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Structure of the Nucleon

transverse extension correlating with .
the parton momentum distribution GTMD(z, k1, A)
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FOR GENERALIZED PARTON DISTRIBUTIONS Models for TMDs and numerical methods
MATTHIAS BURKARDT B. Pasquini (Pavia U. and INFN, Pavia), C. Lorce' (IPN and LPT, Orsay)

International Journal of Modern Physics A | Vol. 18, No. 02, pp. 173-207 (2003) Proc.Int.Sch.Phys.Fermi 180 (2012)
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ELECTRON SCATTERING
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If ga is small, where a is the root-mean-square radius,
all form factors reduce to the simple expansion

F=1—(¢a*/6)+- - -.

(19)

REVIEWS OF MODERN PHYSICS VOLUME 28, NUMBER 3

JULY, 1956

Electron Scattering and Nuclear Structure”

RoBERT HOFSTADTER
Department of Plysics, Stanford University, Stanford, California
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Excellence Cluster

F16. 15. The semicircular 190-Mev spectrometer, to the left, is
shown on the gun mount. The upper platform carries the lead
and paraffin shielding that encloses the Cerenkov counter. The
brass scattring chamber is shown below with the thin window
encircling it. Ion chamber monitors appear in the foreground.

The low background has been achieved with the
spectrometer, detector, and shield now to be described.
A photograph of the apparatus is given in Fig. 15. It
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Measurement of the Proton Radius in ep-Scattering
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how clarify what the true proton radius is and
where the difference comes from?

05.02.2020 Jan Friedrich 4




LMU

Planned, ongoing, recent scattering LY

@ i ( ORIGINS
A" experiments of the proton form factor (\

The discrepancy between the results — the proton radius puzzle - triggered
many new proposals and experiments:

« e scattering radiative: ISR electron scattering at MAGIX-MESA
« e scattering at medium E with active-target TPC at MAMI

« e scattering at higher E: PRad at Jefferson Lab

« u*-, e* scattering at low energy: MUSE / PSI

our Proposal:

. p*- at high E at CERN (COMPASS++/AMBER)

different, in several ways favorable systematics
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Tum
CERN-SPSC-2019-022; SPSC-P-360 ( (ORIGINS
Proposal for Measurements at the M2 beam line of the CERN SPS M
— Phase-1 -
COMPASS++'/AMBER' other parts: cf. talks of Marcia (Drell-Yan),
Psi() production (Igor)
< 9m R
E < 3.5m s < 14 m 5 < 35m s
Incident muon / D Scattered muon |

Recoil proton

100 GeV muons of the CERN M2 beamline
Protons in an active-target high-pressure TPC
Silicon detectors for precision tracking
200pum SciFi stations for trigger on scattered
muons

inner tracking and ECAL of the COMPASS
spectrometer
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I@;‘A Active target: high-pressure TPC (@ims

2352
322 2278
¢7‘)0
Be window
R & i b Diam 60 mm
. !:E 2 ! “-,’ Thickness 0.5 mm
i 7 oy "m“\ ‘-.A“\ f/

Acceptance > 10 mrad
\

3 Beam size at entrance
'H_H#HFHH H ‘.HH HFHHHH1 / 40 mm diam

@1320
B973
D600

e up to 20 bar pressure
« 600mm diameter of active volume
 reconstruction of recoil energy 0.5-20 MeV (10-3...4x10% GeV?)
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Proposed running 2022
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« program for 200 days of beam
« precision on the proton radius < 0.01 fm
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Precision in the context of the puzzle
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ep scattering MAMI A
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Sensitivity of COMPASS++/AMBER Proposal

0.995

T2 Y2 =084fm

0.99 E H
0.985 —
0.98—
u (o W2 =0.88 fm
_ 1 1 1 I 1 1 1 I |q 1 1 I 1 1 1 I 1 1 1 I 1
0.975 0.02 0.04 0.06 0.08 0.1

Jan Friedrich 9




Charge radius: definition and model

® (ORIGINS
d e p en d ence | (Exceuence Cluster

2

Determination of the rms radius from a form factor measurement

@ the rms radius of a charge distribution seen in lepton scattering is defined
as the slope of the electric form factor at vanishing momentum transfer Q>

» dGe(Q?)

2
r2) = 62/

o elastic scattering experiments provide data for Ge at non-vanishing Q
and thus require an extrapolation procedure towards zero
— mathematical ansatz may take more or less bounds into account
(physics/theory/whatever motivated)

@ Any approach (Padé, CF, DI, CM,...) must boil down to a series expansion
Ge(@) =1+ @+ aQ’ + ...

introducing possibly very different assumptions on the coefficients ¢;

@ recipe for experimenters: measure a sufficiently large range of Q* down to
values as small as possible and as precise as possible

v
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Radiative corrections for electron and muon

scattering
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QED radiative corrections

LMU

-

for soft bremsstrahlung photon energies (E. /Epeam ~ 0.01), QED radiative
corrections amount to ~ 15-20% for electrons, and to ~ 1.5% for muons

@ important contribution to the uncertainty of elastic scattering intensities:
change of this correction over the kinematic range of interest

@ check: impact of exponantiation procedure (stricty valid only for vanishing
photon energies): e : 2 -4%, u: 0.1%

@ integrating the radiative tail out to large fraction of beam energy: shifts
the correction to smaller values, but only increases the uncertainty

05.02.2020
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Radiative corrections

e-p scattering

+, . OLYMPUS (2016)
alep .
1029 Ry, = ( ) ~1— 202, e Feshbach
7 o(ep) i
g e elastic

—— elastic + N
total 2 v, near-forward

k =2.01 GeV
I - UNCOIT. + COIT. uncertainties
Maximon and Tjon IR prescription

0.98 . T
0.8 09 1.0
[ 4
¥ s Tomalak, Pasquini, Vdh
near-forward 2y agree with data o
L multi-particle 2y, e.g. mnN, is important Pasquini, Vdh,
Ann.Rev.Nucl.Part.Sci (2018)
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Shape of the elastic peak (@ims
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e “danger zone”,
. 7:_ exponentiation
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Bremsstrahlung: real-photon emission @i‘/(cmgms
+ 5 ‘ Excellence Cluster

along the muon-proton scattering 3

scattered muon ‘ ‘
|
| A
i

Slio3 Slo4 COMPASS spectrometer

2

>uum)

beam muon

recoil proton

S102

« Bremsstrahlung accompanies the elastic process

« for low-energy photons roughly 1/Ey (‘infrared divergence’)

« angular spectrum: peaking in the relativistic case, opening angle 1/y
[Lorentz factor]

100 GeV beam: Ey between 50 MeV and 5 GeV emission probability at

9M =0.3mrad (Q%=0.001): 5 x10*

Bremsstrahlung events in Q%=0.001...0.04 GeV?/c? about 38000
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Real-photon energy spectrum f(QOR'G'cNS

2

MC simulation of 500k events in GM =0.3 ... 2 mrad, Ey >1 MeV

= 800

ISR effect
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p_

ISR effect: if incoming muon loses much of its energy, the scattering off the
proton under a specific scattering angle happens at lower average Q% and
accordingly a larger cross section
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Excellence Cluster

Impact on Q2 reconstruction
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real-photon emission distorts the kinematics, correlation of reconstruction
from muon and recoil proton becomes blurred

Jan Friedrich 16




Bremsstrahlung emission angle, E=100GeV

XYspec

0.005 Ebeam=100GeV, Egam=1GeV, thmu=14mrad>
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Bremsstrahlung emission angle, E=100GeV
XYspec
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Summary and Outlook (@ims
™

proposes high-energy elastic
muon-proton scattering for the

determination of Gg, (10°< Q%<4 10%) with
relative point-to-point precision < 10 and the

measurement of the with a
precision better than 0.01 fm and yet unexplored
territory of systematic studies

approval by CERN on the way, stay tuned!
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Kinematic ranges
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Kinematic ranges
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Dispersion Relations

Models for the Nucleon Form Factors employing ORIGINS

Nuclear Physics A 596 (1996) 367-396

Dispersion-theoretical analysis of the nucleon
electromagnetic form factors *

P. Mergell !, Ulf-G. MeiBner ®2, D. Drechsel

* Universitdt Mainz, Institut fiir Kernphysik, J.-J.-Becher Weg 45, D-55099 Mainz, Germany
b Universitdt Bonn, Institut fiir Theoretische Kernphysik, Nussallee 14-16, D-53115 Bonn, Germany

X iig. 1. Two-pion cut contribution to the isovector nucleon form factors.
Received 21 June 1995

Table 2

. accurate values from a few-parameter fit to all-Q? data
Proton and neyfron radii

/ ”Z‘ | fm] r‘;, [fm]  \r}, [fm] r’l’ | fm] r{,’ [fm] 5 [fm]

Best fit 0847 0836 / 0889 0774 0894 0893
Ref. [21N\_ 0836 0843 / 0840 0761 0883 0876
\/

For the data in the low-energy region, the contribution of the Q* term to the proton

electric form factor is marginal (< 0.3%). This leads to an rather accurate value for
{r Zb‘)p’

low-Q? experimental of-the-time value discussed
(r2)p = (0.862 £ 0.012)fm?. (29)

With that constraint, the authors of Ref. [ 15] performed a four-pole fit (with two masses
fixed at M, = 0.765 GeV and M, = 1.31 GeV) to the available data for the proton
electric and magnetic form factors up to Q% =~ 5 GeV?. This allowed to reconstruct the

05.02.2020 Jan Friedrich




MUSE — kinematics of low-energy
A elastic muon scattering
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A Proposal for the Paul Scherrer Institute 7M1 beam line
Studying the Proton “Radius” Puzzle with up Elastic

our calculation (muon mass) Scattering
0.2
B 0.20
0.18 p, =300 MeV/c - - - p=300MeV/c
- i p =250 MeV/c
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C i p = 100 MeV/c
= | 80% G
gk = . = . e - A
B 200 MeV/c > I o
C [)) - —— 90% G
- (50.10 — — 95% G, -
- N = ’
0.08— c.=75% N I
L 150 MeV/c O |
0.06|— i
C 0.05
0.04 i
002F- %% 100 MeV/c i "
Oml I BN BT RN B 0 00_ s ;: :
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2

Proton Electric Form Factor G Proton Electric Form Factor G
w1.05 w1.05
° T " 1.1GeV data O T
i ¢ 2.2GeVdata 1:
1 Sy Yy E P
& b | KXW 8 etle -.5,1.‘111
- L1 -
» I’i! i B LI? Il
0.95— 4, 095~ i .
[ L i Ty
03[ T 09~ 5
i ; | " 1.1GeVdata 3
L T | * 22GeVdata
0.85 i 0.85~ }
08_|||||||\|||\|||\|\|||\||||||| 08_ | | ""'l 1 l ] llll‘l 1 ] -
' 0.01 0.02 0.03 0.04 0.05 0.06 2107 10° 2107 102 2x10°2 ,
0’ (GeV)) ¢’ (GeV?)
Lowest Q? ever achieved from ep elastic scattering from: H. Gao, ICSAC2019,
Losinj, Croatia
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from the PBC-QCD convener’s summary

2

( ‘ ORIGINS
ol Excellence Cluster

COMPASS++

proton charge radius from spectroscopy or ep scattering

® persistent discrepancies on

) H(1s-35) | ' e ' "] Fleurbaey et al [PI
proton charge radius rp W risotepeshit | # | Pohret st CREW
determined from o | Pohi ot 2, CREM

. H world average 2010 |- —t - Mohr et al, CODA’
spectroscopy (H, muonic H) S —
and ep elastic scattering T ittt

only A1 data |- -+ - Lorenz, Hammer,

o different fits to ep data yield [ = | Getvavaratap Al
widely different rp ep“a‘?‘nlvlﬁé'adnga;{?; == + ik [Prag Part N

¢ goal rp from hlgh-energy I'Jp ep scatt. world data |- —— ] ;ﬁghﬁgtriglg[tglrjél;ié
elastic scattering WROULAT T T Bofisyikiphss

082 084 086 0.88 0.9 0.92 0.94

% advantages over ep scatt: :

4+ smaller QED radiative corrections
4+ very small contamination from magnetic form factor

QCD Introduction PBC Annual Workshop, January 2019 15
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LMU

Proton radius measurement from muon-proton™
' : [ oRiGINS
hlgh-energy Scatterlng Gellencemuster

IIIIIIIIIIIIIIIIIIIIIIII IIII'

2
< rE.MAM!

\2 = 0.88 fm

107"
Q*[GeVZ/c?]

\ uncertainty bands:

N

0G; only

[G,, added linearly

g

05.02.2020

107"
Q*[GeV2ic?]

Jan Friedrich

COMPASS++/AMBER proposal:

precise measurement of
recoiling proton in a pressurized
active-target H, cell with TPC
readout

in coincidence with the scattered
muon kinematics at 100 GeV
beam energy

reach a point-to-point precision
of 103

Q?range 103 — 4x102 GeV?

fit with free parameters up to
terms in Q% gives <r?2> with the
desired precision

advantegous / complementary
systematics compared to the
other experimental approaches
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General cross-section behavior ( ORIGINS

B nce Cluster

-

2

« steep increase towards smaller Q2 with 1/Q*
 forever rising? ¥
» not for scattering off atoms / molecules: <

100000 muons through 40cm H (20bar)

Q2Mat10
Entries 2.9947T7Ta+07
10‘E_ Maan -10.82
- ) Std Dev 0.7869
10°E that’s what
102é— mainly
ok happens
1
1077
10°2 atomic scale N
- a2~ 1011 GeV? N
10—4 \
1u—5 1 I 1 1 1 I 1 1 1 I 1 1 1 I [] [ [ [ - :
-14 -12 -10 -8 -6 -4 -2
log, (QP)
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Cross-section behavior

2

‘ORIGINS
Excellence Cluster
« steep increase towards smaller 02 with 1/04 .

. . mu
» forever rising? :

« not for scattering off atol 1ol o 00001171
- Std Dev 0.0001064
1200
1 muons C '
00000 muo tooof- sum up the smgl_e energy

10° - losses: Landau distribution

800—
10° that's what g
102 mainly ok

happens -
10 200
1 0:.)...|....|.... ! T EEPITE ATITS STI S
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.001
1077
102 atomic scale
-2~ -11 2
16 a<~10* GeV
107
= 1 1 I 1 1 1 I 1 1 1 I 1 1

10° -14 -12 -10 -8
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Test setup during 2018 DY run

downstream COMPASS, check

« TPC operation in muon beam </

» vertex reconstruction with silicon
telescopes

» coincidence detection of scattered
muon and recoiling proton </

180— )
: Beam’tvmdow
- Start entrance pipe Cables ndcap
- Anade Cathode

o)
B nQo/ /?

silicon baseline limit

=5 g o
S gr' . : .. al? a {yS/. ! 0; Entrance Beam window

0
=
7]
>
)
5
=
5]
o
£
5
=

- 80[—

SOLJ\N‘J
See 40
e ] i AR A IR R AR DR I

4 5 6 ~60 —40 -20 0 20 40 60
kinetic Energy Proton from the silicons in MeV Vertex Z

S 120—
. . :
. 5 * b 100 —
. . . ) i -
" ... ‘..-2.-_,"- .. gest TPC range limit : lﬂ{
e b . . -
. .. L ..
. . . - . .. . . .

Energy of the TPC track in MeV =
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New hardware: Trigger scheme

. continuous ‘triggerless’ first-level readout
. time-slicing according to detector response time
. marking of slices for higher-level readout

Spill
Slice 1 Slice 2
__________ 10045 10045
Very slow Detectors
(TPC, ..) Imsaogsel lm;‘g'sez lm;gsel Im:g:z
Slow Detectors Image 1 Image 200 Image 1 Image 200 LA
(DCS, W45, ) 500ns 500ns 500ns 500ns
Fast Detectors gz § g § § f § § § § § § § § § 5 : § §
(Hodoscopes, SciFis,..) |3 1S |9 |5 |'% % 3 § § 8 (iRl ke g18(8|8 E]
HHHHH HHHHHUHHHL HHHHE
Figure 39: Overview for the time-slicing
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more new planned hardware

2

. silicon pixel detectors

. elastic muon-scattering kinematics with SciFi detectors
. upgrades: large-area pixelGEM and MPGD

. CEDARs at high rates

. Beam Momentum Station for proton radius measurement

3mm

17mm

74mm

60mm

MuPix8 detector array SciFi prototype thermally shielded CEDARs

05.02.2020 Jan Friedrich 33
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@m fitting with a truncated series r@ms

for small Q2 ™

n(l1+a,Q*+a,Q*+a;Q%°+agQ%+...)

° 3 free parameters n, a,, a, (sys 0.0035, stat 0.0040 fm)
* 4 free parameters n, a,, a,, a5 (sys <0.0020, stat 0.0090 fm)

choice of higher-order terms:

« a=0fori=26o0r8

 fixe.g.a =ayfori=6 or8according to some
model

05.02.2020 Jan Friedrich 34
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TPC signals
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il

performance of TPC

20 (€ w997
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Elastic lepton-proton cross section
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