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Parton Distribution Functions (PDFs)

Collinear Factorization framework
dappakJrX _ Z fz(g% QQ) Q fj(fr; QZ) Q da,ij%kJrX’ + O(l/QZ)
1,5, X’

o fi(x,Q?) determined through global analysis:

nonpert. input
{fi(x, Q {a}} )}, DGLAP
im;)os; sl LO, NLO, — | {fi(x, @>Qy)}
f No: vary {a;} |
. i compare with data compute XSs for
min(chi?) ? | «— | i\ \ariousx&Q | < many processes
LO, NLO,..

l Yes

Best fit for Error analysis Error sets for
{ f( x, Q2Q,)} y > | {f(x Q2Q,)}

[from K.J. Eskola]
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Nuclear PDFs

e PDFs modified in nuclear collisions = Nuclear PDFs (nPDFs)
[, Q%) = R (2, Q) - £ (2, Q%)

o Nuclear modifications R{(x, Q?) also from global analysis

o Here we use EPS09 nPDFs with the error sets
[Eskola, Paukkunen, Salgado JHEP 04 (2009) 065]
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@ Gluon modification poorly constrained in present fits
o More constraints from prompt photon data?
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Spatially dependent nPDFs

We have published also spatially dependent nPDF sets, e.g. EPS09s
[I.H, Eskola, Honkanen, Salgado JHEP 07 (2012) 073]

© Assume a power series from for 7/ (z, Q% s):

ri (2, Q%)

@ Use A dependence of EPS09

to get values for cé (z,Q?%)
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© Repeat the fitting for each

parton flavors
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p+Pb collisions at the LHC

185 p-Pb (Sy =502 TeV E

161 @ ALIGE, NSD, charged particles, n__ 1 <0.3 , p+ P b o] IOt run in 2012

@ ALICE measurement for

12
1 .
0t charged particles
ool Lemicg e E
0_4? I Saturation (CGC), IP-Sat % Y Mlnlmum b|aS reSUlt =
1.8 Shadowing, EPS09s (x°) = ..
1.6L 1L0 O+ cold e mater E averaged over all centralities

Our 7° prediction (JHEP 07
(2012) 073) consistent with the
data

——5,=0.28
1.8F HIVING 2.1 e as028
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1.6 - DHC, no shad
: o — DHC, no shad., indep. frag

2 4 6 é 1b 1‘2 1‘4 16 18 é%
p, (GeVrc)
Phys. Rev. Lett., 110: 082302, 2013
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Prompt photon production

@ Prompt photons consists of two components:

Direct photon production Fragmentation photon production

e.g. Compton scattering parton fragments into photon, e.g.
[ — Y ViV V ——00000Q,
00000} \099999,4»—%

o Calculated from pQCD o Calculated with non-perturbative

@ Provides a direct probe to fragmentation functions

the gluon PDFs o Carries a fraction of the parent

@ Naive LO approximation: partor;s momenta
2pTe—y br==z- p%,
Vs ) typically (z) ~ 0.5

@ Two components experimentally indistinguishable
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Direct vs. fragmentation photons

@ The relative contribution from direct and fragmentation

o At mid-rapidity o At forward rapidity
12 T 12 T
direct: fragmentation: direct: fragmentation:
1.o»p\er — =k e p=t ol PP — =Y e p=t
AN — p=pr ———p=pr RS —— p=pr - p=pr
h — n=2pr ——— p=2pr |

oa | VENy =88 TeV | oa | VANN = 88TeV ]
y=0.0 y=4.5
0.0 f - L P L L L 0.0 L L L P L L -
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
pr [GeV/c] pr [GeVic]

In NLO the division scale dependent
At low pr the fragmentation photons dominate
Similar behaviour in mid- and forward rapidities

We use BFGII FFs for photons and CTEQ6.6 or CT10 proton
PDFs
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Isolated photons

@ Isolation cut reduce the background from hadronic decays:
o Reject photons which have > EA% > Emaz inside a cone

AR = /(An)* + (A¢)?

@ lIsolation cut reduces also fragmentation photons
= Isolated photons more sensitive to smaller x values

[
o

JETPHOX 1.3

Isolated-y production:
NNPDF2.1

® LHC: pp\5 = 2.76,7 TeV

® Tevatron: pp\s = 1.96 TeV/

® Tevatron: pp\s = 1.8 TeV
SppS, Tevatron: pp\ls = 630 GeV/
SppS: ppV/s = 546 GeV/
RHIC: pp\s = 200 GeV

A

=p
Vrger = Pr

data/NLO
N

o Good agreement with
NLO pQCD and data in
wide range of /s

+ [d'Enterria, Rojo Nucl.Phys.
B860 (2012) 311-338]

-
2]
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Workshop on Saturation Signals, Utr I. Helenius (JYFL)



X9 sensitivity at mid-rapidity

@ The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (u = pr)

1

10 T T T : T
p+Pb, /s = 8.8 TeV -==- direct LO
Inl <1
10,2_2<p%<20(3.e\/ J
Inclusive
a
£
= 103 b |
NERt e
5% ! 1
NS I -3
5 - L
1
10t F ! . J
1 1
1 1
| =1
10° . rﬁj . . -
10° 10° 10" 10° 107 10" 1
T2

@ The LO direct component follows the naive expectation
2pr _ _4
To~—=e ¥Yx=7-10
2 A\/g

@ some spread due to a finite pp and 7 interval
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X9 sensitivity at mid-rapidity

@ The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (u = pr)

1

10 T T T T :
p+Pb, /s = 8.8 TeV -==- direct LO
‘7]‘ <1 — direct LO+NLO
10,2_2<p§/~<20GeV J
Inclusive
a
£
= 107 F 4
= | X
5%
S| &
k=2
10* 4
10° L s
10° 10° 10" 10° 10 10" 1
T2

@ NLO corrections introduce more channels (e.g. 2 — 3)
= Contribution also from higher x5 values
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X9 sensitivity at mid-rapidity

@ The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (u = pr)

10" T T

p+Pb, /s = 8.8 TeV -==- direct LO
‘7]‘ <1 — direct LO+NLO
0k 2< pr < 20 GeV — frag. LO+NLO |
Inclusive
a
=)
= 107 F
= | X
S
K]
k=2

T2

@ The peak is shifted to higher x5 due to the z < 1

o Large contribution from higher x5 values from the fragmentation
component
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X9 sensitivity at mid-rapidity

@ The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (u = pr)

10" T T

p+Pb, /s = 8.8 TeV -==- direct LO

In] <1 — direct LO+NLO
0k 2< pr < 20 GeV — frag. LO+NLO |

Inclusive — total

T
@ Fragmentation component dominant in this kinematical region

o Contribution to total inclusive NLO prompt photon cross section
from a broad range of x5

@ How much does isolation suppress the fragmentation component?
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29 distribution and isolation criteria

@ The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (u = pr)

0.006 . , , i i
p+Pb, /s = 8.8 TeV ---- direct LO
oo0s | Inl <1 —— direct LO+NLO |
2 < pj < 20GeV —— frag. LO+NLO
Inclusive — total
= 0004 |
£
= 0.003 |
= | X
5%
S| g
< 0.002 |
0.001 | J
_T
— Tl
0.0 . . e
10° 10° 10" 10° 107 10" 1
T2

@ Same result as before but now with linear scale in do”

@ For inclusive photons Ud" ~ 0.17
tot
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29 distribution and isolation criteria

@ The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (u = pr)

0.006

p+Pb, /s = 8.8 TeV ---- direct LO
0005 F Inl <1 —— direct LO+NLO |
2 <pp <20GeV —— frag. LO+NLO
Isolated: — total
g 004 AR < 0.4 1
= S Er < 4GeV
= 0.003 |
%
S| g
< 0.002 | i
0.001 | J
0.0 .
10° 10° 10* 10° 10° 10" 1

T2
e Isolation suppresses fragmentation component especially from
larger x9 values (small z)

o For B = 4GeV we have d” ~ 0.28

tot
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29 distribution and isolation criteria

@ The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (u = pr)

0.006 T T T T T
p+Pb, /s = 8.8 TeV -—-- direct LO
0.005 F |’V]| <1 — direct LO+NLO |
2 < pj < 20GeV — frag. LO+NLO
0.004 Isolated: — total
g T AR <04 ]
= S Er <2GeV
= 0.003 [ ]
= | X
S
K]
< 0.002 f ]
0.001 | ]
0.0 :
10° 10° 10" 10° 107 10" 1

o Further suppression with smaller E7'%*

o For M = 2GeV we have d” ~ 0.43

tot
@ Small increase of the direct NLO contribution with isolation
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X9 distribution in forward rapidities

@ The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (u = pr)

0.003 : . i i '
p+Pb, /s = 8.8 TeV ---- direct LO
00025 | 3 <1 <5 —— direct LO+NLO |
2 < pp <20GeV —— frag. LO+NLO
— total
‘é 002y Inclusive 1
= 0.0015 F i
|8
EE
=
S 0001 | |
0.0005 4
0.0
10° 10° 10" 10° 107 10" 1

o Forward rapidities probe smaller x5 values
o Large contribution from larger x5 values due to fragmentation

@ For inclusive photons d” ~ 0.21
tot
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X9 distribution in forward rapidities

@ The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (u = pr)

0.003 . . . , '
p+Pb, /s = 8.8 TeV -=-=- direct LO
00025 | 3 <1 <5 —— direct LO+NLO |
2 < pp <20GeV —— frag. LO+NLO
— total
‘é ooy Isolated: 1
~ AR <04
> 00015 | S By < 4GV 1
EE
2
= o001 | i
0.0005 i
0.0
10° 10° 10" 10° 102 10" 1

T2

@ Isolation suppresses the fragmentation in large z2 region

o For B = 4GeV we have d” ~ 0.30

tot
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X9 distribution in forward rapidities

@ The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (u = pr)

0.003 . . . , '
p+Pb, /s = 8.8 TeV -=-=- direct LO
00025 | 3 <1 <5 —— direct LO+NLO |
2 < pp <20GeV —— frag. LO+NLO
— total
‘é ooy Isolated: 1
~ AR <04
> 00015 | S By < 2GoV |
EE
2
= o001 | i
0.0005 i
0.0
10° 10° 10" 10° 102 10" 1

T2

e Even with EJ'** = 2 GeV some contribution also from larger

o For M = 2GeV we have d” ~ 0.44

tot
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Ry,py, at mid-rapidity

e R,py, for inclusive prompt v at \/syy = 5.0TeV and y =0 in
NLO (with INCNLO)
[I.LH., K.J. Eskola, H. Paukkunen JHEP 1305 (2013) 030]

Linear scale in pp Logarithmic scale in pp

12 T T T T T T T T T 12 T T
11} ptPb 4 11} ptPb 4
min. bias min. bias
1.0 1.0 4-::_‘::1:
E 09 E 09
2 -=== proton PDFs S === proton PDFs
w08 EPS09s =2 [] & 08 EPS09s 11 = 22
0.7 — EPS09s 11 = pr 0.7 | — EPS09s p=pr
y=0 —— EPS09s o = 2pp y=0 —— EPS09s o = 2pp
06T Jsnn =50 TeV EPS09serrors || [ sww=50TeV EPS09s errors ]
T2 4 s s 10 12 14 16 s R 510 20 50 100 200

pr [GeVic]

pr [GeVic]

@ Suppression at pr < 20 GeV due to shadowing in the nPDFs

@ Isospin effect negligible (red dashed line)

@ Some scale dependence in pr < 5 GeV
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Rypy, at forward rapidities

e R,py, for inclusive prompt v at \/syy = 8.8TeV and y = 4.5 in
NLO (with INCNLQ) [I.H., K.J. Eskola, H. Paukkunen work in progress|

12 T T T T T 12 T
1| ptPb VSnn =88TeV ] i z=10"* ]
min. bias y=4.5
1.0 - 10
g 09t ——— S oot
hrd B
o 08 e 1 Es 08F
: : —— EPS09s 1 = & ~
07 L — EPS09s 11 = pr |1 07 1 i
os | ! - EPS09s yu = 2pr |] sl —— EPS09NLO ]
EPS09s errors . EPS09 errors
0.5 L L L L L L L L L 05 L L L L L L T T T
0 2 4 6 8 10 12 14 16 18 20 "o 2 4 6 8 10 12 14 16 18 20
pr [GeV/c] Q[GeV]

@ More suppression than at y = 0 due to lower x5 values

o Very rapid scale evolution in RE""(x, Q?) from NLO DGLAP
= No factor 2 suppression even at the lowest pp
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Rypy, at forward rapidities

@ We have also studied whether the planned forward calorimeter in
ALICE could provide further constraints for the nPDFs:

/5=8800GeV, 7 =35 /5 =8800GeV, 7 =45

L B R T
%1‘0 I R tsr s i e ipintone o
X~ F 1t ez
c s 3
: IH;H;
S ]
£ [ el UAEE=m= T e ]| L
Q 08 : . 4 -
8 == EPSOOum=2pr | [ .0 == EPSO9, =2y |
o EPS09, it =Pr | EPS09, fitoc = Pr |
06 - 11 EPS09, pye =pr/2 | + EPS09, jifa = Pr/2]
El b Pt =P | EPS09, /it =Pr
) f FoCal uncertainty ‘ i | Focal Hméae%ain}y

0 5 10 15 20 5 10 15 20
prlGev] prlGev]

- 1.0

0.8

0.6

Figure from H. Paukkunen, relative error estimates from M. Leeuwen

o Estimated errors of the same order than in the EPS09 nPDFs
= Not clear how much the data could reduce the uncertainty
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Isolated Rypp?

e R,py, for inclusive prompt v at \/syy = 8.8TeV and y = 4.5 in
NLO [I.H., K.J. Eskola, H. Paukkunen work in progress]

Lk p+Pb Vsny =88TeV |
min. bias y=45
1.0 | 1
g oot b
X
& 08T EPS09NLO
07k — inclusive e
————— direct
0.6 : 7
---- fragmentation
05 . . . . . . . . .
0 2 4 6 8 10 12 14 16 18

pr [GeV/c]

20

@ Isolation increase the relative contribution from direct photons
= lIsolated R,py, closer to R,pj, with direct component only

e Work in progress...
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Centrality dependent Rypy, at y =0

Rypy, for prompt v at /syny = 5.0TeV and y = 0 in four centrality
classes in NLO (with INCNLO) [I.H., K.J.E., H.P. JHEP 1305 (2013) 030]

12 510 20 50 100 200 2 510 20 50 100 200

12 : : : : 12

11 [ 20-40% AR
10 1.0
= o9 H 09

=

E?“ 0.8 3 038
07 ---- proton PDFs T —— EPS09s NLO |] 97

06 | min. bias EPS09s |T EPS09s errors |1 0.6

05 f f } f 05

11 [ 40-60% 1 60-80% 114
1o = 10
Soool ) 109

o

R o8|~ q08
0TF g + 107

06 1 /syn = 5.0TeV I p+Pb 106

05 : . : . 05

12 5 10 20 50 100 200 2 510 20 50 100 200
pr [GeV/c] pr [GeV/c]

@ Nuclear effects stronger in central collisions than in peripheral

collisions
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Centrality dependent Rypy, at y = 4.5

Rypy, for prompt v at

sy = 8.8TeV and y = 4.5 in four

centrality classes in NLO (with INCNLO) Work in progress

0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
1.2 T T T T T T T T T T T T T T T T T T 12
11} 0-20% 1 20-40% 11

10

&

=09 F

Eosf
07+ 1 + —— EPS09s ;i = pr [107
0.6 1 ------ EPS09s min. bias |T EPS09s errors | 0.6
0.5 t t t t t t t t t t t t t t t t t t 0.5
1.1} 40-60% 1 60-80% 11

10

&

2 09F

(‘E 08
o7 VSnn =88Tev T 107
06T p+Pb y=45 T 106
05 P S S T T T SR 05

0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

pr [GeV/c] pr [GeVic]

o Larger suppression than at y = 0 for pr < 20 GeV
= Centrality dependence more apparent
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Prompt + production in Pb+Pb

Rpypy, for inclusive v at /syny = 2.76 TeV and |y| < 1.44 in
different centrality classes in NLO [JHEP 1305 (2013) 030]

0 10 20 30 40 50 60 70 80 90100 10 20 30 40 50 60 70 80 90 10} @ CMS data for isolated
16 R e i s T 16
l@ —— INCNLO EPS09s

TP e _ and calculation for
~—— INCNLO CTEQ6.6 ) )
inclusive photons

e Isolated (JETPHOX) and
[ inclusive (INCNLOQ)

Iyl < 144 - : R}, p, compatible in
min. bias

= Comparison ok

o Note smaller nPDF
uncertainties than in
0.6 | 10-30% Pb+Pb | 30-100% 106 CMS paper [Phys L ett

I
0 10 20 30 40 50 60 70 80 9010010 20 30 40 50 60 70 80 90 100

E7 [GeV] o 1GeV] B710 (2012) 256-277]
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Summary & Outlook

@ The prompt photons have a large contribution from
fragmentation component at low pp

@ Isolation cut suppresses the fragmentation contribution
= Isolated photons probe smaller x5 values in p+Pb collisions

@ We expect slightly more suppression for isolated photon R,py,
than for inclusive photons

@ Centrality dependence more apparent at forward rapidities

Outlook

o Calculate the R,py, for isolated photons at mid- and forward
rapidities

| \

@ Publish our results for particle production at forward rapidities
(during this year?)

@ New nPDF fit with the p+Pb data?
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Extra Slides

Backup
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p+Pb collisions at the LHC

Charged particle yield in p+Pb:

1.0

2.0 5.0 10.0

20.0

1/Ne >N /dp [mb GeV~2c?]

T

o,
000
00,

— KRE, p=pr

— KKP, pp = pp

— DSS, p=pr
ALICE, PRL 110: 082302, 2013
(Tppp) = 0.0983 = 0.0035 mb~*

T

/snn = 5020 GeV

[n| <03
p+Pb

Data/KRE
DRa®moiRa 4

I EPS09 uncert.
L

0.5

1.0

L
2.0 5.0 10.0
pr [GeVic]

I.H., H.Paukkunen., D. d'Enterria

Work in progress

Nuclear modification factor:

12
Vs =5.0TeV min. bias
L1
10
&
\Q)
2 09
<&
08 ~--- EPS09s KRE NLO
— - EPS09s KKP NLO
0.7 —— EPS09s fDSSNLO |
EPS09s fDSS errors
0.6 +
1 2 5 10 20 50 100 200
pr [GeV/c]

@ Data best described with
Kretzer fragmentation functions

o Differences in AN cancel out in

ratio Rppb

= R,pp not sensitive to FFs
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Centrality classes
: @ Example: p+Pb at the LHC
Optical Glauber Model JENN = 5.0 TeV, 08 — 70 m

@ Probability for inelastic collision O e

AB —_~ o~ Tan b)o NN 35 L oY =70 mb ]
pinel(b) ~1- ( inel — 30l ]
E
e Inelastic cross section for [by, bs] =5 1
b2 270 1
2 = 15F B
'mel(b17 b2) d bpznel(b) & ol ]
by st/ 0-20% 60-80% 1
@ For p+A we assume a point-like o A e
proton = T, 4(b) = T4 (b) b [fm]

0-20% 0.0 3.471 | 14.24
pals,z) = o 20-40% | 3.471 | 4.908 | 11.41
’ 14 exp[\fs F22— RA] 40-60% | 4.908 | 6.012 | 7.663

) 60-80% | 6.012 | 6.986 | 3.680

@ T(s) from Woods-Saxon density:
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7% production in p+Pb at y = 0

e Rypy, for inclusive 70 at /sy = 5.0TeV and y = 0 in four
centrality classes in NLO (with INCNLQ) [JHEP 1207 (2012) 073]

1 2 5 10 20 50 100 200 2 5 10 20 50 100 200
1.2 T T T T 1.2
Ll Vs =50Tev 0-20% | 20-40% ] | |
y=0
10 1.0
=¥
= 09 F r 0.9
iE
08 r +4 0.8
—-- EPS09s KKP NLO —— EPS09s fDSS NLO
0.7 ---- EPS09s AKK NLO |T EPS09s errors fDSS |1 07
0.6 ; ; ; ; 0.6
L 40-60% 1 60-80% 1 4 |
= 10F = //—\ 1.0
)
> 09 T 409
DK%-
08 | + H0s
07 + 407
06 ‘ ‘ ‘ ‘

0.6
1 2 5 10 20 50 100 200 2 5 10 20 50 100 200
pr [GeV/c] pr [GeV/c]

@ Stronger nuclear effects in central collisions
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7% production in p4+Pb at y = 4

o Rypy, for inclusive 7° at \/syn = 5.0TeV and y = 4 in four
centrality classes in NLO (with INCNLO) |Work in progress|

0O 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
1

———— ———— 5
ik 0-20% 1 20-40% 1
= 1.0 .
S b
209 b e v
ckgfi
0.8 | 1 1
—— EPS09s fDSS
EPS09s errors |] 07
B
=
=
TR

0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20.
pr [GeVic] pr [GeVic]

@ More suppression at small pp than at y =0
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X9 values for different rapidities

@ Which x5 values different rapidities probe?

Normalized do w.r.t. zo do accumulation w.r.t. zo
T T T T 1.0 T T T T
S 4
10°F ptPb, /5 = 5.0 TeV pr =5GeV 09 L P+Pb, /s =5.0TeV ]
—y=0 OS_pTZSGeV ]
ok —y=2 ] g —uy=0
N —y=4 Yrorp —y=2 4
- |z 5 v=
B —gl()" 3 -%1;)0‘5- J
2 s &
Soof E Sfoap -
= 02 | E
1 E 0.1 1
0.0 =
10° 107 10° 10 10 1 10° 10 10° 107 10" 1
To T2 maz

o Contribution to do from broad x5 range also at forward rapidities

Work in progress
g
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Prompt + production in Au+Au at y =0

@ Rauaq for prompt v at \/syy = 200GeV and y = 0 in four
centrality classes in NLO (with INCNLQ) [J/HEP 1305 (2013) 030]
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e At pr < 4GeV /c contribution from thermal photons also
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