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A reminiscence on the HERMES experiment

HERMES

EXPERIMENT

A Personal Story This book describes the story of how a collaboration of several hundred
n— physicists from Europe and North America formed in 1988 to design,
A construct, install, commission and operate, for the years 1995-2007 the
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technically innovative HERMES experiment at the DESY laboratory in
‘ Hamburg, Germany to study the spin structure of the fundamental
Y, structure of matter.

The book describes the HERMES scientific results, their considerable
impact, how HERMES shaped an entire generation of young people into
scientific leaders, and ends with a description of the twenty-first century
picture of the proton that has subsequently been developed.
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The first Electron-lon Collider: HERA (1992 — 2007)

HERA beam facility

proton beam
electron beam self-polarized (Sokolov-Ternov)
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HERMES experiment

Internal gas target

discharge tube

% /' 1st sexp. magn. syst.

nozzle

sexp. magn.

syst.

chopper

MPT beam blocker ‘ .
Colhmator 2nd sexp. magn. syst. TGA 5
QMS @\ ).
SFT/ WET \ A
% chopper % 2. & - ‘
‘ Ny N BRP
' %/ storage cell / é MFET

beam shutter

Y extension tube
injection tube sample tube

HERA beam

Transverse target magnet

9th Workshop of the APS Topical Group on Hadronic Physics

Bk

Spectrometer

PID

SPECTROMETER MAGNET Track reconstruction
m . L] . .
1 Particle Identification
2 -
170 mrad
PRE-SHOWER o
: o
-7 -
== 140 mrad
1 -
DVC FC 1/2 1
CALORIMETER
TARGET CELL i/ ﬂi _B
(EEnE e STERREETEEE e —— R e EEEEEEEERER e R -
i: *H = BEAM AXIS
- .\‘ _ 140 mrad
TRIGGER HODOSCOPE ~ ~ ~ — — _
170 mrad
-2
T T T T T T T T T
0 1 2 3 4 5 6 7 8 m
x 102 x102 _
= 1800 | S e
31600 | —
O 1400 - el
1200 |
1000 |
800 £ o1 ___ aerogel, n=1.0304
600 | <. CjF 1, N=1.00137
400 - /hadrons leptons
200 £ iR
035 140 5 0 5 10 HETT Koo N
PID3+PID5-log,,® N
2 4 6 8 p[i&ev]
4 Jefferson Lab



Polarized DIS measurements

%8%" : Polarization Novel QCD phenomena

Electron

xP

/

Proton (P)

3D imaging in space and momentum

longitudinal structure (PDF)
+ transverse position Information (GPDs)
+ transverse momentum information (TMDs)

order of a few hundred MeV
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Nucleon structure and transverse-momentum dependent PDFs

Dirac decomposition of the quark-quark correlator
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TMD probabilistic interpretation chiral properties naive-T properties
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SSA in SIDIS measurements at HERMES

SSA in QCD
* spin-orbit correlations
S ’ (pl X p2) E704 S:beam : (ﬁbeam X ﬁn)
* Brodsky, Hwang, Schmidt [BHS02] caused by the
interference of scattering amplitudes with different
complex phases coupling to the same final state
* Transverse SSA related to the interference of scattering
amplitudes with different hadron helicities:
* [KPR78] suppressed in hard scattering processes
* [BHSO02] caused by initial- or final-state interactions
* naive-T-odd function with the property to induce SSA

TSSA at HERMES

* two naive-T-odd functions at leading twist:
« Sivers TMD: Sivers effect Sy - (q xPp)
« Collins FF: Collins effect g (Pg %X Py)
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Signals for TMD PDFs and TMD FFs

Differential Cross section decomposition
cross section in terms of structure functions
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Factorized results in terms
of TMD PDFs and TMD FFs

i at tree-level and twist-2 and twist-3 accuracy

Assuming one-photon exchange, current

: fragmentation only, TMD factorization hold,
small transverse momenta, Gaussian Ansatz
: valid

Sivers TMD and spin-independent FF
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First measurement of SSA for SIDIS with transverse target polarization
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Updated and extended analysis

DIS 2005 SPIN 2006 DIS 2007

Transversity measurements at HERMES Azimuthal single-

pin asymmetries in HERMES Measurements of Collins and Sivers
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— Cxlmucd In addition the subleading-t Nl\lwnmh\luon due m lhc transverse spin component from i)) Abstract. Azimuthal single-spin asymmetries (SSA) in semi-inclusive electroproduction of E Azimuthal single-spin asymmetries (SSA) in semi-inclusive electroproduction of -
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_ Recently the HERMES collaboration published first evidence for azimuthal single- . Keywords: transversity distribution, azimuthal single-spin asymmetries, Collins mechanism, — with transverse target polarisation at the HERMES experiment
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8] versely polarised target [1]. Significant signals for both the Collins and Sivers mech- S °S: 13.60-113.88 +¢,14.20.Dh.14.65.-q e 1 Contribution
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= HERMES experiment. Below we present a preliminary analysis of these data combined Q In 2005 the HERMES collaboration published first evidence for azimuthal single- = metries (SSA) in the semi-inclusive production of charged pions on a transversely polarised
2 with additional data taken in the years 2003 and 2004. Al data was recorded at a beam = spin asymmetries (SSA) in the semi-inclusive production of charged pions on a trans- = hydrogen target [2]. Significant signals for both the Collins [3) and Sivers mechanisms [1
3 energy of 27.6GeV using a clear-polarised hyd internal to the < versely polarised target [1]. Significant signals for both the Collins and Sivers mech- o were observed in data recorded during the 20022003 running period of the HERMES exper-
< HERA positron storage ring at DESY . < anisms were observed in data recorded during the 2002-2003 running period of the 2 iment. Below v present  prelminary amalysis ofthes data combined it aditon data
) At leading wist, the momentum and spin of the quarks inside the nucleon are de- s HERMES experiment. Below we present apreliminary analysis of these data combined < pken i the vers 200020 v an prelimuary analvss of the full e s vith traneyerse
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> (N"g" — N=q). As it i chiral-odd, transversity cannot be probed in inclusive mea- v Therefore, a preliminary analysis of SSA in the electroproduction of charged kaons on S is also presented. In addition the measurement is accompanied by an preliminary analysis
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polarised target (Collins mechanism). The Collins fragmentation function describes the scribed by three parton distribution functions: the well-known momentum distribution = Bution 1 (=, Q7). the known heficity distrbution ¢ (0 [5] and the (experimentally
correlation between the transverse polarisation of the struck quark and the transverse 4(x.0%), the known el ducbuton Aq(x.0?) [21 and the unknown transversity = unknown ransversity distibution 84 (5.Q°) 6,7, 8, 9. I the helcity b, transversity
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transverse momentum k7 of the quarks within. A non-zero Sivers mechanism provides polarised target (Collins mechanism). The Collins fragmentation function describes the e e
a non-zero Compton amplitude involving nucleon helicity flip without quark helicity correlation between the transverse polarisation of the struck quark and the transverse time reversal (T-odd) it can produce a SSA, Le. a lefi-tight asymmetry in the momentum
flip (V¢ — N*¢), which must therefore involve orbital angular momentum of the momentum Py, of the hadron produced. As it is also odd under naive time reversal (T- distribution of the prodhuced hadrons in the plane transverse to the virtual photon direction.
quark inside the nucleon [8, 10] 0dd) it can produce a SSA. i.c. a left-right asymmetry in the momentum distribution of The Sivers mechanism can also cause a SSA: The T-odd Sivers distribution function
With a transversely polarised target, the azimuthal angle ¢s of the target spin direction the produced hadrons in the directions transverse to the nucleon spin [8] 4] deseribes the correlation between the transverse polarisation of the mucleon and the
in the “{" state is observable in addition to the azimuthal angle ¢ of the detected The Sivers mechanism can also cause a SSA: The T-odd Sivers distribution function transverse momentum p, of the quarks within. A nowzero Sivers mechanism provides
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Completed SSA analysis and first DSA analysis

2009

week ending
PRL 103, 152002 (2009) PHYSICAL REVIEW LETTERS 9 OCTOBER 3009

Observation of the Naive-7-0Odd Sivers Effect in Deep-Inelastic Scattering
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Agimuthal single-spin asymmeries of leptoproduced pions and charged kaons were measured on a
transversely polarized hydrogen target. Evidence for  naive-T-odd, transverse-momentum-dependent
parton distribution function is deduced from nonvanishing Sivers effects for 7, 7, and K=, as well as in
the difference of the 7 and 7 cross sections.
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Effects of transversity in deep-inelastic scattering by polarized protons
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The HERMES compendium on TMD analysis
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The HERMES compendium on TMD analysis JHEP 12 (2020) 010
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SSA and DSA summary

Example amplitude for more detailed discussion

Azimuthal modulation

Significant non-vanishing Fourier amplitude
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v := incompatible with NULL hypothesis at 95% CL
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(V') := incompatible with NULL hypothesis at 90% CL
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HERMES results on Sivers effect PRL103 (2009) 152002
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Multi-dimensional analysis
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Goal: Fully differential approach with small bin-
sizes (similar to this analysis):

* minimizes the dominant contributions to the
systematic uncertainty, and therefore
maximizes the attainable experimental
precision

* maximize information for QCD analysis
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Sivers amplitudes for charged pions
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Sivers amplitudes for pions
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Sudden drop at large-z (> 0.7)
reveals a change of mechanism
in this semi-exclusive region

Contributions from decays of
exclusively produced p° into
T~ are large in this region!
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intermediate size between those of t* and 7~ reflects isospin symmetry at

the amplitude level

¥ amplitude is much less susceptible to VM decays and no sudden change
is observed at large z - observed positive signal cannot be attributed solely

to contributions from VM

An alternative (concurrent?) explanation: at large z, favored fragmentation
(d = m™) prevails over the disfavored one (u — m~) — no cancellation and
a hon-zero amplitude opposite to that of =+ is observed.
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Sivers amplitudes for charged kaons
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u-quark dominance and the role of higher twist PRL103 (2009) 152002
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Sivers amplitudes for protons
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Factorization scales and breaking

TMD factorization
partonic scale << hard-scattering scale
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Exploring SIDIS regions
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Phenomenologicial studies
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Boglione et al., Kinematics of
Current Region Fragmentation in
Semi-Inclusive Deeply Inelastic
Scattering,
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TMDs Imaging quarks and gluons within the nucleon.

. EEllli_Ié/IES Pioneering TMD measurements at the first Electron-lon
ollider.

e JHEP 12 (2020) 010 Compendium on TMD analysis:

* Final HERMES analysis on SSA and DSA in SIDIS off
transversely polarized proton target.

* HERMES results for pions, charged kaons, and now protons
have revealed first information about TMDs for valence and
sea quarks.

* New HERMES results in 3D binning maximize information for
QCD analysis.

* Detailed description of the HERMES analysis to guide future
measurements (204 pages, 70 figures, 118 tables).

e The 12 GeV Science Program at Jefferson Lab Precision TMD
studies for valence quarks.

. E,ectron-lon Collider Precision TMD studies for sea quarks and
gluons.
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