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Introduction and Motivation
[ le]

Determination of the nPDFs

Collinear factorization framework:

doAB=HX = N7 fA(2, Q1)@ £ (2, Q1) ®d6 X+ 0(1/Q?)
,7,X’

° f{“’s determined via global analysis:

nonpert. input

{fi(x, Q {a} )}, DGLAP

im;)ose S iizs | LO, NLO, — | {fi(x, @>Q,)}
t No: vary {a} |
: i compare with data compute XSs for

min(chi?) ? | «— at various x & Q “— | many processes
LO, NLO....
1 Yes
Best fit for Error sets for

Error analysis| —> {f(x Q2Q,)}

[from K.J. Eskola]
@ So far globally analysed flA's spatially independent

{ fi( x, Q2Qy)}
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Introduction and Motivation
oe

Nuclear Modification to PDFs

@ nPDFs often decomposed as
fif(@,Q%) = Rz, Q%) - ¥ (2,Q°),
where V¥ (z,Q?) free nucleon PDF (e.g. CTEQ)
@ We consider two globally fitted R (z, Q?)'s:
@ EKS98 (LO DGLAP evolution) [Eur.Phys.J. C9 (1999) 61-68]

s EPS09 (LO and NLO DGLAP evolution with uncertainties)
[JHEP 04 (2009) 065]

Pb Pb Pb
Rux’ Rus R_{/
14t 3 + 14
Fo
é 12 F + -
1 1.0 M | L
N =
™ o8k 1 N1
(e 1 -
2 06 R 1
Tl | EKS98LO 1oa
z — EPS09LO
< 02r EPS09 errors [T T 702
00 Lol | | | | | Ll g0
10" 10° 10?2 10" 1 10° 102 10" 1 10° 107 10" 1
xr xr T
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Introduction and Motivation
e0

Nuclear Geometry

Production of k at impact parameter b

dNAB—>k+X(b) — TAB(b) Z sz ® f]B ® dé.”—)k-f—X
%,J

Nuclear overlap function

Amount of interacting matter at Sy
impact parameter b.
) S1 S92 Sz
TAB(b) = /d STA(SI)TB(S2), b
where 4 2
s1=s+b/2 sa=s—Db/2
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Introduction and Motivation
o] ]

Nuclear Geometry

Amount of nuclear matter in beam direction

Nuclear thickness function

Woods-Saxon density profile:
Vi n
0

d = 054 fm SRR
Ra = 1.12AY% — 086473 fm

3 A 1
T 4nRE 1+ (3
A = / d%s Ta(s)

y 0123456780910
Ll
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Framework
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Model Framework

Nuclear modifications with spatial dependence

@ We replace

A 2 A 2
Ri (va ) - T (l‘,Q 75)7
where s = the transverse position of the nucleon

o Definition

R, @) = 5 [ EsTaor(.Q9),
where RZ(z,Q?) from EKS98 or EPS09 (=datal)
@ Assumption: spatial dependence related to 74(s)
ra(z, Q% s) =14 c1(z,Q*)[Ta(s)] + ca(z, Q%) [Ta(s))?
+ e3(z, Q) [Ta(s)]® + calw, @*)[Ta(s)

n

Important: No A dependence in the fit parameters ¢;(z, Q%)
(unlike some earlier analyses with only one fit parameter)

<
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Framework
L ]

Fitting Procedure

Parameters c;(z, Q%) obtained by minimizing the x?

RA(z,Q%) — & [ s Tu(s)ri\ (@, Q% s) |
Xz, Q) =Y G Q/;)

A
Fit to EPS09 Fit to EKS98
1.0 T T T T T 10 T T T T T
L + EPS09LO O EKS98
09 EPS09SLO |4 0o [\ —— EKS98s
x  EPSO9NLO Y
% x = 0.001
08 — EPSO9NLO | 08| g Q2 =2.25 GeV?
a x =000 o~ 5
;i _ Q* =1.69 GeV? | =
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Framework
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ifications
ial Dependence of Nuclear Modifica
Spatia
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The shape in z is similar to
°
Ri\(z,Q*)
@ small s:
|1 — rf(a:AQQ,sg
>|1—- R x,Q
o large s:
28)~1
vz, Q2 5)

|
)|
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Applications
@00

Observables

Nuclear Modification Factor

(E5) g
R]ZB(bl bQ) — pTaY b1,b2 — dedy
’ <Nb'i77,>b1,b2 dQng f d2b TA ( )d Upp
T oNN dprdy by BA\R) dprdy

4

The Central-to-Peripheral Ratio

d2Nk b d2N
B <de'35 > <Nb11-n>(c) Jug 4%p dp’;ﬁy_/ Jy b T (b)
fer=yanty 5 o 2y ENAp®) / (8 gop 7
<dedy> <me>( ) fb” d dprdy /fbp 45(b)

4

@ Impact parameter values b; and b, for given centrality class
from optical Glauber model
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Applications
(o] Jo}

Optical Glauber model

Centrality classes

@ Probability for inelastic collision O
AB Tag(b)oN i A ]
~ —T4 ——d+
pinel(b) ~1-— s md o p+Pb 1
R Ty 1
i i = m(, = 64 ml
@ Inelastic cross section s ®r 1
qi 40 - \\ \ -
) T wf W ]
VA
znel(bl? b2 /d bpznel( ) or Lo\ ]
10 + A ]
o\
0 1 1 1 1 \\ﬂ \k e 1
0 2 4 6 8 10 12 14 16 18 20
@ Impact parameters from 1Bf ]
(e1— )% = mel(b17 bs) p+A collisions
o8 (0, c0) @ Replace Typ(b) — T(b)
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Applications
ooe

Calculation of dN% ;(b)

Spatially averaged nPDFs

ANAB=E+X () = Ty 5(b) Z RAN @ RP Y @ dg2k X
,J

Spatially dependent nPDFs
dNAB—)k+X(b /d2 TA S + b/2)]n+1 [TB (S - b/2)]m+1

Zc fz ®cm fj ®dA2]—>k+X
4]

@ We provide the coefficients c!(z, Q?) in EKS98s and EPS09s
codes?

"ttps://www.jyu.fi/fysiikka/en/research/highenergy/urhic/nPDFs
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Applications
[ ]

Pb+Pb collisions at LHC

Ra4 and Reop for partonic-jet production in LO; Baseline for E-loss

12 . :
N T —
=" N
11py=0 7 N\,
10 Raa(central) = (Raa)
\i 09 Raa(peripheral) # 1
<
25 08 Rop # (Raa)
& Y v
o7t /)| EEn) ]
;/ - REPSO%(])T)(O _ 5%)
06| == REES:(p1)(60 — 80%) ;
// R REPSO% (pT)
05 UL - -
2 5 10 20 50 100 200 500
pr [GeVic]
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Applications
@00

d+Au collisions at RHIC

Min. bias Rqa, for ¥ production at y = 0 in NLO

(calculated with INCNLO)

1.5 T T T T T T T
14 | 1.039*PHENIX + PHENIX 7° ]
’ min. bias -— EPS09sKKPNLO
) ——— EPS09s AKK NLO
131 /5 =200 Gev —— EPSD9SfDSSNLO
—~ 2L y=0 EPS09s errors fDSS | |
oL
=
- 11 b
o <
[[ee]
1.0
0.9 J
0.8 f J
07 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16
pr [GeV/c]

@ Data used in EPSQ9 global fit
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Applications
(o] le}

d+Au collisions at RHIC

Raay for 79 production at y = 0 in different centrality classes
in NLO (calculated with INCNLO)

is 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 161 s
[ 1.098*PHENIX 1 1.032*PHENIX | 4

1. 0200 + PHENIX py 20.40% EPS09sfDSSNLO 14

13} -— . EPS09sKKPNLO |t EPS09s errors fDSS |4 1.3

—-—— EPS09s AKK NLO H 412

IS

(pr)

o
dAu

07 _ + + + + + +——+ + + + + + + + 07
14 | 1009* PHENIX 1 0.968"PHENIX 114
1al 40-60% $ 1 60-88% H 1is

(pr)

0
dAu

R

pr [GeV/c] pr [GeV/c]
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Applications
ooe

p+Pb collisions at LHC

Rypy, for 70 production at y = 0 in different centrality classes
in NLO (calculated with INCNLO)

12 1 2 5 10 20 50 100 200 2 5 10 20 50 100 20(?l 5
— -. 0,
Ll VE=50Tev 0-20% | 2040% |
y=0 -

D e - 1.0
IN
=Y

= 09 + 409
3E

& o8} L 408

~—- EPS09sKKPNLO —— EPS09sfDSSNLO
orr ——— EPS09sAKK NLO [T EPS09s fDSS errors | ] %7
06 n ; ; ; 056
40-60% 60-80%

11 T 411

—~ 10} I /_\ 10
:F‘:

— oo} //—\ 109
+&

= o8| + o8

07 F T <07

0.6 L L L L 0.6

1 2 5 10 20 50 100 200 2 5 10 20 50 100 200
pr [GeV/c] pr [GeV/c]
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d+Au collisions at RHIC

Applications
L 1)

Min. bias Rqa. for inclusive v production at mid-rapidity

Inclusive photons

o direct

@ fragmentation

4

Isospin effect

o Also neutrons in nuclei

= Less charge to couple
with

= Rqay not normalized to
unity!

14

5
R dAu
=
T

‘Iyi<(‘),3‘5‘ ‘ - i)ro‘to‘n PDF_|
ro 2 ——- EPS09
| s '=200GeV DS

[Arleo

5 10 15 20 25 30 35

pr [GeV]

et al. JHEP 1104 (2011) 055]
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d+Au collisions at RHIC

Applications
oe

Raay for inclusive v production at y = 0 in different centrality
classes in NLO (preliminary, calculated with INCNLO)

0 5 10 15 20 25 30 35 5 10 15 20 25 30 35 40 45 50
12 T T T T T T T T T T T T T T T T T 12
11 0-20% ~-— proton PDFs |1 20-40% —— EPSD9sBFG NLO |{11
10 T -1 10

Riaa(pr)
o
~

05 /5 = 200 GeV
04 y=0
03 + + + + + + +

EPS09s errors BFG

0.9
0.8
0.7
0.6
4 05
404

11} 40-60%

Riza(pr)

0.3
411

15 20 25 30 3B
pr [GeV/c]
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Summary and Outlook
o

Summary & Outlook

@ Determined the spatial dependence of nuclear modifications
using
@ The A dependence of the EKS98/EPS09 (= data!)
@ The power series of the T4 (s)

@ Published routines EPS09s and EKS98s for rl‘-‘l(ac, Q?,s)

= Nuclear modifications of any hard process in any centrality

class can now be computed consistently with global fits!

ljet ljet 70 70 0 . .
o Calculated R, Rap, R, Pb and Rg,, in different

centrality classes

o Calculate also R;Pb in different centrality classes

o Consider also implementation to MC-calculations
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d+Au collisions at RHIC

Raay for 79 production at y = 3 in different centrality classes
in NLO (calculated with INCNLO)

1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10

13 I e T e A e e S 13
1o 0-20% 1 20-40% 11,
ot 1 {11
=10 110
:\zé 09 F T 109
08 | + 08
-—- EPS09sKKPNLO —— EPS09sfDSSNLO
o7 p ——— EPS09s AKK NLO |T EPS09s errors fDSS |1 07
06 —_—— —_— 06
12| 40-60% 60-88% 112
_1ap — + {11
S10f — N /ﬂ 110
15 09| 1+ 409
S
08 | + 408
07} + Ho7
06 N AT 06
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
pr [GeV/c] pr [GeVic]
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p+Pb collisions at LHC

Rypy, for 7 production in different centrality classes at y = 3 in LO

1 2 5 10 20 50 100 200 2 5 10 20 50 100 200
12 /5 = 5.0 TeV 0-20% T 20-40% 1 12
1w0]¥=3 L 10
£ o8t L 08
*x osf F 06
~ —- EPS09sKKPLO
04 --— EKS98sKKPLO (T —— EPS09sfDSSLO {04
oz | —— EKS98sfDSSLO || EPS09serrorsfDSS []
12 40-60% T 60-80% 112
10 110
~ _———
S 08} + {08
2
2 06 F + 406
=
04 | + 404
02} + 402
1 2 5 10 20 50 100 200 2 5 10 20 50 100 200
pr [GeV/c] pr [GeVic]
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p+Pb collisions at LHC

Rypy, for 70 production in minimum bias collisions at y = 0

12 r r 12 v v
1k Vs=50Tev min. bias ] 11f V5=50Tev min. bias ]
w0 ¥=0 o y=0

__o9p E o9}

:5/. 08 E § 08|

s =

<2 07| g %% 07 --—- EKS98sKKPLO
o6 | — -~ EPS09sKKPNLO [ s | —— EKS98sfDSSLO
s ---- EPS09sAKK NLO |] osh — - EPS09sKKPLO
) —— EPS09sfDSSNLO ’ —— EPS09sfDSSLO
04 EPS09s fDSS errors |7 04 EPS09s fDSS errors |1
03 . : 03 . :

1 2 5 10 20 50 100 200 1 2 5 10 20 50 100 200
pr [GeVic] pr [GeV/c]

= Some difference between LO and NLO results
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(Npin) for p+Pb and d+Au

p+Pb with o' = 70 mb (/s = 5.0 TeV)

by [fm]  bo [fm]|  (Npin)

0—20% 0.0 3471 1424
20 —40% 3.471 4908 11.41
40 — 60% 4908 6.012 7.663
60 —80% 6.012 6.986  3.680

d+Au with oV = 42 mb (/s = 200.0 GeV)

by [fm]  bo [fm]|  (Npin)

0—20% 0.0 3.798  15.57
20 —40% 3.798 5371 10.95
40 - 60% 5371 6.583  6.013
60 —88% 6.583 8336 2.353
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Fitted R(z, Q%) vs. old R(z, Q%)

Rftt(z, Q%) = %/d% Tu(s) [1 + i ci(:zr,Q2)[TA(s)]i]

i=1
18 T T T T
* RYP(x,Q) EPSOINLO
16 | — RI"(z,Q% = 1.69 GeV?)
— RI"(z,Q* = 2.25 GeV?)
14 L| = RJ"(2,Q = 16 GeV?)
— R}"(2,Q% = 10* GeV?)
—
< 12
s 10
[a
0.8
0.6
0.4
10° 10" 10° 102 10" 1
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Fitted R(z, Q%) vs. old R

R (z,Q%) = %/d% Tu(s) [1 + i ci(z, Q*)[Ta(s)]’

i=1
18 T T T T
* RY®(z,Q) EPSO9LO ©rr RUP(z,Q) EKS98
16 | — RI"(z,Q% = 1.69 GeV?)
— RI"(2,Q* = 2.25 GeV?) — = R}"(z,Q* = 2.25 GeV?)
14 L| = RI"(#,Q* =16 GeV?) = = R}"(2,Q% = 16 GeV?)
— R}"(z,Q% = 10" GeV?) — = RJ"(x,Q” = 10" GeV?)
S 12 R
£ 10
[
0.8
0.6
04 L 1 1 1
10° 10" 10° 102 10" 1
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Spatial Dependence of Nuclear Modifications

iz, Q% s) =1+ i i (x,Q%)[Ta(s)) (A= 208, EKS98)
j=1

@ The shape in x is similar to
Ri\(z,Q*)
@ small s:

g
IS
\

S

i
pi

12 A 1l 7
I,IIIIIII‘IIIIIIIIIIIIIIIII%W%, ‘\\\%‘\\\%‘\{“\\\k‘\\\\\\\\\\\\
1= ri(z, Q% s)
il ' RA(, 2]

i
i
\\\}:

> |1 — RA(z,Q
o large s:
ri(z, Q% 8) = 1

e iy
iy
.t

2.25 GeV?, s)
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Comparision With Other Models

Nuclear modifications with spatial dependence
@ l-parameter fit (R. Vogt et al.) [Phys.Rev. C61 044904, 2000]

@ FGS10 (Frankfurt, Guzey, Strikman)
[Phys.Rept. 512 255-393,2012]

Fit to EKS98
1.0 T T T T T T T
0.95 EKS98s /
-—-- FGS10_L
09T — — EKS98 1 param.
= 0BT =001
ar 0BF Q2 =4GeV?
r\}’,’ 0.75
=
£, 07 i
" oss .
~~~~~~~~~ =
o6
055 |

(2,Q%5)

Pb
o
3

Fit to EPS09LO

EPS09sLO
--—- FGSI10_L
[| —— EPS09LO 1 param.
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A-dependent modification

Thickness function 00 ' ' ' '
e g -0.1 i
o If the Modification of the form o L/
\ e
ra(z, Q% s) =1+ c(x,Q*)[Ta(s)] Pl 1
S 04t 7
[Phys.Rev., C61:044904, 2000] = os|/ P
© I — C x,
@ The parameter c(z,Q?) from the oo ey, g2
normalization condition o7 —=mn CIPSONLO (52 92) |
08 {f z =001
2y _ AR (z,Q%) ~ 1) 09 b e
@) = ————2—2L 0 50 100 150 200 250
[ d%s[Ta(s)] A

= Strong / dependence of c(z, Q?)!

The s dependence not entirely decomposed from c(z, Q?).

I. Helenius (JYFL)
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A+B Collisions

@ The 1-jet distribution for a centrality class with b € [by, bs]
calculated from

Liet by 124 dZNY(b)
<d2NAJJ§ > _Jh d"b dpl;%y
4B == :
dprdy by b . d%b Pl (b)

o piel(b) = 1 — e~ TaB(®)ofl (optical Glauber model)

Parameters from optical Glauber model

central = 0 — 5% peripheral = 60 — 80%
by ] | B[] | (Mow) | b1 [f] | Bz [Em] | (Nown)
RHIC 0.0 3.355 1083 11.62 13.42 15.11
LHC 0.0 3.478 1772 12.05 13.91 19.08

@ RHIC: NN = 42 mb

mne

o LHC: o¥N = 64 mb

inel
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