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Syllabus

1. Introduction to strong interactions in the perturbative and non-perturbative regimes.

2. Hadrons and Nucle1

3. Electron and neutrino scattering experiments on hadrons and nuclei: form factors,
elastic and 1nelastic scattering, resonances, deep 1nelastic physics.

4. Experimental methods and facilities with focus on MAMI and MESA at JGU Mainz.
5. Dark Matter
6. Search for dark matter with "intensity frontier" experiments, in particular, electron scattering
experiments.
7. Search for dark matter with “direct detection” experiments with focus on argon.
8. Nuclear astrophysics and nuclear reactions of astrophysical relevance (in the Big Bang and
stars).
9. Experiments for measuring astrophysical reactions with accelerators.
10. Discussion of a relevant published scientific paper on one of the topics discussed
during the course.
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Electron Scattering (d(,> :< 2 )

ds 4F sin® 6 /2
Point-like charged object: do (d_0>
Rutherford cross section dS? ) &
Extended charged object, do (d_<7> F(q)|?
spin-less d$2 ) &

Extended charged obiject, do _ (d_0> F(q)|?
spin 1/2: Mott cross section M l

F(a) = [ dr plr)exp (ia 1)

The form factor is the Fourier Transform of the charge distribution
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Electron Scattering

Robert Hofstadter (1915-1990) Stanford Linear Accelerator
1961 Physics Nobel Prize

Luca Doria, JGU Mainz Advanced Subatomic Physics



Electron Scattering: Kinematics

LI (Gl,k,)
/
e Electron W = € — € Energy transfer
@ Neutron q — k — k, Momentum transfer
@ Proton
= |k|® + [K'|? — 2|k][|K’
e = vVk2 +m?2 ~ [K| w= k| + [k’ ki|k'|
=

q/ = k> + [K]?-2k-K
a| = |k|? + K| — 2 |K||K| cos 6

e'=\/k’2—|—m2:\k’\

= q2 > w? Space-like photon
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Fourier Transform with spherical symmetry

F(qQ) — /dzxzp(az)/dgbsiné’d@eiqmwse

P

1

= 27?/0&135132,0(:17) /Sin Adhe'1™ <os?

A ,
= drxp(x)sinqx .

—> Only the radial (x) part contains the physics.
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Examples

p(r) 4

F(q°)
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Common procedure: ansatz for charge distribution and then fit to the data its FF.
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Examples

exponential, p(x) = poe™; exponential, F= (1-4¢%?)?;

Gaussian, p(x)=po exp[ — (x/b)]; (Gaussian, F=exp(—q¢*?*/4);

uniform, p(x)=po, x<EkR, uniform, F=3(singkR—qkR cosqkR)/ (gkR)?
| =0, x> kR;

smoothed uniform, p=po[ 14K == ]-1;

wine-bottle, p=po(14 (x/d)*)[ 1+ XK (z—e) ]

'0 T j 1 ' T
|o'2°& -

do/dQQ in cm

SCATTERING ANGLE IN DEGREES
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The Charge Radius

Considering the low-qg limit (you don’t “see” the details..)

F(q*) = % /dsc:cp(a:) sin gr = %T drxp(x) (qa:' (qr)Q) + ...

2

— 47r/d:m2p(a:) q6 47T/da:a:4p(.cv) + ...

l \ 1st correction proportional to RMS radius

The FF is just the charge at 1st order
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The Charge Radius

The RMS radius can be extracted from the data measuring
the form factor at low-q and derive it wrt g2.

For nuclei: R ~ TOAl/B with 79 =1 — 1.25fm

This prediction (liquid drop model) is not followed by exotic nuclei
(e.g. “halo nuclei” far from the stability valley).
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Nucleon Form Factors
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Kinematics

k2 — (E2 — Elap_é
ko
EM current
W o Al
J CUL,Y Uk,
k1

)

v, ’ Hadronic current

Jt = eup,I'Mup,

Py

P

v
Q? = —¢°> = AEFE' sin? 5 > ()

¢

~1
£ = (1—|—2(1—|-T)ta,n2 g>

kl — (El — Eap_i)
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Dynamics

pv 1
Born invariant transition amplitude (1st order) M = j“g—QJV = ju—J"

q q?

l

photon propagator

Hadronic “form factor”:

I‘“:P{‘I‘1+PZ‘,‘I‘2+7“I‘3

There are three 4-vectors involved, so it depends from 3 structures proportional to them.
In the case of on-shell particles, energy and momentum are linked, so we can choose that they depend only from Q2.
From current conservation:

q,up,I'"up, = 0. andthisimplies I't = T

Since only two structures are independent, we can parameterise the hadronic FF as

K
F5 (Q2) where F1 is the Dirac FF and F; the Pauli FF.

po— M 2 ;Y
I =~y"F (Q°) +io W o
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Dynamics

Using the derived invariant structures for calculating the cross section

dc dc - 2 2 2 2 6- 2 2
o — | = n LT < | 217 ( F - K L an‘ — T ( ? 4Am
(dQ)O (dﬂ) Mott ( : ( 2) ) ( 1 2) ¢ 2 /( p)

Where the Mott cross section (Rutherford scattering with spin 1/2) is

2 271002 1!
do :4ZozE E | _ 3% sin? 0
d€2 / viott Q4 E 2

Introducing the linear combinations Grp = F1—7kF2 Electric Form Factor
(also called Sachs Form Factors)

Gy = F1+4 kF2 Magnetic Form Factor

do ~ (do -G2E Q%) + 7G%; (@) . 2 (N2 2 0
(d_ﬂ) R (d_Q>Mott 1+7 - 2rGly (@) tan 2

ep Cross section
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Form Factors

Advantages of defining the Sachs Form Factors:

1)Eliminate the mixing term FiF2 from the cross section. CS depends only on the squares
of the Sachs FFs.

2)Physical interpretation: at Q2=0, Ge is the electric charge and Gm the magnetic moment.

FFs are a fundamental strong-interaction property of nucleons. How to measure them?
Traditional method: Rosenbluth Separation.
Other methods: Polarisation, Model Fitting, ...
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Rosenbluth Separation

(d_0> do
d2 0 - (d_Q)Mott

A

2 . .
- q  fixed Linear in €:
o Measure at constant Q2 and varying e.
Gk is the slope and Gu the intercept of
2 2 a linear fit to the data.
G +7TG
E M
) 1+7T
2VG |
—
0 cot” B¢
2
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Polarisation Method

“’v P, = 0
E . hP h (Ee i Eé) \/T(l +7) G%\/Ip(Qz) tan® 976
A Thl; = = -
e M) Gh@)+ 16, @
2\/7’(1 ‘I-’T) GEpGMp ta,n%e
thb, = Fh 2 (N2) L T2 2

Use a polarised electron beam and
measure the recoil polarisation
components of the proton.

The transverse and longitudinal
polarisation components are relative
to the momentum transfer in the
scattering plane.
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First “crisis”: polarisation data

Unexpected! Rosenbluth data almost
flat, while polarisation data shows linear
decrease:

- Rosenbluth separation very sensitive to
radiative corrections. Gg difficult to
obtain.

- In particular two-photon exchange very

important and ¢- dependent.
- Polarisation data less sensitive to two-
photon exchange.
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Experimental Results

For the neutron, results are more consistent

given the absence of charge.
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Two-photon exchange

1.2

Mp Gg/ Gy
o o
(0)) 0

O
I

week ending
VOLUME 91, NUMBER 14 PHYSICAL REVIEW LETTERS 3 OCTOBER 2003

Two-Photon Exchange and Elastic Electron-Proton Scattering

P.G. Blunden,* W. Melnitchouk,? and J. A. Tjon*"

'Department of Physics and Astronomy, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2
2Jej_‘}‘erson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA

3Department of Physics, University of Maryland, College Park, Maryland 20742-4111, USA
(Received 25 June 2003; published 3 October 2003)

Two-photon exchange contributions to elastic electron-proton scattering cross sections are evaluated
in a simple hadronic model including the finite size of the proton. The corrections are found to be small
in magnitude, but with a strong angular dependence at fixed Q. This is significant for the Rosenbluth
technique for determining the ratio of the electric and magnetic form factors of the proton at high Q2,
and partly reconciles the apparent discrepancy with the results of the polarization transfer technique.

P P,
k| gk
P, A
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Secgnd ”CI'iSiS”: mUOniC ql'oms Pohl et al. ,Nature 466 213 (2010)

0971  copara 2014 %

|
1 ]

uH CREMA 2013 '

CODATA (2002): 0.8750 + 0.0068 fm

——

0.8 —

proton radius (fm)

2010: CREMA muonic atoms measurement
2011: : Most precise ep scattering (MAMI)
2017: MPI Munich atomic spectra. agrees with muons
] | 2019: York atomic spectroscopy exp. agrees with muons
1960 1070 1980 1990 2000 2010 2020 2018: CODATA revises t0 0.8414 + 0.0019 fm
_ e 2019: JLab result consistent with muonic hydrogen
L Other muonic atoms results coming..
| Disp. Relations Fits to scattering data OK with lower R.
1T ¥ | MUSE @ PSI coming up.
1 | | F }' . Story towards an end?
: - What was exactly the problem with electron scattering?
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Polarizabilities
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Polarizabilities

—

Electric Polarizability Magnetic Polarizability H

A¢A¢AE K
®

%
@@@ OLO

P—0 T M =0 T

— — —

P=anE M = GmH

How to apply an electric/magnetic field to a nucleon? Use photons!
How large would be such a field2 For a 100 MeV photon:

Vo 100MV .
E = E — 10_15 ~ 10 V/m

Quite large. But nucleons are strongly-interacting systems and thus very “stiff”: we need large
fields to see an effect.
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Polarizabilities

How to calculate them?

Expand the interaction Hamiltonian in incident photon energy:
Oth order: mass and charge

Ist order: magnetic moment

2nd order: scalar polarizabilities (analog to classical ones) H(2) — _41 %EQ | i@Hz

3rd order: spin (or vector) polarizabilities. HSF) — —47 —%751515’ : (E X E) + %7M1M15’ : (ﬁ X FI)

—yme2EijoiH; + vyeimaHijo i Ej)

More difficult to visualise. A classical analog might be the induced

precession of the nucleon spin.
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Polarizabilities

Low Energy Expansion (LEX)

[(Oém + Bar) (1 + 22)(C¥E1 — Bam1) (1 — 22)]

2m
5 — z = cos 6
5 Federspiel, 6, . =135’ == - Klein-Nishina
S, Powell
g 30— = MacGibbon, 6, =135 EE\),(veumO-pme
S - _eTAPS,0,, =133’ S DR . . L
_ + The (sum and difference of) polarizabilities can
201 + {H | be extracted from precise measurements of
[ | H”%% """"""" unpolarised cross sections and asymmetries.
: AR SHET SRl Jb 3 Lk IR SEERIEIEIE, - .
_ R i St R | The difference (at low E) between Born and LEX
10— . . ofe
: quantifies the polarisability effect.
00 5|0 1(|)0 1é0
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POICII'IZCIbIIIi'leS Baldin Sum Rule: ag1 + By = i d—watot(w)

1 Lensky et al. (2009)
1 McGovern et al. (2013) L v - v
1 Pasquini et al. (2019) 7 | —

[ OIlmos et al. (2001) |
5 - .. PDG

B New data - Baldin .
W New data - No Baldin 6

neutron free

proton free

Bwi [107 fm’]
SN

2 - _ n PDG
| pI'OtOT] 2013
| -
: p PDG 2013
1 - h
I LGrieBhammer 2013
7 8 9 10 11 12 13 14
0 l T T T T QE] [10_4 fm3]
8 9 10 11 12 13 14
-4 3
a1 [10-4m>) EPJ A49, 13 (2013)
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Polarizabilities: Polarised Cross Sections

Jo I Unpolarized target
Polarized beam and target: d—Q pol: d_ﬂ ool { CyZy -1~ 61 (szlm -+ szlz)
+ €2(Cx22$ + CzEQz) + €3<y23y}-
Unpolarized target 3 do!l — oL+ «——— Direction of the photon polarisation wrt scattering plane.
1Z p—
° 7 dol + dot

Target polarised in y

direction and un Y day o da—y <4— Proton polarisation axis

y =
polarized beam doy + do—y

Circularly polarized S ddf — d(fi’ S dO’ﬁ2 — d(ff + 3 double polarizations

photon and polarized “2z — doE + doL 2z — dO‘f 4 dO’f‘ with linearly polarised

target photon and target.
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Generalised Polarizabilities

Electron
(virtual photon: E,q)

Photon

Fourier Transform

Form factor

Charge/Magnetization

Charge/Magnetization
space distributions

Generalised
Polarizabilities

Polarizability

Polarizabilities
space distributions
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Generalised Polarizabilities

10 E
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Generalised Polarizabilities

5-fold cross section (coincidence detection of e and p)

d° P (27)°

la

8 — M?

dkyydQ A~ 64M Ky

¢

S

M

d5 Exp __ d5 BH+B_|_¢q [(MO _MBH+B0rn) -|-O( )]

\—v_/
Structure effects: GPs

Rosenbluth-like Separation:

Uy = Mo— MPHHE =1

PLL(Q)

1

€

PTT

+ v Prr(q)
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Generalised Polarizabilities

Structure functions

Pr(q) = —2V6MGP"(q),
2
Prr(q) = —SGMZ,—O (P(”’ll)l(q) — \/icj'OP(Ol’m)l(q)) Unpolarized measurement
3 Mg 3 @q
P — . p111)0 | p(01,01)1
17(q) \@ 3 E (9) 2 d Gy
. 3Qq 3Mg
PLT(Q) _ > GMP(Ol’Ol)l(q) ~ GEP(11,11)1
q0 Q)
/ 3 ~ 3Mq2
2 _ 9 (01,01)1 . (11,11)1 -
Prr(9) bl (@) Odi GeP Polarization needed
/ SQQ 3 -
PLJ’Z-“(Q) — 24’0 GM (P(Ol,Ol)l(q) . quP(ll,OQ)l(q))
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Generalised Polarizabilities

Evolution of electric and magnetic
polarizabilities with q (FF=space distribution)

6 Independent structure functions:
2 generalised polarizabilities
4 “spin” generalised polarizabilities.
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Generalised Polarizabilities: Experimental results

/ Real photon pOint
L
i

>3 LEX

o (10™.fm’)

Illll
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1 ‘
.
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Resonances
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Resonances

1952: First hint of the DELTA resonance in pion-nucleon scattering
1964: Resonances important for the quark model

2010: Lattice QCD reproduces the barion spectrum

2015+ : Resonances relevant for QGP physics

Total cross section Total Cross Sections of;Positive Pions

+ A ~ in Hydrogen*

H. L. ANDERSON, E. FErMI, E. A. LoNG,T AND D. E. NAGLE

+ Institute for Nuclear Studies, University of Chicago,
ol TP - Chicago, Illinois

-| - (Received January 21, 1952)

0% Cm?

s
o
|

S0}~ ——

T P Anderson, H.L.; Fermi, E.; Long, E.A.; Nagle,
"Total cross-sections of positive pions in hydrogen".
- | | | | Physical Review. 85 (5): 936 (1952).

0o 50 100 150 200 MEV
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The Delta resonance

Proton

fel

uud

ATT Resonance

i1

UUUVU

Relevant for the guark model:

Charge +2 =2/3+2/3+2/3
Spin 3/2: alignment of 3 1/2 spins
Pauli principle: new quantum number should exist: color.

Luca Doria, JGU Mainz

Advanced Subatomic Physics

36



The Roper resonance

3k Discovered in 1963

% Looks like a proton but 50% heavier: mass value unexplained.
% First radial excitation of the proton, but mass hard to explain with 3 valence quarks.
% Emerging picture: quark core + meson cloud which reduces the core mass

JLAb Data

G, /4T (ub)

G, /4T (ub)

B)
GeV”

i 1 I | 1 I I 1 ! 1 I ! 1 0 | 1 ] | ] | 1 I | |
1.2 1.4 1.6 1.2 1.4 1.6

W(GeV) W(GeV)

Original paper:
Roper, L. D., R. M. Wright, and B. T. Feld, 1965, Phys. Rev. 138, B190.
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Resonances

o 1'[— p
t-ch. Regge+Pomeron

| I B B |

1
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Resonances in photo/electron production

. Detector

Missing mass reconstruction

mesons

\ baryon
’ Detector
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