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What can we see inside a proton?

Partons:

¢3 “valence quarks” p=(uud)
¢Gluons

¢sea quarks: strange, charm, bottom.

Parton (momentum) Distributions
Function (PDFs):

¢ Well determined for the “valence quarks”and gluons.

Interested in the s-quark.
¢ Not the case for the sea quarks.

juanvg@jlab.org QCD Evolution 2018, May 2018 2



Strange quark parton distribution function (PDF)

CMS Preliminary Hessian uncertainties
n
)
LI IC x 15 CMS, this analysis 2=m2
W+/ — Z | 1 ABMP16NLO
p+p— ;

r [ ATLASepWzi6nnlo

p+p—W+c

Charged current DIS
v+A—l+c+ X

-~ HERAPDF1.5 + ATLAS Wc-jet WD data

[ ATLAS-epWZ12
FESSSS" HERAPDF1.5

0.5 (s+8)/d

¢ ATLAS: no suppression

Is

¢ CMS: suppression

¢ v A: suppression

' 1 Need another measurement
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s-PDF from SIDIS

one way
J Measuring a Kaon in Semi
How can we access the s-quark PDF? | | : . . :
| inclusive Deep inelastic
scattering (SIDIS)
e +p—e + K+ X
l/
Kaon FF:D/*

¢ Kaon contains an s-quark in their

KT valence structure.

¢ Detect a Kaon: good proxy for a

strange quark
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How to tag s-quarks?

M Use “integrated Kaon Multiplicities”

2 0.8 AN E
Experimentally K f exp de) 0.2 dzp drpdQ3dzy,
. erp 2 dN¢
HERMES, COMPASS: Jewp AQ* g
Theoretically

LO, neglect masses:

S caalen) foy dznDi(zn)  s(ap)

M= > Zq(zp) =S q(en)

/ dzn DY (21)

+light quarks

Compare data and theory Extract the s-quark PDF.
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Integrated Kaon Multiplicities: SIDIS on Deuteron

¢ HERMES:
L 02
¢Claim very different s-quark shape § -« COMPASS
compared to CTEQ6L. +: | o HERMES

¢ Strange PDF may not be what we think! §0_15 L, e, .
s But COMPASS: : S

¢ Different xg dependence 01l _ ° o0 o

¢COMPASS overall value higher. 0 T

Where does this discrepancy come from?

Is it real or apparent?
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Integrated Kaon Multiplicities: SIDIS on Deuteron

¢ Theoretical prediction at NLO: Plots from Chung-Wen Kao:
Talk at DIS 2018 conference
0.20¢ y T T ' y ‘ 0.20¢
0.18t e With MMHT NLO 0.18} « With NNPDF NLO
20-16;- Points of HERMES 1 §0.163 Points of HERMES
+0'I4- ’ © Neege . : +0.14}+ .
+ i ® o ] + ! ® e .. e
= ! * o * 9o . ] = ! o 000° ® 0 % o 4 o
= 0.12} . 1 S0z .
0.10} Points of COMPASS 0.10f Points of COMPASS
0.08—— P —— ) 0.08 ' e D
0.02 005 01 0.2 0.5 LI 0.02 005 01 0.2 0.5 I
X X

© Theoretical prediction:

both sets should be close

o MMHT+DSS17
| = Q?evolution does not

~ NNPDF +DSS17 explain the discrepancy

o Other effects?
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Hadron Mass Effects

Usually in pQCD, the masses of the Proton and the Kaon (detected hadron)
are neglected.

0.25 - S
i I COMPASS syst |]
mmm HERMES syst @\ N
0.20F - ¢+ COMPASS i ’ @ mg = 0.5 GeV
4 -+ HERMES
< §
= o5 . o 0 - o ~
. ¢ e i< 2 m, ~ 1 GeV
. o
0.10F o o o 4
| - -
- e a—— 2. >02,~1—10 GeV?
1072 1(I)'1 10° Q C ~ Q H
16 -
14} R i
12} 4
108 : © - Maybe masses are not
> 8r s A .
vV 6 A N = ° °
| S S - so negligible!
1 ' | L
100'2 101 10°
B
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Hadron Mass Effects

Let’s consider an example for Pion Mass effects at JLab.

e ——————

Pions at JLab (Exp. # E00-108)
12 [ I T I T T
Q* ~ 2.5 GeV?

Jetferson Lab experiments:

© Usually low Q2.

> 1/Q? corrections have to

be controlled.

0.9 - * 148 P6/6°"°
HMC

=0.32 — 1+8 "o/o ¥

\
\

O(m2/Q?) = Hadron Mass

Corrections (HMCs) Accardi et al JHEP 0911, 084 (2009)

m = Mp,m, my ~ 0.14 GeV
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Hadron Mass Effects

Back to Kaons:

L 02
N [ ¢ COMPASS
.7 | ©HERMES
3 i
§ B o © °
015 o ° * . .
| o)
B o
i ° o O 4)
0.1 _ ° ° .

1 1 1 1 1 1 1 1 I 1 1 1 1 1 1
1072 107! 1

HERMES & COMPASS: relatively low Q2, m3 ~ 12m?

|
X

Could the discrepancy be due to mg?/Q? effects?
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SIDIS Kinematics Variables

DIS invariants

1/ lepton M? = p2 QQ _ _q2

detected hadron p-q Q2

Y= —— 1xp =
P SIDIS invariants
Undetected particles
Proton or neutron m}% _ p}%
__ PhDP
Zh =
q-p
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SIDIS: Massive scaling variables

Scaling Variables

Nachtmann:

2333

Pt 14 /1442 M2/Q?

Bjorken limit: §— TB

Q* — o
L ap+tas Fragmentation:
a p—
v2 C_ph:z*h§<1+\/1_4x23M2m}%
g~ — 2o 43 "T o 2 2 z7 Q4
V2

Bjorken limit: Ch — 2n
Q2 — o0
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Collinear momenta

(p,q) frame: p and q are collinear and have zero transverse momentum

’];2 2 Physically:
~, o “Average
K =wv virtualities”

Approx.:
Parton collinear to
proton...

k= (zp 9

... and on-shell

v? =0
oA

juanvg@jlab.org

Fragmenting parton collinear to hadron

~ v"? + (Pphi/2)* P, DPhl

/
k — 2 — b 9
P /% © 7
Ph Fragmentation into a
massive hadron
/2 9
(V) —
Y
need to match partonic
& hadronic kinematics
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Matching Hadronic and Partonic Kinematics at LO

Hard scattering: 4-momentum conservation at LO

q . -
o Bjorken limit:
k' —¢(1+ = T=2p
k’ ] L= Qz
| z=z
~ & = Ch h

Fragmenting blob: momentum conservation in + direction

Kt =pf+v*t>pf

Ph
~, . > Standard choice:
K | 2> M T v =0
v > —
Y | z LO Ch Albino et al. Nucl. Phys.

B803 (2008) 42-104
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Hadronic Tensor

Expand:

Qg = kT [p2(k)i+ O(1/kT)]

A, =K |0k )+ O/ )]

contribute to Higher-
Twist (HT) terms

2MWH = / d*k d*K Tr [y (p, k) v AL (K, pn) 7] 6P (k+q— k)

:/d‘l/« d*K ¢ (k)oa (K )Tr [KTiN" K= h~"] 6W(k + ¢ — k') + HT

/!

Note: ¢q,WH"" =0 Approx.: v

/

k
k

Q 22
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Leading Order (LO) Multiplicities at finite Q2.
o With Hadron Masses:

Scale dependent Jacobian Finite Q?scaling variables

N\ [\

Lo dQ? [0F den Ju(€, G Q1) X, €2 (6, Q) DI (G, Q)
Jooy dQ2 Y, 2 4(E, Q)

Mh(xB) =

2

En E§(1+ CTCSL2)

Note: Theory integrated over z, Q? experimental bins for each xs.

2 2
o Bjorken limit: (% %) — 0
Jowp. dQ* 2, €5 (75, Q%) 00,°28 dzp, D! (zh, Q)
fe:pp. dQ2 Zq eg Q(wBa QQ)

\ Parton model definition
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Data over Theory: K* + K

D/T ratio allows to compare experiments at different Q2
Normalization of Kaon FFs poorly known

T T LI B B LR | T === CJ].S T T T LI B B L |
20 e CT14 2.0k e
- Exp. Syst T ’!x;'il';";"jff.::; ............. COMPASS
I S N N o
i COMPASS., 4+ 4 MSTWO08 i !\ e +
1.5 e . ';“;";";-"::i“— -- - 1.5+ DSS07 . o, ....w“»i/
% DSSOZa %"~ + S LR A
..—‘:“’--:“‘ IS Dt ~ i
a T Poeueww, ,.‘.‘..-_-,1“)"i _Q i HERMES
1.01- T HERMES ] 1.01- HKNSO7
: [ ey
HKNSQO7 e rmrcgiiien ; s s —
0.5 === = " - 0.5( g™
1 1 1 1 1 1 I..I.Ii".l-l.l—l_.-l—‘-.“ 1 1 1 1 1 1 1 1 1 1 I
1072 101 10° 1072 101
rp B
'
COMPASS ¢ After HMCs:
e Size discrepancy reduced
VS.

> Slope more flat
HERMES

¢ COMPASS well described (except normalization)
© Residual tension with HERMES slope y
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HERMES & COMPASS data: direct comparison

Produce approximate “massless” parton

. ) model multiplicities
“Theoretical correction ‘ P

ratios” | Make data directly comparable

Largely insensitive to Dx normalization

e COMPASS:
Mh(O) EMh XR?{MC’

exrp exrp

e HERMES: HMC correction ratio

MMO = ph o RE o x RE—C

exrp exrp evo

HERMES to COMPASS evolution
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HERMES & COMPASS data: direct comparison

102 L T T T 1TrrrT T T T T T 1TrrrT
- COMPASS
~ 10%E
100t
11 Illol_2 1 1 1 1 11 I1I0I-1 1 1 1 1 11 I]:OO

e HMC ratio R
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HERMES & COMPASS data: direct comparison

102_ T T TTTTT T T T T TTTTT 102_ T L T
- COMPASS F| 1 HERMES
~ 10'F ' ' ] 101}
100t s : 10%F
~TToz 10t 100 1oz 10T 100
B rp
A h(0)

e HMC ratio R
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HERMES & COMPASS data: direct comparison

10% f——rrrr R B S e 10% f——rrrr e R e
- COMPASS ] - HERMES .
] [|~-7! COMPASS iy ’
HERMES evolved | [ ‘
~ 10%} ' ] 101} (
ok ' - -
]_00E l | I . ]_00E J_,: _______ ]
107 10t 100 T R T = T
B rp
h(0)
. . M
e HMC ratio Ryvie = i
MRO) (g HERMES)‘
e Evolution ratio RpH—C _ COMPASS cuts
EvVo
(HERMES to COMPASS) MHO (g FRMES)

HERMES cuts
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HERMES & COMPASS data: direct comparison

“Theoretical correction ‘ |

ratios”

Produce approximate “massless” parton

model multiplicities
| Make data directly comparable

Largely insensitive to Dx normalization

Massless (evolved) multiplicities:

e COMPASS:
h __ h h
A4gég)::'ﬂ4gxp X }aHﬂJC7
e HERMES:
MMO = pho RE L oox RE—C

exrp exrp evo
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Correction ratios

=
o

=
o

1 PDF syst
| FFsyst

= =
N N

Theoretical correction ratios
|_I
o

MSTWO08+DSS07 .

RE . COMPASS |

R%,,. HERMES

juanvg@jlab.org

' Hadron mass effects dominant over evolution effects
¢ At COMPASS smaller HMCs than at HERMES.

QCD Evolution 2018, May 2018
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Direct Data Comparison: K* + K

Experimental Data “Massless data” at same Q?
0.25 1 " — 0.25 ' — | FFsyst
[ [ COMPASS syst |] i ~ | PDF syst
mmm HERMES syst R I COMPASS syst
0.20F +- 4 COMPASS i 0.20F %:gI B HERMES syst
i + + HERMES i | + 4 MSTW08+DSS07
Q, =
= 015 o ¢ ° e, . 4 = o.a1sf i
T vt
0.10+ R - 0.10+ -
| [ ]
. 1
107 IR T 10° 107 SR T & — 10°
B IpB
—~ M . 4 > = 9 \
¢ “Removing” HMCs reduces the discrepancy in size
¢ Corrections rather stable with respect to FF choice
& After HMCs, negative slope for both experiments )
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Kaon ratios

Ratio reduces experimental systematics.

¥§ _ ¢ COMPASS 5 %
25
< 290 HERMES ;
Nl N
N | !
2= o
B ° o
Q
= [ J
1.5 .
- + —
e Kt/K
i —
1_ |
107 107! x 1

¢ Size discrepancy persists
¢ Slopes are now compatible
» Except last HERMES point?
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Direct Data Comparison: K*/K

Experimental Data

“Massless data” at same Q?

: + /7 [
S5k I COMPASS syst K /K E 5.5 F| PDF syst
| M HERMES syst : | B COMPASS syst
3.0+ -+ COMPASS 3§ S5 3.0Hmm HERMES syst
: S 15+DSS07
2.5:_++ HERMES - il 2.5:++ CJ15+DSS0
F . t = f
2.0F . } 4
- - 1 i
1.5F L. 3 0=
1.0k :
N P R A A | N N PR N
107 10 10°
Irp

¢HERMES & COMPASS fully compatible.

»last x bin at HERMES suspicious.
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Coming back to the s-PDF

Can we extract s-quark from SIDIS Kaon multiplicities? Yes, but:
»Make sure you control the FFs
»or fit at the same time with PDFs :
»Polarized DIS (Ethier at al, PRL119 (2017) 132001)
»Unpolarized DIS with reweighing of PDFs (Borsa et al, PRD96 (2017), 094020)
»Include mass corrections
»Non negligible even at small-x (because QQ? is small)

»Our proposed scheme with with v/ = m% /(}p, seems able to reconcile
HERMES & COMPASS Kaon multiplicities.
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Conclusion and outlook
¢HMC:s at LO are captured by new scaling variables &, and Cp
¢K* + K-multiplicities:
» HMCs: reconcile HERMES vs. COMPASS

»Difference in slopes still needs to be solved.

¢K*/ K- ratio: No slope problem ~ systematics(theory /exp.) in K* + K-?

¢Need to use theory with HMCs in FF fits with HERMES and COMPASS data

Future developments:

¢ Test our kinematical approximations using a quark-diquark (spectator) model.

¢ Prove factorization at NLO with v'% # 0
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Thank you!
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Backup slides
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K* + K Multiplicities

~ Data (dots) vs. Theory (lines)

COMPASS HERMES

0.30p T T — | — Massless 0.30p L — 7 — Massless

; — HMCs [ — HMCGs
0250 4~ Exp. Data 0.251 <+~ Exp. Data

HKNSO07 PDF: MSTWO08}] HKNSO07 ~
0.20f /_\ - 0.20F - -
0.15:- S — 0.15:- -

: : : [ ] L Y . i } :
0.10- DSS07 7 0.10- DSSON .

- —A - - -
T T T T ——

Ip LB

p

¢ Kaon FFs poorly known 1n absolute value
2 Large FFs systematics
¢ HMCs are large
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Kaon ratios

Data (dots) vs. HMC Theory (lines)

45 — .. COMPASS

| —  MSTWO8 ]
O — gis ;
35K — CT14 -

F |+ 4 Exp. Data ]
3.0 k

. FF:DSS07 :
250 .
2.0 :
15k :
1.05- k
0'150'2 — '1(;'1 100

B

¢ COMPASS: theory dependence similar to experimental values

¢ HERMES: less steep than theory and at large-x

¢ Some PDF systematics, due very likely to s PDF (slopes)

juanvg@jlab.org

45 . .. HERMES |

| —  MSTWO08 :
4.0F J

r| — (CJ15 ]
35K — CT14 3

F |4 <4 Exp. Data ]
3.0 J

. FF:DSS07 ]
250 .
2.0 ;
15k ;
Lok ;
0'150'2 — '16'1 100

Ip
32
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Pions at HERMES vs. COMPASS

HMC ratios: HERMES (blue line), COMPASS (red line)
Evolution ratio (green line)
Systematic theoretical uncertainties: (FFs, PDFs)

1.5 C T T T
— HMC HERMES i
C — Evolution HERMES to COMPASS [
Lar —  HMC COMPASS 1
L FFs syst
13fF PDFs syst
12f
11f
F —
1.0}
0.9
0.8
= 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 17
1072 101 10°
B

~HMCs much smaller than for Kaons.

~Comparable to evolution effects.
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Pions at HERMES vs. COMPASS

Experimental Data Parton level multiplicities

0.9

0.8

0.7

T
exp

0.6 -

0.5

] | ] | ] | ] | ] |
191191 COMPASS
9 9 HERMES H

1072

11
10!
Ip

1
10°

0.9

0.8

0.7

0.6 |-

0.5

T T T T T T
[0 FFssyst

[ PDFs syst
[ COMPASS syst (]
[ HERMES syst ||
+¢++® COMPASS
¢+ 191 HERMES

1072

11
10!
Tp

K effects.

¢ Slopes still incompatible also for pions.

¢ “Hockey stick” shape as for Kaons, likely due to nuclear

~

J
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Pions ratio

1-8 | | | | | | LILIL) 1 1 1 1 1 1 LI
4 . 0 COMPASS syst
TC /7'(' I HERMES syst
1.6} <44 HERMES ]
4+ 4+ COMPASS
1.4} ]
¢
é }i e i +
1.2¢ o ° st @ .
s @
)
1-0' ] 7
107 107 10°
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Fragmentation Functions Systematics

Large variations of the multiplicities with the choice of FFs, why?

Q(zp,Q?) [ Dg(z, Q*)dz + S(zp, Q%) [ D5 (2,Q%)dz
5Q(zp, Q%) +25(z B, Q%)

Q(z) = u(z) +u(z) +d(z) +d(x)  Sx)=s(z) +5(x)
DG (2) = 4Dy (2) + Dy (2) Dg (2) = 2Dy (2)

PDF contribution

Parton model: M*(zp,Q?) =

— Q=)

MSTW08 Q2 =5 GeV? — 5@
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Fragmentation Functions Systematics

Large variations of the multiplicities with the choice of FFs, why?

Q(zp, QQ)f Dg(z, Q?)dz + S(zp, QQ)f Dg(z, Q?)dz
5Q(xp, Q%) + 2S(xp, Q?)
Q(z) = u(x) + a(x) + d(z) +d(z)  S(x) = s(x) + s(z)
DS (z) =4DS (2) + Dy (2) D (2) = 2D (2)

u, d, s FFs

Parton model: M*(zp,Q?) =

[ http:/apth.cnrs.fr/generators [ http:/Napth.cnrs.fr/generators |

—— uKK'DSS LO

—— d KK DSS LO

—— sKYK'DSS LO

<~ 10g & 10g o

q = —— u K%K HKNS LO q E —— d K%K HKNS LO q —— s KK HKNS LO
N N N

N C N N

a a a

N 1E Q=5 GeV? N 1= Q?=5 GeV? N 1E Q?=5 GeV?

Large uncertainty with the choice of FFs because
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