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® Nucleon polarizabilities

® Compton scattering experiments at HIGS
- The HIGS facility
- Experimental apparatus

® Results for nuclear Compton scattering
- from the proton, deuteron, *He, and 3He

® Qutlook
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® Nucleon electromagnetic (EM) structure constants P —g, F

® Characterize the response of the charged
constituents of a nucleon to an external EM field

- agq - charged pion-cloud dynamics

- By - pion charge current dynamics (diamaganetic) + o ) letic ld on
constituent quarks dynamics (paramagnetic)

® Primarily accessed via Compton Scattering
® Theoretical approaches: yEFT, LQCD, DR, models

® Balding sum rule 1 [ oppr(@")

api + = — dw'
E1l ,BMl T o w'2 — w2

(a) Magnetic field off y) Magnetic field on

(Graphs credited to P. Matrtel)
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Compton Scattering from the Nucleon TUNLv

k (k) K (' k')

Effective probe for nucleon polarizabilities

* Low-energy expansion of the differential cross section:
p p'

e = 3L Y s

df 2\ Mn
_(;Tf’fw) (%)2(ww’) [%(a + B)(1 + cos )? + %(a — B)(1 — cos 6)2] P= aEl(w)E( )
+£f(Ww’, 71,72, 73, 74) \/\/\ ° @
+0(w*) . _
M = By1(w)H(w)

eZ : nucleon charge

My : nhucleon mass b

x: anomalous magnetic moment W
: |
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Compton Scattering from the Nucleon TUNLv

Effective probe for nucleon polarizabilities k (w,k) K (w' k')
* Low-energy expansion of the differential cross section:
do (1 /272 Born term (nucleons are assumed d P
a0 2( M ) ( ) [1+ g(w? "‘3)]] as point-like particles)
272\ sw\? 1 P = ap1(w)E(W)
() (5) @ )[ (or-+ B)(1 +cos6)’ + (o — B)(1 — cos) ]] £1(®) kl
r+f(w3,71,72,73?74) ] Electromagnetic dipole polarizabilities  © \/\/\ ° @ f

Spin polarizabilities

+0(w?) B -
M = By1(w)H(w)

eZ : nucleon charge To extract a and 8

My, : hucleon mass v" Measure the forward and |
x: anomalous magnetic moment backward Compton scattering \/\/\
Cross sections X | ”
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Global Extraction of a, and f,,, TUNLv

® Proton EM polarizabilities relatively well

exp(stat+sys)+theory/modeI 10-error in quadrature

. . . . 67
determined using liquid hydrogen targets ag) — 112 4+ 0.4 PDG2018
® Neutron measurements always harder ® _9c 404 5
* Charge neutral "(“) T ;
- ag,and By, appear attheorderof w*  @gr = 118 1.1 &4 neutron PDG
* No stable free neutron target W -37+12 &
- use light nuclear targets (D, He, Li,...) &3
- model dependent [ proton PDG
2,
25 Yn ﬁ
HIGS Mainz (A2) sl -

20 — b o 17 \\\\\\\\\\\\\\\\\ L L L
— 200 8 9 10 11 12 13 14
£15) £ agq [107* fm®]

o = 10}
XS £ 0 Baldin sum rule
51
10 a + B =138+ 0.4
50 100 150 200 250 300 50 100 150 200 250 300
w [MeV] w [MeV] ag;) ﬂ(n) = 15.2 + 0.4

R. P. Hildebrandt, H.W. Griesshammer, T.R. Hemmert and B. Pasquini, Eur. Phys. J. A 20, 293 (2004)
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Triangle Universities Nuclear Laboratory (TUNL)

From US 2023 Long Range Plan for Nuclear Science:

A consortium of 13 university-based accelerator
laboratories, known collectively as the Association for
Research at University Nuclear Accelerators (ARUNA)

oW
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FLORIDA STATE
UNIVERSITY

Figure 9.7. The unique ARUNA facilities are distributed
throughout the country in 11 states: Florida, Kentucky,
Indiana, Massachusetts, Michigan, New York, North
Carolina, Ohio, Texas, Virginia, and Washington [44].

University (Figure 9.7). In addition to providing a high
level of hands-on training in every aspect of an exper-
iment, the accelerator facilities at these institutions
provide unique beam and research capabilities that
are often not available elsewhere. These facilities
add an element of agility to US low-energy nuclear
physics research by offering flexibility in scheduling
and quick response to research developments and

challenges. Importantly, ARUNA facilities are cost-ef-

fective to operate, enabling beam time to be devoted
to a project for a long duration as is often required in
nuclear astrophysics, where cross sections are low,
and in fundamental symmetries, where high statistics
and extensive studies of systematics are required.
The diversity of approaches provided by these labo-
ratories is a critical asset of the field, and ARUNA lab-
oratories provide a highly creative, flexible, stimulat-
ing, and supportive scientific environment with many
opportunities for students to acquire the essential
skills necessary for them to become a well-trained
nuclear workforce. Scientists at ARUNA facilities
pursue research in nuclear astrophysics, low-energy
nuclear physics, fundamental symmetries, and a rap-
idly growing number of nuclear physics applications
that build bridges to other research communities.
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High Intensity Gamma-Ray Source (HIGS)

Most intense Compton y-ray source in the world
* Energyrange: 1-120 MeV
* Energyresolution: AE/E ~ 5% (selectable by collimation) Vault

* Intensity: >107 y/s on target
®* Polarization: >95% linear and circ.

a@e?\\“ e
\‘O‘ FEL mirror S s o o
2 c,e\l 4-paddle flux monitor
\ . ot
2 ] . . .
X Energy resolution by collimation
Y
8 Y Precollimator Primary
i‘-i“ (x, v) = (32, 20) mm Collimatod
. _—
B I
e-beam 53m J
g
v ]
gun® .. 2500 E,=2032 keV
-* - A
© 1500 - DE; =26 keV ¢
2 1= DE/E = 1.3% /
- FEL mirror 4 /
] /
e \

Compton backscattering to produce y-ray photons 1950 2§°?kev)2050
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. Cryocooler

. Room-temperature gasinlet

. Vent line with pressure gauge
. Condenser

. Target cell

. Outlet valve

. Kapton window

. Aluminum can

. Thermal shield

© 00 NO O hOWN =

D. P. Kendellen et al., Nucl. Instrum. and Meth. A 840, 174-180 (2016)

—_\
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» Eight 10” x 12” Nal(Tl) detectors: ; / TNESW TR 1T, | o o
High Intensity Nal Detector Array (HINDA) D SR = = L 4‘_;201

Nal(Tl)

Paraffin shield core

Nal(Tl) shield
annular segments

Pb collimator
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» Eight 10” x 12” Nal(Tl) detectors:
High Intensity Nal Detector Array (HINDA)

Paraffin shield

Pb collimator Nal(T1) shield

annular segments

» Two larger Nal(Tl) detectors:

.... mater DIANA BUNI
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Compton Scattering Runs at HIGS TUNLv

Year Target Beam Energy Beam
(MeV) Polarization Hou rs

2015 Helium-4 Circular

2016 Deuteron 65 Circular 304
2016 Deuteron 85 Circular 268
2017 Helium-4 81 Circular 110
2017 Proton 81 Circular 107
2017 Proton 83 Linear 144
2021 Deuteron 61 Circular 227
2022 Deuteron 85 Circular 285
2024 Helium-3 60 Circular 210
2024 Helium-3 100 Circular 340

Duke s nece

UNIVERSITY
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Compton Scattering from the Proton TUNLv

PHYSICAL REVIEW LETTERS 128, 132502 (2022)

Proton Compton Scattering from Linearly Polarized Gamma Rays

X. Li ,1’2’* M. W. Ahmed,z’3 A. Banu,4 C. Bartram,z’5 B. Crowe,z’3 E.J. Downie,6 M. Emamian,2 G. Feldman,6 H. Gao,l’2

D. Godagama,7 H. W. Griel:’>hammer,6’1 C.R. Howell,l’2 H.J. Karwowski,z’5 D.P. Kendellen,l’2 M. A. Kovash,7

K. K. H. Leung,"*®* D. M. Markoff,”* J. A. McGovern,” S. Mikhailov,” R. E. Pywell,'"” M. H. Sikora,* J. A. Silano,>’

R.S. Sosa,3 M. C. Spraker,ll G. Swift,2 P. Wallace,2 H.R. Weller,l’2 C.S. Whisnant,4 Y. K. Wu,l’2 and Z. W. Zhao'*?

Circular pol.: E,=81.3 MeV do(6)

_ d()
Linear pol.: E, = 83.4 MeV Z (9)
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Compton Scattering from the Proton

PHYSICAL REVIEW LETTERS 128, 132502 (2022)

5.
Proton Compton Scattering from Linearly Polarized Gamma Rays
4.
X. Li ,1’2’* M. W. Ahmed,z’3 A. Banu,4 C. Bartram,z’5 B. Crowe,z’3 E.J. Downie,6 M. Emamian,2 G. Feldman,6 H. Gao,l’2
D. Godagama,7 H. W. Griel:’>hammer,6’1 C.R. Howell,l’2 H.J. Karwowski,z’5 D.P. Kendellen,l’2 M. A. Kovash,7 3t
K. K. H. Leung,1’2’8 D. M. Marl<off,2’3 J.A. McGovern,9 S. Mikhailov,2 R.E. waell,10 M. H. Sikora,6’2 J A Silano,z’5
R.S. Sosa,3 M. C. 1Spraker,“ G. Swift,2 P. Wallace,2 H.R. Weller,l’2 C.S. Whisnant,4 Y. K. Wu,l’2 and Z. W. Zhao'*? < op
E A HIGS (0=0°) 1 I
22 | A& oS o va0 E, = 81.3 MeV Without BSR applied |
o0 ® HIGS (¢ =270 p
- A\ SAL, 81.8 MeV — . .
~ 18 0 AW, 79.2 Mev + ) 154+1 8stat’ of
& F —— HByPT, 81.3 MeV p
5 E Z} ﬁMl — 2.1 :I: 2.0stat, 1l .
S 14 13 14 15 16 17 18
E 125— a
of PDG2018 values
85 ) - e HIGS, 83.4 MeV
;.|...|...|...|...|...|...|...|... a _112.'.04_ 0,2:_ ¢ MAMI, 79-98 MeV
25— | —— HByPT, 83.4 MeV | _ E1l - — HByPT, 83.4 MeV
: E.Y - 83-4 MeV (p) O_ """"""""""""""""""""""""""""""""""""""""""""""
_20F =25+04 s
‘(/)_ C o e
~ = w L
2 15 . ) -0.4
a f With BSR applied -
% 10 e -0.6— 5 GH_GJ-
o C o =
- 2 - 3
5 oy = 1384 1.2 £ 0.1psp £ 03p, 0o 7 T o
A T D 0 20 40 60 80 100 120 140 160 180
02040 60 80 100 120 140 160 180 w1 =02 F 1.2, £ 0.1gsr F 0.341c0> 6, (deg)

0,45 (deg)
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Compton Scattering from “He TUNLv

PHYSICAL REVIEW C 96, 055209 (2017) — 160 oS
g g - (@) A llinois
. P £ 140 — 2=109,p=36
Compton scattering from "He at 61 MeV S - sums2,5p=72
B 120
© -
M. H. Sikora,"?" M. W. Ahmed,"?? A. Banu,* C. Bartram,> B. Crowe,>? E. J. Downie,’ G. Feldman,® H. Gao, " 100
H. W. GrieRBhammer,® H. Hao,? C. R. Howell,2 H. J. Karwowski,>® D. P. Kendellen,:2 M. A. Kovash,’” X. Li,!-2 -
D. M. Markoff,>* S. Mikhailov,” V. Popov,” R. E. Pywell,® J. A. Silano,>> M. C. Spraker,’ P. Wallace,” H. R. Weller,'? 8o
C. S. Whisnant,* Y. K. Wu,? W. Xiong,"2 X. Yan,"? and Z. W. Zhao'2 6ol
" E,=61MeV
40 1 I Il I
PHYSICAL REVIEW C 101, 034618 (2020) 00" —55~" '4|0' 6080100920 " I40" ‘12*50' 180
. egg(deg)
Compton scattering from “He at the TUNL HIyS facility == e
X. Li®,»%" M. W. Ahmed,">* A. Banu,! C. Bartram,>’ B. Crowe,>> E. J. Downie,® M. Emamian,’> G. Feldman,® H. Gao,!»? —
D. Godagama,” H. W. GrieBhammer,®' C. R. Howell,"»> H. J. Karwowski,> D. P. Kendellen,":> M. A. Kovash,’ =
K. K. H. Leung,>® D. Markoff,>* S. Mikhailov,” R. E. Pywell,” M. H. Sikora,52 J. A. Silano,>* R. S. Sosa,’ =
M. C. Spraker,'° G. Swift,2 P. Wallace,” H. R. Weller,""> C. S. Whisnant,* Y. K. Wu,-? and Z. W. Zhao'+ ==
; o indi =R E= == ==
* Fore-aft asymmetry at higher energies indicates a strong =E
sensitivity to subnuclear effects = .
* a and B forthe neutron to be extracted from the high precision “He =g E= 83 MeV —
data with upcoming new xEFT calculation e = B
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Compton Scattering from Deuteron TUNLv

Elastic and Inelastic Compton Scattering
from Deuterium at 65 and 85 MeV Deuteron measurement: need high-resolution

Mohammad Ahmed (Spokesperson) , : :
Department of Mathematics and Physics, North Carolina Central University, Durham, NC detectors to Separate elastic and inelastic

27707, 919-530-6100, ahmed2@nccu. edu scattering channels (2.2 MeV apart)

Michael A. Kovash (Spokesperson)
Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506-0055,
859-257-1150, kovash@pa.uky.edu

; | ) Sllwrlazn‘ls,Elastlc+lnl1alas1lc,E=55l.lelr\l'
N S -
- Ey = 65 MeV — — =2
NN
40 60 80 100 120 140 160

95 [Ded]
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Compton Scattering from Deuteron

Elastic and Inelastic Compton Scattering from Deuterium = | _ ‘
at 61 MeV .

Ph.D Thesis
Danula Godagama, University of Kentucky

do/dQ [nb/sr]

- Sikora 2016, Elastic+Inelastic, E=65 MeV
: : : i Myers 20115, Elastic, E=70 MeV
h § Lucas 1994, Elastic, E=69 MeV
5 L R — R —— — x Lundin 2003, Elasto, E=68 MoV
¥

BUNI(115°)

This work

: Griesshammer
o) - B, =61 MeV | i

JONI(55%)

O I. ______ o I| ______ e [ ______ T E— | ______ — | ______ -
40 60 80 100 120 140 160
OLap [Ded]
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® New gas handling system for 1.7 K liquid 3He target
® Circularly polarized photon beam

60 MeV data taking completed

100 MeV data taking ongoing

do/Q (nb/Sr)

60

[~ Ma, B )= 0
550 \ —— M- )= -2 007 e
O N | Ao, - B, w42 = 10
45 P ' :
40 w =100 MeV =
35t s

B /f —_—
30} ,;,;«"/ v
25-.. | 1 1 | | T | [ | | § |

0 20 40 &0 80 100 120 140 160 180

B,ap (d€Q)

» XEFT calculation availabel for *3He Compton scattering
 Aim to extract neutron EM polarizabilities from the 100 MeV data with uncertainties < 0.7 X 10™* fm3
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Spin Polarizabilities TUNLv

d 9 9 T(w7 Z) - Al(wa Z) (gl* ) E)
= ®“ |T
o) T

+ As(w,2) " - k) (€-F)
+ iAs(w, 2)|o} (€™ x €

+ As(w, 2)|5}
Spin polarizabilities

(
/')’Elm = —v — 7} + iAs(w, 2)|5) %

+ iAs(w, 2)

| Qu

YmM1iM1 = Y4,

A A (LT Z%)(1 drmi? O(w*
YM1E2 = Y2 + V45 1w 2) = ——F—+ 7 (( +r)(1+2) - )( — 2) + dnw*(ap + 2 fan) + O(W?),
2,.2
As(w, z) = ¢ ws k(2Z + K)z — 4mw? B + O(w?),
\’)’Ele = 73. / 4£\/I
T As(w, 2) = e (Z(Z +2k) — (Z + n)Qz) + AT+ 47w’ (’yl — (y2 + 274)z) + O(Ww"),
2M? s — —
2
. ¢ 3 5
Spin-dependent ] Asw, z) = 2M2(2+ k)" +4rw’y + OW),
scattering amplitude As(w, 2) = ;A;JZ(ZJM)QJFA;:U Fdmty + O(P),
2
o Ag(w, 2) = —;A;;Z(Z + k) +Ag° + 47rw3£+ O(w®),
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Future Plan on Compton Scattering at HIGS TUNLv

HIGS Scientific Program: Determination of the spin-dependent polarizabilities

Polarized photon beam and polarized target required

’w’ Sensitive 10 ygg

Circular polarization

Beam Polarization

I = 1: unpolarized

| = 2: circular polarization
I = 3: linear polarization

EZ}:
ol +ol Recent and Future Measurements:
c Neutron: | Neutron: | Neutron:
ircular polarization Ob bl Prot 24 34 i
6 -0 Sansﬁwe 10 Ypimi servable roton € e
2,5, = {\}/\/\/\q ﬂﬂd Yn do/dQ MAMI/ HIGS HIGS HIGS
o +0 R HIGS
s MAMI/
HIGS
Gl _ GJ_ Linear polarization SEHSITWE 10 Yeier 22 MAMI HIGS
e ol SENNN ﬂ"d o * | ries
o *o s, MAMI | HIGS
Yo = —YE1E1 — YE1M2 — YM1M1 — YM1E2 HIGS
Yo = —YE1E1 — YE1M2 + YM1M1 + YM1E2

— (. 4 fm4
Yo = (-1.00+0.13) x 10 1m® ' 7 et al. (GDH), PRL 91, 192001 (2003)

4 fod Recent result from MAMI
=(-38.7+1.8) x 10 fm* 1 camen et al., PRC 65, 032202(R) (2022).

J. Ahrens et al. (GDH/A2), PRL 87, 022003 (2001);

HIGS unpolarized targets
HIGS liquid 3He target
HIGS with polarized target capability
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Duk §7 NSGentral 0l |

f NORTH CAROLINA
UNIVERSITY CHAPEL HILL

Hadron Workshop, Dalian, August 5 - 9, 2024 20




__ouook 4

- Reduce uncertainty in the neutron scalar polarizabilities ~ “°U"ecy of Cavin R. Howel

= The goalis to reduce the uncertainties to be on par with the proton
= Perform high-precision cross-section and X3 Compton-scattering measurements on *H, *He and “He at E, =
100 to 130 MeV (e.g., map out a"(®) over the © production threshold cusp)

* Map out proton scalar polarizabilities over the unitary cusp
= Perform cross-section and X3 Compton-scattering cross-section measurements on the proton at E, =100 to
150 MeV

* Determine proton spin polarizabilities up to pion-production threshold

= Measure asymmetry data (23, 2,, and 2,,) at energies E, = 100 to 130 MeV; complement data from Mainz
= Use several xEFT calculations for reliable assessment of model dependence

* Determine the neutron spin polarizabilities
= Measure asymmetry data (2,, and 2,,) at energies E, = 100 to 300 MeV for Compton-scattering on polarized
’H and °He targets; E, = 100 — 150 MeV at HIGS and E, = 250 - 300 MeV at Mainz
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- Reduce uncertainty in the neutron scalar polarizabilities ~ “°U"ecy of Cavin R. Howel

= The goalis to reduce the uncertainties to be on par with the proton
= Perform high-precision cross-section and X3 Compton-scattering measurements on *H, *He and “He at E, =
100 to 130 MeV (e.g., map out a"(®) over the © production threshold cusp)

* Map out proton scalar polarizabilities over the unitary cusp
= Perform cross-section and X3 Compton-scattering cross-section measurements on the proton at E, =100 to
150 MeV

Establish a Cryogenic Polarized Proton Program
= Obtain funding for a TUNL staff position in low-temperature physics to lead polarized target R&D program
=  Obtain funding to build polarized target technical infrastructure

Improve determination of proton spin polarizabilities
= Measure asymmetry data (2,, and X,,) at energies E, = 100 to 130 MeV; complement data from Mainzat E, =

260 - 310 MeV
= Use several xEFT calculations for reliable assessment of model dependence

Determine the neutron spin polarizabilities
= Measure asymmetry data (S,, and S,,) at energies E, = 100 to 130 MeV for Compton-scattering on polarized
HatE,=100-130MeV
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