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Foreword

Dual role of Parton Distribution Functions

constitutive: they enhance our understanding of QCD as a fundamental cornerstone of the SM
operational: they are fundamental tools in the study of high energy scattering processes

Unpolarized PDFs Polarized PDFs
Precision physics at the LHC Longitudinal spin structure of the nucleon
Higgs boson characterization, how the proton spin is built from
SM parameters, BSM signatures the spin and dynamics of quarks and gluons
Outline

@ Parton distributions in the QCD framework: theoretical and phenomenological status
@ Unpolarized Parton Distributions: open issues addressed at an EIC
© Polarized Parton Distributions open issues addressed at an EIC

@ Conclusions: summary of PDF-related measurements at an EIC

This talk is mostly based on
the EIC White Paper | ] and on the joint BNL/INT/JLab report [ 1

(+1 )
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Parton distributions on the light cone | ]
@ The densites of partons f = ¢, 7, g with momentum fraction x
f@) = fM(2) + fH () Af(z) = f(z) - fH(z)
0 @@ @@ e @@ - @O

@ Allow for a proper field-theoretic definition as matrix elements of bilocal operators

parton

P
| collinear transition of a massles proton h
P into a massless parton 4
proton with fractional momentum z
| local OPE — lattice formulation
: [ 1
1 — —iy~zPT 7 — +
alz) = — [dy"e (P$(0,y7,01 )y 9(0)|P)
4
1 — iy~ azPt - _ 5
Aqe) = = [dy=e™™ PP S[P(0,y7,00)7  w(0)[P,S)

A
with light-cone coordinates
y=0why ), v =0 +y)/V2 v =00 —y)/V2, vy = (0"0Y)

© All these definitions have ultraviolet divergences which must be renormalized
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Factorization of physical observables |

@ A variety of sufficiently inclusive processes allow for a factorized description
short-distance part £ s
. . actorization
hard interaction of partons

long-distance part
—

scheme & scale
process-dependent kernels "

nucleon structure
universal parton distributions
@ Physical observables are written as a convolution of coefficient functions and PDFs
1
Oy Z Cry (y, as(u?) @ f(y, u?) +p.s. corrections

fog= dfyf (E) 9(y)
f=a,q,9 Y

p Yy
No J (2, 1?) 0 - h
h D" (z, u?)
D" (2, u?) e
X

Fflz, u?) X flz1,p ) Fw, 1?)
DIS

SIDIS
© Coefficient functions allow for a perturbative expansion

k
Cryy,as) = Y akcP ), as = o/ (4)
k=0
@ After factorization, all quantities (including PDFs) depend on p
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Evolution of PDFs: DGLAP equations | ]

@ A set of (2ns + 1) integro-differential equations, ny is the number of active flavors
f f

ny 1
szi(:v, p?) = ZJ:/Z %Pji (2 as(1?)) f (3#2)

Olnp

@ Often written in a convenient basis of PDFs

s
ansi: = (6 £G) — (G £G)  answv = (6 —¢) L= (6+3)
[

0
Olnp

O (S \_( P P Ss?)
olnp? \ g(z,p?) )~ \ P9 P9 g(z, u?)
© With perturbative computable splitting functions

Pji(z, os) Z S as = as/(4m)

0 0
Py —»{Q Py QQQ< Py —>—(é Py w@‘z

————ansit o (T, 12) = PEY (2, 12) © ans 0 (2, p1?)
2
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A global determination of parton distribution functions

A mathematically ill-posed problem: determine a set of functions from a finite set of data
METHODOLOGY

@ Parametrization: general, smooth, flexible at an initial scale Q3

afi(z,Q0) = Ay, a%i (1 —2)™i F(,{cy,})

small z . large x
g(z,{(:fi 1)) % finite
2y z—0 af. il 2y z—1 be.
il?fz (1‘, Q ) zfi smooth interpolation in between "'vfl (ma Q ) — (1 - 33) fi
(Regge theory) (polynomials, neural networks) (quark counting rules)

@ A prescription to determine/compute expectation values and uncertainties

E[0] = /DAfP(Aﬂdata)O(Af) V[O] = /DAf’P(Af\data)[O(Af)fE[O]]2

Monte Carlo: P(Af|data) — {Afr} Maximum likelihood: P(A f|data) — Afo
ElO] » § X, O(Afx) E[0] = O(Afo)
VIOl = + Y, [0(A f) — E[O])? V[0] = Hessian, Ax?envelope, . . .

COMBINED WITH THEORY AND DATA TO FIND BEST-FIT PDFs
[ |
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Data: kinematic coverage

Unpolarized PDFs Polarized PDFs
r 10— T T T T TTTITH
1ok~ NMC OEMC « compassoc” ® " " 7
E - SLAC ASMC o STAR-W* ]
[ - BCDMS oSMClowx ~ * STARjets
10°t = CHORUS “E142 « PHENIX-jets .
E - NTVDMN 10°EE143 £, E
.| " EMCF2C <E154 Pra 3
1 . HERACOMB AE155 S ]
T [ - HERAF2CHARM € [rcompasso Rl 1
%0; - F2BOTTOM 8 ~COMPASS-P . *
‘o £ = DYE886 o +- 102 EACOMPASS-P15 w Le
% [ - DYE605 «g *HERMESO7 g ]
» = o * oy . . ]
Ok © CDF S :‘;M;;W P
£ - DO B o
[ . ATLAS =JLAB-EG1-DVCS
10% - CMS m’eJLAE—EQCH!OQ
F - LHco E
10 t R Ka
3 =T r S
[ se 4
N LA% 4 a8 ¥
RIS T EERTTTT M SRWETTT MR L SR I
100 10°  10* 100 107 107 1 10° 10?
* X
O(4000) data points after cuts O(400) data points after cuts
2 2 2 2
Q2w =1 GeV? W2, =3 —12.5 GeV? Q% =1 GeV? Wi, =4 —6.25 GeV

kinematic cuts: @ > Q2. (pPQCD) and W? = m} + 1=2Q* > W2, (no HT)
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Data:

relevant processes

Process Reaction Subprocess PDFs probed x
li{p,n}ﬁéi+x ¥¥q = q q,d,9 xz 2 0.01
Zin/p%lii»X y*d/u — d/u d/u xz 2 0.01
v(B)N = p~ () + X W*q — q' q,q 0.01<z<05
‘ ’ vN -~ pt + X W*s — ¢ s 0.01 <2 <0.2
2 ON —» putp~ + X W"§~>E 5 0.01 <2 <0.2
I ' eip%e + X *q—q 9,9,q 0.0001 <z < 0.1
o etp >+ X W+{d s}ﬁ{u c} d,s x 2 0.01
eip%eicE+X ¥*c = c,v*g — ce c, g 0.0001 <z < 0.1
eip%jet(s)ﬁ»X v*g9 — qq g 0.01 <z <0.1
TP, d, wy ot x g q Aq+AF Ag  0.003 <2< 0.8
pp—ptu™ + X wi, dd — v* q 0.015 <2 <0.35
pn/pp = ptp™ + X (ud)/(ua) — ~* d/a 0.015 <2 <0.35
pp(pp) —> jet(s) + X 99,49, 9q = 2jets 9,49 0.005 <z < 0.5
N . pp— (WE S5 Fu) 4+ x ud —» WT, ad - W= w,d, @, d @ > 0.05
pp— (WE 5 Fu) + x ud —» WT, da —» W™ w,d, @, d, (g) x 2 0.001
pp(pp) = (Z —» £T07) + X wu, dd(ut, dd) — Z w, d(g) x > 0.001
M, pp > (W +e)+ X gs~>W—c,9§4>W+E 5,5 x ~ 0.01
pp = tt+ X gg — tt g xz ~ 0.01
Pp—oWE 4 X updr - W, dpag = W~ AuAdaAdAd 005<z<0.4
P or+X 99 — 49, q9 — qg Ag 0.05 <z <04
k g Au A Ad Ad
. TEF Ay s Fhtx g —q “ Zg 0.005 <z < 0.5
—
; X éi{?,j}—)ZiDﬁ—X y*g — cé Ag 0.06 <z <0.2

siDIs.
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Overview of recent PDF determinations

Unpolarized PDFs CT14 MMHT14 NNPDF3.0 ABM16 HERAPDF2.0

fixed-target DIS {ﬁ m m m X
HERA val v val val val
fixed-target DY {ﬁ m @ @ X
Tevatron (W, Z) {ZT m @ @ X
Tevatron (jets) {ZT m @ X X
LHC v} va| vl 7w, z) X
statistical Hessian Hessian Monte Carlo Hessian Hessian
treatment sz = 100 sz dynamical AX2 =1 AX2 = 100
parametrization Bernstein pol.  Chebyschev pol. neural network polynomial polynomial
latest update
Polarized PDFs DSSV NNPDF JAM LSS BB
DIS v v val v val
siDis v X X v X
pp m (jets, %) m (jets,Wi) X X X
statistical Lagr. mult. Hessian Hessian
Monte Carl Monte Carl
treatment AXQ/Xz =2% onte ~arlo onte ~arlo Ax2 =1 AxZ2 =1
parametrization polynomial neural network polynomial polynomial polynomial

latest update
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Unpolarized vs Polarized PDFs

Unpolarized PDFs | ] Polarized PDFs | ]
Are starting to benefit from RHIC program

T 0- T

Largely benefit from HERA and LHC programs

1

- 0.

T T
NNPDFpoli.1 (NLO) Xi(x412=10° GeV?)

T
go Xi(xp2=10 Gev?)

T
NNPDF3.0 (NNLO)
Xf(xu2=10 GeV?) 3

Xf(xpu2=10" GeV?)]

Aspects of PDFs which could be addressed at an EIC

@ the gluon PDF at small and large = @ the gluon PDF at small =
@ the light sea asymmetry at small x @ the individual quark-antiquark PDFs
@ the strange-antistrange asymmetry @ the strange PDF and SU(3) breaking
@ heavy flavor contributions in DIS @ quarks and gluons in the spin sum rule
EIC key assets
large kinematic reach  precision of EM probes spin versatility
high-energy collider electron beams polarized hadron beams ion beams
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The gluon PDF at small z: the structure function Fp,

xg(x,Q), comparison HI Collaboration

T T Hg BT
E 04—
= = @ HI
Q = 1.41e+00 GeV E L + + LJ ) ¢ + l
E 021 + '%
E| 0 {
3 I HERAPDF1.5 NNLO | ABMI2NNLO O zEUs
3 L B cronNio B PO NNLO
E L MSTWO08 NNLO JR09 NNLO
f | | | % e Ll L
10 102 102 107 1 1 10 100 ' 1 900
X Q7 [GeV7]

[ |

The gluon PDF is affected by large uncertainties below = ~ 107*
difficult to test for DGLAP vs BFKL and saturation dynamics and/or color dipole models

Golden measurement so far: HERA (combined) data
DIS structure functions and reduced cross sections

The leading contribution to Fr.(x, Q) is O(as) and is dominated by v*g fusion
Fy, is particularly sensitive to the gluon PDF, corrections are known up to O(a?) | ]

Mild tension between experimental data and theory predictions (small z and small Q?)
achieved statistical precision of the combined H1 and ZEUS measurements rather limited
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The gluon PDF at small 2: F7, and F} in DIS at an EIC

T

7.81 GeV?

| T T [ [Ty
Q=139Gev' ] F 207GV} e, 4GV 10 - __QZ:I,BQGeV2 _ 247 GeV?
I SN | A

e mars mar BN RELL Al L el

439 GeV?

4
10

E

10 > Eosuml v dod 1

v | F, K

4 : . L \
07 El qE o
il i\ il L il "

aa 3 2 3 a2
107107 107 107 10710710 1071071071

[ ]

An EIC could make precise measurements of Fr, in a HERA-like kinematic region
advantage w.r.t. HERA: possibility to vary /s in a wide range for high luminosity collisions
competitive measurements require carefully designed detector and data analyses

pseudodata: LEPYO+JETSET, ABKM09 PDFs at NNLO, 0.01 < y < 0.90, /s = 70.7 GeV

Study the transition to the high parton density regime [ ] (with eA)

mi T

Ty

Ty
78.1 GeV'

Good complementarity with LHC and LHeC measurements | 1
LHC: direct photon production (NLO only) + charm production in the forward region (c frag.)
LHeC: precise measurement of Fr, down to z ~ 1075, relative PDF uncertainty down to 5%
An EIC could make a first measurement of Ff (further handle in addition to F¥)

Emanuele R. Nocera (Oxford) Unpolarized and polarized PDFs at an EIC November 14, 2016 14 / 33



The gluon PDF at large x: LHC and J/v, T at an EIC

Large-x gluon relevant in several BSM scenarios
affected by large uncertainties at « 2 0.4, see also L44 at high Mx

Gluon-Gluon, luminosity NNLO, global fits, LHC 13 TeV

. Baseline
% + top-quark differential

= NNPDF3.0 NNLO
%% CT14 NNLO

& MMHT14 NNLO

VS = 1.30e+04 GeV

N
N
o

[

Generated with APFEL 2.4.0 Web

\3
M, [Gev] 10 M, (GeV)

[Preliminary figure taken from Czakon, Hartland, Mitov, ERN and Rojo, in preparation]

Important LHC constraints from high-pr jet production and top-pair production
substantial impact of tt differential distributions at /s = 8 TeV

An EIC could probe the large-z gluon via ¢ and b pair production of J/¢ and T mesons
the EIC detectors will have excellent charm tagging efficiency

DIS is a relatively clean environment as compared to pp at the LHC

Complementary program at the LHeC [rore in A Cooper-Sarkare]

extend the gluon probe up to = ~ 0.7, relative PDF uncertainty from ~ 30% to ~ 10%
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A determination of the charm content of the proton

Parametrize the ¢ (x, Q%), quark and gluon PDFs on the same footing
stabilize the dependence of LHC processes upon variations of m.

quantify the nonperturbative charm component in the proton (BHPS? sea-like?)

take into account massive charm-initiated contribution to the DIS structure functions
NNPDF3 NLO, m’"*=1.47 GeV, Q=1.65 GeV NNPDF3 NLO

T
. Fitted Charm

Perturbative Charm

B Fitted Charm (no EMC)

554 Fitted Charm

- Perturbative charm

Momentum Fraction carried by Charm (%)

=)
T

] Ll M M M
= =
o x o 0 gGev)
[Figure taken from R.D. Ball et al., accepted for publication in EPJC]

Ll
10°

g L,

Fitted charm found to differ from perturbative charm at scales Q ~ m.
preference for a BHPS-like shape

significant improvement of the x2?/Nga¢ for the EMC data: 7.3 (PC) w.r.t. 1.09 (FC)
At Q = 1.65 GeV charm carry 0.7 = 0.3 % of the proton momentum

but it mainly relies on EMC data

but it is affected by large uncertainties, especially if no EMC data are included
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Probing intrinsic charm at an EIC

Intrinsic charm may be probed at an EIC by measuring
the charm contribution to the (reduced) DIS structure functions Orc
the longitudinal structure function Fy, or angular distributions

e p charm SIDIS, Vs = 45 GeV, Q% 9 GeV? e p charm SIDIS, Vs = 105 GeV, Q% 625 GeV?
0.1 : ; . 107 : r —— 10°
CTEQ6.6 —— CTEQ6.6
BHPS, mom. frac.= 0.01 —------- BHPS mom. frac.= 0.01 - —
BHPS, mom. frac.= 0.035 —— 0.1 | BHPS mom. frac.= 0.035 ——
e sea-like, mom. frac.= 0.01 - e B sea-like mom. frac.= 0.01 - 1{10*
e} sea-like, mom. frac.= 0.035 ——— 4 10 e} sea-like mom. frac.= 0.035 ———
< . o <
=5 10 e
& o 001 b 140
s 5 8 3
= 145 3 =
% 0> 8 z
4 © 2 {102
g 1079 e
5 5
° 0.01<y<022 , 3
8 8 o
3 Ldt=10f" 110 g w ?Lojjfuy; f<bp1,97 110
« Tagging efficiency = 1 & Tagging efficiency = 1
1074 105
1 ; ; 108 : g ’ . R
5102 0.1 02 05 08 0.08 0.1 02 03 04 05060708 1
[ ]

Estimate of the reduced cross section o,.. and of the number of events dN./dx
(assumed £ = 10 fb~!, dN./dx = L{oc/dx) in a Q bin of size 0.15 GeV, NLO)

or,c exceeds perturbative charm (CTEQ6.6) by a sizable amount for both BHPS and sea-like
momentum fractions of 3.5% are easily distinguished, fractions down to 1% can be also resolved
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The strange PDF: current knowledge and limitations

Several processes are (in principle) sensitive to strange/antistrange quarks

Vy uwooov o P X L 4
o
+ _
W W Ku, s P K
Ar S . S
X
P X P X P X P

CHORUS NuTeV CMS HERMES

[PLB B632 (2006) 65] [PRD 64 (2001) 112006] [JHEP 1402 (2014) 013] [PLB 666 (2008) 446]

LHC data not competitive w.r.t neutrino-induced DIS data, large uncertainty on s~

NNLO, ag = 0.118, Q = 2 GeV? xs'(x,Q), comparison
T B Global Fit 0.03 ’ NNPDF3.0 NNLO

4% CT14 NNLO
38 MMHT14 NNLO
Q= 2.50e+01 GeV

------ no Neutrino Data.

~44xrr o Wac Data

0.0:

R

...... no Neutrino, Wc Data.

0.0.

=y

Copdee | Tt

-0.01

Generated with APFEL 2.4.0 Web

-0.02

b

10" x 10° 107 10"
X

1
102
[Figures taken from JHEP 1504 (2015) 040]

.
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The strange PDF: K+ production in SIDIS at an EIC

T T T
107F
L Ji04
100
Q=781 Gev?
L by Jd102
105 Q=139 GeV"
L Q=247 GeV J102
[ NLO
10" NNPDF 2.0 Q*=4.39 Gevy
DSSFF02<z<08
L L il 1 Il
T T T T R 107 ' ox 1
T T
10'F N
L J 104
10°F
. Q*=7.81 GeV?
L 1103
105
=139 GV’
L 0 V1102
4 NLO Q’=24.7 GeV?
107 F NNPDF20 . .3
DSSFF02<z<0.8 Q'=4.39GeV?
il L

red points: pseudodata at an EIC
(based on PYTHIA + JETSET)

black curves: theory predictions
(NNPDF2.0 + DSS07, NLO)

0.01 <y <0.95, /s =70.7 GeV
z integrated in the range [0.2,0.8]

" _
small x: daK+ ~ do¥
large z: do™" > do®
may constrain s and s~

drawback: K* fragmentation
a) study FFs separately

b) analyze PDFs and FFs
simultaneously [ |

LHeC: direct sensitivity to s
charm tagging in CC DIS (W +s — ¢)

7+ production in SIDIS at an EIC
allow for a determination of @ — d
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The PDF ratio dy /uy at large x: Fy'/FY at an EIC

Ohy/uy(x,Q%) 0o |FR/FB(x,Q%)
Q%=2 GeV? '
08 ' NNPDF3.0 seza

CT14 E===3
07 F MMHT14 zzzzz
ABM{2 s

0.9

0.8
0.7

0.6 CJ15 0.6
0.5 0.5
0.4 0.4
0.3 S (0.28) DSE1 0.3
02 1 (0.20) NJL, paCD 02
(0.18) DSE2
0.1 0.1
(0) COM 0
0.2 0.3 04 05 0.6 0.7 0.8 0.9 0.2 0.3 04 05 0.6 0.7 08 0.9
X X
[ ] . .
d - b, =b Fp 4(1 — ) vV 1—x) dv bg,=b
Wzl g ybay ey JAv TV B oe 1 —=) +( Z)b v=luv
uy c.r. F2 (1 _ m)b“V + 4(1 _ Z‘) dy c.r.
d Py d Py 1
casebuv>>bdv:—vﬂ>oo;—2ﬂ>4 case buy, < by Vel T2 2ol o
uy F2p Vi ouy Fé" 4
No predictive power from current PDF determinations, no discrimination among models
z—1 . . s . .
unless Z—V ——— k is built in the parametrization (CT14, CJ16, ABM12)

\'4
The EIC may measure the ratio F3'/FY with high accuracy, provided neutron beams
expected to be less prone to nuclear and/or higher twist corrections than fixed-target DIS
Complementary measurements from the LHC (DY) and (particularly) the LHeC (DIS)

Emanuele R. Nocera (Oxford) Unpolarized and polarized PDFs at an EIC



Additional opportunities at an EIC
© Nuclear PDFs | ]

i, p®) = %f?"‘(%ﬁ) + %f{“A(x,uQ) 2@, 1?) = R (2, 1) P (2, 1)

An EIC can distinguish between properties of the proton and of the nuclear medium
A variety of nuclear beams needed to map the A-dependent nuclear corrections
Important piece of information to quantify nuclear correction in DIS
(important for dimuon production at NuTeV)
@ Behavior at the boundary of perturbative and nonperturbative QCD
The EIC would span across both the perturbative and the nonperturbative regions
Precise EIC data might enable us to connect the different pictures in those two regions
© Electroweak contributions to the PDFs [ ]
An EIC may allow for a thorough assessment of EW corrections
(NLO EW corrections ~ NNLO QCD corrections, routinely included)
(accurate determination of the photon PDF, with proton brightness | )]
Test of potential isospin symmetry violations e.g. via a measurement of
5 cc 2 NC 2
1872 (z,Q°) — Fy " (z,Q7)
together with other combinations of EW SFs measured in other experiments
(e.g. AF3 = FS)WJr — F?" in neutrino-nucleon DIS)
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The key asset of a polarized EIC: the kinematic coverage

—_
N> 104 = current polarized DIS data: =
[} E i YYYYYVYVYLNY E
0 F O CERN ADESY ¢JLab-6 0O SLAC 2 = E
L -~ 4
o current polarized BNL-RHIC pp data: LI |
L,

o 103 e PHENIX 1 & STAR l-jet ¥ W bosons =-m ® g
E mE ,E EoE ]
L starting up: 5% JLab- - 1
: starting up: 3<%~ JLab-12 . :A . 0 om ]
F projected CC DIS data: - mam o m omo®
X B eRHIC Vs = 141 GeV 4 - |
107 .
10 £ E

1L S

S| L
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The structure function ¢¥ at an EIC

Golden measurement in DIS: g7

2
gp:<e>
1 2

large spread at = < 1073

4 T T T
g‘l’ NLO
2 Q=10 GeV*
DSSV

ul ul ul
10 10° 1072 10" x !
E. X Ep [GeV] /s [GeV] Tmin
5 x 100 447  52x107%
5 x 250 70.7  2.1x 10”4
20 x 250 141 5.2 x 1072

pseudodata < impact of gf at an EIC
[
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— [CNs®AqNs+Cs®AX+2nCyRAg]

50

30

20

2
x=5.2%10° (+52) gl(x’Q ) + const(x)

-\

present data

82107 (+43) DSSV+ B
D/% ¥ EIC 5x100

1.3x10* (+36) 4 EIC 5x250
i} & EIC 20x250
W 2.1x10™ (+31) covered by

3.3x10° (+27)

H_@‘—r—“ 5.2x10° (+24)
1) 8.2x10™ (+21)

F o oaoa—oe—ea—e— 13107 (+19) B
21x10° (+17)
“_‘_‘_H‘_“_,_o 3.3x107 (+15.5)
52x10°7 (+14)
8.2x10°7 (+13)
e = aa e —or—er—o—0 L3I0’ (+12)
— 21x107 (+11)
3.3x107 (+10)
5.2¢10° (+9)
T h—Ge—0a—0 8.2x10° (48)
T eh—ok—oA 1.3x10 (+7)
——a—a—ea—oa 21x10" (+6).
w3310 (45)

. 5.2x107 (+4)

X

1 10 10° 5 10°
Q7 [GeV7]

]

polarized and polarized PDFs at an EIC
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The gluon at small x: scaling violations in DIS

45 GeV on (100,250) GeV

o incl. 20 GeV on 250 GeV

15 7 x:;.3x1047 7 x:|2.1x1o"‘ ElS x:;.ano“é E x:;.zno"é E x:le.zno't
015_ —DSSV+_E El3 _é_ _é_ E
T 05 F 4F 4F ElS a4k E
T LE E| 2 T e Grddes | d
14 E ! E E ! ] ! g1 2
o E T E T T T T )
< 06 F Eox=21x10° JF x=33x10 x=5.2x10 x=82x10°] dln Q2
8 o4 E Els a1F Ela F E
E E ‘ | |
02 4F 4F ! 4F s |
£ W £ M W 1 WH’ 1 w
OF  xe13a0® IF I El3 El3 E
= | = 1l 1l a L a L
1 10 1 10 1 10 1 10 1 10 102
Q2 (GeV?) Q2 (GeV?) Q2 (GeV?) Q2 (GeV?) Q2 (GeV?)
= - 03
- XAg ]
. 4 02 . . _
¥ b Constrain Ag through scaling violations of g1
; 101 full NNLO [ ]
C b map Ag with an accuracy of 10% (or better) at = > 10~*
& 1 0 may be advantageous to measure Ao instead of A} or g¥
E 301 Study possible deviations from DGLAP evolution
C ] not clear if EIC kinematic range is large enough
Covvnd v @l 92 the shape of Ag at small x may change significantly
107 TR
[ ]
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The spin sum rule

T = S (PiSITH AP ) = 5 = SASGR) + AG(R) + Lo(1) + Lo (1)
f

“— B AL B ‘8 1.5 ey
4 s 4 : [ DIS + SIDIS data — DSSV 2014 J
x |  EIC projections: = D%ix L2(Blb4d 1 X no pp data in fit with 90% C.L. band
‘with 90% C.L. ban r
208 [ mm b=msaey DSSV 2008 ] g L RHIC spin EIC projections: |
) [ e 90% C.L. band 7 . 1+ RS R mm  s=775Gev -
B F 1414 GeV g _Of L s = 1227 GeV
— + b — L B s = 1414 GeV
0.6 |- - L 1
i ] 05 -
- 0
2 _ 2 B r 1
Q" =10GeV ] Q2= 10 GeV? i
o ! ! ! [ J
6\ : L] ol sl sl 05 6| 5 Ll 4| 3| 2| 1
10 10" 10 10 10 10 1 107 107 100 107 107 10 1
xmin Xmin
[ ]

An EIC is expected to control AY within 15% and Ag within 10% relative accuracy
An EIC may provide an indirect constraint on the orbital angular momentum
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Small-z asymptotics of the quark helicity | ]

AR L) m Al AR

aslmintl(2)’

Asterl(Q?) 0.8

—— DSsV14 0.6 E

- — . This work (x,=0.03) 0.4 E

[ T— E

— — This work (1=0.01) 02 E
2 B

= = = This work (xp=0.001)
0 FITT G
-0.2 5 i FIT2 zzzzzz -
-1 GeV/ FIT3 cooooes
Xmin 0.4 Mo ST R
10°% 10* 10% 102 107 10°
[ ] Xmin

Small-z evolution equations for g1
based on the dipole model

resum powers of asIn%(1/x)
become closed for N¢, ny large

a solution for the flavor-singlet is

1\ @h asN
g1 ~ AS ~ <7) YL ap ~ 231y 220C
T 27

Potential solid amount of spin at small =
attach A3 (z, Q?) = Nz~ “hat x9 to DSSV
detailed phenomenology needed

Should be tested at an EIC

Emanuele R. Nocera (Oxford)

Unpolarized and polarized PDFs at an EIC

FIT1: AT3 = 1.2701 4 0.0025
ATy = 0.585 4+ 0.176

FIT2: AUT = +1.098 & 0.220
ADT = —0.417 £+ 0.084
AST = —0.005 £ 0.001

FIT3 AUt = +1.132 £ 0.226
ADT = —0.368 £ 0.074
AST =0

FIT1 FIT2 FIT3

X3t 0.74 0.76 0.79
AY +40.23+£0.09 +0.64+0.14 +0.73+0.16
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Sea quark PDFs: SIDIS at an EIC

L e e e 1 A e e s e T

0.1 - =
XAu ; xAd 0.04 x(Au -Ad)

0.04

0.02 0.02

0 0
002k ] J-0.02
[ DSSY ] ] CTEQ6 x(d
004 B DSSV+ & EIC5x100, 53250 1 004 Q6 x(d-w)
et all uncertainties for Ay’=9 17 - DSSV+ & EIC 5x100, 5x250
N R B el -0.05 - allunceraintes for %9 b
2 -1 2 -1 3 2 )
10 0 x 1 10 ' k1 10 10 ' 1

[ ]

Full flavor separation and accurate determination of individual Au, Aa, Ad, Ad

the EIC kinematic coverage will turn SIDIS in a precision tool to study light sea quarks
projections shown are based only on stage 1 pseudodata, down to = ~ 10~% after stage 2

need a careful control of systematics (lumi, polarimetry, ...) and particle ID (large phase space)
need a sensible determination of pion fragmentation functions

progress expected by the time of an EIC, see e.g. new COMPASS multiplicities [ ]

a simultaneous analysis of FFs and polarized PDFs may be beneficial given their cross-talk

Emergence of a polarized light sea asymmetry
driven by W production at RHIC, but limited z range and large uncertainites [ 1
several nonperturbative models predict a large sea asymmetry (xQM, MC, PB)
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(o(pg) - o(pu) / (o(Pr) + o(pL))

[

At sufficiently high Q?,

. +
measure CC asymmetries AEV

wt,p LO
Ap

NNLO corrections known |
novel Bjorken-like sum rules, e.g. ggv P — 95
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New eIectroweak probes at an EIC

¢_e_,o_e_e_e_e_e 0708
047016)
031014

(Au +Ac)—(1— x/)’(Ad+ A3)
(utc)+(L—y?(d+3)

AW

oo e—a—0 02(12)
/ oe—a——e—0 0I25(10)
- s - oo 00808
0.5 1
/ o—a—a—s 00506)
# o2 0.032200:4)

NLO
Adld—1

o x=0013 =)

o b
L L

/ oo 00202) W
£ Al T+e

[ =~ unm,m
—o—o

00 H=——=

[Ny P

(1—y)*(Ad+ As) — (A + Ad) N+

AV =

; W A ]

0726

10° 102 10" 1 10’ 10

]

+

= +y(2 —y)zgl — (1 — -2zl
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Unpolarized and polarized PDFs at an EIC

10
Q (GeV?]

one can exploit CC DIS (mediated by W¥) at an EIC
i = CC,NC

, which require a positron beam not neccessarily polarized

w
«— for A}

], can be easily put into global QCD analyses
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SU(3) breaking and strangeness

NNPDFpol1.0 | ] oosf- !

[& dw[As + A5] = —0.13 £ 0.09 Xlasraslix Q=1 GeV)
J0 0.06[~ [[777] NNPDFpol1.0

= directly from SIDIS Kaon data

. 7] DSSV08 ay’=1
Lattice [ ] 004F =7 gm10 Axif . S
Jo dz[As + A5] = —0.020(10)(1) o 1 AC08 -1 T v
.02— SIDIS

—— positivity bound

indirectly from DIS + SU(3)

] f £
T N; ix
7 DI

All PDF determinations based only on DIS data (+ SU(3)) find a negative As™
PDF determinations based on DIS+SIDS data (+SU(3)) find a negative or a positive Ast
depending on the K FF set | ]
Tension between DIS and SIDIS data can be ficticious
SU(3) may be broken [ 1, but how much?
— in NNPDFpol, the nominal uncertainty on ag in inflated by 30% of its value to allow for a
SU(3) symmetry violation (ag = 0.585 £+ 0.025 — ag = 0.585 £+ 0.176)
— but e.g. lattice finds a larger SU(3) symmetry violation | ]

First moment constrained by _¢
az = [y dz[Aut — AdT]
= 1.2701 £ 0.0025

ag = [ de[AuT +Adt — 2457
= 0.585 + 0.025 008

Opportunities at an EIC

one could study kaon multiplicities in SIDIS — further constraint on kaon FFs
one could study CC charm production W+s — ¢ in DIS — direct handle on s, 5
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Additional opportunities at an EIC

02 T T

¢ C 2, N
gjx.Q) [ AlxQ) .
02 LO, m=135 GeV, Q=10 GeV* !

01 =

0.9

y 08 7
i GRSV .
2.
Aqg,(x, dx
02 -/ ] - DSSV (2% une. band) J. q;(x.Q )2
Y LO,m=135Gev, Q=10 GeV? il GRSV 1 %0 & AuQ)
X ! ' : : L 1 | |
3 B i S ; ; - - -
N " nox © " Y 10° 107 107 107 X,

@ Heavy flavor contribution to gi, specifically from charm
irrelevant (< 1%) so far in fixed-target DIS, relevant at an EIC depending on Ag
small Ag (DSSVO07) = g§ negligible; A ~ O(107°) too small to be measured
large Ag (GRSV) = g§ ~ 10 — 15% of g1 at x = 1073, Q2 ~ 10 GeV?; A ~ O(1073)
charm not massless at the EIC kinematics: relevant NLO corrections are needed

@ The Bjorken sum rule fol dz[gf (z, QQ) — g?(m,QQ)] = %ACNsaS(QQ)gA
currently verified within 10% accuracy, fix the target down to 2% (isospin violations)
expect to need data on gf and g7 down to = ~ 10~% to constrain g4 = fol dzAT3
corrections to ACns known up to O(ad) | |
need longitudinally polarized neutron beams (challenging R&D task)
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Summary of PDF-related measurements at an EIC

Measurement Process What we learn
- unpolarized scaling violations unpolarized gluon
o} structure functions Fr, and Ff in inclusive DIS distribution at small
N
E heavy mesons J /4 and T heavy-quark production unpolarized gluon at large =
O charm contribution to the cross section  in (semi-inclusive) DIS intrinsic charm contribution in the proton
[e X
< kaon charged kaon production unpolarized strange
> multiplicities in semi-inclusive DIS and antistrange distributions
polarized scaling violations gluon contribution
- structure function g1 in inclusive DIS to proton spin
(9]
E polarized semi-inclusive DIS quark contribution to proton spin
o structure function g{t for pions and kaons sea asymmetry Aw — Ad; As
[¢]
o novel electroweak inclusive DIS flavor separation
spin structure functions at high Q2 at medium « and large Q2

UNP Excellent complementarity with the LHC (discovery) and LHeC (ultra-precision)
training ground for future colliders as HERA has been for the EIC

POL Unique machine to address the spin structure of the proton
the EIC might save unexpected surprises, like the SPS-EMC did in the 80s
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A favorite theory of mine - to wit, that no occurrence is sole and solitary,
but is merely a repetition of a thing which has happened before, and perhaps often.
(M. Twain, The Celebrated Jumping Frog of Calaveras County, 1865)

Emanuele R. Nocera (Oxford) Unpolarized and polarized PDFs at an EIC November 14, 2016 33 /33



	Parton Distributions in the QCD framework
	Unpolarized Parton Distributions
	Polarized Parton Distributions
	Conclusions

