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Theoretical Foundations on collinear factorization

@ Factorization formula

Parton distribution functions (PDFs)
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Theoretical Foundations on collinear factorization

@ Factorization formula

Parton distribution functions (PDFs)

T

do=>" fi(Q}) ® doi;(Q},QF) ® f(QF) +0(Q7)

1,5 /

Coefficient functions (calculable by perturbative methods)
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Theoretical Foundations on collinear factorization

@ Factorization formula

Parton distribution functions (PDFs)

T

do=>" fi(Q}) ® doi;(Q},QF) ® f(QF) +0(Q7)

1,5 /

Coefficient functions (calculable by perturbative methods)

@ PDFs obey the DGLAP equations

@@ @) _ 5~ b0 @ £,

0Q? K—j

Splitting functions(calculable by perturbative methods)
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Previous analyses

HKNO7 EPS09 DSSzZ NCTEQ15
Order in a LO&NLO | LO&NLO NLO NLO
Neutral current DIS ¢+A/¢+d v v v v
Drell-Yan dilepton p+A/p+d v v v v
RHIC pions d+Au/p+p v v v
Neutrino-nucleus DIS v
Q? cutin DIS 1GeV 1.3GeV 1GeV 2GeV
datapoints 1241 929 1579 708
free parameters 12 15 25 17
error analysis Hessian Hessian Hessian Hessian
error tolerance Ax? 13.7 50 30 35
Free proton baseline PDFs MRST98 CTEQ6.1 MSTW2008 | CTEQ6M-like
Heavy quark treatment ZM-VFNS | ZM-VFNS | GM-VFNS | GM-VFNS
Cites 272 674 129 43
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Previous analyses

HKNO7 EPPS16 DSSZ NCTEQ15
Order in as LO & NLO NLO NLO NLO
Neutral current DIS ¢+A/¢+d v v v v
Drell-Yan dilepton p+A/p+d v v v v
RHIC pions d+Au/p+p v v v
Neutrino-nucleus DIS v v
LHC p+Pb jet data v
LHC p+Pb W, Z data v
Drell-Yan dilepton 7+A v
Q? cutin DIS 1GeV 1.3GeV 1GeV 2GeV
datapoints 1241 1811 1579 708
free parameters 12 20 25 17
error analysis Hessian Hessian Hessian Hessian
error tolerance Ax? 13.7 dynamical 30 35
Free proton baseline PDFs MRST98 CT14NLO MSTW2008 | CTEQ6M-like
Heavy quark treatment ZM-VFNS | GM-VFNS | GM-VFNS | GM-VFNS
Cites 272 NaN 129 43
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Framework: Parametrization

Free proton baseline
(CT14NLO)
@ Our definition of nuclear PDFs

@00 = RM@Q) @@
Nuclear modifications /A

@ Fit function = dependence at Q3 = m2,arm

ao + a1 (z — z4)° r<za o 7T
R(x,Q3) = { bo+ biz® + box®* 4+ b3z®* 1z, <z <z, v /
ot (c1—cz)(1—2)™ P g <z <1, onf s e

@ The A dependence parametrized at z — 0, x4, and z e ‘ ‘

@ Freedom allowed for all quark flavours separately — we no Ionger |mpose
flavour-independent nuclear effects for valence and sea quarks (as e.g. in EPS09).

@ 20 free parameters (15 in EPS09)
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-
Experimental input
e EPS09:

— fixed-target deep-inelastic scattering (DIS) (Ei-A)
— low-mass Drell-Yan dilepton data (p-A)
— inclusive pion production (d-Au)

i
310
o
3 fixed target DIS and DY
10 PHENIX 7"
5
10°

. | .
10° 10° 10
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Experimental input

@ EPS09:
— fixed-target deep-inelastic scattering (DIS) (Ei-A)
— low-mass Drell-Yan dilepton data (p-A) o ‘ ‘ ‘
— inclusive pion production (d-Au) - }
310
Tl e

@ Additional data in EPPS16:

— low-mass Drell-Yan dilepton data (r=-A) 10 ]
— Neutrino DIS data (v-Pb, 7-Pb) ——-— | |
— LHC data for dijets, W* and Z (p-Pb) \

. . 2 5
—> Completely new region open in (z, Q“) plane! B 10 T
T
§ 10
= Larger variety of data than in any other Lo et IS Y
. 107 1 " dijets
contemporary analysis! oWz
CHORUS neutrino data
10° PHENIX 7’ B
= First true test of nuclear PDF universality! o} i : l
. ‘ ‘ ‘
10* 10° 100 _ 10" 1
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Experimental input: Corrections for old ¢~ A DIS data

@ Recover the true structure functions from the “isoscalarized” ones (¢~ A DIS):
“Isoscalarized” structure functions 1 1

reported by the experiments B = EFQP’A + §F2H’A
(used e.g. in EPS09 analysis):
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Experimental input: Corrections for old ¢~ A DIS data

@ Recover the true structure functions from the “isoscalarized” ones (¢~ A DIS):

“Isoscalarized” structure functions 1

SA A, 1 _na
reported by the experiments Fy = §F§ +3
(used e.g. in EPS09 analysis):

The true structure functions VA N

A A n,A

(used now in EPPS16): By =B+ 4 F,
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Experimental input: Corrections for old ¢~ A DIS data

@ Recover the true structure functions from the “isoscalarized” ones (¢~ A DIS):

“Isoscalarized” structure functions A Looa 1oma
reported by the experiments = EFQ’ + 3 Y
(used e.g. in EPS09 analysis):

The true structure functions W Zooa N oua
(used now in EPPS16): F5 = ZFQ’ + ZFQ’

Relation between the two: B = F3,

A I35 Fy
— 11 —= Z 4+ N —=
2(*@’)/( y F;)

Can find these from the literature

— Better sensitivity for flavour separation

H. Paukkunen (Jyvaskyla Univ.) The EPPS16 NLO nuclear PDFs November 25, 2016 7126



-
Experimental input: CHORUS Neutrino DIS data

v,U
i,exp

@ The v-Pb and 7-Pb DIS data available as absolute cross sections dudy

— Sensitive to both the free proton baseline & nuclear modifications
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-
Experimental input: CHORUS Neutrino DIS data

v,U
i,exp

@ The v-Pb and 7-Pb DIS data available as absolute cross sections dudy

— Sensitive to both the free proton baseline & nuclear modifications

@ To be less sensitive to the free proton PDF use normalized cross sections instead:

~V, U v,U
d i,eXp __ dai,exp U,U(E')
)

dedy —  dzdy Texp

ol (B Z d;cz(/p A?Y 65 B, ~ integrated xsec at fixed £

Size of the (x,y) bin (rectangle)

@ Correlated systematic uncertainties propagated to the normalized cross sections
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-
Experimental input: The LHC p-Pb data

@ The LHC p-Pb data included as forward-to-backward ratios

R do(n > 0)
FB — 5 _ A\
do(n < 0)

Phys. Lett. B 759 (2016) 36 34.6 nb™ (pPb 5.02 TeV) Phys. Lett. B 759 (2016) 36 34.6 nb™* (pPb 5.02 TeV)
= C T T T T ] ~x [ T T T ]
c F ] S 12[ 3
T 20 B > M cMms

L ] > F ]
5 f ] o ool E
5 E E B ]
S 15

F ] 08 % -

F pPb ~ Z ~ I ] L 7 ]

w0 @8 P >20Cevic | <24 1 06— ppPb . Z - Il -

E + Data ] E ol >20Gevic, Il | <24 # 1

r MCFM + CT10 ] 04 _¢ Data -

s MCFM + CT10 + EPS09 A r MCEM + CT10 B

ko MCFM +CT10 + DSSZ ] 02 MCFM + CT10 + EPS09 4

- Luminosity uncertainty: 3.5% g C MCFM + CT10 + DSSZ Rt ]

C I I I I | C I I I |
o o T T T

—
. T 1 3
3) O o9
~ =~ 0.8F
o] o] !
a “-6 0.7 +
[a) o 06F . . .

05 1 15

@ Cancel experimental & theory uncertainties...but lose some information also
@ Rpp # 1 for: nuclear mods in PDFs + isospin and phase-space effects
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Analysis procedure

@ We consider y? figure-of-merit function

X;lobal = Z[Ti(d) - Di] Ci;1 [Tj (@) - Dj]

2%

@ Minimize x? by built-in Levenberg-Marquardt algorithm

/[ Solve the DGLAP J—»[ Compute the cross sections ]

Parametrize f{a} at the 2 2
[ initial scale Q2 A
[ Update f{a} ] [ Evaluate x?2 ]

No more improvement

[ Uncertainty analysis ]
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Uncertainty analysis by Hessian method

@ Expand the global x* around the minimum

f' Hessian matrix

Xalobal & Xo + Z (ai — a7) H;j (aj —aj)  =xo+ Z 2
i\ i

N/

Parameter variations
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Uncertainty analysis by Hessian method

@ Expand the global x* around the minimum

f' Hessian matrix
Xalobal & Xo + Z (ai — a7) H;j (aj —aj)  =xo+ Z 2
P \/_\j i

Parameter variations

@ The z; coordinates (linear combinations of a;) are ~ uncorrelated and one can use
the standard law of error propagation

2 0X , ? '_6zi+—|—(5z;
(6X)? = Z ((,)Zi X 5%) L Ozi=
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Uncertainty analysis by Hessian method

@ Expand the global x* around the minimum

f' Hessian matrix
Xalobal & Xo + Z (ai — a7) Hi; (aj—aj) =xo+ Z 2
Parameter variations

@ The z; coordinates (linear combinations of a;) are ~ uncorrelated and one can use
the standard law of error propagation

2 + —

azi 2
@ Define the PDF uncertainty sets S:

St =462 (1,0,...,0)

+ +
SN = :téZN (070771)
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Uncertainty analysis by Hessian method

@ The deviations 6z are determined by “hypothesis testing” finding
“90% confidence limits” from scaled x? distributions

0.05 T T T T T

Expected distribution for perfect Gaussian data

1. Find X7 max fOF

/ each data set k&

0.03 -
0.02

0.01 -

0.0
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Uncertainty analysis by Hessian method

@ The deviations 6z are determined by “hypothesis testing” finding
“90% confidence limits” from scaled x? distributions

0.05 T T T T T
Expected distribution for perfect Gaussian data 5
oos | 1. Find X%, max for
' / each data set k
0.03 -
2. Find the corresponding
0.02 F - +
variations dz;, for all
001 L directions 4
0.0
0 160
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Uncertainty analysis by Hessian method

@ The deviations 6z are determined by “hypothesis testing” finding
“90% confidence limits” from scaled x? distributions

0.05 T T T T T

Expected distribution for perfect Gaussian data

Ni = 50

0.02

0.01 -

0.0
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1. Find X7 max fOF

0.04 | M=
T / each data set k
0.03 - ’

2. Find the corresponding
variations dz;, for all
directions 4

3. Find the most limiting
of all 6277, = 027
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Uncertainty analysis by Hessian method

@ The deviations 6z are determined by “hypothesis testing” finding
“90% confidence limits” from scaled x? distributions

0.05 T T T T T
Expected distribution for perfect Gaussian data 5
004 Ni =50 1. Find Xk, max for
' / each data set k
0.03 -
2. Find the corresponding
0.02 F - +
variations dz; . for all
001 L directions 4
0.0 : "
0 20 40 60 80 100 120 140 160 3. Find Te mostillmltlng
G of all 6z, = 0z;

@ Uncertainty sets S are limiting cases that still reproduce all the data within
“90% confidence limit”

@ Procedure is ad hoc but used by several PDF fitters
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Results: Nuclear modification for 2°®Pb at Q? = m?

charm

@ Total uncertainties shown as blue bands, individual errorsets in green
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Results: Nuclear modification for 2°®Pb at Q? = m?

charm

@ Total uncertainties shown as blue bands, individual errorsets in green
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|
Results: Nuclear modification for 2°®Pb at Q? = m?

charm

@ Total uncertainties shown as blue bands, individual errorsets in green

T T I R IATI N NI It

B

Cvul . ol vl cd (g g D . AT T 0:0 Lol . oond 0ol 0B
10" 107 10 1 0t 10" 107 10t 1 10" 107 107 100 1
T T x
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2

Results: Nuclear modification for 2°®Pb at Q* = m?2,,...

@ Total uncertainties shown as blue bands, individual errorsets in green

Y — e N N —
5 q ozl 0
01 &) =

3 b g =

< 1. BRI =)

— —

T T T AN | vl vl el 1l Lol vl vl ool
o107 10t 1 0t 10" 107 10t 1 10" 107 107 100 1
T T x

— 1.6

< U:U el el vl ol

107 100 1
T
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2

Results: Nuclear modification for 2°®Pb at Q* = m?2,,...

@ Total uncertainties shown as blue bands, individual errorsets in green

i

g

10" 10% 10" 10t 10?107 10!
T T

—

T

R e e B A

Covnd vl vl i
0" 10 107 10t 1 0t 10 107 10t 1
T xT
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2

Results: Nuclear modification for 2°®Pb at Q* = m?2,,...

@ Total uncertainties shown as blue bands, individual errorsets in green

AL R e -6 1.6 e

i

covnd vl ool 4 Lol vl vl ool
107 10" 107 10" 1
T x

107 107 10"

T

,_
_

—
S
—
—
S
=

— 1.6 v 1.6 1.6 e

T

A A

0.0 D vt vl nd S

107 100 1 10
T
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Results: Nuclear modification for 2°®Pb at Q% = 10 GeV?

@ Total uncertainties shown as blue bands, individual errorsets in green

1.6

g
Covnd vl ol X | AT IR R X C vl vl vl Hm"\
107 10" ? 10" 10" 107 107 100 1
T T x
1.6 rrmrre e L6 ey

R

Covnd vl vl
o100 107 10t 1 107 10° 10" 1

T T T
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-
Results: Comparison with nCTEQ15 nuclear PDFs

@ EPPS16 consistent with nCTEQ15
@ Typically smaller uncertainties in NnCTEQ15 « less freedom in the parametrization
@ Larger high-z gluon uncertainties in nCTEQ15 <« looser cuts and no LHC data

= EPPSIG |
== 1CTEQI
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Results: Comparison with EPS09 and DSSZ

@ No flavour freedom in EPS09 nor DSSZ — compare the averages

/Pb+dp/Pb aP/Pb 4 P p/Pb 4 gp/Pb

- b . 0 Rlih sea —
u + d¥ o w+d + 5

Rvalence =

o 16 — 16
Z 14 b Z 14
S 12 912

= =

|10 10
% 08 % 08

5 06T =— EPPSI6 5 00 — EPPSI6 I &

£ 04 - EPS09 ] 3041 - EPS09 [ = 04 ¢ - EPS09
z502 s DSSZ s DSSZ | 5 02 == DSSZ
[ 0.0 L L L L L L 0.0 L L L

10" 10° 10” 10" 10° 10” 10" 1 10" 10° 10” 10" 1
r r T

@ EPPS16 consistent with these earlier analyses
@ Typically larger uncertainties in EPPS16 (for having more degrees of freedom)
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Comparison with the LHC p-Pb electroweak data

@ Good agreement — lowish statistics limits the obtainable constraints

1. T T 1.2 T T T
[]. CMS data -== No nuclear effects === No muclear effects % ATLAS data
E EPPS16 EPPS16
|10 et —
N e N
L L
1) )
S 08 =
= B R N
= Z production, p-Pb, /5 = 5.02TeV =
S}
I‘\}(l.(i + pr(f*) > 20GeV = 0.6 |2 production, p-Ph, \/5 = 5.02TeV 4
< na] < 2.4 66GeV < My < 116GeV
- 60GeV < M- < 120GeV
0.4 L 04 . . .
0.0 10 2.0 0.0 1.0 2.0 3.0
yz —04 vz
T T 1.4 T T
3.0 - ({, CMS data 1 13 L {: CMS data 1
---= No nuclear effects . ---= No nuclear effects
F EPPS16 4}* £ EPPS16
W+ production, pPb “S LL = production, p-Pb, /s = 5.02TeV ]
[ V/5=502TeV 12 1
— ]
pr(€7) > 25GeV t s 1
X 15 1= 1
T 7L pr(7) > 25Gev ]
1.0 :: g
. . 0.6 . .
0.0 10 2.0 0.0 1.0 2.0

lepton rapidity (lab frame)

H. Paukkunen (Jyvaskyla Uni

The EPPS16 NLO nuclear PDFs

lepton rapidity (lab frame)

November 25, 2016

17/26



-
Comparison with the LHC p-Pb dijet and RHIC d-Au pion data

@ Both data sensitive to the large-z gluons — mutually compatible

1.2 T T 1.2
= dijets, p-Pb, /s = 5.02TeV
—Or 1.1 b
11
T 10 1 E
SH
S =S
109 1 £10
S}
T 08F  fOMSdata  Eemmmeae =
g 209
< 0.7 | ---- No nuclear effects 7 =27
> 06 | EPPS16 S
= p}i:;nling < 120CGeV 0.8
L 05  bleading  aneens 1jet| . R
< PT > 30GeV |y < 3.0
0.4 L L 0.7 L L L
0.0 1.0 2.0 0 5 10 15
n — 0.465 pr [GeV]
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-
Comparison with the LHC p-Pb dijet and RHIC d-Au pion data

@ Larger gluon uncertainties of nCTEQ?15 clearly reflected in the dijets

dijets, pPb /5 = 5.02TeV]

)
=
= 11 ]
|
710 .
X
= 09 1 1.6 —— e
g 14 F
Z 08 1 &4
| '5 1.2 r
< 07F 2 R =T O e
= //// pssz ‘ ) | 0.8 EEFRELT ]
0.6 P S 120GeV 4 o L
: S 0.6 FELITTTITT
05 ‘P CMS data  pP s 5 30GeV , ) 04
] < 3.0 ge020 BCTEQ
0.4 L L 0.0 AR ETY B IR ETT| B R AR TTT R
0.0 1.0 2.0 10% 107 102 10"
n — 0.465 x
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-
Comparison with the LHC p-Pb dijet data

@ For us the dijet data are essential in establishing a gluon EMC effect

: E‘PP‘SMS‘ err‘orse‘ts X,

X,
L. . i a e

50 © © o Baseline errorsets ———pT———77]

2 3 H

2 = %2 H
= £ &
aNT < =
= . A =

40 - b .

EMC minimum

EPPS16
error sets

Error sets from S as o . .
a fit with no T S S R A SR B R
LHC data _) -0.2 -0.1 0.0 0.1 0.2 0.3 04 0.5 0.6

No gluon EMC effect here Gluon EMC effect
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Comparison with the neutrino data

@ The neutrino DIS data from CHORUS collaboration show a typical pattern of
antishadowing + EMC effect (unity without nuclear mods)

E,=25GeV E,=35GeV E,=45GeV  E,=55GeV E, =70 GeV
T

i
Y
_;;j
¥

o, =130 GeV  E, =170 GeV
T

-
Hiy ! 7

[ sl II'E'— EPPS16xCT14

CHORUS/CT14 CHORUS/CT14

.

- x x x x x

: Ly Er=90GeV By =110 GeV Ey =130 GeV By =170 GeV E

= 2 T T T T ”(IIUIZ(\ /”('IH

T I = v .- g e s .

= 14 !\‘% {/r th

= 08| —+ —+

o FETTTT L T e EPPS16xCT14
) : :

10° 10 10° 10
x x x x
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Comparison with the neutrino data

@ The neutrino data are essential in establishing mutually similar R.,,, and Rg,,

Xq Xe 1200 ——F———1——— ; ; ; ; ; ;
U B N s EPPSI16 errorsets E t
é t o Baseline errorsets Q g 1 rror Se. S
S @ = from a fit
i G & 2 . —
________ R < 1150 - & &, 1 withnov,v
'.',/’ """"" ., . P Ya | rY : | data
¢ . { o
il Ve 1100 —
/ / 0%,
EMC minimum 1050 - |
T R R R B
EPPS16 025 -02 015 -0 -005 00 005 01 015 02 025
error sets Y =y

Similar R,,, and Rg,,

The EPPS16 NLO nuclear PDFs
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Comparison with fixed-target 7=- A Drell-Yan data

@ Also the 7*-A Drell-Yan data well consistent with EPPS16

0.7 . - - 1.0 - - -
- EPPS16 _ EPPS16
= 06 = 09+ % NA3 data ]
T ¢ E615 data +
|05+ 08 f —
5 G
S 04 1 S o7t R
2 =
= 03t 1 = 06 g
i E,i = 250GeV 7 ’

02 F  2.+>036 1 0.5 r . 1
e Zre > 0.36 ' Ul B = 150Ge
_g 0.1 F 1.05GeV < M+~ < 8.55GeV 4 % 0.4 F L1GeV < Myep < 8.5GeV i

0.0 ! ! ! 0.3 ! ! ! !

0.0 0.1 0.2 0.3 0.4 00 0.1 02 03 04
€9 9
1.2 T T T T T T T T T
EPPS16 EPPSI16

a § NALO data $ NALO data

+ L1t x1.044 T x1.121 7]

I

&

5 1.0 T 1

=

= o9 f I ]

‘+ E,- = 286GeV E,- = 140GeV

5 08 [ 42CeV < My <85GeV T 435GeV < My < 8.3GeV ]

S 11GeV < Mpsp < 15GeV 11GeV < Mpsr- < 15GeV

07 . . . . . . . . . .
01 02 03 04 05 01 02 03 04 05
9 9
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Comparison with charged-lepton DIS data

@ No significant differences in the fit quality for older DIS measurements (included
already in EPS09)

1.05 -
A=12 105 \:\ P\I( (chariot)  offset. ]
10 - 8 : > (addendum) 8

. 1:1 PS1G /219
=095 F 1% 10k gty ]
> 0.95 & >
09 {, 4 i B A

0.85

0.95

%)/ FY(x, Q%)

1.05

Fi\(x, @)/ F¥(x,

0.95

0.9

0.85
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Comparison with Drell-Yan data

@ No large differences in the fit quality for older Drell-Yan measurements neither
(included already in EPS09)

M) /doS (xa, M)

[ o ES66e

T M=65

A=56 %

o

0.8 [ M=4.5GeV GeV P M=7.5GeV
1.1 J T
A=184 A=184 T A=184
10 F -~ w1 L
%:_ .
09 F % + E
0.8 | M=45GeV + M=6.5Gev F M=75Gev E
0.1 05 0.1 0.5 0.1 0.5 0.1 0.5
Ty Ty £t
15 T T T
11 1 A=56 1 A=184 ]
05 -+ -+ /\' B
Lol 1o AR
Il Il
10° 10" 10° 10" 10” 10" 1
Ty 29 Ty
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Summary & Outlook

@ Presented EPPS16 NLO nuclear PDFs
— supersedes EPS09
@ More variety of data input than in other available fits
— the most essential additions are the CMS dijet and CHORUS
neutrino DIS data
@ More fit-function freedom flavour-by-flavour than in other available fits
— less “biased” result
— reveals large uncertainties flavour-wise
@ Excellent agreement with the data
— supports the validity of collinear factorization in a largest region
of (z,Q*) plane examined examined to date

@ More (much!) data expected in the near future
— e.g. the second p-Pb run at /s = 8 TeV
@ Ample room for theoretical/procedural improvements
— NNLO, electroweak corrections (photon PDF),
more flexible fit functions, including free proton data (no need
for a separate baseline PDF), etc...
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