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Il. Phenomena

2. Hadronic Form Factors

Or: We Thought the Matter was Closed. ..

References: [HM 8.2 (th); HG 6.5/6; Tho 7.5; Ann. Rev. Nucl. Part. Sci. 54 (2004) 217]

and optional additional details in script.



http://home.gwu.edu/~hgrie/lectures/nupa-script+slides/nupa-I.hadronFFs-notes.djvu

(a) Recap: Currents & Form Factors of Spin-. Target

Most general current for spin-% target:
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Rosenbluth formula/Sachs cross section:
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(b) FF Interpretation in the Breit/Brick-Wall Frame

“Electric” and “magnetic” are frame-dependent decompositions. —> Careful!

One Can Show: The Sachs Form Factors Gz (g?) and Gy (g?) are indeed the form factors of electric
charge and magnetic current inside the target in one particular frame:

Breit/Brick-Wall Frame
Eg =E; — q° = kg) — k% =0 No energy transfer.

PB = —Dg Nucleon recoils like from brick wall. |, . . s
fe (e

— gp = —2pp, <(ks,45) = <(kp,P5)

|
|
—> t= (K —k)*> = —2k-kK' = —2E§(1 —cosfg) |

= —2kp -G = +4Eg |pB|cos<t(kp,PB) 1

6 small = |[pg| = || small: grazing shot

O large = [pp| = 3|gB| large: head-on collision

Optional additional details in script.
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(c) Rosenbluth Separation
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= Each limit has 1 FF which is difficult to measure, and 1 easy one.



Example: ep — ep at Ej,p, = 529.5 MeV  [Thomson lecture]; exps: MAMI, JLab, SLAC, ..

*Electron beam energies chosen to give certain values of q2
*Cross sections measured t0 2-3 %  ¢*> = —2EE'(1 —cos ) < 0
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Form Factors at “Any” Q° from Polarisation Transfer g e
unpolarised beam & target / do do
outgoing spins undetected \ dQ dQ / mott

= Each limit Q2 — 0,00 has 1 FF which is difficult to measure, and 1 easy one: How to do better?

G2 +1 G,
I+7

lab

0
+ 27 G3, tan® 5

Polarisation-Transfer Method: Use helicity conservation to separate electric and magnetic.

*Of the 16 possible helicity combinations only 4 are non-zero:

M e e e e | Amplitudes have different spin-transfer ¢ — p:
cm 2 N easZ |2

=yl | Ces L T2yl e ey | — Scatter polarised e~ with definite helicity,
AT T " ’

A A

measure recoil p’s polarisation (not easy).

e Ty Ty +——— | longitudinal (“Coulomb”) photon: J; = 0
Sé:O Se=tl 51:712 transverse (“real”) photon: J, = +1 = r;gfht
- o | =+ — o< —(1+4cos@) eft
- o o )
i.e. no preferred polar angle spin 1 rotation again 2 i H _ i i i
) [cf. Tho 8.6] " Y-polarisations Plong/trans by e-spin, kinematics.
mostly &< Pyans Gu X Piong GE
Gr(0? E+FE PY tan?
= Spin-dep. measurement uses QM interference of amplitudes: LQZ) = - a2
Gy(0?) oM p(v)

long
No absolute cross section, no absolute beam & recoil polarimetry. == Many systematics cancel.

So accurate that discrepancies to Rosenbluth led to theory update (27 exchange) [Afanasev/...2008].



(d) Experiments: Magnetic Spectrometers SLAC, MAMI, Jiab..
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[PRSZR] Fig. 5.4. Experimental set-up for the measurement of electron scattering off pro- MAMI-A1 (URL) Spectrometers

*Use electron beam from SLAC LINAC: 5<E,, <20 GeV

*Detect scattered electrons using the
“8 GeV Spectrometer”
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(e) Proton Form Factors: Why So Simple?
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dGg 12
— p(r)=ppe "™ tial (in Breit f 2y=-31—2| =35 ~(0.82fm)>
p(r)=po exponential (in Breit frame)  (rg),) 0% lo0~ @ ( )

high-accuracy data at Q% — 0: (r,%;p) — ([0.87750.0051] fm)? [PDG 2012 but see in a moment]
Q%> =0 (rjy,) = ([0.851+0.026] fm)?* [PDG 2022]



There Is Some Deviation from Simple 1-Dipole Form at High 0?
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(f) Neutron Form Factors: Why So Similar to Proton?

No neutron targets. — d(e, e') & subtract binding effects; or at Q2 — 0: scatter n off atomic ¢~ cloud.
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(g) Reconstructed Charge-Densities in Breit Frame

4 p,;reil [fm-1]

Nucleon Form Factors have surprisingly simple form:
b 1—-b

Excellent fit with two dipoles: G]g(QZ) ~ 3 + 5
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;
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[Crawford et al. PRC82 (2010) 045211 and 2010 LRP]



(h) Not Even A Model: Meson-Cloud Argument [FFsz63]

[HG 6.6]

QFT: Every particle has a virtual cloud. = Even point-particle has F(Q?) # 1.

1

RMS of hadron FFs set by : . :
2 X mass of lightest constituent of cloud — typically mi5

= |<"2>’hadron = (O.7fm)2

But need virtual particles produced at good rates! HW!
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Application: Meson Form Factors Still Quite Simple [HG 6.7]

Expect | (r?)| ~ (0.7 fm)? of all hadrons still set by pion cloud.
Pion, Kaon: spin 0 = only electric F(qz), no magnetic FF.
Unstable Particle —> Experiment in “inverse kinematics”: (cf. neutron)

scatter secondary beam on electron cloud of atoms, detect recoil electron (not meson)
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Fig. 6.4. Pion and kaon form factors as functions of Q? (from [Am84] and [Am86]).
The solid lines correspond to a monopole form factor, (14 Q*/a*h?)". [PRSZR]
2 6 2 2 6 2
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(i) List of Accomplishments [PRSZR 6.3, HG 6.6]

— Measurements so accurate that one has to go beyond One-Photon Approximation:
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— Nucleons have common dipole form: G’é ~ “_1;1 ~ ,uA”d ~ (1 + (OSZLQTV)Z)

— p(r)=poe ™, a=427fm ..

- <r]23p> ~ <”12v1p> ~ (rjzwn) ~ (0.8 fm)2 ~

(2myg)?

Distribution of charges inside hadrons similar, but different to that of currents.

— Proton: positive charges more on surface; mag. currents less spread.

Neutron: <r,%;n> < 0: charges about equally distributed, but negative charges more on surface.
(%) (rir)
proton ([0.8775+0.0051] fm)>  ([0.851 4 0.026] fm)?
neutron — [0.115540.0017] fm?>  ([0.864 % 0.009] fm)?

Mesons: Monopole FFs with small dependence on constituent quark content.



(J) ---Then Someone Had To Do An Experiment  Downe

Briscoe
New Method in 2000: Hyperfine Splitting o G, - G}, [5(3)(?) + <r§>@25(3)(?)] + ... [Hansch et al]
= Atomic Precision Spectroscopy: <r§> from Hydrogen-atom near-identical, compatible error bars.

— Until 2010: static properties of proton very well known.

ap .
my /me =200
—> U closer to proton = Better signal. Indeed, much smaller error bars.

Idea: Muonic Hydrogen uH: m, ~ 200m, = Bohr-radius of uH is ap(l) ~

up 2013 ¢ —e—— electron avg.
° scatt. JLab
up 2010 | —— [ ® — scatt. Mainz
¢’SHRINKING ——e+——— H spectroscopy
rSIRREON | P T E 1
rms TR 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9
proton charge radius [fm]

UH result is 7 standard-deviations off accepted value!!
[PDG 2014-2019] “The Lp and ep results for the charge radius are much too different
to average them. The disagreement is not yet understood.”




Theorists Speculate. .. But Be Careful! slide: Downie

How do we Resolve the Radius Puzzle
Beyond-The-Standard Model: Break Lepton Universality:

An interaction which is seen by U but not by ¢??

* New data needed td test that the e and p are really different|and the
implications of novel BSM and hadronic physics

= BSM: [scattering modified for Q2 up to m?ssw (typically expected to
be MeV to 10s of MeV), enhanced parity violaon

= Hadronic:|enhanced 2y exchange effects

[Afanasev, Koshchii, Solyanik]

MUSE tests these

¢ Experiments include:
= Redoing atomic hydrogen
= Light muonic atoms for radius comparison in heavier systems CREMA
2 Redoing electron scattering at lower Q? Jlab & Mainz

= Muon scattering!

And, of course: check & recheck Theory of previous analyses!!

Sagan: Extraordinary claims need extraordinary evidence!




The MUon Proton Scattering Experiment MUSE at PSI

Link to proposal here. GW: Downie (spokesperson), Briscoe, Afanasev, Lavrukhin, Ratvasky,. ..
Idea: Use PSI mixed meson/muon/electron beam at Epeyy = 115,153,210 MeV
to simultaneously measure ep and Up and 7p scattering.

= Simultaneous determination of proton radius from ¢ p and e"p and yt~p and u*p.
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Goals: — Test theory understanding of two-photon effects. — Test Lepton Universality.

Funding by NSF: US$2.5M


http://arxiv.org/abs/1303.2160

From Data to Values: ¢ Scattering vs. Atomic Spectra
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Update 2020/22: Puzzle Solved? Ron Gilman (MUSE)

H Spectroscopy: are some results wrong? Why?
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Update 2020/22: Puzzle Solved?

Ron Gilman (MUSE)
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Update 2020/22: Puzzle Solved?

Analyses inconsistent
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Update 2020/22: Puzzle Solved?
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Update 2020/22: Puzzle Solved?

[PDG 2020]: However, reflecting the new electronic measurements,
value is 0.8414(19)fm, and the puzzle appears

the 2018 CODATA recommended
to be resolved.

CODATA does not disclose how

uncertainties are combined.
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My (non-expert) Questions: Result of re-analysis of old data?
What’s methodologically wrong with pre-2012 exp’s?
Unconscious Bias?
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Update 2021: Hiding A Justification

C. Proton charge radius and Rydberg constant
or frequency

The disagreement between the (root-mean-square) charge
radius of the proton r, obtained from Lamb-shift measurements in
muonic hydrogen (a muon bound to a proton) and the value
obtained from transition frequency measurements in hydrogen
and electron-proton elastic scattering data, sometimes referred to
as the “proton-radius puzzle,” has been partly resolved. Therefore,
for this 2018 CODATA adjustment, the TGFC decided that the
muonic hydrogen data, some of which were already available in
2010, as well as related muonic deuterium data, should no longer
be excluded.

The reduced disagreement in the determinations of the proton CODATA'’s explanation for the error assess-
charge radius is mainly due to two new hydrogen spectroscopic o )
measurements (Beyer et al., 2017; Bezginov et al., 2019), as they imply ment in its 2018 value has to wait for 3 years

a smaller r,, closer to that found from muonic hydrogen data. Figure 1 . .
illustrates the improved agreement for r, as well as its strong cor- until the next-to-last sentence in a paragraph

relation with the determination of the Rydberg constant Re. We on p. 6 of a 62-page article published in 2021.
observe that our 2018 value for r, has a three-times improved un-

certainty compared to that found in the 2014 CODATA evaluation.
Moreover, the correlation coefficient between r, and Ry, has sig-
nificantly decreased. The covariance error ellipse is more circular in
the 2018 adjustment. Similar observations hold for the determination
of the deuteron charge radius rg. Our 2018 relative standard un-
certainties for rp, r4, and Ry, are 2.2 X 1073, 3.5X 107, and
1.9 X 107'2, respectively.

The tension between the two approaches determining r, and 4
has not been fully resolved. In fact, to obtain consistency among the
many input data that contribute to the determination of Ry, 7, and
rd, a multiplicative expansion factor of 1.6 is applied to their un-
certainties. Further experiments are needed.

[E. Tiesinga et al (CODATA) J. Phys. Chem. Ref. Data 50 (2021) 033105]



Next: 3. Resonance Region, Isospin

Familiarise yourself with: [PRSZR 2.4, 6.2, 7.1/4; HG 6.8, 14.2, 8.4-7; Per 3.12;
HM 2.6/7; PDG 49]
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