Hadronization studies at HERMES

Charlotte Van Hulse,
University of the Basque Country — UPV/EHU

Universidad  Euskal Herriko % e@e S

del Pais Vasco  Unibertsitatea



Outline

the HERMES experiment

1t and K* multiplicities on hydrogen and deuterium
hadronization in nuclel

Collins fragmentation function:

- transversely polarized hydrogen target

- unpolarized hydrogen/deuterium target

dihadron fragmentation function
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Semi-inclusive deep-inelastic scattering
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Distribution Function (DF): distribution of quarks in nucleon
Fragmentation Function (FF): fragmentation of struck quark into final-state
hadron

pT/ kT transverse momentum of struck/fragmenting quark



Access to spin-independent fragmentation
functions



Hadron multiplicities and fragmentation

functions
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1 collinear QPM, leading twist, LO

> ¢ fl(z, Q%) Di(z,Q7)
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access to fragmentation function D{ (z. (k7). Q?):

. . _ (-)
- probe fragmentation function complementary to e* e~ and pp
- disentangle favored (e.g. u— =) from unfavored fragmentation (e.g. « — 7 )



Extraction of multiplicities

charged pion and kaon multiplicities
hydrogen and deuterium targets

Kinematic requirements:

Q? > 1 GeV? 0.1 <y <0.85
W2 > 10 GeV? 2 GeV < P, <15 GeV
0.2 <z <0.8

3D binning: (z5, 2, Pr1) and (@7, z, Py1)




Extraction of Born multiplicities

_ E DIS
MBofrn DIS - meas Nmeas -
nBorn
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Multiplicity

Results projected in z
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Multiplicity
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Results projected in z and X _
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Results projected in z and Q
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Multiplicity

Results projected inz and P |
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* Pn1 (=p, onfigures): - transverse intrinsic struck-quark momentum
- transverse momentum from fragmentation process

e K: broader distribution
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Multiplicity
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Hadronization in nuclei
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Probing space-time evolution of
hadronization

parton and nuclear medium:
* PDFs modified by nuclear medium
« gluon radiation and rescattering

(pre-)hadron and nuclear medium:
* rescattering
 absorption

Virtual

Photon AL | « differences predicted for partonic
- | : and (pre-)hadronic interactions

j Fully Formed * change from partonic to hadronic
Hadron interactions:f(LC/nucIeon size)

et > <

hadron multiplicity ratios from
heavier targets and deuterium
- space-time evolution
of hadron formation
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Extraction of multiplicity ratios

« nuclear targets: Ne, Kr, Xe compared to D

e ratio- > approximate cancellation of
- QED radiative effects (RADGEN)
- limited geometric and kinematic acceptance of spectrometer
- detector resolution

e multi-dimensional extraction:

- v for slices of z

- 7 for slices of v

2 )
- Phlfor slices of z

. 2
- 7 for slices of Phl
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Results In v for slices of z

A. Airapetian et al., Eur. Phys. J. A47 (2011) 113
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R, decreises with increasing A (except for protons)

™ & K R, Increases with increasing v

K™ RZ increases with increasing v, but different behavior
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. 2 .
Results in P_ for slices of z

A. Airapetian et al., Eur. Phys. J. A47 (2011) 113
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Access to Collins fragmentation function

22



Semi-inclusive deep-inelastic
single-hadron production

transverse target-spin spin-independent
asymmetry: semi-inclusive cross section:

~sin(¢ + ¢s) > €2 I[hy @ Wy Hi) ~ cos(2¢p) Z e I[—hi T @ Wy H]
q

q

J—aq . : i I
H{7" : Collins fragmentation function —h T @W, H o+ ]



Single-Spin Asymmetry

AUT — 1 NT(¢’¢S) _N\L(¢7 ¢S)
(1521} N7 (6, 65) + N¥(, 65)

kr. PhJ_
hin(z, p2) @ Hy (2, k%))

~ sin(¢ + ¢g) Z e2 7|

hi.(x,ps): transversity é é

H9(z, k%): Collins fragmentation function
h
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Collins fragmentation function: Artru model

X. Artru et al. , Z. Phys. C73 (1997) 527
polarisation component in lepton scattering plane reversed by photoabsorption:

string break, quark-antiquark pair with vacuum numbers:
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Collins amplitudes for pions

A. Airapetian et al., Phys. Lett. B693 (2010) 11-16

%2 0.06 - nt b - * TT" increasing with z
< 0.04 3 | \._— - positive for ©t*
3 b1 E 3 - large & negative for
0.02} +: by b :+++++ |
o;-#---«l!-ﬂ--------;—*-f ------------- S H/w  —prunfar

* isospin symmetry fulfilled
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Collins amplitudes for pions
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A. Airapetian et al., Phys. Lett. B693 (2010) 11-16

* T increasing with z
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* large & negative for 1
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* isospin symmetry fulfilled
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» data from BELLE, COMPASS 8i
HERMES — » extraction of H1

Anselmino et al., arXiv: 0807.0173
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Collins amplitudes for kaons

A. Airapetian et al., Phys. Lett. B693 (2010) 11-16

23 015 K’ K*: increasing wi

= ] ] 3 e K" g with z

4 0.1 | } * + * positive for K" & larger than for ©t*
? 0.05F } | \ E ! I; { * - role of s-quark

) O_HH _________ _+T+ ..... { ...... _Jt++ ....... - u-dominance 7 »

N : 5 _'_'_'_'_‘—' . Hi_’u_>K+ > HlJ_,u—>7T+

e K= 0, # fromT1r
K" Is pure sea object:
sea-quark transversity expected to
be small
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Spin-independent semi-inclusive
DIS cross section

Non-collinear cross section

o 0 Ay For + Bly)F
dxdydzdP? doy — xyQ? o Yy)fvu,r y)tuu,L

+C(y) cos ¢n Fyrp; Pn 4 B(y) cos 2¢n Iy, 2%}
B 2M x
770

) F:F(aij)ZaP;J_)
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Spin-independent semi-inclusive
DIS cross section

Non-collinear cross section

2

do a’?
(1+ ;_x){A(y)FUU,T + B(y)Fuu,L

dedydzdP2 dén — zyQ?
+C(y) cos ¢n Fyrp; Pn 4 B(y) cos 2¢n Iy, 20n }

2M x 5
leading twist v Q (z,Q, 2, Pr1)
2Py o) (P k) — Pk
F{}(EQQZ%:I[_ ( h L pT)( hL T) pPrT Thf'Hf‘]

MnM / \\
@ - Boer-Mulders DF Collins FF
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Spin-independent semi-inclusive
DIS cross section

Non-collinear cross section

2

do a’?
(1+ ;_x){A(y)FUU,T + B(y)Fuu,L

dedydzdP2, don, — wyQ?
+C(y) cos ¢n Fyrp; Oh 4 B(y) cos 2¢n Iy, 2¢h }

2M x 5
sub-leading twist Y O (,Q, 2, Pn)
COS 2M phJ_'ﬁT phJ_-ET p2
Fig® = 5 Tl iD= =5t B HiE + l]

Cahn effect
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Extraction of the cosine moments

th. | dén cos(nop)ouu (w, ¢n)
<COS(n¢h)> B fd¢hUUU(wa ¢h) W = (5(;7 Y, 2, P}%J_)

exp. | don cos(nop)eqace(w, dn)€raa(w, dn)ovu (w, o)
<COS(n¢h)> B f dtheacc (W, ¢h)€fr’ad (wa ¢h)O-UU(w7 ¢h)
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Extraction of the cosine moments

th. | dén cos(nop)ouu (w, ¢n)
<COS(n¢h)> B fd¢hO-UU(w7 ¢h) W = (x, Y, 2, P}%J_)

<COS(n¢ )> 629. fd¢h Cos(ngbh)eacc(w, gbh)erad(w, gbh)O-UU(W, ¢h)
" fd¢h€acc(wa¢h)€rad(w,¢h)O'UU(w,gbh)

extraction is challenging!

azimuthal modulations also possible due to
 detector geometrical acceptance
 higher-order QED effects
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Extraction of the cosine moments

th. | dén cos(nop)ouu (w, ¢n)

(cos(non)) =

(cos(nen))

[ donovu(w, én)

W = (Q?,y,Z,P;%J_)

exp. f d¢h COS(n¢h)€acc(wa ¢h)erad(wa ¢h)UUU(w7 ¢h)

extraction is challenging!

azimuthal modulations also possible due to
 detector geometrical acceptance

 higher-order QED effects

[ doneace(w, n)érada(w, on)ovy (w, dn)

generated in 41t

4 5 M
- - w ¥ L=

-B—E-—8- |nside acceptance

2
*10°L MC
1500 - .
Edcockmnes ala
1000 [ —s S e
_i'-l I.'h
500 |
I 0.078< x <0.145
0 2 4 &

0,
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Extraction of the cosine moments

th. | dén cos(nop)ouu (w, ¢n)
<COS(n¢h)> — fd¢hO-UU(w7¢h)

W = (Q?,y,Z,P;%J_)

exp. f d¢h COS(n¢h)€acc(wa ¢h)erad(wa ¢h)UUU(w7 ¢h)
<COS(n¢h)> B f dtheacc(wa ¢h)€fr’ad(w7 ¢h)O-UU(w7 ¢h)

extraction is challenging!

azimuthal modulations also possible due to
 detector geometrical acceptance
 higher-order QED effects

¥

fully differential analysis needed
unfolding procedure with 400 x 12 bins

BINNING
400 kinematic bins x 12 @-bins

Variable Bin limits #
X 0.023 | 0.042 0.078 0.145 0.27 5
y 0.3 0.45 0.6 0.7 0.85 4
z 0.2 0.3 0.45 0.6 0.75 5
P 0.05 0.2 0.35 0.5 0.75 4
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Extraction of the cosine moments

(cos(non)) =

th. | dén cos(nop)ouu (w, ¢n)

[ donovu(w, én)

W = (Q?,y,Z,P;%J_)

exp. f d¢h COS(n¢h)€acc(wa ¢h)erad(wa ¢h)UUU(w7 ¢h)

(cos(nen)) =

extraction is challenging!

 higher-order QED effects

azimuthal modulations also possible due to
 detector geometrical acceptance

¥

fully differential analysis needed

(cos(noyp)) ~

unfolding procedure with 400 x 12 bins

[ doneace(w, n)érada(w, on)ovy (w, dn)

unfolding

V

bin i

[ dor, cos(nén)ouu (w, ¢p)

BINNING
400 kinematic bins x 12 @-bins
Variable Bin limits #
X 0.023 | 0.042 0.078 0.145 0.27 5
y 0.3 0.45 0.6 0.7 0.85 4
z 0.2 0.3 0.45 0.6 0.75 5
P 0.05 0.2 0.35 0.5 0.75 4

[ dénovu(w, o)

bin i
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Results for <cos 2¢ >: pions

Q(PhJ_-ﬁTXPhJ_-ET) — pr.kr

1 7l
[~ g M, M hi Hi'| A. Airapetian et al., arXiv:1204.4161
/\3 A + ! 1 I mep —-enX
1 [ I I ] Ded —enX
» 0.05f + I
o - -
2} 1 % 1
: g

. 1, 1.d
« H-D comparison: hy " ~ h]

*TT>0 <> 0: H;

,fav

-~ HlJ_,unfav

Y

A PP B B EPEETE BT |
0.2 04 0.6 O. 1

P, [GeV]
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Results for <cos 2¢ >: kaons

2(Phy -Pr)( Py k) — Pr-kr

1 7l
[~ M, M hi Hi'| A. Airapetian et al., arXiv:1204.4161
3 > KT I I I eep oeKX
< ; i I [ ced seKX
D S e Y]
O [ % I % I % I % ]
S 1 § 1 I :
N -0af $ % T % '..'§ g T § * ;

< NS SN SUNE B S B

2 0.1y -
z | K ;; |
o Ot - e e S
\~ : 1 1 : §
N -0aF % § f[ T % % T % % % }
02} 1 1
| o 04 05 06 07 04 05 0.'6”'6:5”64”65;”66”'
X . y Z P,, [GeV]

1 u—>7r+

« K'<0: - Artru model: sign H RS = sign Hj

2 1 KT L K~
e K= K": -udomlnanceﬂH U= NH U=

- role of sea-quarks 39



Results for <cos ¢ >: pions

Py .p Py .k
I thprlDl h]QhT]]\}j;hJ_HJ__'_ ]

A. Airapetian et al., arXiv:1204.4161

=

S : H foehzorx
O  Of------smmmeseoooge S EEEEEEEEEEEEEEEES S TR CEEEEES S CEECEEEEEEEEEELLEES
< | i 12 LE p |
N-af—?*ﬁ"'%—}**’ﬁﬁ-}'ﬁeg ! nge

0.2} T T T ]

félg 0'1;_ T f _f 1
A T T 3 SR O 3 S %
N A I L R AL
0.1f 1 i i '

i j i
X y z P, [GeV]

* H-D comparison: weak flavor dependence
* magnitude increases with z

o TU': magnitude increases with P 40
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Results for <cos ¢ >: kaons

P, .5 P,k
I[— thTlel hl- TpThJ_HJ‘—F

M M; M? ] A. Airapetian et al., arXiv:1204.4161
3 [kt i i [ eep 5eKX
& 0.2f + + 4+ oced »eKX _
S I
~ 5
N 1) g S

2 <coscp>u

o 8
e A
-

E-—I—OG——I—

o

-

o
-
-
e

sl ; 1 ) L. 1 ) 1 L L L 1
101 04 05 06 0.7 0.4 0.5 0.6 O. 3 0. 4 0 5 0. 6

« K'<0, larger in magnitude than 1’
« K=0
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Access to dihadron fragmentation function

42



Single-spin asymmetry: T production

our ~sin(orL + ¢s) Y e2hi(x)H{ (2, Myr,0)

1 :naive-T-odd and chiral-odd
dihadron fragmentation function

* independent method to probe transversity:
transverse spin of fragmenting quark transferred to
relative orbital angular momentum of hadron pair

e integration over hadron momenta —» direct product
but

* more complex cross section (9 variables)

e |ess statistics
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Extraction of ©'n" asymmetry

S e2hd (x)H Y (2, My, cos 0)
A ~ in O q C]
UT Sln(¢RL -+ ng) S11 Zq qfl ( )D(lz(Z, M7T7T7 COS 9)

- Legendre expansion (M_<1.5 GeV):
HE = HEP + HEPP cos 0

pl
Dy = Dy + D{" cos + DY 4(3(308 0—1)
o
g
: « HERMES
2 — Pythia
3
Q
x
02 —0406 Y S

M. [GeV]



Extraction of ©'n" asymmetry

- Legendre expansion (M_<1.5 GeV):
HE = HESP 4+ HEPP cos 6

1
D, = D —|—Dfpcosﬁ+szpZ(300829 — 1)

e symmetrization around 6 = 1t/2

HS2% 0030 and D 2E0s O

ﬂ fit

. sin(¢r1 + ¢g5)sind

14 2(3cos?6 — 1)

q = Asin(ﬁbRL—HbS) sin 6 N Zq egth(w)Hf,sp(% MWT)
- Ul > g €aJ1(x)D1(2, Mrr)
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Final HERMES results

A. Airapetian et al., JHEP 0806 (2008) 017

sin(g  +hg)sint

> "o
0.06 | £ P 1 1
E |
[ S : 1 1
0.04 |5 | T T
oo S | |
< B ! I I
0.02 [-5 * | + +
B * * l 1 1 } *
[ & | 1 1
0 - L + _________________ ]
| | :| | | | L .. | | L [ |
. S S * ] =
Zoosf " A 05583 L N 01—::—% . . 10.08%
[ 0_5_"_ T n ]
o L : A F— 3
0.07 N - 0.45% L, A OEEﬂE 4 n :g_qm 0.07
0.06 — N A 04__ A 0.5—:_—% = X — 0.06
[ g liaaaa | T | AT AT ET R E I B i T B i PR B P PRSP B B
0.2 0.4 0.6 0.8 1 0.05 0.1 0.15 0.2 0.4 0.6 0.8
M_. [GeV] X y4

e first evidence for non-zero T-odd and chiral-odd dihadron
fragmentation function
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Asin(or+ ds)
T

Comparison with model

A. Bacchetta, M. Radici, Phys. Rev. D74 (2006) 114007 A. Airapetian et al., JHEP 0806 (2008) 017
0-2 E - T

@ 0.06}|E P .

< £ |

2 S |
£ 0045 ' .

0.15 S 5 > |

<< [ = '
0.02 |- + : .

R * + |
0.1t oz L]
L NN ENEE N L1y :u [FENEEEEEE L1 |
: < i ]
0.05t/,. ~008fF " 4 0.557
. : 0.5-

P - |
0.07 F A " 0.45-
0.06 | E
E ...... J..L..I..J...L ..... Ly Ly I....(.}.-I.dl:.E
0.2 04 06 0.8 1

M_. [GeV]

* no sign change around p° mass (= » Jaffe model),
confirmed by BELLE and COMPASS data
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Summary

™ and K* multiplicities on hydrogen and deuterium:

- 3-dimensional extraction

- support notion of favored fragmentation

hadronization in nuclei:

- 2-dimensional extraction

- contribute to increased understanding of fragmentation process
SIDIS single-hadron production on transv. pol. H and unpol. H and D:

- pions: opposite sign for favored and unfavored u-quark Collins fragmentation function

- kaons: large signal for single-spin asymmetry (K*) and cos(2¢) (K" and K’)
—»substantial s-quark Collins fragmentation function?

dihadron fragmentation function:
- Sizeable signal observed —»

contribute to increased understanding of transverse-spin effects
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Backup
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I\/Iultlpllc:ltles prOJected In z: VM contribution

Multiplicity

10:
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10

107°E

—
TTTT

1 e proton, exl. VM
+ o proton, incl. VM
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Agp
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