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U.S. Department of Energy Selects
Brookhaven National Laboratory to Host

Major New Nuclear Physics Facility

JANUARY 9, 2020

Home » U.S. Department of Energy Selects Brookhaven National Laboratory to Host Major New Nuclear Physics Facility

WASHINGTON, D.C. - Today, the U.S. Department of Energy (DOE) announced the selection of
Brookhaven National Laboratory in Upton, NY, as the site for a planned major new nuclear physics

research facility.

The Electron lon Collider (EIC), to be designed and constructed over ten years at an estimated cost
between $1.6 and $2.6 billion, will smash electrons into protons and heavier atomic nuclei in an
effort to penetrate the mysteries of the “strong force” that binds the atomic nucleus together.

“The EIC promises to keep America in the forefront of nuclear physics research and particle
accelerator technology, critical components of overall U.S. leadership in science,” said U.S.
Secretary of Energy Dan Brouillette. “This facility will deepen our understanding of nature and is
expected to be the source of insights ultimately leading to new technology and innovation.”
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https://www.bnl.gov/eic/science.php

THE ELECTRON-ION COLLIDER: RELEVANT DOCUMENTS

CONSENSUS STUDY REPORT

The Electron-lon Collider
AN ASSESSMENT OF

Assessing the Energy Dependence
JIS.-BASED ELECTRON-ION of Key Measurements
COLLIDER SCIENCE

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

White Paper (2012) NSAC Study (2018) BNL Report (2017)
Accardi et al, arXiv:1212:1701 Aschenauer at el, arXiv:1708.01527

Yellow Paper (2016)
Accardi et al, Eur. Phys. J. A
(2016) 52: 268



ELECTRON ION COLLIDER USER GROUP

» EICUG.ORG, growing community, 1200+ members, 31 countries,
250 institutions
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Institutions
by region

8 NORTH AMERICA

N SOUTH AMERICA

» EIC detector R&D program ~1M$/year

> EIC Accelerator R&D program ~7M$/year
» 2021: YELLOW REPORT on detector design


http://EICUG.ORG




THE ELECTRON-ION COLLIDER’S PILLARS: SCIENTIFIC QUESTIONS

White Paper (2012)
Accardi et al, arXiv:1212:1701

» How are the sea quarks and gluons, and their spins, distributed
in space and momentum inside the nucleon?

» Where does the saturation of gluon densities set in?

» How does the nuclear environment affect the distribution of
quarks and gluons and their interactions in nuclei?



White Paper (2012)

THEURETICAL FOUNDATIUNS Accardi et al, arXiv:1212:1701
» EIC is a QCD lab to explore the structure and dynamics of the
visible world ng .
Loop = Y ; (iDyy* —my) 95 — 7 GG
g=1

» Interactions arise from fundamental symmetries, properties such
as mass and the spin are emergent through complex structure of
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"Visualizations of the QCD Vacuum.” lattice QCD calculation by by Derek Leinweber
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THE ELECTRON-ION COLLIDER @ BNL ~2030

Possible Detector
Location

Electron
Injector (RCS)

(Polarized)

on Source > The first polarized electron proton collider

\'C> The first electron-nucleus collider

White Paper (2012)
Accardi et al, arXiv:1212:1701
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THE ELECTRON-ION COLLIDER @ BNL ~ 2030

Electrons

_,,—-——'*

. ; Electron Cooler Polarized
IR10 : ’ . iitteiT— Electron

4"[):; Polarimeters 41 GeV Arc \ Source

IR2 Injector
. Linac
ossible Detector

Location
lon Transfer

Line

Possible Detector
Electron Storage

Electron
Injector (RCS) lonRing
» High luminosity: (~1034 cm—2 s-1) (~1000 times
(Polarized) that Of HERA)

lon Source

» Variable CM+4/s energy: ~20 — ~140 GeV

» Highly polarized ~70% electron and nucleon
beams

White Paper (2012) » Protons and other nuclei, d to Pb/U

Accardi et al, arXiv:1212:1701 » Possibility of more than one interaction region

(none of the major facilities operates with one
detector only - important for discovery potential)
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THE ELECTRON-ION COLLIDER @ BNL
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THE ELECTRON-ION COLLIDER @ BNL

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Luminosity vs energy

1034 Tomography (p/A) 100
Transverse Momentum
Distribution and Spatial
Imaging
Spin and Flavor Structure of 10

the Nucleon and Nuclei

QCD at Extreme Parton
Densities - Saturation

Parton Distributions

i ! LHeC
in Nuclei 1

1032

Luminosity (cm-2 sec1)
=
Integrated Luminosity (fb-1/yr)
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KINEMATICS

16



BNL Report (2017)

THE ELECTRON-ION COLLIDER: KINEMATICS 7o o1ser

2 _
Q2 (GeV?) O° = sxy
A

Quarks and
Gluons

Resolution

weak
coupling

strong
coupling

Pomerons?
Regge trajectories? Y
» 1/X

non-perturbative perturbative

Parton Density
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THE ELECTRON-ION COLLIDER: KINEMATICS

Q° = sxy

Current polarized DIS data:
0 CERN ADESY ¢ JLab o0SLAC

Current polarized BNL-RHIC pp data:

® PHENIXT® ASTAR 1-jet

(¢]

T T T T
10% Measurements with A = 56 (Fe):

eA/uA DIS (E-139, E-665, EMC, NMC)
vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
DY (E772, E866)

BNL Report (2017)

Aschenauer at el, arXiv:1708.01527
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WHAT ABOUT SPIN?

19



contribution of orbital angular momentum

MANY THINGS TO STUDY

guark and gluon contributions to the spin20



MANY THINGS TO STUDY

Transversity and Sivers functions .



SPIN DECOMPQSITION

o The nucleon is a composite system. The spin is carried by its constituents: quarks, anti-
quarks and gluons and the angular momentum generated by their motion.

o The nucleon at rest has spin 1/2, however its decomposition in terms of spin and orbital
contributions associated with quarks and gluons is not unique.

o There are two types of decompositions of the proton spin operator: kinetic (also known
as mechanical) and canonical. These two types differ by how the OAM operator is split
into the quark and gluon contributions. They share the same quark spin operator.

Kinetic family Canonical family R. L. Jaffe and A. Manohar, Nucl. Phys. B337, 509 (1990)
S. Bashinsky and R. L. Jaffe, Nucl. Phys. B 536 (1998)

C Belinfante D Caffe-Manohar X. Ji, Phys. Rev. Lett. 78 (1997)

X. -S. Chen, X. -F. Lu, W. -M. Sun, F. Wang and T. Goldman,
. Phys. Rev. Lett. 100 (2008
D CClien et al. D y o
M. Wakamatsu, Phys. Rev. D 83 (2011)

< ) Y. Hatta, Phys. Rev. D 84 (2011)
Wakamatsu : E. Leader and C. Lorce, Phys.Rept. 541, 163 (2014)

C. Lorcé and B. Pasquini, JHEP 09 (2013)
C. Lorcé and B. Pasquini, Phys. Rev. D 84, (2011)

C. Lorcé, B. Pasquini, X. Xiong and F. Yuan, Phys. Rev. D 85, (2012)
L. Adhikari and M. Burkard, Phys.Rev.D 94 (2016)

o Kinetic family is related to Generalized Parton Distributions, while canonical in light
cone gauge is related to collinear helicity distribution functions 22




LONGITUDINAL SPIN

o Global QCD analyses are performed to extract helicity pdfs:

DSSV: D. de Florian, R. Sassot, M. Stratmann and W. Vogelsang, Phys. Rev. Lett. 113 (2014)

NNPDFpol: E. R. Nocera, R. D. Ball, S. Forte, G. Ridolfi, J. Rojo, Nucl. Phys. B 887 (2014)
JAM: J. J. Ethier, N. Sato, W. Melnitchouk, Phys. Rev. Lett. 119 (13) (2017)

© At present around 25 % of the spin is attributed to quarks and anti-quarks.

© The evidence for non-zero gluon contribution, around 30 % , is mainly due to RHIC
Spin Program E. R. Nocera, Impact of Recent RHIC Data on Helicity-Dependent Parton Distribution Functions (2017). arXiv:1702.05077.

The impact of the EIC on determination of the quark and gluon contributions

50— —— ]
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Wigner distributions
(Fourier transform of
GTMDs = Generalized
Transverse Momentum
Distributions)

Fourier transform
of GPDs

TMDs

Fourier transform
of Form Factors

PDFs

see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) 24



O Our understanding of the nucleon evolves: SPIN

kTT

TMDs

Nucleon emerges as a strongly interacting,
relativistic bound state of quarks and gluons

Quark Polarization

Unpolarized | Longitudinally Polarized Transversely Polarized
(V) (®) (M
1 2
Ul £k @ Wit @ - @
: Unpolarized Boer-Mulders
o
+= 2
8L 8, (x,kr) e_’- Q_' By (x,k7) O“- 0_'
S Helicity Kozinian-Mulders,“worm” gear
S _
g | Ak 0. @
9 hl (x > k T )
S ) Transversity
z |7 ‘ } ’ g (X, k7) - . )
) Kozinian-Mulders, th (x>kT) é - 6
Sivers “worm™ gear Pretzelosity

GPDs

Quark Polarization

Unpolarized

(V)

Longitudinally Polarized
L

Transversely Polarized

(M

H

Er

~

H :

Nucleon Polarization

~

HT7 HT

Many TMDs and GPDs cannot exist without OAM.

Examples:

MD Sivers function fi and GPD E

25




POLARIZED TMD FUNCTIONS

Sivers function &N
» Describes unpolarized quarks inside of
transversely polarized nucleon

. > The only source of information on tensor
Prigent (2. k1, 81, 18) = frygen(w.kes i w®) = < figen(@ ki i®) - charge of the nucleon

> Encodes the correlation of orbital motion » Couples to Collins fragmentation function
with the spin_____utxs_ or di-hadron interference fragmentation

functions in SIDIS

1
g = gi. — /O dz [hi(z, Q%) — hi(z, Q)

> Sign change of Sivers function is Anselmino, et al. (2013,
(2017); Liu, et al. (2018); Hasan, et al.

fundamental consequence of QCD 2015); Goldstein, et al
Ten’
charge | :
(3018); Gonzalez- (2019); Alexandrou, et

(2014); Radici, et al. (2013,
Brodsky, Hwang, Schmidt (2002), Collins (2002)
attractive repul sive Alonso, et al. (2019) — al. (2019)

2018); Kang, et al. (2016);
Benel, et al. (2019);

1SIDIS _  plDY

+ = — fi! 26

ky(GeV) ky(GeV)

D’Alesio, et al. (2020);
Cammarota, et al. (2020)

Courtoy, et al. (2015);
Yamanaka, et al.

' Gupta, et al. (2018);
Yamanaka, et al.

rsvsseo(gh)



NUCLEON TOMOGRAPHY - THE FINAL GOAL OF THE EIC

| :u) — fl;q(—h(xa kT;:u7:u2) o WflJ_T;cﬂ—h(xa kT;:umLLQ)

M. Bury, A. Prokudin, A. Vladimirov, Phys.Rev.Lett. 126 (2021)

A. Bacchetta, F. Delcarro, C. Pisano, M. Radici (2020)

u d
Pyt 1
1.0 P 1.0 Pp
ky=0 4.0 k=0 * 3.0
3.5 =
0.5 1 0.5 1 — 2.5
3.0
0.0 N 1. s 25 . 2.0
bra(GeV) b (GeV) S 53 (/7 )
> o 00 20 O 0.0 o ) Ls
xq" (b0 Lfm”) < T \‘ .
— — 1
> 1.0
-0.5 10 —0.5 1
0.5
0.5
-1.0 : —1.0 v
2 4 1 2

-1.0 -0.5 0.0 0.5 1.0
kx (GeV)

1 0 -
E 2
oM, 9b, (2,6, Q)

E. Aschenauer, S. Fazio, K. Kumericki, D. Mueller, JHEP 09 (2013) 093

qﬂ(xv 57 Q2) — Q(xv 57 Q2) o

-5 -1 -05 0 05 1 15
by [fm]

The shift in the transverse plane is generated by the Sivers function and GPD E that
cannot exist without OAM

The opposite signs of the shift is consistent with lattice QCD findings on the opposite
signs of the OAM for u and d quarks 27



IMPACT PARAMETER DISTRIBUTIONS

0.8
Dupré, Guidal, Niccolai, 1T
Vanderhaeghen, ek .
arXiv:1704.07330
E
0 - —-'I 1=
N 0.1 . 1
> + s =
> s 11 N S =
g' ] LI | o4~

- —0.2
o|_ ® this work: COMPASS (@)= 1.8(GeVicyY |

| W ZEUS:  JHEP 0905 (2009) 108 (@%) = 3.2 (GeV/c)

A : 2= 4. 2 —0.

- :1 Eur. Phys. C44 (2005) 1 282§= g_g Eg:ygiz _01
0 - W H1: Phlys. Lett. B681 (2009) 3|91 (@*)=10.0 (G.eV/lc)2 0
107 107° 1072 107

Xgi! 2

COMPASS coll., arXiv:1802.02739 28


http://arxiv.org/abs/arXiv:1704.07330
http://arxiv.org/abs/arXiv:1802.02739

TRANSVERSE SPIN

Tensor charge

Knowledge of tensor charge is crucial, the only
experimental source is transversity function x (x)

Tensor couplings, not present in the SM Lagrangian, could be the
footprints of new physics at higher scales

/\ I

)-—-

~ SUSY, Z',
X | R charged
] .' i Higgs,
e — leptoquark,

><

Bhattacharya et al, PRD 85 (12)

er o1 = Mw? / Masm?
g / Pattie et al., PR. C88 (13)
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UNIVERSAL GLOBAL ANALYSIS 2022 11 cambers, o, waer.promyt. ok

Sato, Phys.Rev.D 106 (2022) 3, 034014

5d JAM22 €@ Goldstein et al (2014)

JAM22 (IIO LQCD) # Radici, Bacchetta (2018)
¥ Gupta et al (2018)
JAM20+ ¥ Alexandrou et al (2020)

0.1F # Pitschmann et al (2015) P

+

Pitschmann et al (2015)
Hasan et al (2018)

ol
-
- @
. Gupta et al (2018)
Alexandrou et al (2020)

"1 Anselmino et al (2013)

—r-p— Goldstein et al (2014)

0.0F o— Radici et al (2015)
— . I Kang et al (2015)
N —— IEI Radici, Bacchetta (2018)
—0.1 . I:: Benel tal(2019)
0.2k —o—l-:I D’ Alesio et al (2020)

T~ JAM20+
—@=—t . [JAM22 (no LQCD)

—0.3 H JAM22

0.4 0.6 0.8 1.0 Su 0.5 1.0 1.5 2i0 gr

o Tensor charge from up and down quarks su and 5d Q2=4 GeV?
and gr = éu-6d are well constrained and

compatible with both lattice results and the
Soffer bound

du=0.74 = 0.11

6d=-0.15*0.12

gr= 0.89+0.06

o The tension with diFF method, Radici, Bacchetta (2018)
becomes more pronounced: is it due to the data, theory,
methodology? Both methods should be scrutinized. 30




TENSOR CHARGE AT THE EIC AND JLAB

L. Gamberg, Z. Kang, D. Pitonyak, A. Prokudin, N. Sato Phys.Lett.B 816 (2021)

=== JAM20

—+= JAM20 + EIC(ep) 0.50\ O EIC data WI” a.”OW tO have gT
fav.

— JAM20 + EIC(ep+63He)

050- extraction at the precision at
O the level of lattice QCD
< 0.00 4 :
s calculations
000 025 050 075 1.00 0.2 0.4 0.6 0.8
JAM20: Caﬂfnmarota, Gamberg, Kang, Miller, :
Pitonyak, Prokudin, Rogers, Sato, Phys.Rev.D 102 (2020)
od o JLab 12 data will allow to
JAM20 +EIC gr _ W
+SoLID +EIC+SoLID  |rer have Complementary
— information on tensor charge
—0.10 0.750.850.95 1.05 .
- to test the consistency of the
el extraction and expand the
| Kinematical region
Alexandrou et al (2019) +
—0.20
| | + IGupta et al S2018)
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