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semi-inclusive deep-inelastic scattering

A hadron h is detected in coincidence with the scattered lepton

p _

Depends on:
* Nucleon structure
* Hard interaction

* Hadron formation



semi-inclusive deep-inelastic scattering

A hadron h is detected in coincidence with the scattered lepton

Kinematic variables (inclusive)
e momentum transfer

0’ =—¢’
* photon-nucleon invariant mass
: Klngmarlﬁ \(ljarlables (SIDIS) W2 = (P + q)°
ractional hadron energy * Bjorken scaling variable
P - Ph 2
7 = 0
F-q * T 2P
* hadron transverse momentum , 1
S, o * fractional photon energy
"1 <P h‘ P-q
7 p-k

* hadron azimuthal angle ¢,



factorization: separation of distance scales
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factorization: separation of distance scales
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factorization: separation of distance scales

do” oc ) e f,(x)® 6 ® Dli(2)
Perturbative !

Hard ‘scattering

Fragmentation
Function (FF)

-y

Parton distribution .

—_ Non-perturbative ©
"~ but UNIVERSAL

function (PDF)



parameterizations
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wsmzs 040 Knowledge of PDFs:
— Well constrained

— Up to NNLO

— Recent parameterizations

(CTEQ6/CT14, MSTW2008, HeraPDF, NNPDF)

agree within uncertainties

— calculable in lattice QCD
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parameterizations
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Knowledge of FFs:

— Mostly from SIA (no

individual quark contributions)

— Up to NLO

— | eading parameterizations
(DSS07/AKK08/HKNS07) differ
— Room for improvement!

Knowledge of PDFs:
— Well constrained
— Up to NNLO
— Recent parameterizations
(CTEQ6/CT14, MSTW2008, HeraPDF, NNPDF)
agree within uncertainties
— calculable in lattice QCD
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The HERMES experiment
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* HERA 27.6 GeV e* beam

* Forward spectrometer
Hi — Pure H and D atomic gas target
— Clean lepton-hadron identification

— Very good pion-kaon separation
with the RICH

spin rotator
Longitudinal Polarimeter _/ HERMES



What is a SIDIS multiplicity?

Multiplicity: Number of hadrons /

produced in SIDIS off a nucleon H,
relative to the number of inclusive
DIS events.

27 dSNh(-x, Q29 <s PhJ_? ¢h)
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What is a SIDIS multiplicity?

Multiplicity: Number of hadrons /

produced in SIDIS off a nucleon H,
relative to the number of inclusive
DIS events.

Mi(x, 0,2, Pr) =1 4/DIS ¥ SIDIS



DIS Multiplicities: HERMES results

(A. Airapetian et al, Phys. Rev. D 87 (2013) 0/4029)

* High statistics
* 3D analysis (x/0%,z, P,
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(A. Airapetian et al, Phys. Rev. D 8/ (2013) 0/4029)

DIS Multiplicities: HERMES results
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Trigger efficiencies
Charge-symmetric background
RICH unfolding

(optional): correction for exclusive vector mesons
Multidimensional smearing-unfolding for radiative
effects, limited acceptance, and detector smearing



SIDIS Multiplicities: HERMES results

(A. Airapetian et al, Phys. Rev. D 8/ (2013) 0/4029)

2
(x/0% 2, Py.)

High precision requires
* Trigger efficiencies
» Charge-symmetric background Final results in 47t Born
* RICH unfolding . (one-photon exchange)
* (optional): correction for exclusive vector mesons
* Multidimensional smearing-unfolding for radiative

effects, limited acceptance, and detector smearin .

P J Systematics

dominated



Smearing-unfolding in SIDIS

Relation between a measured and Born cross section
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bin j dX



Smearing-unfolding in SIDIS

Relation between a measured and Born cross section
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Smearing-unfolding in SIDIS

Relation between a measured and Born cross section

— . _a= ' d
( J..dY [dX fbinj dXR(YlX)A(X)Q(X|X)§ o5 (j)

oai(0) = BG) + Z

Radiative effects



Smearing-unfolding in SIDIS

Relation between a measured and Born cross section

v =T \— . dO'B .
( Jon AY faX [ dXR(YlX)A)Q(;X| X))

oai(0) = BG) + Z

Radiative effects

Limited cceptance



Smearing-unfolding in SIDIS

Relation between a measured and Born cross section

\ | '
— L s+ s L do ,
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ovi(i) = B(i) + Z . e Sy
j F 4 s \

Detector resolution

Radiative effects

Limited cceptance



Smearing-unfolding in SIDIS

Relation between a measured and Born cross section

‘— - — O A - . dopg .
K (fbinidY Jax J, § R POAXOLXIX)—o== | 78 ()
’j § O

Detector resolution

Radiative effects
Background
Limited acceptance



Smearing-unfolding in SIDIS

Relation between a measured and Born cross section
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Limited acceptance

Detector resolution

Background



Smearing-unfolding in SIDIS

Relation between a measured and Born cross section

- — — _/d
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O'M(l) — B(l) + ; f dXdO'B
bin j dX

= > S0, Jos(j) + Bl

Limited acceptance

1 Detector resolution
SMEARING MATRIX

Background



Smearing-unfolding in SIDIS

Relation between a measured and Bn Cross section

¢ _SMEARING MATRIX
(i) = Y S (i o) + B)
J

Radiative effects

Limited acceptance

Detector resolution

Background



Smearing-unfolding in SIDIS

Relation between a measured and Bon Cross section

¥ __SMEARING MATRIX
(i) = Y S (i o) + B) "
J

* Calculate from Monte-Carlo o
» model independent if: Limited acceptance

. flat within bin

e cross section flat within bin Detector resolution

Background



Importance of a multidimensional approach
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_ 1 changes the x dependence
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e 3D unfolded (default) -
I ¢ 1D unfolded | ecf: Phys.Lett. B666 (2008) 446-450,
L - Phys.Rev. D89 (2014) no.9, 097101




Integrated (not average
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the multiplicity website
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http.//www-hermes.desy.de/multiplicities
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Multiplicity
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1D comparison with LO predictions
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perform reasonable well for
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Improvement in the
disfavored sector!



FFs before these data
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CTEQOG6L/DSS: perform well
up to medium z
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Next Generation of FFs
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Recent TMD fits

Gaussian Ansatz works!
Evidence for flavor X
dependence of the TMD FFs i

: rln(x, z, II:’,,ZT, ?2) proton target :

A. Signori et al., JHEP 1311 (2013) 194
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Limits of Factorization and Precocious Scaling



Limits of factorization: from QCD
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Factorization is derived in the
scaling limit of large O~ for fixed x
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do" « Y 2 f.(x) ® 6 ® D'(2)
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of ,. for fixed x

Complications when O not > M
» Mass effects
* Power corrections in M/Q (higher-twist)

* Higher-order terms in Qs
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Limits of factorization: from QCD

do" « Y 2 f.(x) ® 6 ® D'(2)
IS derived in the Zq] qfq 7

of ,. for fixed x

Complications when O not > M
» Mass effects
* Power corrections in M/Q (higher-twist)

* Higher-order terms in a
. Simple probabilistic

interpretation impossible

Only break factorization if not
properly accounted for



Limits on factorization: target remnant

do" o« Y 2 f,(x)® 6 ® D(z)
The fragmentation function Dg Zq: aJa 1

depends on the struck quark g only
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Limits on factorization: target remnant
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Limits on factorization: target remnant

h 2 A h
Clear experimental separation of do o Z e, /q(x) ® 0 ® D, (2)
current and target “jets” required 9

Compare forward to backward hemisphere:
study the center-of-mass rapidity

CM



Limits on factorization: target remnant

h 2 A h
Clear experimental separation of do o Z e, /q(x) ® 0 ® D, (2)
current and target “jets” required 9
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Limits on factorization: target remnant

Clear experimental separation of
current and target “jets” required

E665, ZPC (1993)
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Limits on factorization: target remnant

Clear experimental separation of
current and target “jets” required

E665, ZPC (1993)
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Limits on factorization: target remnant

Clear experimental separation of
current and target “jets” required

E665, ZPC (1993)
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Limits on factorization: target remnant

Clear experimental separation of
current and target “jets” required
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Limits on factorization: target remnant
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Observations:
— Jet FWHM: Ayjcm = 2
— Rising W: jet separation improves
— A ncwm cut can separate the jets




Limits on factorization: target remnant

do” oc ) e f,(x)® 6 ® Dli(2)
Observations: q
— Jet FWHM: Aycm = 2w, — %
— Rising W: jet separation improves *
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Limits on factorization: target remnant

do” oc ) e f,(x)® 6 ® Dli(2)
Observations: q
— Jet FWHM: A1 cM = 2w,
— Rising W jet separation improves (*
— A ycum cut can separate the jets

“Berger Criterion”:
Full separation requires
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Limits on factorization: target remnant

do” oc ) e f,(x)® 6 ® Dli(2)
Observations: q
— Jet FWHM: A1 cM = 2w,
— Rising W jet separation improves (*
— A ycum cut can separate the jets

“Berger Criterion”:
Full separation requires

.
_ this to be possible
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HERMES as a measure of future challenges
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Problematic?
Berger Criterion:  —*pions: W> 7.6 GeV = Factorization seems
P~ InW/M, =4 —kaons: W>27 GeV | toholdat HERMES



“Demonstrating” factorization at medium energies

Extract “indicator” quantities

example: [d,/ [u, =1/2

Multi-dimensional if possible to
identify problem corners

Can only show absence of evidence
for factorization breaking



| O factorization is intuitive

do” oc ) e f,(x)® 6 ® Dli(2)
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Semi-inclusive pion production
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o isospin invariance of the PDFs
(between proton and neutron): ,, =4



| O factorization is intuitive
do” « Z e?lfq(x) RI R DZ(Z)

Semi-inclusive pion production
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o isospin invariance of the PDFs
(between proton and neutron): ,, =4



| O factorization is intuitive

do” oc ) e f,(x)® 6 ® Dli(2)
q

Semi-inclusive pion production
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| O factorization is intuitive
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Semi-inclusive pion production
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| O factorization is intuitive

do” oc ) e f,(x)® 6 ® Dli(2)
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Semi-inclusive pion production

Define:
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| O factorization is intuitive
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| O factorization is intuitive

ot o ST T do’t o Z ef] fo(x) @0 ® DZ(Z)
RT[ _ 2 d d 1 Y/ — P d
— O'7T+ o - P = O_ﬂ-+ B O_ﬂ.+ q
p p P d

Requires additional input

Signature of factorization:
should depend on x, not z



Factorization and precocious scaling

do” o e’ f.(x)® 6 D'(z
Precocious scaling: factorized QCD Zq: qfq( : %)

appears to be working in energy

regimes down to Q ~ M, and for
SIDIS far below the Berger threshold.




Factorization and precocious scaling

do” o e2f.(x)® 6 D\(z
Precocious scaling: factorized QCD Zq] /1) ()

appears to be working in energy

regimes down to O ~ M, and for HERMES, PRL81 (1998)
SIDIS far below the Berger threshold. 5 ! }
% ’ 0.02< <gO5 { } {
: { : ' 4 } }
* Independent of z T Bosccoors o
» Simple LO-factorization holds at : {
HERMES ’ ©,©75<xiO,M5 E E }
* Caveat: !
* Model dependent . } —F } } }
(FFs, isospin invariance, ...) JLoomosons
 Low statistics (only 1996-97) © 0.15<k<0.3 ;
» Can we do better? 0 —r { t
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(model dependent)

[dy/ [ u, finally possible!

* RICH and RICH unfolding

* multi-dimensional smearing-
unfolding

* Very good grasp of interplay
between the systematics
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Signature of factorization:
should depend on x, not z

Beyond d — u

Important test, but not ideal
(model dependent)

[dy/ [ u, finally possible!

* RICH and RICH unfolding

* multi-dimensional smearing-
unfolding

* Very good grasp of interplay
between the systematics

Expected problem areas:
* high z (exclusive)
* low z (target remnant)
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| O factorization is intuitive

LO access do”" o Z e, f4(X) ® & ® Dy(2)
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Signature of factorization:
should depend on x, not z

sensitive for:
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Signature of factorization:
should depend on x, not z

sensitive for:

Experimental précision,
need good knowledge of the
correlated systematics
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Signature of factorization:
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Experimental précision, B
need good knowledge of the Ds; = D4 = Dy
correlated systematics Broken in the DSS fit!
D> + Dy

= 1.10 at ug = 1 GeV
Dy + Ds L HO ©



| O factorization is intuitive

h 2 A h
LO access do" o Z e, fg(X)® 0 ® D,(2)
d, 4R™+1 o — o 7
Ay _ R =9 d+ d__q
u, 4+ R” o — "
Applicability of

Signature of factorization:

w1 0, leading-twist
should depend on x, not z “

framework

sensitive for:
; isospin symmetry:

= D| = D, = D;

Experimental précision, B
need good knowledge of the Ds; = D4 = Dy
correlated systematics Broken in the DSS fit!
D> + Dy

= 1.10 at ug = 1 GeV
Dy + Ds L HO ©
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deuteron has less u-quarks

object ()

Systematics highly
; correlated

Asymmetries and ratios to
Increase precision
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strangeness suppression:
the extra cost to produce s
compared to a7

Visible at high z due to
u-quark dominance.
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also observed during
HERMES LUND MC tuning
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exclusive vector meson contamination

* Decay of exclusive p° and ¢
contaminate the SIDIS s* and
K* sample

e Correction obtained from
tuned PYTHIA

» Applied at fully differential
level

* Most of the correction
canceled by the inclusive
correction

» systematic < 1%

* results available both with
and without this correction

« This presentation: with VM correc tion
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