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Physics questions for JLab12

m How does QCD work at
energy scales of a few GeV?

m Can we use small coupling
techniques?

m Are the factorization
theorems valid at such
scales?

e " N PR\

= How can we model the To address these questions we need:

transition from

nonperturbative physics to
perturbative physics? m Precise experimental measurements

m A solid theoretical framework

m Robust data analysis framework
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Towards an universal fit
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m Test of universality of collinear framework
m Robust data analysis framework is needed

m Collinear distributions are part of the TMD framework
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Data analysis framework:

The goal is to estimate:
ma:/wapmmm)m@

wm:/wapmmw[m@—maﬁ

a = (N,a,b,c,d,...) is a vector of parameters

ilii.e. f(x,Q3) = Naz%(1 — x)°P(x)

O(a) is an observable: i.e. PDFs, APDFs, FF, cross sections
Each flavor increases the number of parameters typically by ~ 5

m The combined PDF,APDF and FF amount to analyzing
30 + 30 + 20 x 2 ~ 100 shape parameters
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Data analysis framework:

The goal is to estimate:
E[O)] = / d"a P(aldata) O(a)
VIOl = [ d"a Paldata) [O(a) - E[O]?
Maximum Likelihood
m Maximize P(a|data)—aq
m E[0] = O(ayp)

m V[O] ~Hessian, Ax? envelope,...
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Data analysis framework:

The goal is to estimate:

qu/wapwmm)a@

qu/wap@mm[m@—mmf

Maximum Likelihood
m Maximize P(a|data)—aq
m E[O] = O(ay)

m V[O] ~Hessian, Ax? envelope, ..

7

Monte Carlo methods
m P(aldata)—{ay}

= E[O] ~

>r Olag)

L
N

= V(0] & § 4 [O(ar) - E[O]]?

v
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Methodology

{ original data ]

training
data

validation
data
as initial
guess

parameters from
minimization steps

posterior

/34



Iterative Monte Carlo analysis (IMC)

Multiple iterations until convergence of posterior distribution

Keep all the parameters free. No assumptions on the exponents
m Avoid over-fitting by Cross-Validation
m lterative procedure — Adaptive MC integration (like in Vegas)

m Robust estimation of uncertainties

/34



Fragmentation Functions
from SIA data



Technical details

m Use all available ete™ data from Q = 10 GeV — 91.2 GeV that
includes light and HQ separated samples

m Include recent measurements from Belle and BaBar
m Fit 7 and K FFs using pQCD @ NLO

+

z, = Cy® D, +(z, +Cy® Dy(z,
OTOT dz ( Q ) OTOT Xq: q q+( Q ) g g( Q )

m ZMVS with input Qg’d’s =1 GeV and Qg’b = Meyp
m z > 0.05 for high energy data and z > 0.1 for low energy data
m Traditional ansatz

m Divor(2) = Ty (2) + Ty(2)

- Dunfavor(z) =T (:U)

= Ti(2) = B(1+§ff1+bi)zai(1 - Z)bi

m 24 kaon parameters and 18 pion parameters
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m analysis  (x?/Npts = 1.31)

e ,u‘\.‘;‘;\’ﬁ e - |ty i| ® We use BaBar prompt
e palll ‘ | | data set

5} T 0. [ R T [ X T T 02

N ‘ e ST L] A {1 | ‘ m Belle data set needs 10%
DI} ) o normalization

HRS ' TOPAZ J : OPAL 2} OPAL(u) . Good agreement at IOW Z
\ { N ‘ ‘ ‘ 1 uuw "‘—q

for inclusive data sets

j)l’.\lﬂ'xl) ) ) OPAL(s) \ ) OPAL(c) ) OPAL(b) ‘ ‘ . Data inconsistencies at
‘—H'H __4 — et 2 _ A2
o T ) arge 2 for QF = M
5 ALEPH L4t DELPHI 1.4] 141 DELPHI(h)

‘ —_—

‘ - “, : 1o} SLD(e) 1o] SLD(b)
LD H] :’ SLD(uds) ”{H uir (\ ,,i' ‘ N

o1 ) 4 T4 T R 01

10/34



K analysis  (x?/Npts = 1.01)

B 2.yt > 0.2 for low energies
to avoid hadron mass
corrections

i | ‘
SRR, b S [ SO iy 1 m zeye > 0.05 for high
. 7 :‘ OPAL(s) ,f‘”fm\m 7 ,i”fmu/m\ energies
g [ ST A P e !
L ‘ L b 1 m Smaller x? than 7 due to
Y ALEPH 1‘3 DELPHI :3 DELPHI(uds) DELPHI(b) Iarger errors
WWM'H" ‘ Y‘H N F“M .
IS W = Consistent shapes across

g DLD\ . wl bl;l)\vx;:~, . :u; SLD(c) of sLD(h) ‘H\‘ a” z
P N M ™ 7™ m Inconsistencies mostly due

to normalizations

,
|
AARTR e
y
i
e
‘
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Fragmentation functions

a1 s m Similar behavior of unfavored
_ ™. and D
Kt m In contrast the D;’ and Df
02 04 06 08 02 04 06 08 02 04 06 08 behave difFerently
1.4 o

m The charm and bottom FFs
become compatible at largez

0o
o m Favored D™, and DX have
2t K u S
02 04 06 08 , 02 04 06 08 5 02 04 06 08 , S|m||ar Shape at Iargez
14 14 14
u | | o = JAM DX is more similar to
Lop -\ 7 Lob -\ 7 10 N A
s [N o DSS. Will it change the
> 0.6 \ 0.6 A 06/ .
IS « sign of Ast?
02f -2 02b 02f /N

02 04 06 08 , 02 04 06 08 »

ZH

02 04 0.6

14 1.4
bt g
1.0]
0.6
K
0.2 NS -
\ KON
02 04 06 08 , 02 04 06 08 - 02 04 06 08
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New combined analysis of ADIS+ASIDS+SIA

0.00
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010 | (g1 =12420.041 | @a=046=0211
~0.15
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0.1
z(Au — Ad) , ,
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1 AZ At — Ad
0.00 *] (a3) = 0359 +0.004 "] (8a - ad) = 0.055 + 0.07)
—0.05 ’ ’
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e —
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_— 04
e —01 )
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—02 0.2
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m The sign change of As™

is given by Hermes K~ Ethier et al. (2017)
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Study of FFs in
pythia8+DIRE



String effects: PLB261 (1991) (OPAL Collaboration)

m 3 Jets events: QQ and gluon jets. Jets are projected into a plane

m ¢: angle of a given particle relative to the quark jet with the highest
energy

m 4. angle between highest energetic jet and gluon jet
m Y. angle between quark jets
m Only events with 14 = 1 are kept
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String effects: PLB261 (1991) (OPAL Collaboration)

1 .
(b) Configuration (II) OPAL
3 s
}161 i Lt
S0k k! :
= |1 (2) t t
S ]u}+ e
P o sV “'“_@\
10 Ve
EA PN IR SN sl
0 40 80 120 160 200 240 280 320 360
/w (degrees)

m 3 Jets events: QQ and gluon jets. Jets are projected into a plane

m ¢: angle of a given particle relative to the quark jet with the highest
energy

m 4. angle between highest energetic jet and gluon jet

m Y. angle between quark jets

m Only events with 14 = 1 are kept

m Particle flow asymmetry is observed — evidence of string effects
15 /34



Technical details

m Simulate ete™ at Q = 30,91.2,1000 GeV flavor by flavor

m Fit 7 and K FFs using pQCD @ NLO

Lo 0= 2 [0y Dy (1QY) + Cy @ Dyl @)
oror dz i ~oror L ? s g 9%

m ZMVS with input Qg = 11GeV

= Parametrization: D+ (2) = N2%(1 — 2)%(1 + c12 4 c22% + ...)
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Pythia8 vs. collinear factorization (preliminary)

(1/oror) do/d=

\ Fit tow* i
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(1/eror) do/dz

(1/aror) do/d>

(1/oror) do/dz

Q= 1000Ge

02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08

z




Pythia8 vs. collinear factorization (preliminary)
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Pythia8 vs. collinear factorization (preliminary)

(data — thy)/thy

(data — thy)/thy

(data — thy)/thy
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Pythia8+DIRE FFs (preliminary)

\N/()é% — Q=11GeV

== Q =30 GeV

Q o6 Q=912 CeV
R 0.4 Q = 10° GeV
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Pythia8+DIRE FFs (preliminary)

— Q=11GeV

------ Q =30 GeV

== Q=912 GeV
= Q= 10% GeV

2 04 06 08 . . . .
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Pythia8+DIRE 7 FFs and other global analyses
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Pythia8+DIRE K FFs and other global analyses




Pythia8+DIRE vs global cte™ — 7+ X

10
107!
1073

10
107!
1073

_1 do _1 do L do
orordp orordp \i\\w dxy,
ARGUS ™ Belle BaBar TASSO
1 do B~ do B~ do B~ do
\\"17 dr, || Frordz || T orordz \ orordz
TPC TPC(uds) TPC(c) TPC(b)
sdo 1 _do 1 do n
- — ororde \i‘ dp
HRS TOPAZ OPAL ’ 3 OPAL(u)
n n n n
OPAL(d) OPAL(s) ' OPAL(c) . OPAL(b)
1_do 1 _do
N&’ o
ALEPH DELPHI DELPHI(uds) DELPHI(b)
1 _do 1_do 1_do 1_do
orordz, P arorda, p aToT 1I:r,,, arord, P
SLD SLD(uds) SLD(c) SLD(b)
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Pythia8+DIRE vs global ¢ct¢™ — K + X

_1 do _1 do _1 do _1 do
orordp orordz orordp !’:\\010: da,
ARGUS K || e BaBar TN masso
1 do 1 do L do n
\\Qr dz, orordr orordp
—.—
TPC TOPAZ OPAL . OPAL(w)
n n n n
T 3 :
OPAL(d) - OPAL(s) OPAL(c) . OPAL(b) '
_1 do _1 do _1 do _1 do
\\\'\J'I‘()dep \.\,M” orordzy orordzy
S ; ! ’
ALEPH DELPHI DELPHI(uds) DELPHI(b)
1 _do 1 _do 1 _do 1_do
\\\m" M‘\MW a1 “del' \T)Td‘rﬂ
» T . ’ t )
SLD SLD(uds) SLD(c) SLD(b)
02 04 06 08 2z 02 04 06 08 z 02 04 06 08 z 02 04 06 08 z
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Beyond 1D distributions...



Intuitive picture

The Breit frame: ¢ = (0,0,0, —Q) and P = (PY,0,0, P,)

Small transverse mom.
“Intrinsic”

Large transverse mom.
“Hard Radiation”
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Setup of the calculation
m Factorization in TMD observables I'= dah/qu
qr =p"/z
I'="_"
= Ttupl + [I' = TTypl]
= Trypl 4 Teon [T = Trypl] +0(m?/Q%)T
w Y

m Region of g7 < Q

- TMD approx. dominates — I' &~ Trypl’ W = Trypl’
- Y term small FO=T. I
. ASY =Ty Trypl’
m Region of g7 2 Q Y = FO — ASY

- Collinear approx. dominates — I' ~ T, )I"
- At large Q, Trypl is mostly perturbative
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SIDIS (One of the main programs of JLab12)

m Cross section and structure functions

d’o(S1)
d.TBdQQthd2PhJ_

=0y [FUU +sin(¢gp — ¢s) F Sm(gbh ¢s)

2(1 — y) Fsin(¢;b+¢>5)

+ sin(en + ¢s) m UT + }

m CSS formalism

dbb
Fyuy = Hsipis 2/ e Jo(qnb) Wuu (bs) + Yoo
0

Zh (2m)
sin — M db b2 sm f sin — s
FUT(¢h ) _ _ Hpis 2P / Ty (qnab) W (zbn *) (b, +YUT<¢;L bs)
Zh o (2m)

sin M, o db b2 Tr7sin(¢ sin(¢
FUT(¢h+¢ ) HSIDIS h / Jl (th_b) WUT((I)}L +¢S> (b*) + YUT(0}1,+¢S)
22 Jo (2m)
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SIDIS: small transverse momentum

m W term formulation in b1 space

WUU<b*) = e_Spert(va*)_Slf\rlP Q7b)_sll\DIP1’ Q) ﬁUU(b*)
1
W[sji;(aﬁrzbs)(b*) — o Spert (@)= ST (Q.D)~SDA(Q.b) ﬁlsji;(dvr@s)(b*)
1
ng;whws)(b*) = e—spm(Q,bn—SE%»(Q,b)—Sﬁé (Q.b) ﬁ;g;(o"wm)(b*)

m Small b7 contribution

Foo(6) = 3¢} (G filenm)) (G2, Dusten )

RS ez (clin @ i @ m)) (CR2, @ Dy m)
q

Ffy o b,) = 32 (600, @ hi(as. ) (550, @ H O (zns )
q

m Collinear distribution are important in TMDs
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Does it work? . .
m Kinematics

107 Q? = 1.92 GeV?
—— FO
102 } COMPASS z =0.0318
z = 0.375
do Lo
dxdzdcg?de? .
do 104 .......
alacalQ2 g
101 S,
102 ; -
00 A5 10 2.0

15
qr/@Q
The unpolarized SIDIS cross

m Need order a% or beyond? sections needs to be ready
to interpret upcoming TMD
data from JLab 12

m Threshold resummation?

m Subleading power corrections?
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SIDIS kinematics analysis Boglione et al (PLB.2017.01.02)

m Can we apply factorization
theorems in SIDIS
measurements?

m Factorization demands that

ph - kp = O(m?)
pn - ki = 0(Q%)

Jtab ~ HERMES EIC,

m Define a collinearity parameter

_ (pn-ky)
(pn-ki)

O(m*/Q?)




SIDIS kinematics analysis

o= 0.1 Q* =2 GeV? o= 0.1 Q*=10 GeV? o = 0.1 Q% =10° GeV?
T T T
1 1 1
& L6 I F I F I
1 1 1
?l) 1.2F 1 F F 1
&) 1 { i
~08F F [ F 1
: ! !
& 04 / L | a |
/ 1 ‘ 1 1
= n n I\ n n = n
1.0F ! L ! b |
‘*? 0.8 i
300 1 b i 3
] 0.(;-_/ ! 3 l - |
= 1 1 1
3 0.4F o I r J P 1
O p2F -~ ! L J ! b !
4
H—.——/ = n e I I\ n = L
1 1 1
5 1O ' b 3
Z osh ! s a2
g 1 i
g o6k I 3 I a |
S oaf . - X 3 |
oot ! ; ! - !
L L L L 1 % / L 1
-2 -1 0 1 Yp -3 -2 -1 0 1 2y, 6 -4 -2 0 2 4y
— =08 v — [B (2,=08) == |R| (%=02)
— ;=04 ==y — |R[M%=08) == |R["(%=02)
— 2z, =02
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Map of Leading Twist SIDIS

Transverse
Momentum
High P, Scattering:
Collinear
Factorization (2?)
TMD Factorization
(with
Fragmentation 5
Soft Region Function] R a pidiit
Target 222072 22 Yy
Region
(Fracture
Functions) 22

33/34



Summary and outlook

m The collinear master plan:

- New MC fitting methodology
- Combine polarized PDFs and FF analysis — sign of AS puzzle
- The baseline PDFs, FFs for TMD studies

m Open questions:

- Do we understand the shapes of FFs? Especially the gluon FF?

- What governs the low—z FFs?

- Can we trust in the collinear framework for SIDIS at low energies?
- Are the SIDIS measurements in the current region?

m MCEG for SIDIS:(new directions)

- Pythia8 validation of Hermes multiplicities
- Extraction of FFs from Pythia8: test of DGLAP and Pythia8's parton
shower
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Spin PDFs
from polarized DIS
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Polarized DIS

Asymmetries

ot _ b

A= Gy omw = P+ adz)
= _ ;=

g ag
AL = Faps — A - e

(91 —7*92) (91 + 92) o AMP2?
A = Ar = _— e —

1 F]_ 2 Y F]_ Yy Q2

Polarized structure functions

g1(2,Q%) = gy ™M (AuT, AT, Ag, ) + g TMO(Dy, Da) + g1 (Hy )
(L (2 ) LT+TMC(AU+,Ad+,Ag, . ) +92TS+TMC(Du7Dd)



Polarized DIS =

Leading twist structure functions:

LT 1
g (&) T+ dz
- +4p’a® ¢ / —gr"(2)
¢

LT+TMC 2y %
g (z, Q%) € (1 +4p222)3/2 §(1+4M2J;2)2 z

_4“29:2 2 —4u’x dz dz gV
1+4,LL 1’2 5/2

grm(6) 4z (1—4M x€) / dz p7
z

LT+TMC 2y _ L
92 (z,Q%) = E(l +4M2$2)3/2 E (1 +4M2z2)2 91" (2)

dz dz VT
1+4,u 332 (1 + 4p222)5/2

Leading twist quark distributions:

M\CO

g1 (z) Ze [ACy ® Aq(z) + ACyy ® Ag(z)]

20
14+ (1+4p222)1/2
= n?=M?2/Q?

13



Polarized DIS

Twist-3 structure functions:

1

D(¢) 3 dz

T34+TMC 2 2 2 2.2
=4 —_—— 4 _— —D

g (@) =4i%a? o — % (1+4u2x2)2/5 =D(2)

2 — 4p?z? dz

A2 22
+4ptx 1+4u$2)5/2/ /
D(¢) 1 — 8’z
T34+TMC 2
- —D

92 (@07 = (1 + 4p222)3/2 (1+4u a:2) z (=)

12222 dz dz )
(1_|_4'u 1‘2 (1 + 4,4222)5/2
Twist-3 quark distributions:

D, @) = §Du(w, @) + 5 Dal, Q¥

13



Polarized DIS

Twist-4 structure function (Nucleon d.o.f.):

91O (2, Q) = HP™ (2)/Q?

Nuclear corrections: — nuclear smearing functions
A 2 dy . N 2
gi (z,Q°) = Z ?fij (y7’7)9j (z/y,Q7)
N

Addition constraints: — weak neutron and hyperon
decay constants

m Aut® — At = F + D =1.269(3)

B AutW 4 AgtD) — 2As+(D) = 3F — D = 0.586(31)
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Data vs theory: proton
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Data vs theory: proton
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Data vs theory: proton JLab egl-dvcs
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Data vs theory: proton JLab eglb
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Data vs theory: *He

0.1 T T 0.2 T
B=4 JAMI5 ABe | E142 Q€11 55 | Ale | E142 |
- == no HT o ok i
T TR peS—) R 1
005k ]
_ —02} @*e 11, 5.3) 1
B syst(—) _oq L . . . A .
0.02 T T 0.02 0.03 T 0.1 T 03 x 0.06 0.03 T 01 T 03 x 0.06 T T
Ate | E151 ] ape [f El54 | ame| B151 Qrenia 5 AT>| 2154 | |
JL@ena sy 170 [] @reno g 150 oy { 15T { | L 1
—0.01} 1 oo} 1 of H—'—ﬁ—* 1 0 % ——t 1
—0.02} 1 —o002}f 1 —002p t 1 002F g2 ¢[00, 15.0) f 1
s L L . . ~0.04 - . ~0.04 L -
050001 08® 0 01 03 @ g5 003 01 T 03 0L R
Aﬁ’e »E06»014 Q%€ [2.0, 3.4) | E06-014  Q? € [2.6. 5. ]_ Aﬁe | E06-014  @Q? € [2.0, 3.4] | ATQ L E06-014  @Q? € [2.6, 5.2] |
N { 0.01 1 om 1
o4 1 1 o M 1 of 1
3 1 1 —oo1f 4 1 —oo} -
_oosL=F : : e —— : = | _gpl= r : Y E : : :
oot 0304 0sm ) 08 0405 osx 0.3 0.4 05 T 03 04 05 06x
Alie | 99117 Q2 €27, 48] | AHe | E99-117 | |
0 / g 0 P—-—-ﬂ 1
~0.02 1 002 gecppr ay 1
~0.04 . I ~0.04 z :
0.4 0.5 T 0.4 0.5 T

12/13



Results
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