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Review of CGC effective theory

Gluon Saturation and CGC

The gluon density increases with Bjorken x decreases
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Gluon Saturation and CGC
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Gluon Saturation and CGC

The gluon density increases with Bjorken x decreases
— Balitsky-Kovchegov(BK) evolution equation

g P E [I.Balitsky ,1997] [Y.Kovchegov,2000]
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CGC (Color Glass Condensate) 1s one of the most appropriate theories for saturation
Effective theory of QCD 3
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Gluon Saturation and CGC

The gluon density increases with Bjorken x decreases

Balitsky-Kovchegov(BK) evolution equation
[I.Balitsky ,1997] [Y.Kovchegov,2000]

dS$ (b))
dIn X;

x S}?}Z (b, b)) — S@(?‘L ’_L)S%(bg 1)

Dipole amplitude(distribution in CGC)

1

momentum balance Artwork by T.Ullrich Sg?; (b, bl) — N (T?v W(b,) W (bl )DXf
splitting ~ 4{msssm) recombination Factorization framework
Gluon saturation " Non-linear evolution  Distribution with non-linear evolution

CGC (Color Glass Condensate) 1s one of the most appropriate theories for saturation
Effective theory of QCD 3



Review of CGC effective theory

Searching for deterministic evidence of saturation

One of the strong hints for saturation

0.026 |

f% Central dAu collisions
© STAR Preliminary
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CGC calculations
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Away-side peak of the di-
hadron correlation

[E. Braidot [STAR Collaboration], 2011.]

[J..Albacete, G.Giacalone, C.Marquet, M.Matas, 2019]

[Z. Kang, I. Vitev and H. Xing, 2012]
[A.Stasto, S.Wei, B.Xiao, F.Yuan, 784 (2018) ]

Prediction based on CGC
describe the data well
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Review of CGC effective theory

Efforts for higher precision in CGC L

-~ TBK fit

o fdyd*pr [mb/C ,'e\’?}
2B = =2 = =

Searching for deterministic evidence of saturation

L] HERA data
KCBK fit *

;PW 3.0<y<35 e pPh, 35 <y <40

h |=LO

pPb, 2.0 <y < 2.5 ® pPh, 2.5 <y < 3.
ly |=LO

]PW 10<y<43
by =L -

‘:'

1 2F
Inclusive DIS

6 1.0

) e =502 TV Al e [10 40]

S s i T e
gﬂl iR ]JI:; ,Ql([x)()]f v | I:IO mrhzlc)ﬂ](:\ g 4 I;IF};}(EI([J}(:\; s | EH 3l :y s [’ ‘l:l“ Jl(] 1< e [ 0_8 r
£ ! 0.6F
10174 mgmmzl 1<y<3()£ -+ mg(h:mré i<y<-1t)ti mg - j(]?yxﬁt.}t 014[;)_—5 L ‘]ibl—:l | L \]ibl_g ! | Lo \ibl_o
LBj
[B. Duclou¢, H. Hanninen, T. Lappi, Y. Zhu, 2017]
[G. Beuf, H. Hanninen, T. Lappi, H. Méntysaari, 2020]

(2rpp,) ' PN/dpp,/dy),

ol 1o v .
- [G.Chirill1,B.Xiao,F.Yuan, 2012]
RSO\ e [Y.Shi, L.Wang, S.Wei, B.Xiao, 2021] R2 R2
. [lancu, Mueller, Triantafyllopoulos, 2016] D[S dij et(small cone approximation)
) pm<1czeV) ; » [HL, Y-Ma, K.Chao, 2019] [P.Caucal, F.Salazar, R.Venugopalan, 2021]
[HL, Z.Kang, X.Liu, 2020] 5

[K.Roy, R.Venugopalan, 2019]



forward jet production in pA

Motivation for NLO jet R controls the extension of the jets

anti-k, R=1 |

p, [GeV] ‘

Jet 1s a bunch of particles flying nearly in the
same direction in high energy collider

Jet algorithms are used to classify particles into jets

particles {p;} )  {j.} jets

jet clustering algorithms

Comparing with hadron, jet 1s cleaner, in sense that

is perturbatively calculable [Cacciari, Salam, and Soyez,JHEP,2008]
NLO attempts in small cone approximation: An apple-to-apple comparison of the CGC
[D. Ivanov, A.Papa, 2012] . . . .
[P.Caucal, F.Salazar, R.Venugopalan, 2021] theqry with the experimental resultg, including
[E. Tancu and Y. Mulian ,2021] the jet clustering procedure that strictly follows
[E. Iancu and Y. Mulian, 2019] the experimental analyses



forward jet production in pA

Forward single jet production: power counting

§ g Collinear mode
e Va(1,A2,\)

e

Fil R (+J—_)

Energetic radiation along the z direction

* Soft mode %%%

VSN
_ Dyl Soft radiations with energy of order P
Power counting: A\~ —%= <« 1
NG Modes
By parameter )\ , we have collinear modes -

Feynman Rules

&

See [Z.Kang,X.Liu, arXiv:1910.10166] Amplitudes

and soft modes



forward jet production in pA

Forward single jet production: phase space

Leading Order Virtual correction at NLO Real correction at NLO
P
Pq Pj Pq Py Pq
Pj
pJ = Dj P =Dj Things are different for the
real correction because of
Trivial phase space Identical to LO the jet algorithm

The same as single hardon case



forward jet production in pA

Anti-kT jet algorithm

The distances [Cacciari, Salam, and Soyez, JHEP,2008]
. — k—Q . -2 3 -9 AR%j
Pi = K pij = min(ky 5, k) 72

where AR% = (¢ — @j)Q + (1 — 7’7j)2

kT.itransverse momenta 7:and ¢; the rapidity and azimuthal angle

* If pi; is the smallest,  If p;isthe smallest,
1 and 5 will be clustered 1 will bea jet

Removed from the list
Until all the particles clustered ;
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Real correction phase space P
The distances [Cacciari, Salam, and Soyez, JHEP,2008] Py
2 o o ARF
Pi = IAY) Pij = mm(kT’i, kT,j) R2

where AR% = (¢i — &5)° + (i — n;)°

kr.itransverse momenta 7iand ¢: the rapidity and azimuthal angle

* If pi; is the smallest,  If p;isthe smallest,
1 and 5 will be clustered 1 will bea jet

Removed from the list
Until all the particles clustered ;



forward jet production in pA

Real correction phase space P
The distances [Cacciari, Salam, and Soyez, JHEP,2008] Py
2 o o ARF
Pi = IAY) Pij = mm(kT’i, kT,j) R2

where AR% = (¢i — &5)° + (i — n;)°

kr.itransverse momenta 7iand ¢: the rapidity and azimuthal angle

pj Py =D Dy =P +D; Constraint of phase space for jet
DI = Pk /d(I) X Ol
Pk No constraint for other process,
_________________________ ¢.g. hadron production
2 jets case I jet case /a@ »

0, = O(AR?, — R?) 01 = O(R* — AR7,)



forward jet production in pA

Difficulty for real correction for jet

Trivial example to highlight the difficulty

fo dr iﬁ) mmm) Containing both jet algorithm dependence and divergence

Divergent ) Can’t calculate it numerically

Complicated mmmmp Can barely calculate it analytically

10



forward jet production in pA

Construct subtraction term

The counter term Can be calculated numerically

f ‘.‘ No jet algorithm

@) [ (1) ] ) e || 10| g0 ®  dependence

f d$1—+€ :/ dﬂi‘( 1+e 1—|—e) +f(0)/ plte :/ o

L o : 6 4 Can be calculated
dan pe CalCulate

‘.’ “' "' analytically

Shares exactly the same  Added back Finite
infrared behavior as the
original integrand

11



forward jet production in pA

An example

The square of the matrix element of the final state radiation term is
1+&  Frpel +pj0: X
T+ J f>2 (©1+62) :
(1= Epry — (1 = &E)pjiL]
final-final collinear limit
Epkr — (1 =E)pjo

do e o< af(x)

Y

Pq

PJ =Pk TDj ‘
Pk

1 jet case
@1 — 1 and @2 =0

Final state radiation

1+&  Frlprl +E&pri: Xy)
(1= [ppr — (1= ps1)?

dog,. o< Tf(T)

12



forward jet production in pA

An example

Finite combination do g, — dof,,

agsS] Ne /1 1+ &2
0

Fr(pr| +- X Frpr: X Fol(pn 4 & X
52 9 dgl_g dQPAJ_{@QTf(LL) F(pkj_ PiL f) F(IJJ_, f) F‘(pkj_ §paL f)}

Eprr — (1 =&py1]? FOITHT) L — (1 =Epsi]> () L — (L =&)pyi]?

Free of divergence mmmm) Numerically calculable

The counter term  do¥,,

asS) Ne /1 1+§2—€(1—§)2(V)”/ Do FrprL +E&psi:Xy)
TR WA N s s U5 B P s g

No dependence on jet algorithm mmmm) Analytically calculable

13



forward jet production in pA

Small-R approximation
@1 — 91’53

14+&  Fr(per +pj: Xy) .
©®,+6 — Analvtical calculable
1 — 5)1+77 [gpkL - (1 — ’5)ij]2( : 2) Oy — @Q’R 4

do—fs*r X LUf(.’L')(

Drop other O (%) contribution mmmmmm) Factorization under the Approximation

d
dop = fd&chf(ﬂf)dffq—w(&pﬂ@) Jq (<)

z

&

A g—q partonic single hadron production result
J,(¢)  semi-inclusive quark jet function in the large Nc limit

Similar factorization exists for collinear case with formally identical to the siJF [Kang, Ringer and Vitev, 2016]

Generalized to other jet observables
14



forward jet production in pA

Comparison between full and small-R
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forward jet production in pA

Comparison between full and small-R

P _ doea/dp, 1 0y W e e ey

Rpji — dosmall R/dpJ,_L 10° R=02 R—06 = DE R=02 R=06 ]

r ] 10YE= —]

10 R=04 R=10 R=04 R—10

* The approximation works well , but can 3 w- 4§l B

. . . = c 1=

break down if strong cancellation exists & w'r 48 7

1072} SR .

« FE; Spectrum 0 ] ’ :

: 1073 =

. . . . 7| | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 L L L L \7 E| I 1 L1 1 I 1 [ 1 1 1 [ | 1 1 1 1 | 1 1 1 1 Il

The division of the energy bins follows B B e naana s B S s o o o SR R

[CMS Collaboration,Sirunyan et al.,2019] L5 - 150 =

o . s 4 9 b o
Distribution of other observables can be € '} I

. 0.5 —] L N

generated by histogram E e o :

B e e e I B AT EEURE I SRR NSRS AU RS R
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forward jet production in pA

Comparison between full and small-R

dosan/dpy, 1

prle-:: dgmmﬂlR/dpLi-

* The approximation works well , but can

break down if strong cancellation exists § w0
1072

« FE; Spectrum

The division of the energy bins follows
[CMS Collaboration,Sirunyan et al.,2019]

Distribution of other observables can
be generated by histogram

* Negative cross section for large PJj_L

14+ as# +

g L

\ 4

+ ... F+all"+ ..

threshold resummation

4100
=Y E

P R.pse

10%
102L

10'L

1073L

R=02

R=04

R=106 L R=02

R=10 = ; R=04

dO‘/dEJ
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For hadron case, see

[Y.Shi, L.Wang, S.Wei, B.X1a0,2021]
[HL, Z.Kang, X.Liu,2020]

1950 2250
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Summary and Outlook

We applied the power counting method to derive the complete NLO single jet production in
pA collisions using CGC and show that the CGC factorization 1s valid at the NLO level for
jet production.

Our calculation 1s fully differential over the final state physical kinematics. The calculation
is thus not limited to the jet spectra predictions but 1s able to predict any distribution of
infrared safe quantities.

We showed that in the small jet radius limit, the single inclusive jet cross section can be
further factorized into the same short-distance cross section as the single inclusive hadron
production, with only the fragmentation functions replaced by the siJFs.

We look forward to do a full comparison to the experimental data, for instance, to [CMS
Collaboration,Sirunyan et al.,2019].

The method 1n the small-R approximation can be generalized to other jet related
observables or other processes depend on constraint, for instance, the 1solated photon
production [B. Ducloue, T. Lappi, and H. Mantysaari, 2018].

16
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forward jet production in pA

Small-R approximation

The parton inside the jet has a typical transverse momentum scale
prLR priR < pj1L ~ Qs

The parton interacted with the shock wave will be knocked out to
the jet because of obtaining an »p1 ~ Qs




forward hadron production in pA

do
dFE

Result comparing to Data

0.01

=== Data

| -~ LO(gl119) %
1074 | *
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The division of the energy bins follows
[CMS Collaboration,Sirunyan et al.,2019]



forward hadron production in pA

Negative cross section

[HL, Kang, Liu, Phys. Rev. D.2020(rapid communication)]

[Chirilli, X1a0,Yuan, Phys.Rev.Lett.2012] RRRRRS IRRRRRRR IRRRRERAN RARRRRRRS ]

[Stasto et al,Phys.Rev.Lett,2014] P oo E

Even with kinematic R . T

constraint/soft term, there & | | T _

. . . 2 10~ - T 5

1s still negative cross g R

. 107 -

section for large Pn.L i o o ]

- 3 A M [ M

TlreShOId lOgS: 1'5;_ — R = 0dnLoy, /OnLo _;

x 1f Lf =

prie? 3 ;

z ~ 1 N | | :

'\/E o s 5 0 5 20

- 1) 1 phJ. (GeV)

PY () = ~ log(1l — =

The main negative contribution



forward hadron production in pA

Evaluate the threshold contribution

[HL, Kang, Liu, Phys. Rev. D.2020(rapid communication)]

The cross section remains positive [T A MM ]
after threshold part is subtracted 103\ —omon ]
o N\ _

The threshold part dominate Sevb | T .

d®N/dpp, /dy,,

E:- \\
the NLO part at large Ph, L Sapea -
. :l.':l:l|llllllll:|'.lll:ll'.'.|'.lll'.'.'.'.'.|l\:'.
Strong evidence that the SN T
negative cross section 1s 3 - E
driven by the threshold 2\ WU T L Lo I
contribution . (GeV)

Resummation of threshold logs can solve
the negative cross section problem 30



Threshold resummation

1
Mellin transformation MN(f(ﬁ)):/O deeN £ (€)

1 _ 111(1—5)] ) 1, 5o m
My (1 0 My —InN My : — —In" N + —
V=0 A (u—m)% ’ “([ 1-¢ |,/ "2 12

The small-R limit result becomes

Xs (2 2 S
= (M0|? (T + T5) In N In ——
Pjy1

s [ dr _ - X 2
BN —QmN(%) +n 2L ( jlg)
s s 1Y )L Xa\zjyl /.

T Catani operator

~ (1)
qu—)q,thr.

T Wora(r 1) TS Mo)

31



Threshold resummation

2
2 (T? +T2) In Nn -—
@ Py1

Terms proportional to T? can be resummed by the techniques the
Sudakov logarithms resummation

s [dr [z X :
e —sz(%) +1n 2L ( jlg)
7 T NN X4 N

2y T? WGIG(TJ_)T,?
1J1

This term can not be resummed by the Sudakov log resummation
techniques, shares the same color structure as the BK evolution.

At higher orders, every additional ISR will generate an additional
Wilson line that complicates the color structures.

32



The factorization formula

We firstly reexamine the factorization formula by power counting

do 1 [de da
- af ol w) Dy, (€
dyrd?pn1 Z 4%2/@ x zafiyp(, 1) Dpy;i (& 1)

1,7=4,q

X / dgb_J_deiJ_ e?pj_iu<<MO(bi)‘ J(Z,,LL-?F/, b_LrbiL)S(au':y? blbi)‘MU(bl)>>

L/

IM(by)) Standard color space notation  [Catani et al.NPB, 2000]

J Jet function Contribution from Collinear radiation
Gluon in forward direction with momentum

VS(LAZ A A~pri/Vs<kd

S Soft function Contribution from soft radiation
Gluon in central direction with momentum %%%

VAL AN




Large log and evolution

For the threshold region = - 1 n-k=n-p(l—=2) ~p)|

real emitted gluon (- k,n-k ki)~ /s(A\N) soft
J Contains only virtual correction contribution
S Contains real correction contribution

J and S can be calculated perturbatively

M « auln (i) touln (_w ) L We r.eproduce the
v - p full fixed order
51 x . In (1) +a Dy (vg) + ... results withz — 1
V.

D.(vs) contains In(v./n -p), In(v./p,) and 12
.
Vy ="mn-p Vg ™~ pl P, Ln-p
. . . G
So the evolution equationis v—F(v) =vxF(v) F=JorS

dv



Leading

log result

JW (Vg ln (i) + g In (_Ii) + ...
U n-p

JO 4+ JW o (1 4+ ayln (i))(l + agln ( v ) +...)

All

Evolution kernel

i-p

~3 3

Ur(v,vr) F(vr)

Vg

Fv)=Ur(v,vr)F(vr)

[ d: | be
U;Us = exp [—&/ﬂ (ll’ly—ngK.len X—f[BK

-

m Vj A

Initial condition

) TOTY Wi (21)
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Proof under strong ordering limit

For the leading log ,considering the independent n-multiple
soft gluon strong ordering emission at N LO , in which
(h_>>qz_>>>>q;1 p >>p > ]n m

o0

1
>

n=>0

2
2 5,2

Our resummation formula hold in this limit.

Ta |44 a"a(TJ_) } |M0>

36



Dominate terms for large pn. 1

dzd?p/, 27 c

— ’ —_—

n-p n-k
84 ! dl: 1 ~ .1—z ¢ ! ’]f"' . rrz” ﬁ n =< T_? ) - 1 —Z

_ —Smama L P i(z)et s P L L I 1
T S ! 2t 2 p (2) 5
1 "1 i—i\ < » T=a.
+0(1—2)In Xf , 2J‘H2 Weaar (1) + ... p = Ph1e™ /&y
Are T Jo r, <z<1

The threshold contribution is proportional to 4 “»/%) = /(wp)

-

Ao

Because the PDF decreases rapidly when 'y is large, f(z,/2) < f(=
even when z is not far from 1

f(‘rp/f)_:f(xp) — —{(fpj and becomes a large log and is negative .

d*sY) c, rdp? 1 : E%
‘ oc—a—TQPz%z( ) In J‘M (l—l——e ' '“)

p)



Generating Histogram
With form of do and information of P; and Pk

Distribution of any observable is available by histogram

We take F; as example, the steps are as follow

1. Divide the observable spectrum into N different bins
(Ej0,E71). (Eg1,Er2), ..., (Eris Eriv1) ..., (EsNn=1,FEinN)
2. Generate the momenta P; and P out of the free variables p}r
and ps1 according to whether it is a 1-jet or 2-jets case the event
is kept is the momenta satisfies the jet clustering algorithm,
otherwise vetoed
3. Get E; by P;j and Pk according to 1-jet or 2-jets case,
if £;€(Es;, Esit1), fill the event into this bin with weight do

4. Repeat step 2 and 3
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