very powerful tool in conformal theories (CFTs) since CF are very constrained

Practical example

3 loop determination of 4 point EEC analytically to
correlation funetion in N=—=4 SYM —_— NNLO in N=4 SYM

G(z,z
<O‘O(£U1)O($2)0($3)0($4)‘0> — (£C2( $2 ))2 EEGIE) = 47T3C2 gl—{% dz/ Z (—2) 1—()
AN x dDiscz— 1DISCZ ol(z—2 g( Z)]



Can we extend this program to QCD?

20



Multipoint Correlation Funetions in QCD




Multipoint Correlation Funetions in QCD

e Obvious challenge for QCD correlators is complexity of computations and reduced
symmetries (no supersymmetry, no conformal symmetry)

e 4 point funetion
G(71,22,73,%4) = (Q|J(x1)J(x2)J(x3)J(x4)|Q>‘ ‘%J(:m\
J(cm)

= Depends (non-trivially) on 2 variables in a CF'T, ‘v\,‘ Q"‘\v.\

but 6 variables in full QCD

22



Multipoint Correlation Funetions in QCD

e Obvious challenge for QCD correlators is complexity of computations and reduced
symmetries (no supersymmetry, no conformal symmetry)

e 4 point funetion
G(71,22,73,%4) = (Q|J(x1)J(x2)J(x3)J(x4)|Q>‘ zj(m\
J(ﬂmﬁ

= Depends (non-trivially) on 2 variables in a CF'T, ‘v\,.b Q’L\

but 6 variables in full QCD

e First results beyond N=4is QCD at | "
first order

—_> no running coupling, EMM
still conformal E 23




Four Point Correlation Funetions in QCD

e Natural first step is probe asymptotic
behaviour of 4-point CF in QCD G(z1, 22,23, 24) = (QJ (1) J (22)J (23)J (24)[€2)

24



Four Point Correlation Funetions in QCD

Natural first step is probe asymptotic
behaviour of 4-point CF in QCD G(z1, 22,23, 24) = (QJ (1) J (22)J (23)J (24)[€2)

We consider the Sequential Lightcone Limit (SLC)
2 2
(i — Ti41)” < (25 — Tito)

Consecutive separations become light-like.
Light-like directions identified by n!'

Limit where:
= CF develops lightcone singularities

= Manifestation of Correlation Function/Wilson Loop duality in N=4,

= (Connected to back-to-back asymptotic of double point correlation observables 25



EFT Description of SLC Limit

e Hierarchy of Scales (fUz — xi+1)2 = (:Ijz — 377:—}—2)2

26



EFT Description of SLC Limit

e Hierarchy of Scales (fUz — 331'+1)2 = (:IZ,L — 377:—}—2)2

- Use EFT to treat this limit

27



EFT Description of SLC Limit

e Hierarchy of Scales (:EZ — xi+1)2 = (QZZ — 377:—}—2)2

- Use EFT to treat this limit

SLC is a power
expansion around
lightcone directions




EFT Description of SLC Limit

e Hierarchy of Scales (:I:Z — 5573—}—1)2 = (CIZZ — 37z'+2)2

‘ " | Use EFT to treat this limit

ox;
L .
w n,;-coll.
Position Space
L ~ x13 ~ T34
AL
: n;-coll..
AL @ 777777777777777777777777777
~ hard




Effective Field Theories for QCD at Colliders

EFTs are powerful theoretical Collider physies is driven by QCD
tools to separate physics radiation in the presence of
happening at different scales large kinematic hierarchies
Collinear Soft Regge
> Infrared divergences
Q He 2 1
> Large logarithms X, & ¢<E
n n
> Dominant contribution to \“/ Aq
cross sections /\ Eﬁ n
> Factorization (Breaking) / b

Soft and Collinear Effective Theory (SCET) is the capturing physics in these limits



Effective Field Theories for QCD at Colliders

£SCET

Systematic power

N

expansion of QCD

- r® (0)
limits at Lqcp — Z( hard+ Z E -J'_[ﬁRegge/GlaubeL]

Lagrangian level n—coll
Collinear Soft \ Regge

> Infrared divergences

: < Hg & 1
> Large logarithms & STOTT ¢<E
> Dominant contribution to > n2 a ni

i N

Soft and Collinear Effective Theory (SCET) is the capturing physics in these limits

cross sections

> Factorization (Breaking)



Effective Field Theories for QCD at Colliders

Systematic power

expansion of QCD g X
o S (4) O (0)
limits at EQCD — (Ehard 5 il Regge/Glauber
Lagrangian level i n—coll

Collinear

\ Regge

Large Ic ¢< E

RS E
il n
> Domina S na2\ _/m1 Aq
cross sections Eﬁ n

> Factorization (Breaking)

> Infrared

(Q) .

\l

Soft and Collinear Effective Theory (SCET) is the capturing physics in these limits



Effective Field Theories for QCD at Colliders

Lscet
SCET is the natural EFT p N
for the Lightlike Dynamics ( . [ (0) 1
+ E L
of Gauge Theories Z hard nz(;)u @) Regge/Glauber
Collinear Soft \ Regge
> Infrared divergences
> E.x 1
> Large logarithms X & \NOTETEE ¢< E
> Dominant contribution to S n2\ /M1

i N

Soft and Collinear Effective Theory (SCET) is the capturing physics in these limits

cross sections

> Factorization (Breaking)



Sequential Light Cone Limit from SCET

® Arrive at factorization for n-point correlation functions in the SLC

Yy

2 . —Ww; =
G(z1, 2, 3, Ta) ~ W({fv})H/ dw; C;(wiwit1) Tn; (wi/y; Je
i=10

34




Sequential Light Cone Limit from SCET

® Arrive at factorization for n-point correlation functions in the SLC

y7

2 . —Wi — =
G(x1, T2, T3,T4) ~ W({Jf})H/ dwz’[ci(wz'wi—i—l Tn; (wi/y; )e 2
i=170

Hard Wilson Coefficient,
(quark form factor)

(e A Egorgs v Y ;
J (xz) — C} (wzwz+1)Xn7; (mz)’YJ_Xni_l (mz)
\ Virtual corrections from
integrating out hard
modes in electromagnetic

current matching
35



Sequential Light Cone Limit from SCET

® Arrive at factorization for n-point correlation functions in the SLC

Yi

2 . —w; —
Gl z2.w0,21) ~ WD [ [ dwsCulwrnwngaf i/ fe >
i=1v0

36

collinear fermion operator

1 N\
1 \ y
WY, L. '|.',;;;‘ \
) e \.\‘\\\\7'55,[ % D \ \ \ /
\ SCET gauge-invariant / 9



Sequential Light Cone Limit from SCET

® Arrive at factorization for n-point correlation functions in the SLC
vi

W({f’f})H/Ooodwz' Ci(wiwit1)Tn, (wz-/yi_)e_wif

G(a:l, Xr2,X3, 5134) ~

({z})

W({z}) = (Pexp{ig /F dzuAgu(z)Ta}>

Null polygonal Wilson Loop 9

37



Sequential Light Cone Limit from SCET

® Arrive at factorization for n-point correlation functions in the SLC

Yy

4 i —Ww;q =
H / dw; C; (wz-wz-H)jni (wz/yz_ )6 2y,
)

G(a:l, Xr2,X3, $4) ~

W({af}) = (73 exp {Zg/p dZ“AZH(Z) Much richer stru

({z}) ) |
9 38

}'{1 Null polygonal Wilson Loop



The Four Point Correlation Function in QCD

= oo —w; —
G(z1, %2, 3, T4) ~ W({fv})H/ dw; Ci(wiwit1)Tn, (wi/y; Je i
i=1"0

® Wilson coefficient: known to 4 loops [“oc von Venteufel Schabinger

Smirnov, Smirnov, Steinhauser ‘22]

® known to 3 loops from thrust
[Briser, Liu, Stahlhofen ‘18]

® Null polygonal Wilson Loop: only 2 loop logs known in QCD

[Korchemskaya, Korchemsky ‘92]
=  We calculated the 2 loop constants

= Derived the 3 loop logs from RGE

39



The Four Point Correlation Function in QCD

Yy

4 00 YO
G(z1, %2, 3, T4) ~ W({f’?})H/ dw; Ci(wiwit1)Tn, (wi/y; Je i
i=1"0

® Wilson coefficient: known to 4 loops [“oc von Venteufel Schabinger

Smirnov, Smirnov, Steinhauser ‘22]

® known to 3 loops from thrust
[Briser, Liu, Stahlhofen ‘18]

® Null polygonal Wilson Loop: only 2 loop logs known in QCD

[Korchemskaya, Korchemsky ‘92]
= We calculated the 2 loop constants

= Derived the 3 loop logs from RGE

We determined the SLC of the 4 point function in QCD
to N3LL (2 loops + logs at 3 loops)

=>> huge jump forward from just O(a) 40



The Four Point Correlation Function in QCD

(RQ =G5 [ — 28¢2 — 48¢3 + 116¢4 + Ly (8 — 2Luy) Ly + 2L2 L2 + (4( — —)

o+ (4@ _24¢s + g) Lw] )

Two loop correlation

function in QCD in
68 28 lle 235 11L2 112 1
+ CFC [% + % = 16(4 + LuLv (442 = B _) ( C2 12C + ﬁ) Luv:| ch Iimit
8 8 Liiw 17 16 i
+cpnf[—%+§+Lu( . +9) ( 2 8 ) +16(C’%——CFC’A>

D8
Ti3Tog M

1
~BoR11
\_ MR e

2
T #* Lyl —

1 L2 L2
+ Cr o [r2(Luv, ) + 72 (Luv, ~)+ 22 4 2 In(g)Laslas — (LUL13 4 LuLzﬂ,

56

2 11
§n2L3L§ — 37?211“4'3 — 24L2 LyCs3 — 120Lu(5) +C%CF (—4—57r4LuLv — 40Lu(5) (17)

26 4
gt Ly L= ngfj‘ =

2 2 16
= ;- w2 LaLE — gLiLg +32m2 Ly (3 — EL;“’L(?, +48L2 L¢3 + 240Lu§5> +[u < v] +. ..

[Korchemskaya, Korchemsky ‘92]
= We calculated the 2 loop constants

= Derived the 3 loop logs from RGE

We determined the SLC of the 4 point function in QCD
to N3LL (2 loops + logs at 3 loops)

=>> huge jump forward from just O(a) 4



The Four Point Correlation Function in QCD

Ry =C% [ — 08(5 — 88¢sF 116654 Ty (B —28us ) -3 2L212 4 (44 - —) (4@ oy & ) Lw] (16)
( 68C; . 28(3 11Ly, 235\ 11L2, 112¢, 221
+CFrCa [T + 5> ~16C1 + LuLy (442 s 1—8) sk (— S 120+ §> Luv] -Confc->rmal no
8Ca 8¢ % 17 16¢2 13 L2 1 invariance
+Can[~?2+?3+Lu< ;v +3) Lu+( 32 - g)Luv g” +16(C%*§CFCA> breaking -
13 24# 1 L%:s L§4 1 2 2 terms
+ SR n TR O [r2(Luv, 2) + 72 (Luo, =)+ 222 4 =2y in(a)LasLos — 5 (LoLis + LuL3s) ],
R3 =CAC% (—%#Lﬁ — 425 F4 Ll — §n2L3L§ — %WQLHCP, < 2412 L3 — 120Lu(5) +C%CF (—i—;w‘*LuLv — 40Lu(5) (17)
+C3 (—%#Lﬁ == %«%uLv - %7r2LiLv - §w2L3L3 — gLZL% + 3217 B3 — ?Li@; +48L2 L¢3 + 240Lu§5> +[u < v] +. ..
= We calculated the 2 loop constants T
. . 2
. ro(Lyy, ) = 2Lig(—x) — 2In(x)Lis(—z) — — Ly, In® ()
= Derived the 3 loop logs from RGE 4
1 (1 + :E)2 1
. 2 2
We determined the SLC of the { ~ — 5(6¢; +1n"(z)) In ———— 4 7 In"(x). (18)

to N3LL (2 loops + logs at s 100ps)
=>> huge jump forward from just O(a) 42



= oo —w; —
G(z1, %2, 3, T4) ~ W({fv})H/ dw; Ci(wiwit1)Tn, (wi/y; Je i
i=1"0

The Four Point CF in QCD: Checks

Several checks of the theoretical framework

= (Cancellation of poles (bare factorization)

= Self consistency of results when employing renormalized objects
= 1 loop result in terms of only conformal eross ratios

= 1 loop result matches asymptotic expansion of

= Verified that our CF satisfies
the anomalous conformal K*(jy...4s) = _M/d%zx#(gaﬁqx)ﬁ .. ja)
Ward identities J J

= N=4 limit of our CF matches N=4 result to 3 loops! 4



Outlook: from Correlation Functions to Collider Correlators

Multipoint Correlation (" Collider Correlators

Funetions of Local Operators

Standard QFT quantity Promote local operators to Asymptotic Observable

encoding information on detector operators Measurable in

the underlying theory Experiments at Colliders

Example

4 point correlation function
of EM charges
QT (1) (22) P (23) 7 (24)|Q) | Q() = lim 7 / dtn; J'(t, rii) | /)] Charge-Charge

r—00
— o0

Charge detector

correlator




Charge-Charge Correlation

e A collider observable that one can naturally define for study charge dynamics is

2QC0) =3 [ 0o i S s(cos x — - )

Otot

e Formally defined as the Light Transform of
Charge Detector Operators

H/ d(nzxzﬁ rg

1=2,4

QQC(¢) = / d'z e [

;- ;)2
(7 - i) _ ]<Q|J (a:)Ju (= )Ju4(x4)J“(0)|Q>_

Q(m) = lim 7“2/ dtniJi(t,rﬁ) 45

T—>00



Charge-Charge Correlation

e Similar structure to the Energy-Energy Correlation:

o Weighted cross section

1
o Function of angle. Usually expressed in terms of z = 5(1 — cos )

e Leading Order result reads X —0 X — T
| z—0 o z= 1
. | Collinear/Forward/ ' Back-to-Back
FGS0(0) = dn(un' ooy [ d'aei® (7(@)QQI,0) sl wei v | i

Crg®2log(1 —¢)+¢(2+¢
A ¢(1=¢)

46



Charge-Charge Correlation: Infrared Unsafety

Beyond LO the QQC is known QQC(x Z/d06+e wbex QaQs 5(cosx — fia - )
to be IRC unsafe Tt

B, ST

q

Problem stems from soft/collinear gluons

(zero charge, no contribution to the observable) O,
splitting into quark pairs (charged, now contributing
to the obserbable)
ktot
> >

47



Charge-Charge Correlation: Infrared Unsafety

Beyond LO the QQC is known QQC(x Z/d06+e wbex QaQs 5(cosx — fia - )
to be IRC unsafe Tt

q q
Problem stems from soft/collinear gluons \ /
(zero charge, no contribution to the observable) O,
splitting into quark pairs (charged, now contributing
to the obserbable)
ktot

However, this correlation is

> >

as we take the quarks apart =>> possibility to
suppress effect in the back-to-back limit! |/\/qu’2 ~ 6_3|A77q<?|

48



Charge-Charge Correlation: Leading Power Safety

e Hence we studied leading asymptotic behaviour of QQC in the back-to-back limit.

49



Charge-Charge Correlation: Leading Power Safety

e Hence we studied leading asymptotic behaviour of QQC in the back-to-back limit.

) o ) do.e+e_ 1 1 =2
e QQC in back-to-back is lim —QQC _ / dizs dxb/d2ch5 <1 _,_4r
z—1 dz 0 0 ‘ Q2

integral over energies of

)

—h,h
i 0 1 i li dO ete -
dihadron production in b2b, summed E (5. (jlmo P
over all hadrons ' Na Ny 11

weighted by

50




Charge-Charge Correlation: Leading Power Safety

e Hence we studied leading asymptotic behaviour of QQC in the back-to-back limit.

) o ) do.e+e_ 1 1 =2
e QQC in back-to-back is lim —QQC _ / dizs dxb/d2ch5 <1 _,_4r
z—1 dz 0 0 ‘ Q2

integral over energies of

)

dO' +e——=h.-h

° ° ° 1’ e [ — a b

dihadron production in b2b, summed hgh Qn,Qn, J;I_I:O Qr. Az, A2y
; as’tb

over all hadrons

weighted by

ei(TT.bTHq@(Q)Dth(mlv br)

X Dh2/g($2, bT)SQ(bT)

51




Charge-Charge Correlation: Leading Power Safety

e Hence we studied leading asymptotic behaviour of QQC in the back-to-back limit.

. o : e 1 1 -2
o QQC in back-to-back is lim —QQC _ / - dmb/d2cj’T5 (1 L (]_T>
0

. . z—1 dz
integral over energies of

; dir. ——hgh
. . ° llm ele allb
dihadron production in b2b, summed E Qn,Qn, A e Az 2

/

Hard Funetion TMD Fragmentation Functi&

over all hadrons

weighted by

If QQC is safe in this limit: [ dgg
T
e Non perturbative / 9702 < T[qu(Q)IDhl/q<$17 bT)]
functions will ( 7T)
disappear
X D s /q($ %y bT lgq (bT)]TMD (qT) Soft Function

e Ingredients will not — —
dlverge \ ragmentation runctions 5y




QQC - Leading Power Safety: Jet Function Magic

Perturbative . ]
Matching Longitudinal

Kernel FF

1
dt
= OPE of TMD onto longitudinal FF Dy, o (x,br) = ) / —Kyi(t,br) dy /(%)

e This indeed happens, thanks to the following steps

53



QQC - Leading Power Safety: Jet Function Magic

Perturbative . ]
Matching Longitudinal

Kernel FF

i |
dt
= OPE of TMD onto longitudinal FF Dy, ,(z,br) = Y / —Koqi(t,br) dh/z‘(x)

e This indeed happens, thanks to the following steps
¥
= Longitudinal FI disappears thanks to

charge sum rule. Exposes

1
!Z/O dTthadha/i(T)l — Qi
ha

54



QQC - Leading Power Safety: Jet Function Magic

Perturbative

This indeed happens, thanks to the following steps Matching  Longitudinal
i | Kernel FF
dt x
> OPE of TMD onto longitudinal FF D,y (2,br) = 3 / — Kyt br) dhs (2)

= Longitudinal FI disappears thanks to

1
!Z/O dTthadha/i(T)l — Qi
ha

charge sum rule. Exposes

= Parton charge constrains integral over L
. . . ) Z QQ’ / dx [,qu’ (33, bT) - ICq(j’ (xv bT)]
energy to involve very peculiar combination 0

55



QQC - Leading Power Safety: Jet Function Magic

Perturbative

e This indeed happens, thanks to the following steps Matching  Longitudinal
i | Kernel FF
dt x
> OPE of TMD onto longitudinal FF D,y (2,br) = 3 / — Kyt br) dhs (2)

= Longitudinal FI disappears thanks to

1
!Z/O dTthadha/i(T)l — Qi
ha

charge sum rule. Exposes

= Parton charge constrains integral over L
. . . ) Z QQ’ / dx [,qu’ (33, bT) - ICq(j’ (xv bT)]
energy to involve very peculiar combination 0

= Regge pole of matching kernel cancels  lim [Kog (2, b1, 4, v) = Kog (2, br, 1, )] = O(2)

thanks to its universality. Energy integral is finite! %



This indeed happens,

QQC - LeadissinSainimiy: Jet Function Magic

If QQC is safe in this limit:

[o Non perturbative

functions will

= OPE of TMD onto

disappear
Ingredients will not
diverge

charge sum rule. Exposes

= Longitudinal FF di

= Parton charge constrains integral over

energy to involve very peculiar combination

= Regge pole of matching kernel cancels

thanks to its universality. Energy integral is finite!

:ll_rf(l) [Iqu/ (SE, bT7 My V)

Perturbative

Matching Longitudinal

FF

_ Z / dt que;“e;)T dh/z(x)

1
S Qg / 4 [Kgqr (2, br) — Ko, br)]

q

o ,qul (ZE', bT7 Hs V)] - O(xo)

57



QQC - Factorization in the back-to-back limit

e We derive the factorization theorem for the QQC in this limit

Hard Function

dOQQC A Z@Qq (@, “]/ d(br@)° Jo(brQV1 - 2)

X L];QQC (b ro g )I:]QQC (bT, n é)ISq(bT, 1, 1/)]

TMD (qT)
Soft Funetion

QQC Jet Functions
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QQC - Factorization in the back-to-back limit

e We derive the factorizatig the QQC in this limit

known to 4 loops

Hard Function

dOQQC A Z@Qq (@, “]/ d(br@)° Jo(brQV1 - 2)

known to 3 loops

x J(?Qc(b ,u,Q)JQQC(bT,u,é)Sq(bT,ﬂ, V)

TMD (qT)
Soft Funetion
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QQC - Factorization in the back-to-back limit

e We derive the factorization theorem for the QQC in this limit

doQQC 5 00
Odz B % — Hyq(Q; 1) / d(brQ)? Jo (brQv1 — 2)

X L];QQC (b ron g )I:]QQC (bT, I, é)]sq(bj‘, [, V)
\ QQC Jet Funetions

JQQC bT Z Qq / dx [/qu/ (JJ, bT) = ’qu’ (fEa bT)]
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QQC - Factorization in the back-to-back limit

e We derive the factorization theorem for the QQC in this limit

d QRO 5 00
Odz — % HQQ(Qa ILL)/O d(bTQ)2 J() (bTQV 1 — z)

q’q
vV
XL](?QC (b » Q)I]QQC (bTaua Sq(anu'a V)

QQC Jet Functions We determined it to
N3LO

JQQC bT Z Qq / dx [/qu/ (JJ, bT) = ’qu’ (fEa bT)]
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QQC - Factorization in the back-to-back limit

e We derive the factorizatig the QQC in this limit

known to 4 loops

Hard Function

dOQQC A Z@Qq (@, “]/ d(br@)° Jo(brQV1 - 2)

known to 3 loops

XL](?QC (b " O)IJQQC (bT, I, K)Sq(bT, 1w, )

TMD (qT)
QQC Jet Funetions Soft Funetion

e Determined all ingredients for N4LL resummation!
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QQC - Factorization in the back-to-back limit

e We derive the factorizatig the QQC in this limit

known to 4 loops

Hard Function

’ ZEL]qq (@ ﬂ]/ d(brQ)? Jo (bTQm)

known to 3 loops

X[J(?QC (b ” O)TJQQC (bT,u,%)Sq(bT,,&, V)

daQQC

TMD (qT)
QQC Jet Funetions Soft Function
e Determined all ingredients for N4 LL resummation! From unsafe to

N4 LL accurate!
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QQC - Factorization in the back-to-back limit

e We derive the factorizatig the QQC in this limit

known to 4 loops

Hard Function

S e

known to 3 loops

V
X[J(?QC (bTa M 5 TJ(?QC (bTa My _>Sq(bT7 M V)

Q

TMD (qT)

QQC Jet Funetions Soft Function
e Determined all ingredients for N4 LL resummation! From unsafe to
N4LL accurate!

A new observable for charge dynamics in QFT! 64



QQC - Analytie Checks

Hard Funetion

= ZM/ d(brQ)* Jo (brQvV1 - z)
XE]qQQC (b " Q)IJQQC (bT, i, 6>15q(bT, 1, 1/)}

QQC Jet Funetions TMD (qT)
Soft Funetion

e Observable completely determined in pQCD. O_QQC

No need for track or frag. functions
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QQC - Analytie Checks

Hard Funetion

e Observable completely determined in pQCD. UQQC 5
' -S| s st

No need for track or frag. functions

e Consistency of RGEs requires XE](?QC <b s s Q)IJQQC <bT, [, §>ISQ(bT’ , V)}
d ] C Jet Funeti TMD (¢T)
N@ In Jt?QC (bTa L, )/JEEC <bTa 22 g) =0 QQ oL Fmerons Soft Funetion

v |99 (br s ) 1985 (brn )] =0
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QQC - Analytie Checks

Hard Funetion

e Observable completely determined in pQCD. UQQC 5
' -S| s st

No need for track or frag. functions

e Consistency of RGEs requires XE](?QC (b s s Q)IJQQC (bT, [, §>ISQ(bT’ , V)}
d ] C Jet Funeti TMD (¢T)
N@ In Jt?QC (bTa L, )/JEEC <bTa 22 g) =0 QQ oL Fmerons Soft Funetion

y%m :JqQQC(bT “ )/JEEC( “é) —0
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QQC - Analytie Checks

Hard Funetion

e Observable completely determined in pQCD. UQQC 5
No need for track or frag. functions = ZM/ d(brQ)* Jo(brQv1 - z)

c
e Consistency of RGEs requires XE](?QC (b s s Q)IJQQ (bT,M, a)ISq(bT,M,V)}
d ] C Jet Funeti TMD (¢T)
N@ In Jt?QC (bTa u, )/JEEC <bTa 22 g) =0 QQ oL Fmerons Soft Funetion

V%m :J(?QC(bT “ )/JEEC( “5) —0

e In N=4 stress energy tensor and R-charge current are in same supermultiplet
= QQCN:4(z) = EECxr=4(z) (up to trivial factors)
= In the back-to back limit we can obtain N=4 from QCD
= We took EEC at N4ALL and QQC at N4LL and checked that they match in N—=4

e (Checked one loop expansion from full angle result of %



QQC - Numerical Check

e We took EVENT2 (parton level MC program, accurate to NNLO). Checked that the
numerical result against the perturbative expansion of our factorization theorem

40"4‘||||.|| T T T T T T T T 11
T e, 1179° 1175°  1170°  1160° 1130° 7
- s TP | | | | i
l - l l : |
~ — ! .".. q| 1 1 | —
Ol : S R
O - ] 1 | Gng =g .é' 1 —
O) 0 1 : l 1 .-' 'E'_'g_'.'iw_._.
@« | i » _
N B 4o B -=== SCET Factorization Se |
| e e — qq .
= e Event2 (cutoff =107%) >
= 20— IRC unsafe R
B colour structure e Event2 (cutoff = 107'7) _
B O‘EC’FTRnf Event2 (cutoff = 107'?) ®-
—40— e Event2 (cutoff =107') —
N Lol | L1118
1072 101

VI—z =sin[(r — x)/2] ~ k2" /Q 69



QQC - Numerical Check

Perfect agreement with SCET Factorization Theorem in the z—1 limit with

40"4‘||||.|| T T T T I T T T 11
T ey, 1 179° 1 175°  1170°  1160° 1130° 7]
- te., : ! : : N
| *'.. 1 1 1 1 ]

T : : : :
20— ' . | | : : ]
0.10_ N ——— T T T T T g ! ‘....' ! ! ! 1
‘ ‘ 1 bl Y ~e 1 1 I
C ] ! L T®re, | | 7
0.08- Relative difference to - : : R LT . . _
] I | | : LALLL S -
0.06- Leading Power s ‘s . |
r 1.7 1 ==== SCET Factorization s e |
0.04— Factorization - - ete  — qq °
r - e Event2 (cutoff =107%) >
0.02F § I = 4 IRC unsafe ° —
C 1_ I I I I T = T ‘ : h ] colour structure ] Event2 (Cutoﬁ = 10_10) —
000E.£a£{.-t££l—{-£-£m£-w.£$.{: ......... =] 2C T _12 o _|
) Lo | | Lol L] aS F Rn-f ¢ Event2 (CUtOH =10 )

-2 -1 ° |
10 10 e Event2 (cutoff =107') —

I‘ ENEEE Lol | | L1118

1072 101

V1= 2z =sin[(m — x)/2] ~ K% /Q 0



QQC - Numerical Check

40"4‘||||.|| T T T T . T T T 1
T e, 1179° 1175°  1170°  1160° 1 130°
- s TP | | | |
l - I | : :
20— : el | | : :
~ — ! ."... 1 1 1 |
N | ! bl Y e 1 1 I
= | l ® ey, | |
O - ] 1 | Gng =g .¢ - 1
O) 0 JI : i 1 '.‘_-67-.1."_~‘--
g O ‘s
N B 4o 3 ---= SCET Factorization RN
e e — ° . .
| ~ 4 e Event2 (cutoff =107%) . Indication of
= 20— IRC unsafe R infrared
— 0010;11‘ structure e Event2 (cutoff =107'%) S sensitivity
— a CrTrny Event2 (cutoff = 107'?) N in the bulk
—40— o Event2 (cutoff = 10714) — of the
SN Lol | L1 1 w1 %5 distribution
1072 107! as expected

VI—z = sin[(m — x)/2] ~ K} /Q 7



Hadronization Effects

e Test with Parton Shower [T ' TR Y. ' P
hadronizati ti f QQC = 15‘ £e" g ' 7
adronization corrections o 3 [ Pythias s | i
w.r.t. EEC (reference for IRC safe observable é - E 179° E 175° \E 170° E 160° /./ n
with similar perturbative structure) 6: N g : : : P
= 10— 3 | 9 | o
e Additional confirmation of = | ¥, ? i f .
—~~ ,\é\ 1 1 1 . N
. . N | o ;,- 1 1 . |
suppression of non-perturbative b ‘ . : : ?
& - , : i 1 .
effects in back-to-back region %’: 5 e Q=0912GeV | IRC safety . /g —
1 1 1 | A |
~ | e Q=500GeV i | ] /. o
e IRC safe “region” covers large ) | | o e ..
T I I s a0®" | S|
fraction of back-to-back limit 8 HI'" $880scescscecens? .l. .
0 L1 | 1 A I T T o | | L
102 1071

e Potential for precision probe of this regime air
Y p g V1 — 2 ~ ki /Q 72



Conclusions

> Opened a new window on multipoint CFs in QCD (QUTH (1) J” (22) 7 (23) J° (24)]| Q) é
= Factorization in SLC limit of n-point CF of EM currents
o L.
= First demonstration of CF/Wilson Loop duality in QCD |

= Hstablished connection with resummation ingredients for collider via SCET Q

= Pushed to N3LL accuracy of 4 point CF's in QCD, giving first information beyond LO

> Hxplored QQC observable in the

= Fact Thm in terms of finite pert objects (LP safety)

1-2)QQC(2)
o
I
-

-
&
s
T
$iE 4
S EF 5

= Determined novel QQC jet functions to 3 loops

and resummation for QQC to N4LL It

VI=% = sinf(rm — x)/2] ~ K/Q
doQQcC

= Started pheno study with MC for assessing impact of = %;qu@,u) /0 d(brQ)* Jo (brQvVT—>%)

hadronization corrections away from b2b limit x JQQC (bT,,u, %)J;QQC (bT,;L, %)Sq(b;p,u,l/) -



