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The proton radius
puzzle




The proton charge radius

Electric form factor of the nucleus, in the ep scattering

/ cross section:
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PRad (2019-2022) @JLab
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Ehe New Hork Times

For a Proton, a Little Off the Top (or
Side) Could Be Big Trouble

IPRD23 @Siena - R. Rossini, The FAMU experiment.



The proton Zemach radius

Defined as:
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Preliminary values

[pH goal]
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The FAMU
experiment
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FAMU (2013-now) @RAL

Aim: indirect measurement of 1, with a relative uncertainty of around 1% in pp.

= 6.8 um +120 meV
Gas target laser pulse kinetic energy
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FAMU (2013-now) @RAL

Observable: excess of delayed pO X-rays when the laser is turned on.
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FAMU (2013-now) @RAL
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FAMU target

Geometry and working conditions
optimised by MC simulation and during the
previous experimental runs (2014-2018):

Cavity size: 2x 2 x 10 cm3,
Temperature: 80 K,

Pressure: 7 bar,

Gas mixture: 99% H, and 1% O

—'—-

IPRD23 @Siena - R. Rossini, The FAMU experiment. 13



FAMU muon beam monitor

1 mm pitch polystyrene (Saint-Gobain BCF12) scintillating fibres read at one tip with a Hamamatsu
S12 SiPM.
32 x 32 fibres on two different planes, 1 mm interspacing = active area 6.4 x 6.4 cm?2.

VME crate

g Digitiser CAEN V1742

g Digitiser CAEN V1742

NIM crate

HV (= 70 V)
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FAMU muon beam monitor

IPRD23 @Siena - R. Rossini, The FAMU experiment.

Aim: muon beam

shape & rate
monitoring
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Aim: muon beam

FAMU muon beam monitor S

monitoring

Problem 1: RIKEN-RAL beam characteristics:
p € [30,80] MeV/c 0,y = 4%
Average u flux at 60 MeV/c: 7 - 10* muons/second, in two 70 ns pulses with 50 Hz repetition.

In each spill, around 7-10%/ (50-2) = 700 muons are delivered in 70 ns - impossible to resolve.

FWHM,,, = 3.5 cm

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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FAMU muon beam monitor Sl

monitoring

Problem 1: RIKEN-RAL beam characteristics:

p € [30,80] MeV/c 0,y = 4% FWHM,, =3.5cm
Average u flux at 60 MeV/c: 7 - 10* muons/second, in two 70 ns pulses with 50 Hz repetition.
In each spill, around 7-10%/ (50-2) = 700 muons are delivered in 70 ns - impossible to resolve.

Solution 1: calibration by measuring the equivalent deposited charge of a single muon.
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FAMU muon beam monitor Sl

monitoring

Problem 1: RIKEN-RAL beam characteristics:

p € [30,80] MeV/c 0,y = 4% FWHM,, =3.5cm
Average u flux at 60 MeV/c: 7 - 10* muons/second, in two 70 ns pulses with 50 Hz repetition.
In each spill, around 7-10%/ (50-2) = 700 muons are delivered in 70 ns - impossible to resolve.

Solution 1: calibration by measuring the equivalent deposited charge of a single muon.

Problem 2: a low-rate low-momentum muon beam doesn’t exist.

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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FAMU muon beam monitor Sl

monitoring

Problem 1: RIKEN-RAL beam characteristics:

p € [30,80] MeV/c 0,y = 4% FWHM,, =3.5cm
Average u flux at 60 MeV/c: 7 - 10* muons/second, in two 70 ns pulses with 50 Hz repetition.
In each spill, around 7-10%/ (50-2) = 700 muons are delivered in 70 ns - impossible to resolve.

Solution 1: calibration by measuring the equivalent deposited charge of a single muon.

Run 16412 - proton beam energy 148.8 MeV, 50000 events
Hodoscope Q;/event distribution

3000 A

2500 A

Problem 2: a low-rate low-momentum muon beam doesn’t exist.

Solution 2: Calibrate the detector with a low-rate proton beam with 5=/
momentum chosen to have the same energy loss (dE/dx) as the used 1w
RIKEN-RAL muons. 500 -

04

T T T T T T T
0 10 20 30 40 50 60 70 80
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FAMU muon beam monitor

Procedure carried out at the CNAO synchrotron (Pavia) with E, =150 MeV and rate = 50 Hz.

Run 16412 - proton beam energy 148.8 MeV, 50000 events
Hodoscope Q;/event distribution

3000 A

2500 A

2000 A

1500 +

Counts

1000 1

T T T T T T T
0 10 20 30 40 50 60 70 80
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FAMU muon beam monitor

Simulation of the hodoscope in Geant4 is being carried out to prepare for the CNAO runs, better
understand the detector response function and scale the calibration at various muon beam energies.

IPRD23 @Siena - R. Rossini, The FAMU experiment. 21



FAMU muon beam monitor

Simulation of the hodoscope in Geant4 is being carried out to prepare for the CNAO runs, better
understand the detector response function and scale the calibration at various muon beam energies.

Energy drop for 60.0 MeV/c muons in the scintillating fibres

: O 1 1 mm intersp., 0.1 mm PVC window, secondaries
10-

1 Response function to 60 MeV/c

Lot 1 2 muons (1 mm pitch fibres)

107 5

Counts

102

101 A

107 4

T
0 1 2 3 ) 5 6
AE [MeV]
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FAMU muon beam monitor

Simulation of the hodoscope in Geant4 is being carried out to prepare for the CNAO runs, better
understand the detector response function and scale the calibration at various muon beam energies.

Counts

10° 5
10*

107 5

101 A

107 4

Energy drop for 60.0 MeV/c muons in the scintillating fibres

102

O 1 1 mm intersp., 0.1 mm PVC window, secondaries

1 Response function to 60 MeV/c
2 muons (1 mm pitch fibres)

T
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AE [MeV]
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Total energy deposited in the scintillating fibres [MeV]

5.0 1

4.5

4.0 1

3.5 1

3.0 1

=== 60 MeV/c muon deposited energy (simulated)
1 Proton deposited energy (simulated)

Selection of the best beam
energy for the test @CNAO

l (3 mm pitch fibres)
PRELIMINARY l
l[I)D 12|0 ltll{} lé[} l!ISD 2[;0
Beam energy [MeV]
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FAMU

Further details

muon beam monitor

in the following poster:

(@

R.Rossini for the FAMU Collaboration

Characterisation of a low-momentum high-rate muon
beam monitor for the FAMU experiment at RIKEN-RAL.

/

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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FAMU X-ray
detection system

25



X-ray detector requirements

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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X-ray detector requirements

FAMU X-ray detectors should satisfy the following requirements:

* High efficiency (solid angle coverage + intrinsic efficiency)

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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X-ray detector requirements

FAMU X-ray detectors should satisfy the following requirements:

High efficiency (solid angle coverage + intrinsic efficiency)

Good energy resolution

Prompt Delayed
400 <t <610 ns 1250 <t < 1600 ns
S T R hE126
g Froyy TTT TTT L1 i . ! ! ! i Entdos SE1ES
J.Eoo_ é : : 1544
u F 1800 79.91
3000 :
2500 800-
1500f [
400

SIETE BT T PR | | o

E[keV] 100 200 300

T T T FTTTE | L.

100 200 300 E[keV]
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X-ray detector requirements

FAMU X-ray detectors should satisfy the following requirements:

High efficiency (solid angle coverage + intrinsic efficiency)

Good energy resolution

Good timing performance

400-600 ns 610-790 ns

BER0 | . ey T TTTT
Eriies 343468 g T B
ean

g N &) o
mh‘g (@ 3 - (b)
o ]\j” | | 1 \1‘\

50 100 150 200 250 300 k! S0 200 250 300 350 400
keV
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X-ray detector requirements

FAMU X-ray detectors should satisfy the following requirements:
1250 <t < 1600 ns

* High efficiency (solid angle coverage + intrinsic efficiency) g-.-.-.-.-.Ka,....,..., e
« Good energy resolution A | PSS }l"&" .

* Good timing performance

X-ray ROI:

100-200 keV

IPRD23 @Siena - R. Rossini, The FAMU experiment. 30



FAMU X-ray detectors

IPRD23 @Siena - R. Rossini, The FAMU experiment. 31



LaBr;:Ce

FAMU X-ray detectors

LaBr,:Ce crystals (1" and %2"’) read by SiPMs and PMTs for time-resolved
measurements.

IPRD23 @Siena - R. Rossini, The FAMU experiment. 32



HPGe LaBr;:Ce

FAMU X-ray detectors

LaBr,:Ce crystals (1" and %2"’) read by SiPMs and PMTs for time-resolved
measurements.

Coaxial HPGe for energy-resolved measurements.

IPRD23 @Siena - R. Rossini, The FAMU experiment. 33



LaBr,:Ce detectors read by PMTs

Set of lanthanum bromide crystals read by PMTs.

Rise(fall)-time [ns] | FWHM/E (@137Cs)

12 (100) 4%

IPRD23 @Siena - R. Rossini, The FAMU experiment. 34



LaBr,:Ce detectors read by SiPMs

PROs of the SiPM

low-voltage
supply

smaller

IPRD23 @Siena - R. Rossini, The FAMU experiment. 35



LaBr,:Ce detectors read by SiPMs

PROs of the SiPM

low-voltage
supply

smaller

IPRD23 @Siena - R. Rossini, The FAMU experiment. 36



LaBr,:Ce detectors read by SiPMs
] ]

low-voltage worse timing
supply performance

smaller gain drift with
temperature

IPRD23 @Siena - R. Rossini, The FAMU experiment. 37




LaBr,:Ce detectors read by SiPMs

Many solutions were considered to improve time performances in
1-inch-diameter cilindric crystals:

PCB solution Rise(fall)-time FWHM/E
[ns] (@137Cs)
3%

Parallel ganging 50 (300)

Hybrid ganging 20 (170) 6%
Parallel ganging + pole-zero circuit - undershoot - 3%
decoupling % the SiPM array * 28 (140) 3%

*developed together with Nuclear Instruments

IPRD23 @Siena - R. Rossini, The FAMU experiment.

worse timing
performance
gain drift with
temperature
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LaBr,:Ce detectors read by SiPMs

Many solutions were considered to improve time performances in
1-inch-diameter cilindric crystals:

PCB solution Rise(fall)-time FWHM/E
[ns] (@137Cs)

Parallel ganging 50 (300) 3%
Hybrid ganging 20 (170) 6%
Parallel ganging + pole-zero circuit - undershoot - 3%
decoupling % the SiPM array * 28 (140) 3%

*developed together with Nuclear Instruments

IPRD23 @Siena - R. Rossini, The FAMU experiment.

worse timing
performance

gain drift with
temperature
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LaBr,:Ce detectors read by SiPMs

Gain drift correction based on real-time temperature reading and
HV fine-tuning

2500 |
2250 F Hamamatsu $14161-6050-AS

worse timing

L r .
. > performance

1500 | s
1250 F
1000 |

P.H. (a.u.)
[ ]
&

750 F e no temperature correction

W o with temperature correction gain drift with
250 2 temperature

T(C)
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LaBr,:Ce detectors read by SiPMs

Gain drift correction based on real-time temperature reading and

HV fine-tuning

P.H. (a.u.)

2500 f

1750 |
1500 |
1250 |
po00 |
750 F
500 |
250 |

Hamamatsu 514161-6050-A5

& O

* no temperature correction

c with temperature correction

T(C)

IPRD23 @Siena - R. Rossini, The FAMU experiment.

worse timing
performance

gain drift with
temperature
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LaBr,:Ce detectors read by SiPMs

Further details in the following talk tomorrow at 14:40:

| m— r“ ——l

M. Bonesini, et al.
Improving the time resolution in large

area LaBr3:Ce crystals, read by SiPM
array with temperature gain drift control




HPGe detector

Rise(fall)-time [ns] | FWHM/E (@137Cs)

100 (10°)

0.5%

Slow-signal detector with high energy resolution, mainly used for target commissioning, detector
calibration and peak identification.

Shaped with ORTEC 672 — gaussian, shaping time 0.5 ps.

Percentage energy resolution FWHM/E (%)

2.00
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1.50 A

1.25

1.00

0.75 4

0.50 -

0.25 A

0.00

Energy resolution curve (ShT = 0.5 us)
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[ FAMU 100-200 keV ROI

Energy (keV)

Full-energy peak (FEP) efficiency curve
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50
i, The FAMU experiment.
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—— GEM-S FEP-efficiency curve
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® GEM-S single gamma MC

150 200 250 300

E (keV)
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Conclusion

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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FAMU 2013-2022 results

Muon transfer function A in various H+gas

mixtures X = (O,, Ar, CO,, CH,). T et T
2 1ok —m— FAMU 2016 i

. . ) — —  —A— Werthmiiller et. al (1998) —

Transfer function of H-O mixture (A,) as a function :O I Dupays et al. " ++ g
2 I ——LeandlLi s .

of the temperature. P e and Lin ‘ . -
6 .

7 * ]

4r =77 A

L L ]

—l 1 | 1 | | | 1 | 1 | 1 | 1 | | | | 1 | | | 1 | 1 | 1 | 1 | | -+
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C. Pizzolotto et al, 2021 Phys Lett A 403 127401
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Current status and perspectives

The full detector setup has eventually been
assembled, tested and commissioned at RAL.

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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Current status and perspectives

The full detector setup has eventually been
assembled, tested and commissioned at RAL.

FAMU is finally starting data taking at RAL (UK) in
late 2023 with the detector setup described here.

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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Current status and perspectives

The full detector setup has eventually been
assembled, tested and commissioned at RAL.

FAMU is finally starting data taking at RAL (UK) in

late 2023 with the detector setup described here.

Aim: hfs in uH with 10 relative uncertainty, in
order to obtain r, with uncertainty of around 1%.

Main references:

C. Pizzolotto et al., Eur. Phys. J. A, 56 7 (2020) 185.

A. Vacchi et al., Nucl. Phys. News (2023).

uH goal

uH, Antognini et al. 2013

e-p, Mainz 2011

o

H, Volotka 2005

L

—@—— ¢-p, Friar 2004

H, Dupays 2003 o
1 | 1 1 1 | 1 1 1 I | 1 I 1 1 1 | 1 1 1 I 1 1
1 1.02 1.04 1.06 1.08 1.1 1.12
Proton Zemach radius [fm]

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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IPRD23 @Siena - R. Rossini, The FAMU experiment.
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FAMU muon beam

70 MeV H™
Linear Accelerator

RIKEN-RAL Port 1 beam at the ISIS Neutron
and Muon Source (Didcot, UK).

Momentum 60 MeV/c, average flux 3 - 10* Hz.

800 MeV
Synchrotron

Target Station 1

IPRD23 @Siena - R. Rossini, The FAMU experiment.
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[ 1064 nm

Coupling H DFG I—D
w 6.8 utm

FAMU laser

Difference Frequency Generation (DFG) exploits two lasers to
produce the required frequency.

Fixed 1064 nm laser and tunable 1262 nm laser.

The two lasers are coupled with a non-linear crystal.

Wavelength range 6800 4= 50 nm ~2 44 THz

Energy output > 1 mlJ Progressiv. up to >4 mlJ
Linewidth < 0.07 nm 450 MHz

Tunability steps 0.03 nm 200 MHz

Pulses duration 10 ns

Repetition rate 25 Hz

IPRD23 @Siena - R. Rossini, The FAMU experiment. 52
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