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Dense gluons at small x (high energy)

ceva
 Parton distribution depends on scales, x and Q gé;::‘w@mm
* Gluon fluctuations become dense at smaller x g‘s”‘”"’“ i

(higher energy) by splitting — Xx-evolution -
* At some point of x, parton merging makes x-

evolution non-linear, leading to parton saturaion
 The emergent scale = saturation mom, Qs
* Heavy nuclei contain more gluons i \ .

N . O
?A(x) ~ CQ(Z) <;) uic from DTT
» log(Q?)

QCD .
(c) F.Gelis
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Dense gluons and particle production

e Gluon distribution Is saturated at k- g W;jfj‘“
below sat mom Q.(x) and have the £ e
intrinsic ky ~ Qg >> Agcp e

* In the dense gluon target, multiple

scatterings would be important m@ ng?{

Where the saturation effects manifest themselves?
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Forward di-jet production in dilute-dense colls.

Di-jet has large p,+ ~ p,r ~ P+,
but momentum imbalance, p,+ p, , has sensitivity to intrinsic k;

Large-x partons in dilute projectile have k; ~ Agcp < Qs

Small-x partons in dense target have k; ~ Q,
p, = PAPu PPy _

1 — 2)p1t — zp2t

+ 1 ot
b e
dllute pl?‘: Ul .. plt
Doty Yo s
Doy
dense x e " Front view

[Three mom scales: P;, ki, (), ]
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Suppression of b-t-b correlation in forward jet

STAR, PRL129.092501(2022)
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Motivation

* Forward particle production is sensitive to small-x partons
In the target hadron/nucleus

« Existence of hard scale P, in dijet production implies a
simplification in theory — Trans.Mom.Dep factorization

 Aim:
- By taking CGC calc for gq dijet as the baseline, we quantify the
accuracy of (improved)TMD factorization and sensitivity to parton

saturation in pA coll at the LHC energy
HF, C.Marquet, K.Watanabe, JHEP12(2020) 181.

In DIS case, R. Boussarie, H. Mantysaatri, F. Salazar, B. Schenke, JHEP 09(2021) 178.
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Plan

* Comparison of qgpar jet formulas
- CGC and improved TMD formalisms
- Kinematical and genuine twists correctons

e Numerical results on azimuthal correlation
* Summary
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CGC formula for gg° jet production

N.B) gluon case is more complicated

do(pA — qqX) u-u T=v+2zu

fg/p(xl)FT 2u/2P ( ) {Séq;q(wabawlabl;ah)

— S8 (2, v by ws) — SELB v, 22 )+S§(]§)(v,v’;x2)}

q99 q99

dyrdyad?pryd?py b=v—zu

Wilson line correlators resum multiple scatterings

i / 1 T4 T 4e : a
‘Séqéq(m b, b ;x3) = CrN. <Tr (Ubt U Ut Ub’)>$2 Uy, =Pexp {7(}6/00 dzt A, (z, )t ]
= 5§ =
JIMWLK x-evolution (splitting + merging) \ @ WEE?WC
d
— (O H D).,
dIn(1/z3) (0),, = (HimmwLk C

[ Parton saturation effects = non-linear evolution + multiple scatterings J

04/26/2023 H.Fujii@ATHIC 2023 8



ITMD formula for gq jet production

(Improved) P. Kotko, K. Kutak, C. Marquet, E. Petreska, S. Sapeta and A. van Hameren, JHEP 09 (2015) 106 .

dy1 dyod?p 1 d>pay

Pie: 1

do(pA — qaX . .
[ O‘(p — qq ) -~ fg/p(xl) ZH(Z)(Ptakt) J—_'('L)(xz’kt) } Py

hard parts non-pt TMDs
* Several kinds of TMD PDFs (@leading twist) are involved,
where gauge links are required by gauge invariance

Pat. Y2

X
Fww (x2, k) = F. TAP|F " (u,u™) L] LoF~(0)|P) F'~ (u,u™) Ul
4 d2$d2y ik (2 — : : -
ey —iky-(z—y) : ) f F'=(0,0
= / T e (e [@Ua U @0 UL]) (0.0)
Uo ot
‘Fgg(x27kt) — .. fadj(XQ,kt):...

F. Dominguez, C. Marquet, B.-W. Xiao and F. Yuan, Phys. Rev. D 83 (2011) 105005.
A. V. Belitsky, X. Ji, and F. Yuan, Nucl. Phys. B656, 165 (2003).

° TMD diStS aISO Obey the JlMWLK eCI- C. J. Bomhof, P. J. Mulders, and F. Pijlman, Eur. Phys. J. C47, 147 (2006).

d
T R ) — H YR
dIn(1/z2) (0)z, = (Hamwik O),,
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Other factorization formulas

do(pA — qqX)
dyy dyad?p1d*poy

~ fg/p(xl) ZH(i)(Ptpkt) }'(i)(x%kt) J

3 approximations and their vlidity range in (P, k, Q_)

Original TMD formula neglects k / P in H(P, 0) for P > k ~ Q_

HEF for P ~ k > Q_, where all TMDs collapse into Fditute(%2, k¢)

10-! 10° 10t
ky [GeV]

ITMD resums (k / P,)" to give off-shell H(P, k) valid for P ~> k ~> Q (P> Q)

P. Kotko, K. Kutak, C. Marquet, E. Petreska, S. Sapeta and A. van Hameren, JHEP 09 (2015) 106 .

CGC formula is valid for any ordering as longas P , k , Q > Noco
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Expected range of applicabllity in ¢

CGC, ITMD
HEF - . . . TMD
102 77— T
- (a) Vs=TTeV, y =3
Py~ ke > Qs P>k ~ Q.
10! e
non-Bito-B .. back-to-back
100 b=| = Pl =10 GeV | = mimimimimimim == - : S
KT | T T |J(”|
s |
——e Q. = 1.0GeV
-1 | Wl | ! |
M s 0.6 0.7 0.8 0.9 1
/ 4\1\ @/ ’//\\
| | | |
\\ > \\\-—//

04/26/2023 H.Fujii@ATHIC 2023

11



Relation btw CGC and ITMD formulas

1 T. Altinoluk, R. Boussarie and P. Kotko, JHEP 05 (2019) 156.

. . . T. Altinoluk and R. Boussarie, JHEP 10 (2019) 208.
Applylng the fOI’mu|a le = Uag2 —7r' ds 81Uw2+5r R. Boussarie and Y. Mehtar-Tani, D103.094012 (2021)
0

CGC amplitude is rewritten w/ trans.der. as

v+ zu
e (ot @] non =G —
v

Fo-
izk-u 1
= F.T.H(u) Kek—u> (U QU THUE> + (1 & 2)]
Fa— F'B_
+ (1 2)) (U0 UEN TR0 (uP 9gUL2)

—izk-u eiikl u

YF.TH(u) (6

k-u ki-u

* Kinematic twists are resumed: k- u ~ Ft * Genuine twists corr. = 2-gluon exch amp.

t
within eikonal approx.

[ Their difference is in whether genuine twists are included or not ]
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Comparison of
azimuthal qg jet correlations
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Gaussian approx. for 4pt fn

It makes CGC formula tractable, and the two formulas look similar

/ F(I‘Q,qt)
e CGC: valid for Pt, kt,Qs > AQCD rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
do(pA — qg X S 0.y L0 12 )
dy1<§f§2d2p1i’q12p)2t ‘CGC - 27r2lz(1 ~ 2)Fyg(2) MFJPQ / d°q, F (22, qe) F (w2, ke — )
ON2(L N2 2.9 C Na (L el |
| [(1 2)% (ks — qy) +z% 22(1 — 2)q; - (ki qf)] (2.31)
S (Qt. pzt)
Ve :
e |TMD: validfor B> Qs, P 2 ki 2 Q> AQCD
- Y gD z1f, (i, ?) o
do(pA— qiX) ‘ = 0L (1—2) P,y (2) 1ff”f’(21 ) fqufF (22,q¢) F (2, ke — qr)
dyldyzdz’pltdngt ITMD 2?T2 | P ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
(1_2)2 2 22 9 22(1—2)p1t - Pat
X (kt—aqi)" +—5q; + t- (ke —aqt)
[ P, P, t Pi; Pa
\
04/26/2023
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Numerical setup

Comparison of proton TMDs

* Proton pdf: CTEQ6M 1 = (p1t + pat)/2 e

* UGDs for ITMD and CGC calc: 107
- obtained by running-a, BK eqgn. 1072}
- W = fd%"ul’C(TLT‘u;Ors) [SBK (71 :22) — SBK(T11:22)SBK (121 ; 2)] 10-3 / J,’I i
SR e [_ (e )} - - Q, -
i i I | 2o = (10*2‘ m*ﬁw*‘“’):
« Saturation scale atI.C.: x,=0.01 107° =0 U B U
- For nucleus, A1B factor k: [GeV]
5 /3 A2 A2 ¢<1lforp Two TMDs are The same
Qo,a = A" Qyp = EQp different at low k asympt

2 < ¢ < 3 for Pb
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ITMD gives a good approximation in p+p

* We take the CGC result as the baseline
* Ratio of two results is close to unity, at equal y =1, 4 and at sgrt(s) = 7 TeV

* Genuine twists (two-gluon exch.) corrections are small in this kinematics

1.4 ' T ' T ' I T T T 1.4 T T T T T I T T
(a) Vs =TTeV, |p:| =40GeV | (b) s =T7TeV, |p:| =10GeV |
— ITMD/CGC — ITMD/CGC
19 e HEF/CGC - 19 e HEF /CGC
- - = TMD/CGC | - -= TMD/CGC
Thick: y =1 : - Thick: y =1
E ; Thin: y = 4 HE-F E 1 Thin: y =4 HEF :
N e IR -~ -
- TMD .- VIO
0.8 | TMD 0.8 FVID
0.6 | 2 | I | | | I | I ] 0.6 | .l ’., | | | I | I :
E]‘.E‘l 0.6 0.7 0.8 0.9 1 %.5 0.6 8 A 0.8 0.9 1
o/ ¢/
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At lower p_, and In pp and pA

« Atlower p;, larger deviation = larger genuine twist (two-gluon exch) contrib.
« For nuclear target and at lower p;, larger deviation = larger two-gluon exch. contrib.

1.4 T T T T T T T T 1.4 T T T T T T T T T ]
i =g SV Y =g N onp— 2 ad 2 __ aN)2
(¢) v/ 3=5.02TeV, =3, =1 | | (d) /s =5.02TeV, y = 3, ¢ ClE GA = CQSp
- 1.2 — ITMD/CGC: |p;| = 10GeV =
- - - ITMD/CGC: |p (25 CeV

— ITMD/CGC: [p;| = 10 GeV

L=
| - - - ITMD/CGC: |p;|i= 5 GeV | i
1 1
E e § ;—///i
(i

@
= e
e _asgass B = 0.8
0.6 . [ e s 4 d
| + Q:(|pel = 10GeV) = 0.96 GeV | i + Q:(|pe| = 10GeV) = 1.41 GeV
p p Qs(|pe| = 5GeV) = l.ﬂ"l?' GeV p Qs([pe| = 5GeV) = 1.55 GeV
0.4 : ' : : : : : : 0.4 : : : ' : : ' : ‘
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
¢/ ¢/
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Nuclear modification: ITMD is a good proxy

« At higher p;, CGC ad ITMD results coincide and give the same away-side suppression

- Saturation+Intrinsic k; in TMD is the dominant origin of the modification

« At lower p;, genuine twists corrections become visible as the difference of the two

pp / pPb

1 SA dN(pA—qqX)

dP.S.
R S

Sp dN(pp—qqX)

dP.S.

04/26/2023

Rp-fl ( Q)

2 . T

(b) V5 =5.02TeV, [pi| £20GeV, 'y = 3

5 - — CGC
--=-ITMD

0 I | ! 1 ! 1 | L
0.5 0.6 0.7 0.8 0.9
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Summary

 Dijet production at forward rapidity in pA collisions is a good place for
studying parton saturation effects

e Categorized - saturated dist + kinematical twists + genuine twists

* We showed that ITMD framework provides an efficient tool for
studying saturation, incorporating saturated TMD dists and
Kinematical twists

« Genuine twist effects become visible when Q//P, is not small

* Other QCD effects, such as Sudakov factor, jet-frag func, need
Included for more accurate tests, possibly within ITMD framework

- e.g., KaTie event generator (Kotko et al.)

04/26/2023 H.Fujii@ATHIC 2023
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CGC includes TMD and HEF limits

/

e CGC do(pA — q3X) mlfg/p(mla#z)[ ;
= 1—2)P ‘ d*q; Fxo, qi) F(xo, ks —
dyldyngplfdgpzt‘CGc 272 2 #)Pag(2) P? 9 (22, @) F'(2, ke — q1)

% [(1 — 2)%(ke — q1)® + 2%q7 — 22(1 — 2)q¢ - (ke — qu)

QSSJ_

(gt — p2t)? ] - 50

-

« TMD: valid for P, > k, ~ Q,

do(pA — qgX) _agS)

‘ = 21 fosp(@1, %)
dy1dysd?prid?poy; 'TMD 272

2.9
P1tPo¢

x / g F(xz, ) F (w2, ke — qi)[a? — 2(1 — 2)k2]

2(1— 2)Py4(2)

« HEF: leading order in Q_/P,, Q./k,

do(pA — qqX) ‘ a8,
dy1dyad?p1id?po; 1HEF 272

z(1 —z)qu(z) p2 p2 P2
l 2t t
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TMD PDFs at small x

7 ey = 2 / Pady i@y L (Tr [@:,) @U)] T [U=Uf])

92 (Zﬂ')% in: *2
) d*xd*y 1 [ i
g2 _ = —tk-(x—y) _—_ . AvAl
Fagilon k) = / 2m)3 © N, (T [@v)@vd])
4 dz.f[?d?y e ' '
. _ —iky-(2—y) 7 T(6: 1
}_Vlf W (:132, k‘:f) 92 / (2?1_)% € <TT {(&Um)Uy(a;Uy)Um} >I? ;

in terms of the Wilson lines

dzT A (:}:+,m)T“]

— 0 —)

Uz = Pexp [-z'.gf,./ d:}:JrA(:(n:J“,m)t“] , Ve=Pexp [-a'g&./
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At unequal rapidities in p+p

e un-equaly,=1,y,=

3,5

1.4 T I T I ' | ' ' -
() V5 =TTeV, |p,| =40 GeV
— ITMD/CGC
19l -+ HEF /CGC 3
- == TMD/CGC 2
- Thl(k y1=1,y2=5 .;
E ________________ ,H,wr T e

TMD _---- :
0.8 -- - "

| | |

| | 1 | !
0%') 0.6 0.7 0.8

o/m
04/26/20Z.

1.4

1.2

(b) /s =TTeV, |p:| =10GeV

— ITMD/CGC
...... HEF/CGC
- == TMD/CGC

Thick: y; =1, y2 = §
Thin: y1 =1, y2 =3

H

0.8

IIIVIL)

O‘% ;

II.CuUjIlWAlLI1Iu £UL0
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Genuine higher-twists corrections

« Atsmall k,/P,, CGC = (I)TMD - higher-twists corrections are small
« Athigherk, /P,, CGC>ITDM = HEF - genuine-twist corrections become visible

(a) /s =5.02TeV, |p:| =10GeV,y =3

10-#

leading twist effect |

it

larbitrary un

10-9 7/ £/
74 /1 — genuine twists

dN
dP.S.

10.]_[_'3 R R W 1 [ | 1 R O T G ¢
10~ 10" 10t

04/26/2023 |t |/| P
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