Nuclear-modified TMD PDFs and FFs
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What can we do with the EIC?

Provide information for distributions of partons in hadrons

A new machine for a new frontier in nuclear physics
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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
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Perturbative background

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

n-p A
\ Q D pZ ~ Q2
g % 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) — ,YGU(Q7IU’7 V)
Fe{H, f,D,S} Ge{f,D,S}

Obtain intrinsic momentum through a fit to data
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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

09 ) | ve > (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 CPAVVAVERIVIVVE

LP TMD factorization cannot address how multiple partons are correlated with one another 1(3185905’ Kolhinen, Ruuskanen
Tq Te \

1.4

peesie T T T T | Eskola, Paakkinen, Paukk
A (.’E' Q) Cg)c‘, 13 | : SKOla, aakKKinen, raukkunen,
R? (.’L’, Q) _ i/p\" gl12r antishadowingmaximum\g Salgado (2017)

fiyp(@; Q) ol D v

10 - : - H Nuclear modifications are

2 L S m v > absorbed into the non-
A ao + a1 (¢ — x“)z 5 TS Lo 08 T perturbative
R (z, Q%) = o+ b012% + bz +b32° To < ¥ < e 071 EMC minimum | parameterization

CO + (C]_ _ sz) (1 _ x)_ﬂ a’;e S T S ]_7 0.6 00— ’_ Yo

small-x shadowing
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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
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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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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) S/30



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
N*LL 3oop | S-loop [4doop |4-loop [ 5-loop ]
N4LL/ 4-loop S-loop 4-loop 4-loop 5S-loop
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Duhr, Mistlberger, Vita (2022)
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Factorization and resummation in the medium

Differential cross section for Semi-Inclusive DIS is given by

do B . 5 [ bdb bP A _
IPS 2P, a0 H(Q#)Zeq/%% ( . )_ Di g (2,0 1, C2) ’\/\A@
\ ) 4 L . ) Y J
Hard nTMD PDF nTMD FF

TMDs can be matched onto the collinear distributions

Fraga (o,b,11) = (G IR (b1 ) DO ZADGGHHD) ERNENONENEY
1
th/q (Z,b,M,C) - ; @ (z’b’lui’Ci)_

Perturbative Non-perturbative

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

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

K
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Non-perturbative treatment

Non-perturbative contributions given by

flq/A (.Cl?,b,/,b, C) - [C ®- (.’L’,b, :UJZ)C-Z) U(:U’Z):uﬂ C) Z(b? C’Laghu"L) _

\

EPPS16  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} ’
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Description of the experimental data

Collaboration  Process Baseline Nuclei Nase X =7 h: T~ h=m"
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Three-dimensional images

Ratios defined for nPDF and nFF
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Back-to-back lepton-jet production (a better observable than SIDIS)

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

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

Hard: Py (1,1,1) doy,
Collinear: Py (A1, )

Jet: Pyr (1 A2\ ) d%’dZA

Global soft: Pz (A, A, ) T

John Terry
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Winner take all jet axis (a better jet axis than the standard)

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)

> Py = F1(1,7)

..+ recoil-free axis

\ 4

R standard jet axis
SOXT, . _
*7 Peoll, L+ Psott, 1. =0

1
1
1
1

n-ph v
d
/’l’@lnj<Q7/’[’7y> — 7?7/1,(@7#7 V) 7?7#(@71“’7 V) — /qu’u,(Q7lU/7y)

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?)
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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

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
? > 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==" , .

PA

: ) 1.01F
cusp anomalous dimension to reach N4LL -
S 1 o0
<
099 C 1 L 1 . I . I L I L ]
0.05 0.10 0.15 0.20 0.25 0.30
0¢
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Di-jet decorrelations in pp

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

p(Pa)

John Terry

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

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

Bauer, Fleming, Luke 2000

Jet scale py = QT ————>———>b| (Q(1,7,\/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)

John Terry 21/30



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,,

John Terry 21/30



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 (5qb2, 1,00)n.7,, Collins, Qiu Phys.Rev.D75:114014,2007

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

)
n¢ q-collinear-soft : pt ~ BT ¢(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 dap
Phys.Rev.Lett.106:122003,2011 T Phys. Rev. Lett. 121, 062002 (2018)
10°F T T T T T T ] LHC pPb
—— 300 < pr < 1000 GeV(x10%) guf FBEPT<TEGV | 75 <pr <9 GV V5 = 5.02TeV
I - 2 anti-kr R=0.3
Lotk — 200 < pr < 300 GeV(x10%) ] Zosf - 86> 2n/3
< EPPS16nlo_CT14nlo
3 —— 140 < p7 < 200 GeV(X102) E 02p - Ls;.g);: zynr:er::try
103F . — - :
3 —— 110 < pr < 140 GeV(x10) o i ‘ZLZ"EZ';
&) 0.0
T el T 80<pr <110 Gev | -
X o4k 95 < pr < 115 GeV a 115 < pr < 150 Ge\zf a pr > 150 GeV
= \
) LHC pp £ B
— 10tk : =2
Vs = 7TeV <
X 02F
anti-kr R = 0.5 L
100 E o1
lyl <11
! 1 1 0.0 N
2.0 2.2 2.4 2.6 2.8 3.0 3 2 -1 0 1 2 12 3
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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
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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.

d40p A
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dy. dyq dp7 dd¢
10! S e e B B L S S B |
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S ///,
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Red band is the uncertainty from the EPPS sets, small blue band from the uncertainty of the nTMDs and is very small for
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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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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 ? qz Zo ? il
®1 ®s2 ®1
John Terry 27/30




Medium modified DGLAP evolutoin

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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Conclusion

o We develop a formalism for approximating broadening effects in Drell-Yan and Semi-Inclusive DIS.
o We find that we can absorb medium modifications into the intrinsic widths of the TMDs to define nTMDs.

o We perform the first extraction of both the nTMD PDF and nTMD FF from the world data of Semi-Inclusive DIS and
Drell-Yan.

o Our new analysis took into consideration the JLab data which allowed us to extract the collinear nFF's.

o We have improved the perturbative accuracy of lepton-jet correlations and used this process to make predictions at the EIC.

o We studied jet production in pA collisions at the LHC and sPHENIX and find good agreement with the data.
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Power counting and factorization

Intrinsic transverse momentum is non-perturbative

kT A g
. Experlmeltlts involve mixture of.
Inject large Perturbative and non-perturbative
R . current momentum
z;{ L $P+ ~ Q > AQCD Perturbative momentum g;P"' > kr > AQCD
kTt ~ AQ CcD Intrinsic/non-perturbative momentum Y ~

Perturbative and non-perturbative contributions decouple using factorization theorems
TMD FF Fit

' ~— S%p (2,5, Q0, Q)
\ é oy

p
/ \ Spert (MMNf)CZ;Cf) = / 7 |:’)/V+FCUSP In (M/2
Hi ]
/ G 5
Calculate -/‘

+ Dt ()

i

SI{IP (.I', b7 QO? Q)

1



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
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CLAS measurements

Semi-Inclusive DIS i Measurements have been performed for angular decorrelation
Morén et al. (CLAS Collaboration) Phys. Rev. C 105, 015201 Paul et al. (CLAS Collaboration) Phys. Rev. Lett. 129, 182501
' 7|:+
e
(v, 9)
e e
TC+

Ag

‘7t- .
Hadron-multiplicity data can be incorporated into the fit Factorization and resummation has not been established
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Resummation of large logs

TMD factorization in SCET

UV and IR modes are

R TR — R
separated in dim reg

IR modes all have same invariant mass,
requires additional scale

TMDs and soft functions have double scale evolution

Accuracy| H,J |Deusp(es)|vi(as) |77 (as) | B(os)
d LL Tree level| 1-loop - — |1-loop
—_ M
dln F (ba 122 V) = TF (:ua )F (ba 22 V) ’ NLL Tree level| 2-loop | 1-loop |1-loop |2-loop
K NLL' 1-loop 2-loop | 1-loop | 1-loop |2-loop
d NNLL | lloop | 31 2-loop | 2-1
v -loop -loop -loop | 2-loop |3-loop
dln v F (b’ t V) =TF (b’ /’L)F (b’ £ V) ) 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
N4LL 3-loop 5-loop | 4-loop |4-loop |5-loop
N4LL' 4-loop 5-loop | 4-loop |4-loop |5-loop




Modes in SCET

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

o 1 5 _ 1 y
LQCD = g ¢21D¢ — ZGZ‘,/GAH =+ »Cgauge—ﬁx =+ 'Cghost 'CSCET — ¢s Zle ¢S T ZGﬁI/ SG?M
X 7 p Iz =it | : L. 14 A
w_>¢8+¢c A _>A8+AC +§§ Zn'D+ZchJ_._ D ZchJ_ é._ZGMI/CGC e
m - C

~(@,Q,Q)

Hard scale

Bauer, Fleming, Luke 2000

Jet scale B = QT Q(1,7,/7)  Bauer, Fleming, Pirjol, Stewart 2001
Bauer, Stewart 2001

Bauer, Pirjol, Stewart 2002

Beneke, Chapovsky, Diehl, Feldmann 2002
Beneke, Feldmann 2003

LV
Global soft @ (A, A, A) Hill, Neubert 2003

Csoft scale

(veto) scale FEchevarria, Idilbi, Scimemi 2011

Soft-collinear O~ %\ A(1, oo R)
scale \/
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The MAP collaboration (Bachetta et al 2022)

Extraction at NNLO+N?3LL, SIDIS+DY

Hermes multiplicity data CMS 41 distribution TMDs
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Artemide (Scimemi, Vladimirov 2019)

Extraction obtained at NNLO-+N3LL, SIDIS+DY

Hermes Multiplicity data

p—= 7wt p— T d—at d—m
NNLO : x*/N,; = 2.20 (2.64) X2/ Ny = 1.12 (2.31) X?/Ny = 0.57 (1.46) X%/ Ny = 0.74 (1.91)
N®LO : x? /N, = 3.06 (6.45) X2/ Ny = 1.45 (5.56) X2/ Nyt = 0.78 (4.66) * /Ny = 0.96 (5.67)
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Standard processes and power counting

TMD PDFs and TMD FFs

Q > qr 2 Aqcp

TMD PDFs

TMD FFs

Sivers, Collins asymmetries
COMPASS, HERMES, JLab data

CO”InS asymmetl‘les Sivers asymmetries
BELLE, BaBar, BESIII data COMPASS, STAR data
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