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Outline

* Some introductorg slides
. What are the constraint on the data from experiments at !ow Q27
o What are the Possible outcome and implications?

* Bonus: How to fit the data? limits from analgtical considerations
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The Proton radius Puzzle

* Ditterent measurements that are

signiﬁcantlg ditferent

* No consensus on understancling

the origin of the difference

* Need for new high~Precision

measurements

Muonic hydrogen spectroscopy

r,=0.8418410.00067 fm | <

>50

Beyer et al. (2017)
Pohl et al. (2010)
Bernauer et al. (2010)
Blunden et al. (2005)
Sick et al. (2003)
Eschrich et al. (2001)
'Rosenfelder et al. (2000
Mergell et al. (1996)
McCord et al. (1991)
Simon et al. (1980)
Borkowski et al. (1975)
Akimov et al. (1972)

Frerejacque et al. (1966) |

Hand et al. (1963)
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Electron scattering experiments

= | r,=0.87900+0.00800 fm
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*

*

Proton charge radius from e-p scattering

Measure the e-p elastic scattering cross section (Lab frame)

de _do| (GH(Q)
dQ)  dQlp

GE(QZ) is the Fourier transform of the sPatial densitg (in the Breit frame)

14+7

F(Q) =

TO@Y) | o pan? (g) G?w(cf))

/p(fr) Q" Br

Expancling the exl:)onential In multi-——l:)oles and cleveloping

The radius is identified as

_ 2\ __ (_1)8 2\ S 2s

=F(Q*) =1+ ;(28+1)' (@) )
L 3 L . aGE(Q2)

rp,=V<r = 6 902 lg2—o
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Proton charge radius from e-p scattering

* Measure the e-p elastic scattering cross section (Lab frame)

dQ ~ dQlp

do  do y <G%(Q2)

TG (Q%)

14+7

+ 27 tan? (g) G?w(cf))

* Extract the Proton electric form factor at

different values of 2 © 1

» Extract avalue of the Proton charge radius 0.98
139 extrapolating the form factor to Q2=0 0.96
0.94
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What we want to do with ProRad

* Incident electron energies Varging between 50-70 MeV
* Angular range of (60-150) for scattered electron

* Precise measurement of the electric form factor GE(QZ) in the momentum

transter range of 105-10+ (GeV /)2 -

ProRad

&0 3 &8 ef ¢ & H

1
M
v

0.98

. ® O.1% Precision on the measurement of the electron-

= = =« dipole
I vAMI-2010
MAMI-ISR (2016)
[ ] Simon (1980)
v Borkowski (1975)

0.96

Proton cross section

A Murphy (1974)

A ProRad @ 30 MeV
O  ProRad @ 50 MeV
o ProRad @ 70 MeV

o PT’ORBCI Wl” PFOViCZlC thC ﬂCCCSSBTy complementarg 0.94

[ systematics @ 5 E/E = 5x10"

[ Systematics @ 56 = 0.05 mrd U L02
. MAMI-ISR . M;‘

|3
|‘ PRaId-J Lab ’| %‘

data to signiﬁcantlg conclude on the Proton radius
0.92
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Principle of measurement

* Experimenta”g de’cec’c bo’ch elas’cic ancl Moe”er scatterecl

electrons

» Normalise the Elastic cross section to that of the well known

MOC"CF cross section

+ Estimate sgstematics on the ratio: Precise control of the effects

do
dQ

do
d2

ep

ee

Well known theoretica“g

(<0.1%)
~0.18 0.18
< — b0lo VE - —ddlc V6
X - —dp/p @O=6"°
X — 5p./p @ E = 30 MeV [ o/Ps
< 0.16f ./, e 0.16f oo @ 05"
: _6p0/p0@E=50MeV [ 59/9 @6=120
0.14 dp,/p, @ E =70 MeV 014 — dp /p, @ H=15°
—=F C
h , l A/ 0.12F \I 56 = 0.05 mrad I 0.12~
Mechanica -0 i - 510
., 0.1 0.1_
PFCC!SIOH -
0.08f 08—
of 1/10 mm (at 2 m) : :
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Constraints on low Q2 data

What is the required !:)recision on low Q2 data to asses a conclusion on the puzzle‘?
]

/\

Measuring something different than that would create a new Puzzle
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Constraints on low Q2 data

What is the rec!uirecJ Precision on low Q2 data to asses a conclusion on the puzzle‘?
]




Constraints on low Q2 data

What is the required !:)recision on low Q2 data to asses a conclusion on the puzzle?
]

How to characterise the obtained result?

e |nterms of compatibility between measured value and the values of the

raclius ?rom muonic hgclrogen SP@CtT’OSCOPH ancl C~P CXPCFimCHtS

_ I'm — Tref
\/527“m + 027 e

e Two fold comparison:

<30 >50
o— - - -

r,=0.84184+0.00067 fm r, = 0.87900+0.00800 fm
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Quanti{ying the imPact of low Q2 data

e New experimental data at low Q2 will harc”g be able to extract all bg itself a value
of the radius that will be Precisc—: at the level of conclucling on the proton radius
Puzzle

o The impac’c of the data at low Q2 will be evaluated as function of alreaclg
existing data

Quantification of new data as a lever arm in the extraction of the Proton charge radius

o Aglobal fit cncalreaclg existing data (mainlg Mainz data) and uPcoming datais

Nnecessa rg

e Need to fix a criteria on how to fit mainz data!!! (up to what Q2 limit to fit? what

function?)

Mainz data 1420 Point in Q2

Y AIPN
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Quanthcying the iml:)ac:t of low Q2 data

/
~

Phys. Rev. C 93, 055207 (2016)
Phys. Rev. C 93, 065207 (2016)

Two Possible
Paths to the
stuclg:

Truncating Mainz data gives a central value of the radius at 0.84

but with huge errors that it is compatible with any measured value

Is truncating data OK? arXiv:1511.00479

12
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http://arxiv.org/abs/arXiv:1511.00479

This case is shown

Quanti{ying the imPac‘c of low Q2 clia

‘ Up to 0.02 GeV?

‘up t6 0.08 GeV?

Proton charge|0.99903 + 20.5 x 10=41.00011 £ 5.4 x 10~*
Radius (fm) 0.84501 £ 0.08037 0.86979 £ 0.01079
x*/Ndof 1.00 0.87

The Proton charge IS Ie’c Free n the ﬁts as we do not expec’c to re~-measure the

charge with infinite Precision

e The charge IS gaussian~constraint to be compatible with 1

The fitis PerFormecl with a Polgnomial of order 4 for Q2 =0.08 GeVzand » for
Q2 =0.02 GeV?

Phys. Rev. C 93, 055207 (2016)

Similar results can be found in Phys. Rev. C 93, 065207 (2016)

5 AIPN

INSTITUT DE PHYSIQUE NUCLEAIRE



Quanthcging the impact of low Q2 data

it value of the parameter (8 gives a proton r.m.s. radius of
[his value is higher than the dipole value of 0.81 fm, but

~b «

(rdy - 08 +0.02
E . — N

fm.

experiment carried out at Saskatoon [7]. The radius values reported in (I) resulted
from the model-dependent extrapolation of the form factors to g2 = 0, where the
models demand Gg (0) = 1. If we include this demand in the above described fit

F. Borkowski et al. | Form factors of the proton 475

P T T SR W S

090

T T T T Y

Fig. 5. Form factor values which have been extracted directly from the cross sections of (I) and
of the present experiment under the assumption Gg = GM. The contribution of G\ to the cross
sections was less than 10%. The solid line is the best fit using the formula Gg(q?) = § + 8¢2.

(i.e. 8 = 1.0), we obtain a proton r.m.s. radius of 0.88 fm, § value which coincides

with the extrapolation results.
14

Nuclear Phgsics B93 (1975) 461-478

Bernauer et al. (2010)
Blunden et al. (2005)
Sick et al. (2003)
Eschrich et al. (2001)

Mergell et al. (1996)
McCord et al. (1991)
Simon et al. (1980)
Borkowski et al. (1975)
Akimov et al. (1972)

Hand et al. (1963)
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This case is shown

Quanti{ying the imPac‘c of low Q2 clia

‘ Up to 0.02 GeV?

‘up t6 0.08 GeV?

Proton charge|0.99903 + 20.5 x 10=41.00011 £ 5.4 x 10~*
Radius (fm) 0.84501 £ 0.08037 0.86979 £ 0.01079
x*/Ndof 1.00 0.87

The Proton charge IS Ie’c Free n the ﬁts as we do not expec’c to re~-measure the

charge with infinite Precision

e The charge IS gaussian~constraint to be compatible with 1

The fitis PerFormecl with a Polgnomial of order 4 for Q2 =0.08 GeVzand » for
Q2 =0.02 GeV?

Phys. Rev. C 93, 055207 (2016)

Similar results can be found in Phys. Rev. C 93, 065207 (2016)

15 AIPN
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T09 studies

e Now trg to answer the c]uestion: What is the requirecl Precision on low Q2data to asses a conclusion

on the Puzzle?

1. Generate tog data sets at low Q2 Featuring ditferent Q2 domains from uPcoming experiments

2. Redistribute Pseuclo~<:lata around a chosen model (chosen raclius) gaussian“g suPPosing an

error bar on each point
)

G (K%

0-4-10-1 (GeV/c)2

0.96 & L L L L e L L L L - L L L L RE L L L L s L L L L i L L L 03

K2 [frﬁ'z]
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T09 studies

e Now tr9 to answer the c]uestion: What is the rec]uirecl Precision on low Q2data to asses a conclusion

on the Puzzle?

1. Generate tog data sets at low Q2 Featuring ditferent Q2 domains from uPcoming exPeriments

2. Redistribute Pseuclo~<:lata around a chosen model (chosen raclius) gaussian”g suPPosing an

error bar on each point
3

3. Repeat exPeriment ~1000 times and fit to extract the value of the radius

G (K%

h
Entries 1000
Mean 0.8689
Std Dev 0.00478

220

200

04-10-1 (GeV/c)2 :ZZ Repeat experiment ~1000 times
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Tog studies

e Now trg to answer the ques’cion: What is the requirecl Precision on low Q2data to asses a conclusion

on the Puzzle?

I. Generate toy data sets at low Q2 featuring different Q2 domains from upcoming experiments
Y S P SEXp

2. Redistribute Pseuclo—-clata around a chosen model (c]'uosen radius) gaussian”g supposing an

error bar on each point
)

3. Rel:)eat exPeriment ~1000 times and fit to extract the value of the radius

4. Repeat tog-—&ata stuclg assuming a &igerent error bar on Pseuclo~clata




Precision limits of low Q2 data

. Smalllever arm (10-+-10-1 (GeV/c)2): need 0.04% Precision on ratio of cross sections (0.02% on
G (Q2) atlow Q2to impact the extraction of the radius

Diftficult for PRad to conclude on the Proton radius Puzzle alone!
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Precision limits of low Q2 data

o Large lever arm (10-5-10-1 (GeV/c)2): need 0.1% Precision on ratio of cross sections (0.05% on G (Q?)) at

low Q2 to imPact the extraction of the radius

PRad will not be able to bring any new conclusion to the Proton radius Puzzle ]Dut IS a necessary

measurement
q 4
jom%
12~ | o I'm Tref
- o 2 2
10— | \/5 "m0 ref
Pl |
6 ¥ |
1 /) |
A U ]
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Precision limits of low Q2 data

Large VEIrsus sma” ICVCF arm

Itis imPortant that all experiments aiming at low Q2 be of high Precisionz Tlﬂe Main Cl’lauenge

25

: —%—— 0.2 % relative error on PRad data

| + —%—— 0.1 % relative error on PRad data

| —¥—— 0.05 % relative error on PRad data
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Precision limits of low Q2 data and radiative

corrections

Radiative corrections need to be evaluated at the same level (or Iess) of Precision as the

Precision expectecl oneach Q2 Point

The lepton mass CAN NOT be neglectecl in the calculation of ampli’cucles
Collaboration with A. Afanasev and A. Koshchii

Meradgen elradgen radiative corrections for Moeller and elastic cross section tool

upclatecl with requireci constraint

22 AIPN
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L ow Q2 data: Alternative reality

e Assume that electron scattering exPeriments doin reality give a different radius than muonic

]"lgCergéﬂ SPCCtFOSCOPQ (8!’1(:1 orclinarg ]"lgCergéﬂ SPCCtFOSCOPQ)

J Ao 1 , 1l Compatibility with rp = 0.84184+0.00067 fm
Redo t09 stu Yy interc anging models < Compatibility with frer = 0.879000.00800 fm

18

16 'm — Tref

A =
I \/52rm + 62Tref

14

12

Moderate accuracy, low Q2 data is conclusive

o

OHTI
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| ow Q2 data: Alternative realitg

Phgs Rev D 62 071503

contraction, are no longer negligible. What this means is that
an identification of the slope of the form factor with the rms
radius of a charge distribution in the rest frame is not unam-

tification with uncertainties on the order of the Compton
wavelength of the target.

“0.2% 7

—» Cannotaccount for the ditference!?

What we measure is the Sach radius and not the real

roton radius
Licht & Pagnamenta PRD 2, 6,1970 (land I1)

J.J. Kelly PRC 66, 065205 (2002)
arxiv 1505.04723v2 Donne”g, Hasnel and Milner

Dar|</ heavg Photon to solve the Puzzle

Liu, McKeen and Miller et al. Pl‘ngs. Rev. Lett. 117, 101801 (2016)

—2-4
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http://arxiv

Heavg Photon

Liu, McKeen and Miller et al. Phgs. Rev. Lett. 117, 101801 (2016)

* A new scalar boson tha‘c can couPle to lePtons anc] nucleons

1 1 . _
LoD =5(00)° = 5mged” + gt + gndynn

p3 A q M P4 A A
e
AVAVAVA'C IR R R e
A M A M
P1 P2

o The onlg way to observe such contribution is to have Polarisecl lePton and

ﬂUClCOﬂ
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Liu, McKeen and Miller et al. Phys. Rev. Lett. 117, 101801 (2016)

6.x107"°
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Polarised incoming and outgoing lel:)tons

Yy
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o i
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With Jacques Van De Wiele

Relativistic eHects: What are we measuri ng?

o The electric form is identified with the inverse Fourier transform of the

spatial densitg in the Breit frame

+ The Fourier transform in the non relativistic case

1
e [ > <kl = < Kk >= (m)5(8 — )
1
V() =<r|Vir> = oo /d3k BE < 7|k > < K|V|k>< klr >
_ (21)6 /dBkd3k/ ei(k’-r'—k-'r) ‘7(’6/,]{3)
.

mzN/fwmm@
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What are we measuring’?

;

» The Fourier transform in the relativistic case  What we measure?

—1
2
< K|k >= (2n)’REP(K — k) p(r) =N / d*q €77 G(q) ( 1+ qu>

* The radius is obtained from the classical spatial clensitg I

<r?>=< r > 4-Crelat.
—
4
Relativistic corrections to be aPPIied to the measured radius Licht & Pagnamenta PRD 2, 6,1970 (I and I1)

J.J. Kelly PRC 66, 065203 (2002)

Y =V1+7GY

1
Gmnr G?"el
M 1+ 7 M

[Ry"" = (1+7)[Ry]"™
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What are we measuring’?

* Would radiative corrections clisapl:)ear for Low Q2 experimcnts?

It is important to understand that these differences be-
tween relativistic and non-relativistic radii do not go away
if electron scattering data are obtained at ever smaller arxiv 1505.04725v2
values of the momentum transfer. As the above expres-
sions clearly show, the relativistic boost factor arising from
(1+7)%/2 deviates from unity at order Q?; however, that
is the order needed to extract the charge or magnetic radii.
In other words, being locked together at the same order
when expanding in powers of (Q? the effects can never be
separated, no matter how small the momentum transfer
becomes.

Donne”g Hasnel and Milner

The correction is of the same order as the Precision needed for the radius extraction
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http://arxiv

The Breit frame

* |t might mean that what we are measuring s not actua”g what we think it is

. Magbe we should work in the Breit frame (cross sections, ....)

p2 y P , Proton

Electron
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Writing the cross section in the Breit frame

do (he)? a2, [pE]B 1

[dQ2] , 4Mp,  Ip,]. \/Mg +[P2ls sin*[0 ¢ /]

{ G;([qz]B):ZB(s,[ﬂB)liT - [qZ]B(MeQ— [qZ]B)]

- s — (MZ + M2)]” s — M2
Z,(s. [ ¢],) = B+ —[qQ]B[ QME]
Feifl=-(d], r=-tl

s Inthis Frame, the electric (and magnetic) form factors appear natura”g

and is a function of the three-vector q
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Writing the cross section in the Breit frame

s The Fourier transform of of G(q—-vector) IS unambiguously defined

Lab frame

h-vector

p(r) =N / d’q ' G(q)

T

Breit frame

* Moreover, relativistic corrections are not the same

p(r) = N/d3q e'""G(q) (\/1 + i;) )

A

B(r) = A / g ¢ G(g) (1 + A‘Z—Z) B

?

52
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Summaty

* Precision on all aspects IS a keg Point for all Low Q2 experiments to reach their goals
» ProRad will contribute signiﬁcantlg to the investigation of the proton radius Puzzle

* New Phgsics to solve the l:)uzzle?

» Relativistic effects:corrections to the proton radius

» From the lab to the Breit frame
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Conclusions: what | wanted to shed lig]ﬂt on

* The concePt of an observable c]uantitg n quantum mechanics is ill-defined

* The Principle of induction in logical thinking works fine but is not rational
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Ponus
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Functional FormJ the radius and convergence

radii

To extract the radius, either G(Q) or p(r) should be known and integratecl over the full range
But this is not the case: We have to model our form factor

Ancl we are interestecl }39 how the Form Factor behaves at Iow Q2: series clevelopment O1C G(Q)

Higher order terms will correlate to the radius and moclhcg it

The expansion can be stoppecl onlg when the correction jr’rom higher order terms to the the ﬁrst

term become negligible

%6 4PN
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Functional 1CormJ the radius and convergence

radii
e Consider a spatial Probabilitg densitg of the form

p(r) = N rexp™™

e Some moclels are not aclal:)tecl to c]escribe the Form Factor over a wide Q2 range

e Need to check convergence radii for each model

G (B2 |E2
l L
e |G (2 A

57 4PN
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Functional form, the radius and convergence

radil

e Consider a spa‘cial Probabilitg clensitg of the form
p(r) = N rexp™™

c 45 A
- ‘ Convergence limit ‘
40—
— ()
35
30 :— -
25— l
20—
15 L Aa=-2
[ % Va=-1
10— A . O = Oa=0
X" OB : = D=1
5 "ﬁw Ao=2
I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18
k? (fm™)
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Over fitti ng, the data!

G 18
o L
S Fits: 54 fits passed selection criteria =
.‘g 16 [ Mainz data g I G. Lee, J.R. Arrington, R.J. Hill PRD 92 (2015) 013013
o n " m
%14_— o B m o 0'94.
o : 0 u 0 u +1 Sigma
12 o E o = 0.92.—
- o o = o !
10— . . . = E 0.90-
- o o m o
n K i .
— m " o o & - -1 sigma
B 0.88¢
- N B B I |
— " " " | Mainz A1 data
- 0 = o 0.86¢t
[ o B B
B o E o 0O 0.1 02 03 04 05 06 07 08 09 1.0
__ n Izna.x [Gevz]
B lIIIIIIIIIl'IIllIIIlIIIllIII
0.15 0.2 0.25 0.3 0.35 ) 0.4}2
KMax [fM~]
%9 4PN




Over fitti ng, the data!

* Toy stuclg: over ﬁt’ting the data is an Issue, choosing arbitrarg the ﬁtting functional is trickg
e Recover R

e Does notrecover higher order moments of p (r)

<« 70
- i
60 __ Moments
B b <>
50 [ A <>
B vV <>
40 [ O <>
30—
& Y 4+
20—
[ v
101 i —
0 0 —
11 I I I | | I I | | I I | | I I | | I I | | I I | | I I | | I I | I L1 1
2 2.5 3 3.5 4 4.5 5 5.5 6
Poly. order
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