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The structure of matter

Distributions of partons in hadrons
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Power counting nuclear TMD observables

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

The nuclear medium can affect transverse momentum distributions in three distinct ways

1.) The intrinsic transverse momentum of the quarks in the nucleus differs from that in free nucleons
2.) Interactions between the incoming quark from the proton undergo re-scattering

3.) Re-scattering induces energy loss .
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The structure of matter in the medium: an efficient approximation

nTMDs were originally defined using an approximate scheme by these two
Alrashed, Kang, JT, Xing et al (2021)
Alrashed, Kang, JT, Xing et al (2023)
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Fffective nuclear modified PDF

The nuclear medium can affect transverse momentum distributions in three distinct ways
1.) The intrinsic transverse momentum of the quarks in the nucleus differs from that in free nucleons
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Description of the experimental data

Semi-Inclusive DIS data Di-jet measurements at the LHC

-~ Nag CMS Experiment at LHC, CERN
N Q MS Data recorded: Fri Oct 5 12:29:33 2012 CEST
N N\, Run/Fvent 204541 /52508234
Lumi secton: 32

CLAS 12

10.1103 /PhysRevC.105.015201 CMS

Eur. Phys. J. C 74 (2014) 2951
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Power counting nuclear TMD observables

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

2.) Interactions between the incoming quark from the proton undergo re-scattering

3.) Re-scattering induces energy loss
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The structure of matter in the medium: modified beam function

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD
/= Ke, Vitev, JT (2024)
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We consider the first-order opacity correction to the incoming beam function
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Graphs at one loop for the matching function

One loop graphs can be organized by

the type of integration
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Example description of data

First principle description of data. Small improvements can be made by adding non-perturbative effects and
investigating other perturbative effects
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Status of nTMDs

The medium modified beam function and the pheno extracted nuclear modified TMD PDF have been obtained
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Extending this to GPDs
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Beam spin

asymmetry in DDVCS

Kinematic diagram for DDVCS
by
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Relationship to DVCS

Hadronic contributions to DDVCS Data exists for BSA in proton collisions
DDVCS Amplitude b
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Relationship to DIS

Hadronic contributions to DDVCS Shadowing was shown to emerge from

DDVCS Amplitud . .
e multiple scattering
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Power counting in the vacuum

Tree-level diagram for DDVCS
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Burkhardt relationship introduces a power counting
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DVCS in nuclear matter

| The nuclear states can be decomposed in terms of combinations with different overlap
[A(P)) = [A(P))iso + [A(P))(ab) + - - + [A(P))(a)
The probe interacts primarily with isolated nucleons embedded within the nuclear medium.
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The scattering process becomes sensitive to coherent many-body dynamics across the entire nucleus.



Computation setup

To examine the nuclear power corrections, we follow the methodology of Qiu-Vitev (2003)
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Etfective Feynman rule

Example diagram for eight gluons

Nucleus

The subsequent interactions give rise to effective Feynman rules
71
20
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John Terry (Argonne National Lab)

17/24



Nuclear shadowing of the GPDs, the imaginary part

Representation of the position-space integration Lastly, the integration in position space
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Relation to shadowing in DIS

Non-perturbative parameter was determined long ago

by Qiu and Vitev

Representation of the space-time integration in DIS
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Nuclear modifications to GPDs

Modifications to the GPDs Modifications to the GPDs
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Description of proton DVCS

Full cross section uses formalism of  Unpolarized cross section for CLAS 12 DVCS  BSA for CLAS 12 DVCS
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Predictions at Jefferson Lab and the EIC

Preliminary prediction for He4 at JLab and Aul97 at the EIC
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Future opportunities

Upcoming measurements at the LHCb, Jlab, and the EIC

John Terry (Argonne National Lab) 23/24



Future opportunities

Upcoming measurements at the LHCb, Jlab, and the EIC Medium modifications to beam function can be used to
probe properties of a QGP
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Future opportunities

Medium modifications to beam function can be used to
probe properties of a QGP

Upcoming measurements at the LHCb, Jlab, and the EIC
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Final result

Lastly, the integration in position space
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lyn qun zelyn z(kn z_kn i-1" kqn 1)

n—1
<1 {dzn o1 ARV gk

n—i n—i [.’I:n i — Tn—i— 1—16][.’2" i— 1_$B+Z€]8(

(Ut gn—i)) }

x U (xf, {kgn, I::gn} ,f,t;ﬂ)

Lastly, the integration in position space

n! Q> dx™

N 2 (A1/3 _ n .
Hf]<x7£7t> ~ Z A £ (A 1) xnd HQ<$7£7t)

n=0

Lastly, the integration in position space
2

m n
Hy(x,&,t) = Hy(xp 1*% 1) miy, = (A2 1)
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< vUuT

Power counting nuclear corrections

The DIS cross section in the vacuum can be written as

d’c  4ma?, ) ) xyM? 5 Aqep

Dynamical power corrections to cross section associated with additional transverse gluons

John Terry (Argonne National Lab) 3/24



Resumming power corrections

Resummation of nuclear power corrections to all orders Qiu-Vitev (2003)
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1
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Power counting in nuclear matter

Incoherent DVCS Coherent DVCS .
e(t)+ A(P) — elty) + N(Py) + (A= 1)(Px) +7"(ay). AG) T AE) = ellr) + ALEr) £tag),

Burkhardt relationship introduces a power counting

d?A .
q(z,by) = / - L emibiAL H(x,0, —Ai)

(27)?
(/2]
C - H1 4 HiData A1/3
b ~ R ~ [ = A2 — MC Sum ~ ~
1 p/A AQCD g do ~ e A E gxcs b1 Ra AQCD
A W e S DISS. P
A~ Ao -

+ c A ~ A3 Aqep

10° ;
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\\\\\ e

04 0.
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What is known about nuclear matter?

Distributions of partons in hadrons

Aqep, ki, 1/r1,@Q

Aqcp, 1/r1,Q

2
d kll

John Terry (Argonne National Lab)  Parton Distribution Functions Form Factors 2/24



< vUuT

Power counting nuclear corrections

The DIS cross section in the vacuum can be written as

d’c  4ma?, ) ) xyM? 5 Aqep

Dynamical power corrections to cross section associated with additional transverse gluons
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Resumming power corrections

Resummation of nuclear power corrections to all orders Qiu-Vitev (2003)
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Resummation to all orders results in a shift in the PDFs
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Transverse momentum distributions in cold matter

Distributions of partons in hadrons

Aqep, ki, 1/r1,@Q

Aqcp, 1/r1,Q

2
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A first approximation

nTMDs were originally defined using an approximate scheme by these two
= Alrashed, Anderle, Kang, JT, Xing (2021)

@-l-

§,(< QH - pg+ +pg—
‘—“‘*"”J >

—£L‘1P+ CQ—CUQP_

l l

Unmodified TMD PDF  Unmodified perturbatzve Effectzve nuclear-modified PDF

1.) The intrinsic transverse momentum difference Armesto, Paukkunen, Penin,
: ' ' ' Salgado, Zurita (20]5 )

) ) 4 o e
3.) Re-seattering indueces-enersy-loss [EPPS16 ' " 1

& 1.3 -
&3

1.2 B antishadowing maximum :
8 I \ i
Tl ] 1o

1.0 i _

09 N » Ye
+ small-x shadowing
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0.7

- L EMC minimum J
0.6 .......................................................................... [ yO
05 -
04 bl

. . -4 - B _
Perturbative Non-perturbative 10 10 107 & 10

Non-perturbative parameterization is modified to account for nuclear medium effects
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Soft-Collinear Effective Theory with Glaubers
SCET with Glauber gluons has been applied to pp and DIS
g g . . 1
So=Y [a20l@),  Ol(z) = srae *POIR@)
1,7

SRR 0
I | = > 8

Was shown that rapidity divergences of the collinear function give rise to the BFKL evolution equation

(s =-0( )

n-P n-P
Ovanesyan, Vitev (2011) _ ZO‘SCA 06M26/ ">k, C(ﬁ’lﬁl"s) _ qt _ C( v 7QJ_,€>
Rothstein, Stewart (2016) Q @m)I=2 | (qL—Fk1)?  2k2(L—ky)?2 \n-P

Neill, Pathak, Stewart (2022)
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What about the other leg of matter?

Distributions of partons in hadrons

Aqep, ki, 1/r1,@Q

Aqcp, 1/r1,Q

2
d kll
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Bethe-Heitler Background

Kinematics of DDVCS

epepy

i =l - >

Ye, Arrington, Hill, Lee (2017)

_ Bethe-Heitler (BH) J B A

Su (66,Q) = (2m)*6W (¢; + Py — Py) u(Py) [Fl(t)’ya + Fy(t) u(P;)

_/ 2M

¥ I ~~ v DDVCS Lo} - | | ] 01l
SE— g\ - + ~0.08

:f 0.5} ] 50.06— \
= = 0.04]
Tre L) 2‘;‘;‘ ) T”ﬂ] (6,4,Q,Q 0, 2) = ‘;‘;‘2 L@ 90 | | oo

0.00} |
Thves (6:6,Q, Q) ﬁgf); bves (@:9) Toves (6:4,Q,Q') o [Ge;‘;‘]’ 10 R [G‘;;; 1’

+71§‘§ (6,1,Q) L) 51 (. Q' 9) Tt (€,1,Q)
Thoos (6,6.Q.Q) L31(Q,Q',¢) THE (6,,Q)
T8 (6,:4,Q) £3:(Q,@,9) Toles (64,0,Q) |-
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Parameterization of the GPDs

Kinematics of DDVCS

4 B
epepy _df// <A
k k . X ,i{ \f\j\\j\ i
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The structure of matter: Nuclear matter
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Perturbative background

Perturbative Sudakov: accounts for transverse momenta
generated from soft and collinear emissions

n-p A
\ Q D pZ ~ QZ
% % Pur H
: t > RG Evolution
_________________ @ Experiments involve mixture of
Perturbative and non-perturbative 0 ¢
momentum
Perturbative momentum ) g . sy
Intrinsic/non-perturbative momentum Q4 Rapidity Evolutin { f = p*~ 2°Q
|
Anomalous dimensions 01> 04 Q n-p
d q d q
M@lﬂF(Q,M, V) — ’YFN(Qa/% V) VEIHG(QMIM V) — fYGy(QnUJJ V)
Fe{H, f,D,S} Ge{f,D,S}

Obtain intrinsic momentum through a fit to data

John Terry (Argonne National Lab) 3/24



Available perturbative accuracy

Anomalous dimensions

p—In F

d
dp

Fe{H, f,D,S}

(Q, 1, v) =7H(Q, p,v)

d
/,L—IHG(Q, 22 V) - ’Yg}(Qnua V)

dv
Ge{f,D,S}

Anomalous dimensions are almost known up to N*LL at this point (no 5-loop cusp)

Accuracy  H,J  Tag(a) rula) ria)  plas)
LL Tree level 1-loop 1-loop
NLL Tree level  2-loop I-loop 1-loop 2-loop
NLL/ 1-loop 2-loop I-loop 1-loop 2-loop
NNLL 1-loop 3-loop 2-loop 2-loop 3-loop
NNLL/ 2-loop 3-loop 2-loop 2-loop 3-loop
N3LL 2-loop 4-loop 3-loop 3-loop 4-loop
N3LL/ 3-loop 4-loop 3-loop 3-loop 4-loop
Nt [ 3doop | 5-loop [4EIGop]4-loop | 5-loop |
N4LL/ 4-loop S-loop 4-loop 4-loop 5S-loop

John Terry (Argonne National Lab)

Lee, Smirnov, and Smirnov (2010)
Gehrmann, Glover, Huber, Ikizlerli, and Studerus (2010)

Ebert, Mistlberger, Vita (2020)
Ebert, Mistlberger, Vita (2020)
Agarwal, von Manteuffel, Panzer, and Schabinger (2021)
Duhr, Mistlberger, Vita (2022)

Moult, Zhu, Zhu (2022)

Herzog, Moch, Ruijl, Ueda, Vermaseren, and Vogt (2019)
Baikov, Chetyrkin, and Kuhn (2017)
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Factorization of physics at different scales

Factorization of the cross section in an OPE @ > qr 2 Aqcp
TMD FF

do ~ ) |IC(Q;w||f ® D ® S(gr, n)

I

Contains fixed order and large logs

(&

Factorization of IR modes ¢r 2 AqQcp

Matching coefficient contains fixed order and
~— large logs ( qr )

In
7

f(x,qr,p) ~ [C @ fl(z,qr, 1)

Collinear PDF

John Terry (Argonne National Lab) 5 2/24
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Intro to the Sivers effect

Anomalous dimensions The Sivers function is process dependent
/ II ke
fun'f . 0t T [0t g
s VX “ . | : b
past-lgoYinting futur%l-lgcl)%ting )

(I)q/p (x7kJ_7 S,,U,C) = fl q/p (.CE‘, kJ_nUJ) C)

ek ,S 5
— ]\; flJ’__T‘q/p($7kJ_7/'L7C)

anti-quark electron

This long-range correlation is similar to the Aharanov-
Bohm effect
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Factorization and resummation

Differential cross section for Semi-Inclusive DIS is given by

bdb bP
Fuyu (z,2,Ph1 ) = Hpis (@, ) 263/ o Jo ( hL) lf1 a/p (2,0, 11, Cl)“Dl i (»%b,lt,Cz)'
[ | J q

z
|| ||
Iardd TMD PDF TMD FF
sin — b=db bP
FUT¢h s (x,Z,PhJ_) HDIS Q /J /—Jl ( hJ_) iflJ"-Tq/p (ZL',b, 1, Cl)nDlh/q (zabmuWCQ%
|| | |
H(zm/ Sivers function TMD FF

TMDs can be matched onto the collinear distributions

Dinjq (2:b,11:€) = 5 (@10 B (2 b, ) 00l ) 2100565 G ) G

-

Perturbative Non-perturbative

Large logarithms are are resumed to all orders in the perturbative Sudakov

B dy! Ye (bypi)
U(ui,u;C)zeXp[ M—Lfvﬂ(u’,C)], (b, pis Q) = (CC)

K

John Terry (Argonne National Lab)
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Matching of the Sivers function

Differential cross section for Semi-Inclusive DIS is given by

g b=db bP
FUT¢h ¢s (x,2,Pp1) = HDIS (Q, ,U /—Jl( hL)lflLTq/p (x’b"u’g)lDlh/q (z,b,,u,sz

Y Y
H(u d Sivers function

TMDs can be matched onto the collinear distributions

flJ_T,q/p(xab>/~L7C) - [C’®I"F:| / (x7b7,uia<i) U(,u’w/-lfa C) Z(b7 C’L?C?/’L'L) _

q/p \ J\ )

1 1
‘ Same as the Transverse momentum
Collinear unpolarized dependence
dependence

\

TFq/p(xaxnuO) — Nq(x)fq/p(xa/LO) UliICl;T (5(3 b C) _ f1Tb2 92 In ( C ) In (ﬂ)
7 4 CO b*

(g + 8"

agq 5(1 q

N,(x) = N, z% (1 — z)Pa

<RI

11 params in total
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Data description
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Nuclear modifications to collinear PDF's

Nuclear medium modification via higher twist

) ‘ m2
Power suppressed by

do ~ "N AV VAV - O o

Nuclear enhancement A%

LP TMD factorization cannot address how multiple partons are correlated with one another

Zq Te
LEPPS16 ' v M

S 0
s 1.2 antishadowing maximum \

Tl I 1 v
10 F i Eskola, Kolhinen, Ruuskanen

oo ) ] e > (1998)

I small-x shadowing —

N Eskola, Paakkinen, Paukkunen,
N EVIC minimum " Salgado (2017)
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Method of treating nuclear modifications

Nuclear medium modification via higher twist

do ~ "N CAVAVAVERAVAVAVE )

LP TMD factorization cannot address how multiple partons are correlated with one another ](Ef;{;é?’ Kolhinen, Ruuskanen
Tq Te \

1.4

peesie T T T T | Eskola, Paakkinen, Paukk
A (.’L“ Q) Cg)c‘, 13 | : SKOla, aakKKinen, raukkunen,
R? (.’L’, Q) _ i/p\" gl2r antishadowingmaximum\g Salgado (2017)

Jiyp(@; Q) SRR D v

10 - : - H Nuclear modifications are

L /o Y absorbed into the non-

ap + aq (iL' - xa)Z x S La 0.8 L small-x shadowing ] > erturbative

RA(x,Q2) =4 bo+bix® +boar® + b33 x, <z <z 07} . : p ve
—B S ] parameterization.

co + (c1 — cox) (1 — ) r. <z <1, 06 "] v
05 - .
04 L - sl
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Effective treatment of medium modifications

Ejected quark undergoes multiple scattering in the nuclear medium, modifies the fragmentation functions

: D. de Florian and R. Sassot (2004)
Lor i * { { Zurita (2021)
< Lol I _{_ —— MMHT2014+LIKEn21
' ﬁ "+‘ — — EPPS16+DEHSS
I —— EPPS16+LIKEN21
05F | . PHEI\fIX, rI*l H SITA.R, 7I1+ .....
STAR, °
ppTATILR
0'5 C 1 PHE'\PX. " [ SlTAR' ,IT_ 1 1 [ 1 1 1
1 2 3 2 4 6 8 10 5 10 15
pr (GeV) pr (GeV) pr (GeV)

Simultaneous extraction from hadroproduction in p-A collisions from PHENIX and STAR, and Semi-Inclusive DIS (collinear)
from HERMES

Abelev et al. (STAR) (2010)
Adams et al. (STAR) (2006)

Adare et al. (2013)

Airapetian et al. (HERMES) (2007)

Dl (z Qo) = Niz™ (1 = 2) [+ 34(1 = )"
Ni = Fifl+ Nig(1- a¥2))

c; — ¢+ Ci,l(l — Aci’Q)
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Effective treatment of the transverse momentum broadening

Interaction between partons and interact with the nuclear medium via Glauber exchange

||
Intrinsic Medium Perturbative

Fftective intrinsic kr

John Terry (Argonne National Lab)

R’
1.0 |+

0.8 |-

0.4

0.6 |-

OHeavy /ULight
i r-—&h—T——rH—pﬂ—L* Ty
- T n + | o4
_hl"¢+ :I***“;:## ‘ﬁi
el ;;Lﬂ;” ST
L, Kr a 0
U
1 1 .I XIe 1 I I 1 1 Lt 1l lll i IIIIlIl 1 IIIIlIII 1
20 02 0.6 10 01 1
v (GeV) Q* (GeV?) p? (GeV?)
N L L L I L
b oy o0 TN —
an ] | L
- 4_+*ﬁ#_z
a--D- ............ - i
O’G_i I L l i I i l i I i i L I i ]
0 0.5 1.5 2 25 3 35 4

16/24



Available data

Semi-Inclusive DIS for e-A collisions

Multiplicity ratio

Rh — do’y /PSd*P,,  dop/PS
AT T doa/PS  do}, /PSP,
) alcffj1
SIDIS cross section PSEP
. dO‘A
DIS cross section DS

HERMES ratio for A = He, Ne, Kr, Xe
h=x" ", Kt K, K°

: Drell-Yan production in p-A collusions:

: Cross section and cross section ratio
for p-A collisions

Ran — doa dPSd%q,
dPSd?q, dog
E772: A = C; B=D
E866: A = Fe, W; B = Be
RHIC: A =Au; B=p

ATLAS, CMS: q. distribution p-Pb

Kinematic coverage of the data
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. === RHIC
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101 i
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T

Airapetian et al. (HERMES), Nucl. Phys. B 780, 1 (2007)
Dudek et al., Eur. Phys. J. A 48, 187 (2012)

Burkert, in CLAS 12 RICH Detector Workshop (2008)
Alde et al., Phys. Rev. Lett. 64, 2479 (1990)

Vasilev et al. (NuSea), Phys. Rev. Lett. 83, 2304 (1999)

{ Leung (PHENIX), PoS HardProbes2018, 160 (2018)
Khachatryan et al. (CMS), Phys. Lett. B 759, 36 (2016)

Aad et al. (ATLAS), Phys. Rev. C 92, 044915 (2015)17/24



Available perturbative accuracy

Anomalous dimensions

p—In F

d
dp

Fe{H, f,D,S}

(Q, 1, v) =7H(Q, p,v)

d
/,L—IHG(Q, 22 V) - ’Yg}(Qnua V)

dv
Ge{f,D,S}

Anomalous dimensions are almost known up to N*LL at this point (no 5-loop cusp)

Accuracy  H,J  Tag(a) rula) ria)  plas)
LL Tree level 1-loop 1-loop
NLL Tree level  2-loop I-loop 1-loop 2-loop
NLL/ 1-loop 2-loop I-loop 1-loop 2-loop
NNLL 1-loop 3-loop 2-loop 2-loop 3-loop
NNLL/ 2-loop 3-loop 2-loop 2-loop 3-loop
N3LL 2-loop 4-loop 3-loop 3-loop 4-loop
N3LL/ 3-loop 4-loop 3-loop 3-loop 4-loop
Nt [ 3doop | 5-loop [4EIGop]4-loop | 5-loop |
N4LL/ 4-loop S-loop 4-loop 4-loop 5S-loop

John Terry (Argonne National Lab)

Lee, Smirnov, and Smirnov (2010)
Gehrmann, Glover, Huber, Ikizlerli, and Studerus (2010)

Ebert, Mistlberger, Vita (2020)
Ebert, Mistlberger, Vita (2020)
Agarwal, von Manteuffel, Panzer, and Schabinger (2021)
Duhr, Mistlberger, Vita (2022)

Moult, Zhu, Zhu (2022)

Herzog, Moch, Ruijl, Ueda, Vermaseren, and Vogt (2019)
Baikov, Chetyrkin, and Kuhn (2017)

18/24



Factorization and resummation in the medium

Differential cross section for Semi-Inclusive DIS is given by

o . , [bdb  (bPy, P
e~ HQI Y ¢ [ 500 () R DEG A @
\ ) 4 L . 1 Y ]
Hard nTMD PDF nTMD FF

TMDs can be matched onto the collinear distributions

Fraga (2,5, 1,) = (G I (2. b, i, ;) DO Z (B1GHG) T (b))
1
Disq (2,5, 1:0) = 5 € (2, b, i Ci) O (i 15.6) 2 (B i G5 )

Perturbative Non-perturbative

Large logarithms are are resumed to all orders in the perturbative Sudakov

g Ye (bypis)
U (i, 15 ) = exp [ 7/1;% (/J/,C)] , Z (b, pis 15 Q) = (CS)

K
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Non-perturbative treatment

Non-perturbative contributions given by

Dy g (26, 11,¢) = ;7@_(7«“6 ti,Ci) U (i, 13 ¢) Z (b, Ci,C;m)-

EPPS21  In house FF (new), previous analysis used LIKEn

Non-perturbative Sudakov given by

r
U{]; (aja b7 C) — UI{IP(Q:7 b’ C) exXp {_9:14 (A1/3 B 1) b2 (C_A> }

¢
D D A [ 41/3 b (Ca\"
Uxp (7,0,¢) = Uxp(z,b, () exp —Jgp (A — 1) po) (?)

Parameterization for the medium modified fragmentation
DWJF(Z ) _ Nizai(l — Z)ﬂi [1 + ’Yi(l _ 2)51]
PR T B T B+ 1+ viBR + o B+ 0+ 1]

c;, — C;+ Ci,1(1 — Aci’2)
P = {qu 7Nq2a’7q1 77q275q1 75q27g:1479}z?’r} ’

John Terry (Argonne National Lab)
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Description of the experimental data

HERMES
Collaboration  Process Baseline Nuclei Nase X “h:f ‘h=7r‘_
JLAB [49]  SIDIS(7) D C,Fe,Pb 36 417 LOM [ : H i H i
HERMES [40] SIDIS(7) D Ne, Kr,Xe 18  10.2 ! 1 1 ] .
H t + 1 e
RHIC [43] DY p Au 4 13 &08F I I IR
| 1 1 l X
E772 [41] DY D C,Fe, W 16  40.2 , Pl ;| P ‘
0.6r B B
E866 [42] DY Be Fe, W 28  20.6 i | | ]
CMS [63] /2 N/A Pb 8 10.4 02 0.3 04 02 03 04
ATLAS [83] N*/Z N/A Pb 7 13.3
Total 117 137.8 JLab
03<2<04 06<2<0.7
LHC
ot —28 <y <2,60<Q <120 10! —3<y<2,66<@Q <116 =
A Cwms i A ATLAS %
% % i A
A
% 3 Q i i c
c) = i & 1% Fe
- 4 ¥ pp
S g
~
£ 0 2 =
IS 10 R 5 100 5
g I I =
2= £12
511 .
= I 1 I T T S
£1.0 1 E11
§ 0.9 \ ! ! ! \ 1 | | § 1.0 I 1-‘ -{ I I I
= 5 10 15 20 25 5 5 10 15 20 25
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Three-dimensional images

Ratios defined for nPDF and nFF

14 o e
“ [EpPs16 ‘ o i

& 1.3

g 1.2 antishadowing maximum
4 (2,Q3) = T
i/p 1 %0 10 F :

R (,Q3) =

fisp (z, Q(Q)) os 1"
S
ot
0.004 :
Pb 2
Y Nt ij (z,k1,Qo,Qo, QF) Rt ju (2,91, Qo) = 2
John Terry (Argonne National Leflyf? \™7 72 %% *5% =0 D+ /u (z,p1,Q0,Qg) 22/24



Di-jet decorrelations in pp

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Back-to-back region is sensitive to the 1+1 dimensional TMDs

CMS Measurements in pp and pA collisions

Phys.Rev.Lett.106:122003,2011
Eur. Phys. J. C 74 (2014) 2951
Phys. Rev. Lett. 121, 062002 (2018)

p(Pa)
CMS pPb 35nb" VS = 5.02 TeV
0°g ¢ Pr>300CeV (10 CMS "« pPb (@) & p. >120, p__>30 GeV/c (b)
F o 200<pT < 300 GeV (x107) 1;_+ PYTHIA + HIJING TA T2
& 140 <pT™ <200 GeV (x107) . 5 E—PYTHIA
910“; o 1M0<ET™<140GeV (<10) g Z%g 1okt
o 80<pI™ <110 GeV S |° E
0 qg2L L=29pb" ,-| 210k . y : *
F\s-7Tev L2k [*J . i j’I é
Elvl<ta o e 107k 4<ini<5.2 + 4<ini<5.2 e —t 4<ini<5.2 3
102 L 2 E All E; E; <20GeV % 20 GeV <E; <25 GeV 1
F s e R Rata s mamate B |
C = - (d)
107 s ik
= —;:é"w O F
L2 o N (0]
[~ . 7 51S o1
157 : =|g 107
C \S = / S °
) T e et
\ 10" £ T T PyTHieDeT =
\ T PYTHIA6 22 108k & ¥ s _rt _-—
\ e PYTHIAS E 25 GeV < EX"*% <30 GeV 30 GeV <E-"*? <40 GeV I Er"*2 > 40 GeV
T 2402 HERWIG ++ T
— \\ \ 10 E — — MADGRAPH L 1 1 1 1 1 dinnnnlninnnflinnnlinnalnnnnllnnnnfidind ool lnanalnnnnfinnanflnnnalls
\‘\\\ N \ F | | ‘ ‘ 0 05 1 15 2 5 3 05 1 15 2 25 3 05 1 15 2 25 3
14 A
o \\ \ 1 /2 2n/3 5n/6 T (l)1’2
A(pdijel [ rad ]
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Di-jet decorrelations in pp continued

Additional measurements of the integrated azimuthal angle decorrelation

r v C " pPb (35nb™)
55<p"° <75 GeV 75 <p?° <95 GeV CMS i A
- 0-4:_ . anti-k; R = 0.3 jets
o B - =_== 5 EEE p.,>90 GeV,p_ > 20 GeV
= | =0.3F L - - L) - A >2n3
© L | | [ - ,
© 502: = - : - - pp NLO pQCD: CT14
| F = = - = = Data wDSSZ
C = I S — 3 Syst. uncer. m EPS09
0.1 = = r - == nCTEQ15
= - ==
O -*I‘ 1 1 1 1 i:.._-.-_ﬁ...I....I....I....I..?
p(Pa) 595<pive<115 GeV 5 115<pive<150 GeV [ p2°>150 GeVa
0.4¢ -~ g o - = e
8| B3 [ _-——l_ o i Bl : = =
S| 50 1L - i o
% _503 = - i = L i = =
~| 20.2F = - | = = I _
pzd - = - -
0.1- = == r - = =
— - O
:.,_-Lﬁ...|....|....|....|..‘.F:......h:..I....I....I....I..f:....J.J-.-._.I....I....I....I.
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
ndijet T]dijet ndijet

Integration in region A¢ > 27/3 performed using a collinear approximation. However, there are issues with this approach
as A¢ — 7 due to large logarithms.
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QCD modes in SCET

SCET is an EFT which captures soft and collinear emissions along the directions

o 1 5 _ 1 y
LQCD = g wlew — ZGZ‘VGAM =+ ['gauge—fix =+ ‘Cghost 'CSCET — ¢s Zle ¢S T ZGﬁv SG?’“
X Iz p Iz =it | : L. 14 A
¢_>¢3+¢c A _>A3+Ac +§§ Zn'D‘|‘7/chJ_._ D ZchJ_ g_ZGuchc e
m - C

~(@,Q,Q)

Hard scale

Bauer, Fleming, Luke 2000

Jet scale By = QT ——<———b| Q(1,7,v/7) Bauer, Fleming, Pirjol, Stewart 2001
Bauer, Stewart 2001

Bauer, Pirjol, Stewart 2002

“T 1 1
Csoft scale QT (ﬁ,l, E) Beneke, Chapovsky, Diehl, Feldmann 2002
Beneke, Feldmann 2003
(C\;“Ia::)alss;::‘: (A, A, A) Hill, Neubert 2003
FEchevarria, Idilbi, Scimemi 2011
Chien, Hornig, Lee 2015
Soft-collinear A(1,R% R)

scale
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Factorization in SCET

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)
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Factorization in SCET

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)
ngp-collinear : p ~ pr (6¢*,1,60)n,n,,
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Factorization in SCET

John Terry

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)
na,b-collinear : pgz ~ pPr (5¢27 17 5¢)nim7
soft : pg ~ Pr (6¢7 5¢7 5¢)7

p(Pa)
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Factorization in SCET

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)

ngp-collinear : p ~ pr (6¢*,1,60)n,n,,
soft : pg ~ PT (6¢7 5¢’ 5¢)7
nc,d'jet . péﬁ ~ pr (R27 17 R)nlﬁm

p(Pa)
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Factorization in SCET

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)
ngp-collinear : pl ~ pr (6¢%,1,60)n.n,
soft : pg ~ Pr (6¢7 5¢’ 5¢)7
nc,d'jet : péﬁ ~ PT (R27 1L, R)nlﬁla

J
ne,qd-collinear-soft : pl, ~ pTR gb(R2, L, R)n;n;s

p(Pa)
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Factorization in SCET

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)
ngp-collinear : pf' ~ pr (6¢%,1,60)n.n,
soft : pg ~ Pr (6¢7 5¢’ 5¢)7
nc,d'jet : péﬁ ~ PT (R27 1L, R)nlﬁla

. J
ne,qd-collinear-soft : pl, ~ pTR gb(R2, L, R)n;n;s
O
p(Pa)
dop, T 1 > 2db ~ <
= - bpro ala as )
dyc dyd dp% d5¢ = 16752 1 +5ch T COS( PT ¢)x f /p(x /“Lb*)xbfb/p(xb Mb*)
KFr q H
X €exXp {_/ _’u [’YCusp (045) ChIn ) + 2vm (as)] }
,Ub* :u’ ILL
" du A + A i b
. . . - — Jcus s 7 / H / A,t, W / * 9
Factorization and resummation at NLL: : KEI; o /Mb* p (00) Qur e | Hicrer (8,8 sin) W s (b )
Hi dp M dp .
X exp —/ —T () —/ — I () | Uk (1., 1) Uk (1o 115)
po, H po, H

X exXp |:_S1C\LIP(b7 QO) \/E) - S&P(ba Q07 \/E):| :
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Do we observe factorization breaking effects?

Glauber mode note treated in our paper Factorization breaking effects in dijet production studied in
hard : p} ~pr(1,1,1) _ .
ngp-collinear : pt ~ pr ((5¢27 1,00)n.7,, Collins, Qiu Phys.Rev.D75:114014,2007

soft : pg ~ pr (5¢, 5¢7 5¢)’ Collins (2007)
Ne,q-jet : p/(ji ~ PT (R27 L, R)n;a,

d
n¢ q-collinear-soft : pt ~ T ¢(R2,1,R)

cS; i ;759

The experimental data is well-described by the experimental data in the back-to-back region, within the error bars

4
d*opp
dy. dyg dpz ddo
c ddap
Phys.Rev.Lett.106:122003,2011 T Phys. Rev. Lett. 121, 062002 (2018)
105F T T T T T T ] LHC pPb
—— 300 < pr < 1000 GeV(x10%) guf FBEPT<TEGV | 75 <pr <9 GV V5 = 5.02TeV
I = anti-kr R=0.3
S 3 3 osk - b Ap>21/3
10*F 200 < pr < 300 GeV(x10°) E § o EPPS16nlo_CT14nlo
3 —— 140 < p7 < 200 GeV(X102) E 02p - Ls;.g);: z);r:er::try
103k E — || .
3 —— 110 < pr < 140 GeV(x10) ot i Z?A;nge;;
s 0.0
T el T 80<pr <110 Gev | I:
X o4k 95 < pr < 115 GeV a 115 < pr < 150 Ge\zf a pr > 150 GeV
ES \
) LHC pp 3 N
= 10 - £
Vs = 7TeV <
X 02F
anti-kt R = 0.5 5
100 F E 01
lyl <11
! ! ! 1 1 1 00, N N N N N N
2.0 2.2 2.4 2.6 2.8 3.0 -3 -2 -1 0 1 2 1 2 3

John Terry (Argonne National Lab)
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Nuclear modifications to this process

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

nTMDs can be matched onto the collinear distributions

Ay (0,25,¢1) =10

Perturbative

Non-perturbative: Contains all medium contributions

We ignore all final-state interactions between the jets and the medium.

High energy jets are not expected to be affected by the medium

John Terry (Argonne National Lab)

Li, Vitev (2021)

11— 18GeV x275GeV e+Au Anti-k, 2<n<d R=0.5
L —
< 0.9F —
= - -
0.8F 7] Full —
- [ Initial only .
0.7~ | Final only PDF: nCTEQI5
— L L L | L L L L | L L L | L L L —
1 .1 :_ T T T _:
B | Full n"CTEQI5 =
- [ | Full EPPS16 1
< 0.9F —
0.8 —
0.7 =
E P R B B -
5 10 15 20 2

Jet P, (GeV)
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Factorization in pA

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)
ngp-collinear : pf' ~ pr (6¢%,1,60)n.n,
soft : pg ~ Pr (6¢7 5¢’ 5¢)7
nc,d'jet : péﬁ ~ PT (R27 1L, R)nlﬁla

P19 po 4 Ry,

ne,qd-collinear-soft : pl, ~

dio,a pr 1 [ 2db ) )
- - bprd ala as )
N(Pp) dy,dyadph ¢ 2= 1675 1+ 6.4 /0 7 Cos(bPr09)Tafasp(@ar . )20 fos a0, iv.)

krd S
X exp {/ —M [/ycusp (CUS) CH In — + 2’YH (CYS):| }
w, M p

b

Hh d
f%usp (as) (A + Ar)

Mg M5
< exp | - / dpie (o) / pia (o)
by 'LL

Hb H

Hiro (8,8, pn) Wi (b, pin.)

X

@

"

T

|
S

Factorization and resummation:

USc (to., 117) Ul (pto.  117)

X exp [—S&P(b, Qo, \/§) - Sﬁf;‘(b, Qo, \/E)}
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Description of pA data

Strong consistency with the CMS measurements of the azimuthal angle decorrelation in pA and the ratio of the integrated
azimuthal angle decorrelation.

4 4 4
d*opa RA—i d*opa d*opp
2 paA T 2 2
dyc dyq dp7 dog Ady.dyqdpr dA¢ /) dy.dyq dpr dA¢
1 T T
- PDFs uncert. ] 1455 < pr < 75 GeV [ 75 < pr < 95 GeV LHC pPb, pp
| ] V5 = 5.02TeV
| » CMSData ] 1of i anti-kr R = 0.3
L ---- Theory o A >2m/3

o ] ;m 10 I/;:r‘-”{; s 2 EPPS16nlo_CT14nlo

= »/:/’ /,/l{l/l \kkt\ \}Mv \11\ I a2y uncert.
/,/ 1 08k L nPDFs uncert.
% ,,/’ I I === lIsospin symmetry
E /,/"o osl _ I CMS Data
1 or ”” 7 I T
© 0 LHC pPb T e
X i ] 14195 < pr <115 GeV [ 115 < p7 < 150 GeV L pr > 150 GeV
5 &~ Vs = 5.02TeV
= | .
o anti-k+ R = 0.3
// il.o B S e e - TtPtT%tL\ I
A <3 o« 2 Py/v{ ~ l T 1\[
pr > 120 GeV o8t Iy !
07 06F
25 2.6 2.7 2.8 2.9 3.0 31 7'2 7'1 6 t 5 SR (') . s ECam—] 5 : 5
A¢ n n n
Eur. Phys. J. C 74 (2014) 2951 Phys. Rev. Lett. 121, 062002 (2018)

Red band is the uncertainty from the EPPS sets, small blue band from the uncertainty of the nTMDs and is very small for
high pT jet production.
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Predictions at ATLAS, ALICE, and sPHENIX

At the LHC, the collinear uncertainties are more dominant due to the large perturbative transverse momenta that are
generated. Uncertainty band of the broadening becomes larger at lower center of mass energies
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John Terry
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(Argonne National Lab)
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Fragmentation in the medium from first principles

Medium introduces three length scales to the problem L ~ Al/3 /Aqcp Ly ~v/ m% A

Thin medium: NP input only from medium properties Large medium: requires additional NP input from hadronization
also require input from hadronic collisions

Number of collisions goes like x = L/

Dilute limit: Opacity expansion or higher twist x < 1 Dense limit: Opacity expansion or higher twist x > 1
Gyulassy-Levai-Vitev (2000) Guo, Wang (2000) Baier, Dokshitzer, Mueller, Peigné, Schiff (1996) Zakharov (1997)

Can be treated in Glauber SCET Ovanesyan and Vitev (2011) e~ Q ()\2, A2, )\)

Ago)q _ 6 R P Agz)q _ 6 S R Agl)q :6 — P

Zo i) ?(h ? q2 Zo ? il
®1 ®2 ®1
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Medium modified DGLAP evolution

Previous work has been done in QCD and SCET to derive medium modified evolution equations

Ovanesyan, Vitev (2012)

Olnp?2 2«

ODp/; (1) a,(p) Z[ 5

Pyj(z; 1) = Py (2)

Medium modification can be implemented into the fit, but introduces additional scales. Future work in this community
will involve including the medium modified DGLAP into the fit, as well as calculating the medium modifications to the
RG and Collins-evolution of the TMDs.
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Future work

Graphs for medium modified evolution can be applied to final-state functions for TMD measurements (exclusive jet functions, EECs)

Medium modified DGLAP can be applied in a global analysis = Medium modified spin physics as a new probe of medium properties

2
an
da

-

+ 2Re

ODpyi(21) _ as() ~To - 7 1o
Olnp? 27 2 [Pij ®Dh/i] (z:1)

7

Pij(z; 1) = Pij(2) + APy(z; p)
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Non-global logs

Standard jets complicate resummation  Dasgupta, Salam (2001) Larkoski, Moult, Neill (2016)
mpyg > My,

NGLs for jet at NLL is the same as jet mass in e+ e-  Becher, Neubert, Rothen and Shao (2016)

2 2
K N B ™ 51+ (au)
UNG (/"LCS? lu’]) - eXp [ CACk' 3 u 1 _|_ (b’u,)c 9
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Artemides

Extraction obtained at NNLO-+N3LL, SIDIS+DY
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Factorization of physics at different scales

Factorization of the cross section in an OPE @ > qr 2 Aqcp
TMD FF

do ~ ) |IC(Q;w||f ® D ® S(gr, n)

I

Contains fixed order and large logs

(&

Factorization of IR modes ¢r 2 AqQcp

Matching coefficient contains fixed order and
~— large logs ( qr )

In
7

f(x,qr,p) ~ [C @ fl(z,qr, 1)

Collinear PDF

John Terry (Argonne National Lab) 5 8/24
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Soft-Collinear Effective Theory

SCET is an EFT which captures soft and collinear emissions along the directions

o 1 5 _ 1 y
LQCD = g wlew — ZGZ‘VGAM =+ ['gauge—fix =+ ‘Cghost 'CSCET — ¢s Zle ¢S T ZGﬁv SG?’“
X Iz p Iz =it | : L. 14 A
¢_>¢3+¢c A _>A3+Ac +§§ Zn'D‘|‘7/chJ_._ D ZchJ_ g_ZGuchc e
m - C

~(@,Q,Q)

Hard scale

Bauer, Fleming, Luke 2000

Jet scale By = QT ———————>b| Q(1,7,v/7) Bauer, Fleming, Pirjol, Stewart 2001
Bauer, Stewart 2001

Bauer, Pirjol, Stewart 2002

“T 11
Csoft scale QT (ﬁ,l, E) Beneke, Chapovsky, Diehl, Feldmann 2002
Beneke, Feldmann 2003
(C\;“Ia::)alss;::‘: (A, A, A) Hill, Neubert 2003
FEchevarria, Idilbi, Scimemi 2011
Soft-collinear A(1,R% R)

scale
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Back-to-back lepton-jet production

Process proposed by: Liu, Ringer, Vogelsang, Yuan
(2019)

Novel factorization using recoil-free jets

Less sensitive to non-perturbative physics
Lepton-jet transverse momentum imbalance
qr = Py + 47
TMD region
|97

Pir

<1

Better than SIDIS in that there is no sensitivity to FFs
Worse due to the perturbative accuracy

Hard: P;r(1,1,1) do,
Collinear: Py (A1, )
Jet: PJT <1, )\2, )\) dUA

O'()E

Global soft: Pjp (X, X, \)
John Terry (Argonne National Lab)

Y

oo ¥’ db
s = T Q) [ 5 cos 056) Y ¢ FUCERMNGR) ., . )
T q
! db
T ! 2 A
— _ b
Ty = oy B Q) [ g eos06150) S RO 7, (011G
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Non-global logs

Standard jets complicate resummation  Dasgupta, Salam (2001) Larkoski, Moult, Neill (2016)
mpyg > My,

NGLs for jet at NLL is the same as jet mass in e+ e-  Becher, Neubert, Rothen and Shao (2016)

2 2
K N B ™ 51+ (au)
UNG (/"LCS? lu’]) - eXp [ CACk' 3 u 1 _|_ (b’u,)c 9

John Terry (Argonne National Lab) 17/24



Winner take all jet axis

Direction of recoil-free jet is insensitive all soft emissions, jet points in direction of most energetic hadron. Thus no NGLS
Larkoski, Neill, and Thaler (2014)

> p‘f =k (].,ﬁl) ‘. K

\ 4

po = (B1+ E2) [pyO (E1 — E2) + p5y0 (B — E1)] o

Direction of jet and total jet momentum have a transverse momentum relative to one another, contains rapidity divergence

n-phk v

d
i T(Qp,v) =75, (Q.pv) 7% ,(Q . v) =D (@, V)

Vdiyln J(Q, pu,v) = fy%V(Q, [, V) ’7?7;;(@7:“’7 v) =), (Q, 1, V)

dr

asCr V2 272
Tq (0,1, Cq/V?) =1+ o [3L+2Lln (5) +7-—=—6I2+0 (a?)

John Terry (Argonne National Lab) 18/24




Treatment of medium modifications to the jet

We want to take the jets to be energetic so that [ /L, ~

Py

We consider an infinite chain of Glauber gluons

Jet

n
»

Collinear sources

Modification to the jet

dop— 00
qu (b7l’l'7y): d; jq (b,,LL,I/)

John Terry (Argonne National Lab)

Al/3

A
QD 4

Single gluon exchange
do Qg C F 1

Par T (gh+m?)’
Infinite number of gluon exchanges

don—s00 L
d; = exp (pm%ozsCF (mbK7 (mb) — 1))

Modified jet function under this approximation

- Jq(pam lh C)

T (pas 11, €)

0.201

0.5 1.0 1.5 2.0 2.5 3.0
p.[GeV]
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Predictions at the EIC

Comparison of our results with Pythia at NNLL

31 —— NNLL
1200 &P
7 —— Pythia e n
< 97 1000 + — eAu(J,)
S
E > Ta — e-Au(ay =0, Jy)
= EIC = 800} ]
o} 41 ‘;g EIC apy uncert.
> 3 1 \/g = 141 GeV g 600+ \/§ =90 GeV [ PG uncert.
21 15 < 0L <20 GeV 9 < £, < 11 GeV BN nPDFs uncert.
400 F
1 1 0.1 <y<0.9 0.1l<y<0.9
' 200 F

0.00 005 010 0.15 020 025 0.30

5¢ 1.0r /.M ------ i
Perturbative ingredients are known to have N3LL accuracy™ / _
Only missing the 3-loop jet function and the 5-loop 09e==" , .

: ) 1.01F
cusp anomalous dimension to reach N4LL :

PA

= 1 o0
ER
099 C I . I . I . I L I . ]
0.05 0.10 0.15 0.20 0.25 0.30

00
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Higher order results

Results have been taken one step higher by Fang, Gao, Li, Shao (2024)

: 12005
1000}
=
- 800 F
~
S E
= 60of
& E
= i
400 f
c 5 5
Ty (b, Q) =1+ 2F {—L§+Lb(3+2Lg)—%+7—Gln2] 200¢
as\? [ oa | L _ 1o L)+ 12 (2024 6L, — 2 462t ™ o
+(E> B — LR +2Le) + L ( 202 + 6L — 5 + 62+ s
= -
2 4 2 = 1.00 =
A <L< (14—121112—5%)+75—181n2—9%+24§3>] sk
99 1 35 a2 404 000 005 00 015 020 025
SRR CLe—- =+ )+ L= -14
+CFCAl 9 p + b<3 ¢ 18+3>+ C<27 CS) d¢
134 272\ 57 1172
Ly (Lo (222 -2 ) £ 20 _ooimo— =20 19
+ b( g( 9 3 )—I— 5 n 9 CS)
8 2 4 40 472
CrT, 34+ L2 (-2 Ly ——L¢— 10+ 8ln2 + —
+FF7lfgb+b(93g>+b(9§ +n+9)
112 , . .
— S Le| +izp, Constant that was obtained numerically
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Power counting

Power counting the observable requires examining several scales

+
p p LPM phase rapidly oscillates LPM phase contributes

Power counting the observable requires examining several scales. Collinear logs are different in these cases

Ajep € np < Q7 HE > b pE < fo
2 + 7+
pp =p7 /L - .
P2 P2 1 NT
O
\\’?\é
P Pt 1 2RT
JRr
Maco ] Aaco]  pILTEL ol
\\\/LPM region
Naqcp Pr p{ PaL*

John Terry (Argonne National Lab)
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The structure of matter: Nuclear matter
Highly differential distributions require high luminosity

Distributions of partons in hadrons
Wigner Distributions Aqcp, k1,1/71,Q

Electron
Injection
Line

Possible
On-energy
lon Injector

Electron

Storage
Ring Electron
Cooler

Injector
Linac

Collider
Ring

Possible Polarized
Detector Electron
Source

A—QCD? ]_/’r’J_7 Q Location Electrons
/ lons
Possible /
Detector
Location Electrons
Electron
Injector (RCS) &
4
(Polarized)
lon Source

Form Factors

Parton Distribution Functions

The reach of EFTs
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The structure of matter in the vacuum
Highly differential distributions require high luminosity

Distributions of partons in hadrons
Wigner Distributions Aqcp, k1,1/71,Q

Electron
Injection
Line

Possible
On-energy
lon Injector

Electron

Storage
Ring Electron
Cooler

Injector
Linac

Collider
Ring

Possible Polarized
Detector Electron
Source

A—QCD? ]_/’r’J_7 Q Location Electrons
/ lons
Possible /
Detector
Location Electrons
Electron
Injector (RCS) &
4
(Polarized)
lon Source

Form Factors

Parton Distribution Functions

The reach of EFTs
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Medium induced collinear divergences

The one-loop computation yields a medium-induced collinear divergence

1),coll
N wfypla) @ T00 @1 B
T,j

2(,,2 —L—|— 1 2
_ asOL)gg Bw) (& +1m—"
Uz

®¢N ® finpo LT

e

2e Y(w)pg

Medium-induced collinear
divergence

204 + Cr d

- 2(714 %) [qu/a(x)]

X

Collinear divergences give rise to a medium modified DGLAP evolution equation

Flavor non-singlet (¢ — q)
Flavor singlet (¢ + @, 9)

F,_z 4 202
s (e ),
7
Foig 4 202 F
—aazﬂ — (4CFCA 88:1: — CFCZ+ CF) Forg+ CF?Q
m
oL, 2 0 2NyCF 2 Fovg
——9 (4 — F,+2
ot, ( CA('?x x ) 9T CFZ x

q

John Terry (Argonne National Lab)
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;1+C—>h+ 7 ;J+Cu—>h+ 1 u+sSn-h* |
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Motivation




Past work




Back-to-back lepton-jet production

Process proposed by: Liu, Ringer,Vogelsang, Yuan (2019)

Bertolini, Chan, and Thaler (2013)
Larkoski, Neill, and Thaler (2014)

Factorization using recoil-free jets: Fang, Ke, Shao, JT (2023)

Hard: P;r(1,1,1) do .y db
b = O H Quun) [ 5 cos (be750) Y - U ERIMNGR) 7, (b. i o)
q

Collinear: P, ()\2, 1, )\) A2, dydog 11—y
: 2 do oo - db
o P (1000) gl < 200 (@) [ 5 otz S R 7 1)
Al dyddép 1—y 27
Global soft: Pjp (X, X, \) q
John Terry (Argonne National Lab)
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Predictions at the EIC

Comparison of our results with Pythia at NNLL

° — NNLL 1200 &P
" —— Pythia === eAu
6 1000 | — eAu(J,)
S 2 Au(ay =0, .J,)
— e-Au(ay =0,
% N = 800] EIC q
': 4 - EIC § B . ay uncert.
& 600} = 90 GeV B . uncert.
=31 VS =141CeV S
9 <l <11 GeV I nPDFs uncert.
21 15 <l <20 GeV 400
0.1<y<09
1 .
0.l <y <09 200
0.00 0.05 010 0.15 020 025 0.30 ol o sem=dme—cee
6¢ z e
Perturbative ingredients are known to have N3LL accuracy. 0.9e=""_, .
Only missing the 3-loop jet function and the 5-loop _ 1.01p '
cusp anomalous dimension to reach N4LL <]§ 1.00_
099 C 1 ) 1 . 1 . I . I R ]
0.05 0.10 0.15 0.20 0.25 0.30
0
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Higher order results

Results have been taken one step higher

P o

=
- 800 F
=
s} 3
= 6oof
) E
i) E
400 f
C 5m 5
To(byp,¢) =14+ 2F [—L% + Ly(3+2L¢) — % +7— 61n2] 204
a2 [ o L8 4 o oo 5 572 of
+ (E) {CF 17 — Lb(3 +2Lc) + Ly 2LC + GLC — 2 + 6ln2 + T 125
9 9 = 1.00
+ Ly (LC (14 —12In2 — 5%) + 42—5 — 18In2 — 9% + 24§3> ] 075
22 11 35 w2 404 0.
+ CFCAl— ng + L} <?LC ST ?> + L¢ (7 - 1443)

134 272\ 57
+Lb(LC (7—%)+7—221n2—7—12g3

8
-132

+ CFTan 9

112

e}
27 ¢

by:

1172

+j2}, Constant that was obtained numerically

John Terry (Argonne National Lab)

Fang, Gao, Li, Shao (2024)

2 4 40 472
L2(2-2L Ly(——L;—10+8In2 + —
+ Ly (S) 3 g) + Ly ( 9 ¢ + 8In2 + 9 )

1200 f

1000 f

0.10

09

Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi (2019)



Factorization in pp and pA

Azimuthal angle decorrelations of di-jets measured at the CMS, are sensitive to nTMDs

Factorization and resummation derived in a SCET framework
hard : pj ~ pr(1,1,1)
ngp-collinear : pl ~ pr (6¢%,1,60)n.n,
soft : pg ~ Pr (6¢7 5¢’ 5¢)7
nc,d'jet : péﬁ ~ PT (R27 1L, R)nlﬁla

0
ne,qd-collinear-soft : pl, ~ pTR (R*,1,R)p,n,,
O
p(Pa)
d4opa pr 1 [ 2db . _
= - b Y aJla as )
N(P5) dyedyqdp} dsp 2= 16782 1+5cd/0 — c08(bpr0d)Tafasp(Ta; b, )20 fosa (0, 15, )

Hh d K
X exp {/ —M [/ycusp (CUS) CH In — + 2’YH (CYS):| }
o M I

b

Hh d
IM%USP (as) (A + Ar)

K d Hj d
X exp _/ _MFJC (as) - / _/JJFJd (as)
Moy 'LL Hb M

X exp [—S&P(b, Qo, \/§) - Sﬁf;‘(b, Qo, \/E)}

Hiro (8,8, pn) Wi (b, pin.)

X

@

"

T

|
S

USc (to., 117) Ul (pto.  117)
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Description of pp and pA data

Strong consistency with the CMS measurements of the azimuthal angle decorrelation in pA and the ratio of the

integrated azimuthal angle decorrelation.

Phys Rev.Lett.106:122003,2011

4
d*opp

dy. dyq dp3. dé¢

d*opa

dy. dyq dp2 dde

1/oc x do/dAg¢

10°F
—— 300 < pr < 1000 GeV(><10“)
104k = 200 < pr < 300 GeV(x10%) / il
. —— 140 < pr < 200 GeV(x102)
< 10k .
E —— 110 < pr < 140 GeV(x10)
S
T el T 80<pr<110Gev ]
X
g LHC pp
— L 4
1ot V5 = 7TeV
anti-kr R =0.5
100F E
lyl <11
2?0 2f2 2?4 2?6 2?8 3f0
Ag
10! :
nPDFs uncert.
e CMS Data
-- Theory /’,-;"
e
10° =
e LHC pPb
& Vs = 5.02TeV
o« anti-kr R = 0.3
lyl<3
pr > 120 GeV
107k . . . . . .
25 26 27 238 2.9 3.0 3.1
Ag

John Terry (Argonne NationalEuzbPhys. J. C 74 (2014) 2951

1/c x do/dn

o
o

I

Phys. Rev. Lett. 121, 062002 (2018)

55 < pr < 75 GeV
af

VA

75 < pr < 95 GeV

7=

LHC pPb
V5 = 5.02TeV
anti-kt R =0.3
A¢ >27/3
EPPS16nlo_CT14nlo
=== lIsospin symmetry
nPDFs uncert.
B ay uncert.
' CMS Data

95<pr<115GV

115 < pr < 150 GeV
L ps

x
pr > 150 GeV _J=y,
A

=
2 osf
o O
<
X 02f
S
—~
o1}
0.0 n n n n
I o 1 2
n
R 1 diopa do,,
pA —
Adycdygdp? dA¢/ dy.dyadp} dA¢
1455 < pr <75 GeV [ 75 < pr <95 GeV LHC pPb, pp
/5 = 5.02TeV
12 anti-kr R =03
D¢ >27/3
< i3 x EPPS16nlo_CT14nlo
£ 1.0
24 Tt
w\‘\ \!!\ B 5y uncert.
O,SE F I nPDFs uncert.
1 ——=-lsospin symmetry
§ CMS Data
0.6
14195 < pr < 115 GeV [ 115 < pr < 150 GeV [ pr > 150 GeV
12
ng-l,o T Ty . =T seiarie T

Phys. Rev. Lett. 121, 062002 (2018)
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Towards first principles




Three-dimensional images

Ratios defined for nPDF and nFF

A (0.Q}) *
R (nQ8) = 7

RE})p(xv kL? QO)

1.4
1.3

12 -
11+
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EPPS16 ‘ b
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e
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Y
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John Terry (Argonne National Lab)

Alrashed, JT et al: Phys. Rev. Lett. 129 (2022)
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Overview of graphs at one loop

In this paper, we study the correlations between the incoming proton and the medium

(0) (1)
94/q.5 To 99/ —

(1),coll
+J a/a,F

TG

NLO
+ AJq/ q,j°

Here we use the short-hand

(Jayi,r ©1 Xrr @1 Nj1] (21,P, 1

2\
><[(—2) Yrr(q,q’,v,0)
q

John Terry (Argonne National Lab)

Bajp1 = Z Z Gqsi ® fifp ® fiyn - pg LT,

1=q,9 ]=4,4,9

Ko+ T) 01 5% 01 N

®1 ZES% @1 N9 +T0) i{’“ ®1 fof% ®1L N

(0) (0) (0) (1) (0)

d2 2Eq d2 26 g
/ 2€ [jq/i,R(xlaP,q,,u, V)q

27)2—2¢ (271)2

1] gSNJT (a',v )]

+J,

2
zs
2

(0)
a/4, PO

50 g, N
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Overview of graphs at one loop

In this paper, we study the correlations between the incoming proton and the medium

Bajp1 = Z Z Gqsi ® fifp ® fiyn - pg LT,

)

Collinear divergent terms have been considered in Semi-Inclusive DIS

94/4.1

(1)

Tq/q,j =

(1),col
j/q F

TG

NLO
+ AUq/ q,5

_|_

1=q,9 ]=4,4,9

(0) (1),rap
(jq/ q,F jq/ q.F
2(0) N(O)
(0) ) ®.1 N(O)

Collinear divergent terms

1.25
e+Ne-mt |
1.00 - '
<
& 0.75 {=—— FO+RG
0504 . RG '
' HERMES |
1.25 + ;
1.00
<
QC 0.75
¢ EMC
0.50 - L+ Coht

1 u+Cu-ht ]

p+Sn-h* |

T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.80.0 0.2 0.4 0.6 0.80.0 0.2 0.4 0.6 0.8

John Terry (Argonne National Lab)

Zn

)@ Sip @1 N o+
N(O)

(1) col (

Q/q

Ke, Vitev (2023)
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Overview of graphs at one loop

In this paper, we study the correlations between the incoming proton and the medium
_ — 7+
Byjp1 = Z Z 0q/ii @ fifp @ fiyn - pg LT,
1=4q,9 J=4,49,9

) (1) (0) (1),rap (0) (0)
+ol = (I m 150 @1 MO+

Tq/q,j =

94/4.1

®1 Tir N(°)+j(/1; TIRL Dy @1 NP
L sz} @LNR+ I 0L Soh @I NP+ T n 0L S0 ©1 N7

a/q,F
NLO
+ AUq/ 4.3’
Collinear divergent terms Collinear rapidity divergent terms

Here we use the short-hand

d2 2Eq d2 26 92
[Ja/i,r @1 Err @1 Nj 1] (21, P, 1 / o [Jq/i,R(fEl,p,q,u, V)q—i

27)2—2¢ (271)2

1] gSNJT (a',v )]

2\
><[(—2) Yrr(q,q’,v,0)
q
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Overview of graphs at one loop

In this paper, we study the correlations between the incoming proton and the medium
Bapa = Y D Tafii @ Jipp® fiw oo LT,
1=4q,9 1=4,4,9

NORENNG O LZOm o 50 o A0,
+ol = (I m 2% @, N9

Tq/q,j =

94/4.1

®L Sor @1 NP+ Jq(/l; TR B @1 N7
0 0 0 1 0 0 0
n 2;% ®1 ( W (/q o ® E%% ® N ) +J0) @1 Sy

Collinear divergent terms Collinear rapidity divergent terms

Soft and anti-collinear rapidity divergent terms

Here we use the short-hand

d2—2eq d2—26q/ 92
| Tu/ir 1L Zrr @1 Njr] (21,p, 1) = / 272 2n)P = [Jq/i,R(fEl,p,q,u, u)?

g2\ 2\ g:
S / / S S / /
X (?) Z]RT (q)qﬂj,y) (q,Q) X [qlgj\/‘j,T (q7l/)]
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Overview of graphs at one loop

In this paper, we study the correlations between the incoming proton and the medium
Bapa = Y D Tafii @ Jipp® fiw oo LT,
1=4q,9 1=4,4,9

NORENNG O LZOm o 50 o A0,
+ol = (I m 2% @, N9

Tq/q,j =

94/4.1

®L Sor @1 NP+ Jq(/l; TR B @1 N7
0 0 0 1 0 0 0
n 2;% ®1 ( W (/q o ® E%% ® N ) +J0) @1 Sy

Collinear divergent terms Collinear rapidity divergent terms

Soft and anti-collinear rapidity divergent terms  Finite terms

Here we use the short-hand

d2—2eq d2—26q/ 92
| Tu/ir 1L Zrr @1 Njr] (21,p, 1) = / 272 2n)P = [Jq/i,R(fEl,p,q,u, u)?

g2\ 2\ g:
S / / S S / /
X (?) Z]RT (q)qﬂj,y) (q,Q) X [qlgj\/‘j,T (q7l/)]
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Collinear matching function at one loop

The finite contributions to the collinear function can be organized based on the type of emission

k
TypeL: p=q—k —<ege809000p. Type II: p = -k We use the Short—hand

E - s —*  Type K Tk r(2,k q) Ik alz; Kk q)
a| g g 2 |
3 e 3 33 Y — 1 192 (Q Qi 1 Q. QL Q  (Q1 Qs
M M Moo MM M ! Q7 T 2q (Q2 Q2)¢ Qz ~ Qi QT aq (Q% Q§)¢2
1
1 Q3 $(&-3) -

g
‘ 00909
<
A
Y §
=
=
o
g
g
g
—
<
=)
O~
S
+
Q0
40
<
w

The finite contributions to the collinear function can be organized based on the type of emission

2¢
jq(/lg,R(x’ P,q) = gszpqq,e(x) /d2—2€k [5(2_26)(1) —q+k)I1r + §2=2¢) (p+ k>ZII,R]

_|_ —
Q; =2k — (1 —2)(po — k) Generate collinear divergences
Q:=zk—(1—2)(po—k+q) Generate rapidity divergences (focus of this talk)
Qs =x(k—q)—(1—-z)(po—k+q)
Qi =z(k+q) - (1—-2)(po— k)
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Coherence in the scattering

There are two competing time-scales in the process y
1 + _— .
Tf ~ — L BZL / Tf //
D :
\_'_l \_'_l \_'_l | _
Time-scale for emission Time-scale for traversing the medium LPM phase \ €

There are two regions with distinct power countings

Tf<<L+ Tf>>L+

Emissions break coherence (GB region) Coherence is unbroken (LPM region)

P> 1

N s - LPM region
N -t = ’ N
Aqcp T NP S ] Nqcp T @
/ LPM region /
Nacop Pr pi" P2L+ Naco Pr PZL+ pi
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Rapidity divergence in the collinear function

The one loop contribution to the collinear function takes on a simple form
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The one loop contribution to the collinear function takes on a simple form
~ B 0 Different natural rapidity scale enters into
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Soft and anti-collinear contribution

Graphs from the soft sector

MNQ()U)")‘)

Graphs from the anti-collinear sector
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The BFKL evolution equations

Each sector obeys a BFKL evolution equation
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The Landau—Pomeranchuk—Migdal effect

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

/ Cross section can be written as an expansion in the opacity
_|_
l do =1 , don
— n .
aPS X aps X is the average number of
=l active partons that
contribute
X" <1

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

Landau et al (1953), Migdal (1956)
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Images of proton structure

Global extraction from data requires evolution equations for TMDs

d d
In F'(w, b, i1, ¢) = v (11, ¢) e In F(w, b, u, ¢) = ¢ (b, 1)

dlnp

Approximations to N*LL TMDs have been extracted in  Moos, Scimemi, Viadimirov, Zurita (2023)
True N*LL requires full 5 loop cusp anomalous dimension and evolution of PDF at N3LO
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The structure of matter in the medium

Spectrum of energy and transverse momentum in matter is modified in a non-trivial way in QCD

/ Cross section can be written as an expansion in the opacity
_|_
l do =1 , don
— n .
dPS Z mx dPS X is the average number of
=l active partons that
contribute
X" <1

Gyulassy-Levai-Vitev (2000) Guo, Wang (2000)

Stimulated emissions in Drell-Yan result in energy loss Stimulated emissions also generate additional transverse
momentum
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Three-dimensional images

Ratios defined for nPDF and nFF
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The structure of matter: Nuclear matter
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