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Quarks and Nuclear Physics

Quark and gluon structure of hadrons:
- parton distribution functions, generalized parton distributions,
- transverse momentum distributions, high-energy hadron reactions, '

TEL ALY LIMIVERSITY

Thursday 15 November 2018

Plenary - Hall 200 (09:00-10:30)

time [id] title presenter

Free Neutron

09:00 [43] Hadron tomography by three-dimensional structure functions PASQUINI, Barbara
09:30 [44] Nucleon-structure physics by lepton deep inelastic scattering KUNNE, Fabienne T ~ 1 5 min
10:00 [45] Nucleon-structure physics by proton-proton collisions LIU, Ming

Plenary - Hall 200 (11:00-12:00)

Is the partonic-structure of bound )
nucleons same as that of free nucleons ? B |
ound Neutron
T — OO

What is the connection between

: Close
Quarks and Nuclear Physics [¥4 nucleons




High-energy (small de Broglie wavelength A)
and large-momentum transfer q)

A<R qg-R<1 et

Quarks

O ? and

<+—>

-1 fm 5@9 Nuclear Physics

o
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Deep Inelastic Scattering (DIS) %
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0°'=-q,9"=q -
w=FE-E

2
Xp = < -2
2mw 2(Q'pT)

Electrons, muons, neutrinos

SLAC, CERN, HERA, FNAL, JLAB Xg gives the fraction of nucleon momentum
E, E’ 5-500 GeV carried by the struck parton

Q? 5-50 GeV? Information about nucleon vertex is contained in
w? >4 GeV? F,(x,Q2) and F,(x,Q2), the unpolarized structure
0<X;<1 functions




The European Muon Collaboration (EMC) effect %
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Short-Range Correlations (SRC)




What Do I Mean by SRCs?

Nucleon pairs that are close together in the nucleus

Momentum space: high relative and low c.m.
momentum, compared to the Fermi momentum (k)

k>k, k,>k. k =~k,

k. =250 MeV/c
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Quasi-Free scattering off a nucleon in a
short range correlated pair
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triple — coincidence measureme_‘n\‘ts \;&ﬂ
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triple — coincidence e W
measurements ‘
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Probing Correlations Using -

Hard Knockout Reactions

= Scattered
Incident electron
electron

U

Knocked-out
proton

Correlated partner

protons

W

LI LIMIERSITS

proton or neutron Same with high energy



Exclusive SRC studies

Experimental Ha

Beam line

pie. i
Detector
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CEBAF Large Acceptance Spectrometer
[ CLA S] TEL AU UNIJERSITY

Open (e,e’) trigger, Large-Acceptance, Low luminosity (~1034 cm—



R. Subedi et al., Science 320, 1476 (2008).
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ORU Falr Fractic

BNL / EVA

12C(e,;’pn) / 12C(e,e’p)

12C(p,ppn) / 2C(p,pp)

B pp/np from [1ZC(e,e'pp) I12C(e,e'pn) 1/2

pp/2N from [ °C(e,e'pp) /'°C(e,e'p) 1 /2
np/2N from 12C(e,e'pn) I12C(e,e'p)
np/2N from '2C(p,2pn) I'2C(p,2p)

12C

[126;(e,e’pp) | 12C(e,e’pn)]/ 2

J

['2C(e,e’pp) / 2C(e,e’p)]/ 2

| |
0.4 0.5

Missing Momentum [GeV/c]

|
0.6
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Knocked-out

The high momentum tail in nuclei is dominated by SRC pairs

Most of the SRC pairs (90%) are np only 5% pp and 5% nn




Asymmetric nuclei A(e, e' p) A(e, e' n)

1.8_—n(k
1.6/
cl o i
2R 1.4
c1o
ORI B
D|T 12f
| < B
ol e i
1_— i
osl- C Al Fe Pb
B | ) , ; | ) y ; | . , ; |
1 1.2 1.4 1.6

Neutron Excess [N/Z]

> Same # of high-momentum protons and neutrons

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018) 617-621
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Nucleons has Isophobia

(np — dominance)

LOG MOMENTUM DISTRIBYTION

|

NUCLEON MomMENTUIM




At 300-600 MeV/c there is an excess strength in %
the np momentum distribution due to the strong LAY UNERSITY
correlations induced by the tensor NN potential.

repulsive core

his experiment

“fmg
T Vage, saa

short range attraction

@ pp- - np- SRC V() = V() 4V, (S,

@ @ S, =3(0,-r)(o, 'r)-0,0,
Only np-SRC

Schiavilla, Wiringa, Pieper, Carson, PRL Ciofi and Alvioli Sargsian, Abrahamyan, Strikman, Frankfurt

08,132501 (2007). PRL 100, 162503 (2008). PR C71 044615 (2005).



Generalized Nuclear Contact Formalism %

TEL ALY LIMIJERSITY

rij—>0
v— Z (Pa("'ij)A%(Rija {r}esis)

he nuclear contacts and short range correlations in nuclei

R. Weiss,! R. Cruz-Torres,2 N. Barnea,! E. Piasetzky,? and O. Hen?

Phys. Lett. B780 (2018) 211.

@ompering ab-initio“.
VMC and nuclear
"~ czolntact calculations,

2

@ S (O] + €2 |08 )| + 260, |00, (k)|

I=O,2S=1j=1][ l=S=j=.
np pairs pp, NN, np pairs

Residual




Generalized Nuclear Contact Formalism %

B He
.°L|

2(]181‘11!16
Friday

Hadron Interaction and Nuclear Structure

TEL ALY LIMIVJERSITY

ri; —0
— Z(‘Oa r'LJ zg( 237{r}k¢z3)

Room 404

éomperlng ab-

16:30 16:50

|. Korover

Study the nucleon-nucleon force with short
range correlation measurements

VMC and nucle

~—

- contact calculations,

Residual

Phys. Lett. B780 (2018) 211.
@ g, (O + 2] 0S ()| +zc§p|qopp(k)|

I=O,2S=1j=1][ l=S=j=.
np pairs pp, NN, np pairs




np- dominance and Asymmetric Nucle1

- -- non-interacting
— interacting

For nuclei with N>Z7.:

Protons have a greater probability than

neutrons to be above the Fermi sea. ke ~20%

NUCLEON MoMeENTUM )

/  LOG MoMENTUM Dismmmﬁ




What do the outer shell neutrons do ?

Do they produce SRC pairs

with the inner shells protons ?

M Duer et al (CT AS Collaboration) Nature 560 (201R) 617-62 1



Correlation Probability:
Neutrons saturate Protons grow

>
©
S
=

1.8

1.6

1.4

1.2

Al/C Fe/C

High-Momentum Fraction

o
o
[TT 1]

T ~1.6
Neutron Excess [N/Z]

&

M Duer et al (CT AS Collaboration) Nature S60 (201R) 617-621




The European Muon Collaboration (EMC) effect %
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After 30 years no consensus on cause of EMC effect



Theory: ~1000 papers, 3 ideas %
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1. Proper treatment of “traditional” nuclear effect

3. Nucleons are normally normal except when they are close
to another nucleon (2N-SRC), nucleons are different from
free.

Color fluctuations in nucleons and the EMC effect STRIKMAN, Mark

Hen, Miller, Piasetzky, Weinstein, Review of Modern Physics 89, 04500 (2017). 28



The EMC effect is associated with 2N-SRC'

High momentum nucleons

I|IIII|IIII|IIII|IIII

o
ooooo

ccccccc

| IS [ l 1 | 1S [ | I | I I I I | IS - l |1 1 1 ‘

1 2 3 4 5 - e

lllustrated by Anna Shneor 2011 a2(A/d ) SRC

PRL 106, 052301 (2011), PRC 85 047301 (2012), RMP 89, 04500 (2017)




Bound

LOG MOMENTUM DISTRIBuTION

= ¢ quasi Free’ + Modified SRCs

\‘D
Tensor

Force
p—

>

Ik ~20%

NvuclEeEoN MoMeENTUM



Prediction 1: W
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EMC effect is isospin dependent

| A larger fraction of the Proton than neutron
will be modify in nuclei.




Prediction 2: %
EMC effect should TEL AU UNIJERSITY
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High-Momentum Fraction
X

1: - neutrons i
0.8:— Al/C Fe/C l
o6 _ . .Pb/.c.

1 1.2 14 1.6

Neutron Excess [N/Z]

M Duer et al (CT AS Collaboration) Nature 560 (201R) 617-62 1



Neutrons Saturate, Protons Grow

% 0.8 : — 0.8
S i
2 P
@ 06f 28pp,.-+ 10.6
D a -;;Fe#ijU
< o04] PO e
s A
< & o0 |
LT “gre B [o2
< i "o ]
0_— D -10
_0 2 i . | T | PR T W S N SR | _O 2
“0 2 4 2 4 6 8
a’j(A/d) a’_ﬁ(A/d)

DIS slop/Z

AR, ,/dx,

n_(0,/N » (0,12

' | Schmookler, Duer, and Schmidt
® ot al.. submitted (2018)




Neutrons Saturate, Protons Grow N
Q,
% 0.8 [ 1 ; 08 =
o N
= ; A>12 ; %
X2 o06f - {06 &
| [ .
< 04 E 1 o4 =
\_) ot | \\J
= ) ¢ =
2 0.2 - otle = o2a
S 4 i ) =
1 ‘_O'
0_— I T O -10
-0.2 i e o | e o . -0.2
“0 2 4 6 0 2 4 6 8
a(A/d) & (A/d)

n_(0,/N » (0,12

' | Schmookler, Duer, and Schmidt
® ot al.. submitted (2018)




LOG MoMENTUM DISTRIBUTION

‘quasi Free> + Modified SRCs
ZEl + NF}! +  nérc(AE’ + AF})

AF} = F)" —F)

>

NvuclEeEoN MoMeENTUM
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Ff

A Dependent

= ("?Rc —N nch)

1.2 ,

1.1+

0.9

75/ A]/[F5)2]

08~ . SLAC
= JLab Hall C
= This work

0.7 |

0.2 0.4

/' Schmookler,
< ct al., submitted (2018)

AE + AF} EP

+(Z—1V)F—2d+N

d
F .
Universal! A Dependent
AR = B~ B
1 T T EF 208
0.05 - E}j _
Jﬁ 197
sy {
&—t\] = 0 y 27
€y
4 12
Q
5 N
= 005 |
Median norm. uncertainty —4
| | | L3

0.2

Duer, and Schmidt

0.4 0.6 0.8
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Internal Structure of Bound Nucleons

Focus on the deuteron: e’
e /

-
recoiling
spectator




Internal Structure of Bound Nucleons

scattered
electron

CLAS12
BAND

Spectator
neutron

11 GeV e STy - NN 7 N, - S— 11GeVe " _— —
I Deuterium Q
JLab Hall B

jet from JLab Ha” C

struck quark jet from

struck quark

recoiling
spectator
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In nuclei the momentum distribution of nucleons
can be divided into two distinct regions

Summary (l)

High-Momentum (SRC; ):[

—
= g np-S_RC 1SS I
&= @ O9 dominance ool ¢ A Fe ob
2 ﬁ ‘0 11 1l2 114 116
. Neutron Excess [N/Z] '
S \ s
S ~80% #protons.— #neutrons,
- ~ irrespectively of the neutron excess
= ~ke ~20% »

NuclEeEoN MoMENTUM 18F

-y
D
T

—_
kN
T

The fraction of correlated protons /
neutrons 1s grow/constant , as a
function of neutron excess,

—_
TR T T

0

High-Momentum Fraction
=

o.ai— Al/C Fe/C
- Pb/C

1.6

0.6

1.2 1.4
Neutron Excess [N/Z]

Generalized Nuclear Contact Formalism



Summary (ll)
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EMC: Nucleons are normally normal
except when close to others.

o'shoyrﬁgltirz%rt]ion ¢ xkﬁorl:r;nrﬁtiggtion
Proton EMC effect > neutron EMC effect. - . .

197

Proton p-SRC

4
ab(A/d)

: 4
' az (A/d)

‘7’k 0 y\“‘\ b c




Related talks in this workshop

TEL AL LINIJERSITY

Tuesday 13 November 2018

Color fluctuations in nucleons and the EMC effect
STRIKMAN, Mark

2018/11/16
Friday

Hadron Interaction and Nuclear Structure
Room 404

Study the nucleon-nucleon force with short

16:30) 16:50)I. Korover range correlation measurements




Acknowledgment %

TEL ALY LIMIVERSITY

| thank the organizers for the invitation

Shunzo Kumano

Shinya Sawada

N A AN 3
LR R RN .
A% SRR SRS oS

Nov 2018
NARITASAN SHINSHO-JI TEMPLE COMPLEX, Japan



Acknowledgment

TEL AU UNIVERSITY

SN N
A

'_ ] . _ = ‘_ s —~ . i ‘ y y
' éMassachusetts Institute of Technology PR » —_— ‘ M ytal Duel"

- o . —
Vmnc: . TSP SET™ | S | Y5 — = R s e i
. > o N » Sy — b "o . e . -

o = L - ~— b~/ e . V\ 2 =~ . =

/ é( Eos |/ —d : > . ~— s =<
L 1= ;
N y )
> -

maa Barak Schmookler
BPE™ S 5 =
Weinstein

i >
~ ".‘-1\'\_




45



46



DIS slop/N

e @

-III

dR

0.8

0.6

0.4

0.2

0.6

.1

0.2

R 1T

R 21 *“‘Fn

.
"";.1.:1_.

“tPb -
“FE.*}];’?AU
] -*- Cu
N

ez

0.2

DIS slop/Z



W

TEL AUN UNIVERSITY

126
Pauli principle ' 8

In neutron-rich nuclei (N>2) ZIHIPb

Protons move faster than neutrons

<]:":."JH> > <h‘ﬁ'iu>

Neutron Stars

Solid crust

~1 mile thick

Heavy liquid interior

2‘[]18;1 -”'16 Mostly neutrons,

Fr.[lﬂy a with other particles
I-1a||:|ro::|n Interaction and Nuclear Structure
Room 404 Color fluctuations in nucleons and the EMC effect
) ) Study the nucleon-nucleon force with short
16:30) 16:50|I. Korover range correlation measurements STHIKMAN Mal"k.
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10
0 J | ] ] Momentum Distributions in *°C (Ciofi, PRC-96)
Blue - Fe
102 Mage. - C
Red - He3
() (] Black - D
-

. - n,(k)=C,ny(k) |
10_3 Adapted from

Ciofi degli Atti

0 0.1 02 03 Dpi(GDeSV/Z)E 0.7 08 09 1
¥ Within the 2N-SRC dominance picture one can get the
probability of 2N-SRC in any nucleus, from the scaling factor.

03 04 05 06 07 08
p; (GeVic)

In A(e,e’) the momentum of the struck
proton (p;) is unknown.

But: For fixed high Q% and xz>1, xg
determines a minimum p;

2 u _ 2
0 e Q" =-9.9" =¢

Prediction by .) w=E—-E E skl 1
H L 53 Interestin
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Results from JLab Hall C (E02-019)

02=2.5GeV?

Fomin et al.

Fa =1

Fomin et al.
[excluding the CM

motion correction|

o 5 6

SHe 1.93+0.10 [2.13+0.04
e 3.02+017 |[3.60+0.09
9Be  3.37+£0.17 [3.91+0.12
120 4.00+024 |4.75+0.16
6Fe(64.33£028 |5.21£0.19
197 A, 4.26 £0.29 [5.16 +0.21

(cA/A)(OR/2)
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More r(A,d) data: Jlab /Hall B: K. Sh. Egiyan et al. PRC 68, 014313 (

Cl AN N Navy ~4+ <~

DDI

K Sh Foivan et al PRI 96 OR7250N1



Inclusive electron scattering A(e,e’) *
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0'=-4,9"=q -

, Incident scattered
w=E-E lepton lepton
2
Q 2
xB = ('xB Q
2ma

nucleus \

S

8.
6
4 . -
3% 3 *
0.8 1 1.221.4 16 1.8 0.8 1 1_221.4 16 1.8
] Xn X
8 8 8pPp/d P
4 4 *x* *
2 ¥
2 * % ”‘*.x . )
0. 0.8 1 1.221.4 1.0 1.
Xp

--> Counts the number of

) ) Barak Schmookler et al.,submitted to Science
SRC clusters in nuclei | a,.(A/d)
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High-Momentum Nucleons in Nuclei

Thesis submitted towards the degree of
Doctor of Philosophy

By
Or Hen

Submitted To The Senate of Tel-Aviv University
November 2015

This work was carried out under the supervision of

Professor Eli Piasetzky

Reports

Momentum sharing in imbalanced
Fermi systems

0. Hen,™ M. Sargsian 2 L. B. Weinstein,? E. Piasetzky," H. Hakobyan,** D. W. Higinbotham.¢ M.
Braverman,' W. K. Brooks,* S. Gilad,” K. P. Adhikari,? J. Arrington,? G. Asryan,® H. Avakian,® J.
Ball? N. A. Baltzell.# M. Battaglieri, " A. Beck,"*' S. May-Tal Beck,''" 1. Bedlinskiy," W. Bertozzi, A.
Biselli,”® V. D. Burkert,® T. Cao, ™ D. S. Carman,® A. Celentano,’® S. Chandavar, ' L. Colaneri,'® P. L.
Gole,>™** V. Grede,' A. D'Angelo,'®*’ R. De Vita," A. Deur,’ C. Djalali,'**' D. Doughty,*% M.
Dugger,” R. Dupre * H. Egiyan® A. El Alaoui ° L. El Fassi,? L. Elouadrhiri,® G. Fedotov, 2 S.
Fegan, ™ T. Forest,"” B. Garillon,* M. Garcon,® N. Gevorgyan,* Y. Ghandilyan $ G. P. Gilfoyle 2 F. X.
Girod,®J. T. Goetz," R. W. Gothe,* K. A. Griffioen,?’ M. Guidal, 2 L. Guo,>® K. Hafidi * C. Hanretty,
M. Hattawy,2 K. Hicks, s M. Holtrop,* C. E. Hyde,? Y. llieva,"*** D. G. Ireland,®' B. I. Ishkanov * E.
L. Isupov, H. Jiang," H. S. Jo,2* K. J00,2 D. Keller,® M. Khandaker,"* A, Kim,* W. Kim,* F. J.
Klein,”®S. Koirala? . Korover,! S. E. Kuhn,? V. Kubarovsky.® P. Lenisa, 5 W. I. Levine, K
Livingston,® M. Lowry,® H. Y. Lu,* 1. J. D. MacGregor.* N. Markov,3 M. Mayer.* B. McKinnon,* T.
Mineeva, V. Mokeev,®#**" A. Movsisyan, G. Munoz Gamacho,?* B. Mustapha® P. Nadel-
Turonski.® S. Niccolai,” G. Niculescu,® 1. Niculescu,® M. Osipenko, L. L. Pappalardo,® R.
Paremuzyan,® K. Park,®* E. Pasyuk,® W. Phelps,? S. Pisano, 0. Pogorelko,” J. W. Price,*' S.
Procureur.® Y. Prok > D. Protopopescu,®' A. J. R. Puckett, D. Rimal,2 M. Ripani, B. G. Ritchie,
A.Rizzo," G. Rosner,* P. Roy, P. Rossi ¢ F. Sabatié.? D. Schott,® R. A. Schumacher, Y. G,
Sharabian,® G. D. Smith, R. Shneor," D. Sokhan,*' . S. Stepanyan,* S. Stepanyan,® P. Stoler,** S.
Strauch, 3 V. Sytnik * M. Taiuti, S. Tkachenko, M. Ungaro,® A. V. Vassov, " E. Voutier S N. K.
Walford,™ X. Wei,® M. H. Wood, "4 §. A. Wood,® N. Zachariou," L. Zana, 42 Z. W. Zhao,2* X.
Zheng,” |. Zonta,® Jefferson Lab GLAS Collaborationt

D)

uids to atomic nuclei, quark matter and
neutron-stars. Particularly intriguing are
systems that include a short-range in-
teraction that is strong between unlike
fermions and weak between fermions of
the same kind. Recent theoretical ad-
vances show that even though the un-
derlying interaction can be very
different, these systems share several
universal features (I—4). In all these
systems, this interaction creates short-
range correlated (SRC) pairs of unlike
fermions with a large relative momen-
tum (ko = ke) and a small center of
mass (CM) momentum (ke < ke)
where kg is the Fermi momentum of the
system. This pushes fermions from low
‘momenta (k < kr where k is the fermion
‘momentum) to high momenta (k > kg).
creating a “high momentum tail ~

SRC pairs in atomic nuclei have
been studied using many different reac-
tions, including pickup, stripping and
electron and proton scattering. The

Hen et al., Science 346 (2014)

ra on October 16. 2014

TEL AVIV UNIVERSITY

Study of short-range correlation in nuclei

of the ‘He(e,e'pp) and “He(e,e'pn) reactions
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via measurement

Thesis submitted towards the degree of
Dioctar of Philosopky

By
Ipar Komover

-

| —

Submitted to the senate of Tel-Aviv University
Apnl 2013

This work was camied under the supervision of
Professor Eli Piasetzky

Probing repulsive core of the nucleon-nucleon interaction
via the *He(e,e'pN) triple-coincidence reaction.

I. Korover,! N. Muangma,? O. Hen," R. Shneor,' V. Sulkosky,>® A. Kelleher,? 8. Gilad,” D. W. Higinbotham, E.
Piasetzky,’! J. W. Watson,” S. A. Wood,? Abdurahim Rakhman,® P. Aguilera,” Z. Ahmed,® H. Albataineh,® K.
Allada,” B. Anderson,” D. Anez,'" K. Aniol,'! J. Annand,? W. Armstrong,'® J. Arrington,'* T. Averett,'® T.
Badman,'® H. Baghdasaryan,'™ X. Bai,'"® A. Beck,'® S. Beck,'® V. Bellini,?® F. Benmokhtar,>® W. Bertozz,? J.

Bittner,®> W. Boeglin,?® A. Camsonne,* C. Chen,?® J-P. Chen,* K. Chirapatpimol,!” E. Cisbani,>* M. M. Dalton,!”

A. Daniel,” D. Day,'™ C. W. de Jager,%'" R. De Leo,”® W. Deconinck,? M. Defurne,?” D. Flay,’* N. Fomin,?® M.
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G =
— / Scattered

Incident 4}/" electron
electron e

Knocked-out (2015) 9217 NON

Scie:ce 346 (2014)
proton

Hen et al.,

Correlated partner
proton or neutron

7 IR

Phys Review Letter 99, 072501 (2007)
(2015)

60 Science 320,1476 (2008)
Science 346 (2014)
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Nucleons has Isophobia

(np — dominance)

LOG MOMENTUM DISTRIBYTION

|

NUCLEON MomMENTUIM
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-

LOG MOMENTUM DISTRIBuTION

NUCcLEoN MoMeENTUM

Subedi et al., Science 320 (2008)

ra
Hen et al., Science 346 (2014)




Generalized Nuclear Contact Formalism %

TEL ALY LIMIJERSITY

A universal description of SRC without many-body calculations

1, () — € [ ok (0] + CPul @8 (0] + 265, |8, (O

k—co

he nuclear contacts and short range correlations in nuclei
§ R. Weiss,! R. Cruz-Torres,? N. Barnea,! E. Piasetzky,? and O. Hen?
- Compering a

initio VMC and
- nuclear contact
_ | kcalculations |

ri;i —0 o
v Z Soa('rij)Aij (Rija {'r}k#ij)
(0]

a factorized

5_ 1 2 3 4 5 ansatz
| k [frr] * Nucleus (A-2)
» Universal function: the zero specific fun?tion

energy solution to the 2 body
problem
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G — P Scattered

Incident 6 electron
electron
) S

Knocked-out

Scie:ce 346 (2014)
proton

Hen et al.,

Correlated partner
proton or neutron

Phys Review Letter 99, 072501 (2007)

65 Science 320,1476 (2008)
Science 346 (2014) [Ad TN INIT Y0M
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pp/np ratios [%]
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” NEUTRON

DRIFT
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CHERENKOV COUNTER
PROTON
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C.M. Motion of the SRC pairs
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measured (corrected)
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208pp | | |50 o, =196 (173 +19) A(e, e pp)
5 ’L.v' Ple| oy =164 (148 +15)
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1 R
,’| N |
- ," -
== _|- ~le
P

40| —
56 3
o Fe II B o, =179 (156 +7) =
2 20 z e 5, =186 (163 + 8) %
3 odur 1 =
o Y= : —_
20 | 1'7 g 150
10! TALL TR oo-181 62+ 13) ©
T = 0, =167 (150 +13)
0__.;.-;;_'-;&»‘[ - ‘%ﬁﬂ!ﬂ_—
50 47 s ® This Work
120 s (e = Hall-A/BNL
i i --- Colle et al. (All Pairs)
0 = o — Colle et al. ('S, pairs)
-500 -250 O 250 500 [ . - .

pi™ [MeVic] 1% A




measured (corrected)

10 +F
WpPb |1 LA o.=196 173+ 19)
5 --y"‘,T, o, =164 (148 £15)
46 l ’,I: ‘—-'i‘\“\
w Fe } i o =179 (156 +7)
2 20 nd e 5, — 186 (163 + 8)
3 l2 - :~\
8 Odﬁl:":"d =
20 L
| - ,:; | ‘x\ ‘\ .
10 “Al L’,,/1 T Tly o, =181 (1624 13)
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O_._.-;'_Z.:_:IP"/ ! ~\:—==LT-‘=[—|
50 -1
2C ‘ o, — 158 (141 +6)
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New Results (1): C.M. Motion

208Pb

® This Work

m Hall-A/BNL

XL Ciofi and Simula

--- Colle et al. (All Pairs)

— Colle et al. ('S, pairs)
| !
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Hall-A: High-Resolution Spectrometers

Detector Hut
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1oF See Monday
3 seminar for
oo theory
o development
o 0.6
0.4
- 40Ca CVMC g R
- 5 10°E
= -
0 05 1 15 2 25 38 5 1o
r [fm -
£ 0.35 fml 2
o B K, =000fm"  Kpae=1.50fm" g 1 E N Sy
cD,‘:) 0.3 T Knax=050fm™"  Kpae=2.00 fm "a‘ - -
:)&  Kpae=1.00 fm™ B Koy = o0 L10 '
&€ 025 g -
o contact =10-2-Contact Formalism vs.
Formalism EVMC Many_B Ody
0.151- 10°ECglculations.
01l =1.2
R
0.05— Korover et al. % :
| o ~Z 0.8
% 1 2 3 4 5 1 > 3 4 5



Scale-Separated Nuclear Structure

1. Use a factorized ansatz for the short-distance (high-momentum)
part of the many-body wave function:

r;;—0

v —s SOa "'zg)Aa i) {"’}k#zy)

N

e Universal function of * Nucleus (/ system)
the NN interaction. specific function

e Taken as the zero energy * Depends on all nuc?leons
solution to the 2 body problem except the SRC pair

(primarily mean-field)

2. Test by comparing to many-body calculations and data from hard
knockout measurements

Weiss, Cruz-Torres, Barnea, Piasetzky and Hen, arXiv 1612.00923 (2017)



Generalized Nuclear Contact Formalism %

- Compering a
initio VMC and
- nuclear contact
kcalculations |

TEL ALY LIMIJERSITY

Tij —0

v —y Z (Pa("'ij)A%(Rija {’r}kaéij)

he nuclear contacts and short range correlations in nuclei

R. Weiss,! R. Cruz-Torres,2 N. Barnea,! E. Piasetzky,? and O. Hen?

Phys. Lett. B780 (2018) 211.

2

n,(k) —C

k—co

@ S (O] + €2 |08 )| + 260, |00, (k)|

I=O,2S=1j=1][ l=S=j=.
np pairs pp, NN, np pairs
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osl-  Neutron, - Proton _
Normalization " Normalization
56y .""

3 X
- s
i prot?=<77

L1 & neutrons
11 T

0

Pb/C
6

~ o8] AC Fe/C

0.6
1

EZz("\/d)ﬁ Neutron Exces1s'4[N/Z]
i (%) ()
@ In neutron-rich nuclei: < k k

® In neutron stars
proton momentum > SFG prediction. 0

P k®

N/ Z ~95%/5% =20
® EMC: Nucleons are normally normal ' == !

except when close to others.
Proton EMC effect > neutron EMC effect. <~

0.05

AFEP + AF.




Two-component interacting Fermi systems %

TEL ALY LIMIVERSITY

For ulta-cold atomic gas systems of two
different type of fermions with short-

range interaction
a>>d>>r,

Thermodynamics can be describe by a single
parameter: ‘contact’

The contact measure the number of close

Y _
different —fermions p airs Adapted from Debora Jin (JILA).

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, 1bid 2987
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Two-component interacting Fermi systems

The contact term

Adap?g{ from Debora Jin (JILA).

In collaboration with: O. Hen L. B. Weinstein G.A. M



The contact and universal relations

a>>d>>r
For systems of two different type of fermions off

With short-range interaction and large scattering length
between different fermions

Thermodynamics can be describe by a single parameter: ‘contact’

The contact measure the number of close different —fermions pairs

S. Tan Annals of Physics 323 (2008) 2952, 1bid 2971,
4
In these systems there 1s high- momentum tail: ntk)=C/k

C 1s the contact term ,
Units: (length)!



Experiments with two spin-state mixtures of ulta-cold 'K #
and °Li atomic gas systems extracted the contact term and ~ ™="V""
verified the universal relations

Momentum distribution

8 .
® (krk@)1=0
6- S % TTe=0111  the
g * * Contact
c 4 ® ° d (in units
R % o« & 3 of kg)
@
22 % "i{.j{r‘}—
] @
Oleae® == = =
O 05 10 15 20 25
K

Stewart et al. PRL 104. 235301 (2010)Kuhnle et al. PRL 105. 070402 (
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p _ 1044 m—3
k. =2510° eVl

strong NN interaction 8

(tensor)
Self Bound
IO = 1 O 21 m_3 Adap?gd from Debora Jin (JILA).

k. =1.6 eVic

atom-atom interaction
(S-wave )
Confined 1n external potential




What about nuclear contact ?

a>>d>>reff ?

The high- momentum tail is predominantly:

J=1 S and D pairs :
T=0S=1 L=0 3§,

T=0S=1L1=0 3D,
a(3S,)=5.424+0.003 fm

a(=5.4fm)>d(1.8 fm)>r, (0.7 fm)



Another (same) way to look at it

fry << 1
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QNP2018

' th International Conference on
Quarks and Nuclear Physics

—

November 13(Tue) - 17(Sat), 2018
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126
Pauli principle _* ERT 9 82

In neutron-rich nuclei (N>2) 2“ﬂPb

Protons move faster than neutrons

Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles

The EMC effect
Neutron Stars




Quarks and Nuclear Physics %

TEL AL LINIERSITY

Quark and gluon structure of hadrons:
- parton distribution functions, generalized parton distributions,
- transverse momentum distributions, high-energy hadron reactions

Hot and cold dense matter:
- quark-gluon plasma, color glass condensate, dense stars,
- strong magnetic field, mesons in nuclear medium, hadronization

89
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Rutherford scattering

Nucleons in the Nucleus

A5
N S
AR

1Sae



A(e,e' p) and A(e,e'pp) %

TEL AR LINIERSITY

N
o

5100
S8 ¢ Al Fe #inp | (#np + #pp) Pb
LE 60 ;_ s D 10
S s0f NP Dominance 0 26
O 20

v “F

w -

#pp / (#np + #pp)

(-

O

T20 40 60 80 100 120 140 160 180 200 p

Hen et al., Science 346 (2014)
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126
Pauli principle B> ( £X7 ’ 82
A

In neutron-rich nuclei (N>2) ZIHIPb

Protons move faster than neutrons

<]:":'.’Ju‘> S <h‘ﬁ'iu>

Neutron Stars

Neutron Star
Mass ~ 1.5 times the Sun
~12 miles in diameter

The EMC effect

o’ | @ |
Heavy liquid interior @
Mostly neutrons, -

Solid crust
~1 mile thick

with other particles

Quark and gluon structure of hadrons:
- quark-gluon plosna, color glass condersate, dense stars, - parton distribution functions, generalized parton distributions,
- strong nagnetic Field, nesons in nuclear neduum, hadronization, ... - transverse momentum distributions, high-energy hadron reactions,




Proton vs. Neutron Knockout  A(e,e' p) A(e,e'n)

1.8_—n(k
1.6/
cl o i
2R 1.4
c1o
ORI B
D|T 12f
| < B
ol e i
1_— i
osl- C Al Fe Pb
B | ) , ; | ) y ; | . , ; |
1 1.2 1.4 1.6

Neutron Excess [N/Z]

> Same # of high-momentum protons and neutrons

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018) 617-621
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LOG MOMENTUM DISTRIBuTION

~ i =
: ky ~20% .

NuCcLEoN MoMeENTUM
Subedi et al., Science 320 (2008)

What about np-dominance in asymmetric nuclei ?



J Neutron Star
rk

Nuclear density

i

G . o e o
T

- A <200 (300)
NIZ- 1 5(2 )

" p,=0.17 N/ fin’ =0.16 GeV / fin’




A few times T e —— I
average nuclear
density

e e o L
i 7 G A

NS
BIRRats

=
!
¢
|
N
S

2N-SRCs: pairs of nucleons
" 4<200 (300) Close together in the nucleus
N/Z<1.5 (2.5) wave functions overlap

0,=0.17N/ fm’
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In neutron-rich nuclei (N>2Z)
Ale,e'N|) _/Ale.e'N}

Cle,e'N)/"Cle,e'N

Pauli principle

Simple np-dominance model

t
-

I
M.F.
-n_ "k k<k
; np(k) = { W ( ) ' (for neutrons: Z = N)
'y A
’g ”;h’"c “ E'Gz(ﬂfd)'ﬂd(k) k>k|]
é y T Al § ;llr""'“‘
. ‘ v :
g ; Ty c
g | .l—i -------------------- remm-—— .
° 1)
- F t Iy Wrons !
$ | o>
I 14
|
1

1.2 1.4 1.6
Neutron Excess [N/Z]

Neutron Excess [N/Z]

Inversion of the momentum sharing:
Protons move faster than neutrons

<b.;{:.ju> > <]_‘:;I;-.FH>
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Theoretical predictions (N>Z) _.7%...

Light nuclei (A<12) Heavy nuclei (A>12)

-11B
|

| -178- B
Neutron Excess [N/Z]

*He N/Z =1/2 (E"“"y/(E""y=1.31

Wiringa, Phys. Rev. C89, 024305 (2014) Ryckebusch, J. Phys G42 (2015)




nnnnnnnnnnn

e At T=0

k' k

Fermi
2/3

5-10% 1
90 -95%

N/Z =95%/5% =20 K.
ermi

Fermi




Acknowledgment

TEL AV UNIVERSITY

/

Collaborators

I I I N
- - ' -
T ‘..a" Massachusetts Institute of Technology . - .
- —— 5
- "\——ﬁ"* -

M -~y i
M’ .»-:.. -~ T e
- L L . - ) A . ) . 4
' - -. - '« » . . . “o
¢ po “’, - - i assachusetts Institute of Technology 4 y '- . y e ';\.-“
G- . : ) / ¥ - -

-

.OLDDOMINIONI S/ _ .' e - Barak Schmookler G
. A AR




Asymmetric nuclei *
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