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Charge radius definition & recent reviews
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Lepton scattering and charge radius

Lepton scattering from a nucleon: Vertex currents:
J!' = —eu .y u,
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Atomic physics

Wave functions of S and P states: R —

S states: max. at r=0 P states: zero at r=0

Electron sometimes inside the proton. Electron is not

. inside the proton.
S states are shifted. P

Shift ist proportional to the

size of the proton

IB$A?(HI(KL(""1B

Orbital pictures from Wikipedia



Muonic hydrogen

Regular hydrogen:

electron e~ + proton p

electron

Muonic hydrogen:

muon .~ + proton p

muon mass m,, ~ 200 xm,
Bohrradiusr, ~ 1/200 xr,

1 inside the proton: 200 ~ 107

muon

muon much is more sensitive to r,,
IBSA?(HI(KL(!"1B



The proton radius puzzle in 2010/2013

The proton rms charge radius measured with
electrons:  0.8770 = 0.0045 fm (CODATA2010+Zhan et al.)

muons: 0.8409 £ 0.0004 fm
up 2013 ) - l . electron avg.
o + scatt. JLab
up 2010 e ! ® + scatt. Mainz
® + H spectroscopy
| '0.t|33' - '0.%;4' — lO.EIKSl - lo.tlzél - '0.§7' 088 '0.§9' - '0.19' |

IHEHON R (Y E 4 R -
KL(I"1B(2%6(4BL2(MA4%-&2(=NN2(;80(/:<8<0 IR ()T &) 160123

PL(P'%"+'$'$(?%(4BL2(I@$?' @?(00Q2(=8R(/;<800



Proton radius puzzle has drawn attention
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The proton radius puzzle in 2016

The proton rms charge radius measured with
electrons: (0.8751 &= 0.0061) fm ?@A-BCBD3EFG

muons: (0.8409 = 0.0004) fm
up 2013 =« ® CODATA-2014
up 2010 | = © .H spectroscopy
- . e-p scatt.
| '0.183' - 'o.§4l — lo.lss' " 'o.éss' 087 088 'o.§9' - 'o¥9' |

"HSHI&' () *+&"),-.1&0123
KL(1"1B(?%(4BL2(M4%-&?(=NN2(;80(/:<8<0

PL(P'%"+'$'$(?%(4BL2(I@$?' @?(00Q2(=8R(/:<800



There is also a deuteron radius puzzle

CODATA
2018 |- e

2014 - —o—

ed scattering
Sick & Trautmann 1998 - I = | -

uD spectroscopy
Lensky et al. 2022 |- e
Kalinowski 2019 |- o

CREMA 2016 [- ol -

H-D isotope shift and r, (uH)
Antognini et al. 2013 |- Il —

D spectroscopy

Pohletal. 2017 |- f = | —
I 1 1 1 l 1 1 1 I

212 213 2.14 215
rd(fm)
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The community got engaged
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Possible resolutions to the puzzle

" C$.857 ?%7.#+)(%#(7.G&).%X4+&/%E&W)(1,;
Discussion about theory and proton structure for extracting the proton
radius from muonic Lamb shift measurement

" C3.&.7&?2%7 #+)(%#(7.G&).%X4+%&").&W)(1;
Accuracy of individual Lamb shift measurements?
Rydberg constant could be off by ~5 sigma

» C$.&.7&?2%#"++.)/1,G&). % X4+%&™).&W)(1;
Fit procedures not good enough
Q' not low enough, structures in the form factors

» S)(+(1&%+)X#+X).&/%%X.%&/1&+$.():
Off-shell proton in two-photon exchange leading to enhanced effects
differing between py and e
Hadronic effects different for yp and ep:
e.g. proton polarizability (I""1#$% &,

» S$:%/#%8&9.:(18&!+"18")8&M(8.4&8/".).1+/"+/1;& > "18&.
Lepton universality violation, light massive gauge boson(s)
Constraints on new physics from meson decays and spectroscopy
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Possible resolutions to the puzzle

» C$.857 ?%7.#+)(%#(7.G&).%X4+&/%E&W)(1,;
Discussion about theory and proton structure for extracting the proton
radius from muonic Lamb shift measurement

" C3.&.7&?2%7 #+)(%#(7.G&).%X4+%&").&W)(1;
Accuracy of individual Lamb shift measurements?
Rydberg constant could be off by ~5 sigma
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Fit procedures not good enough
Q' not low enough, structures in the form factors

» S)(+(1&%+)X#+X).&/%%X.%&/1&+$.():
Off-shell proton in two-photon exchange leading to enhanced effects
differing between py and e
Hadronic effects different for yp and ep:
e.g. proton polarizability (I""1#$% &,
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Lepton universality violation, light massive gauge boson
Constraints on new physics from meson decays and spectroscopy
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CODATA2018 new recommended values

€& - C G https://physics.nist.gov/cgi-bin/cuu/Value?rp|search_for=proton

" Apps [9 Halliday, Resnick, W [ Blackboard [ Hugemwiki (® WhatsApp 13= 13NEwS [ TREK [E ELOG MUSE

The NIST Reference on Iu#$%&'$)/0&()
Constants, Units, and Uncertainty *14 ),'$&%-&(&$_%&%(

Fundamental Physical Constants

Constants .
Topics: proton rms charge radius

Values p

Energy
Equivalents Numerical value 8.414 x 10726 m

W Standard uncertainty 0.019 x 10716 m

Background Relative standard uncertainty 2.2 x 103

Concise form 8.414(19) x 10716 m [BA?AG
4567879::<=&>?@A;0B:3&&C&&8:2
Click here for correlation coefficient of this constant with other constants

Source: 2018 CODATA Definition of Correlation coefficient with
recommended values uncertainty any other constant

Return to List Go to New Search ,O$1234$5346784
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CODATA2018 new recommended values

« > C https://physics.nist.gov/cgi-bin/cuu/Value?rydchz|search_for=rydberg
' Apps [9 Halliday, Resnick, W X Blackboard [ Hugemwiki (® WhatsApp 13 13NEws [ TREK [E ELOG MUSE

' 1" 0 1
The NIST Reference on ! #$ & $)/0&()
Constants, Units, and Uncertainty 1+ ),'$&%-&(&SP.%&U(
Fundamental Physical Constants ,

Constants Click symbol for equation

o Rydberg constant times ¢ in Hz

Energy ROC-C
Equivalents
Searchable Numerical value 3.289 841 960 2508 x 105 Hz
= Ulography Standard uncertainty 0.000 000 000 0064 x 105 Hz

Background
Relative standard uncertainty 1.9 x 10712

Concise form 3.289 841 960 2508(64) x 105 Hz [@\@
67879::<=&H?9>1&><;&IB:&HAA&QD:I13&;: 1° JK

Click here for correlation coefficient of this constant with other constants

Source: 2018 CODATA Definition of Correlation coefficient with
recommended values uncertainty any other constant
,0$1234%$5346784

Return to List Go to New Search
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New, independent Rydberg measurement

BN CODATA [2,3]
=== This work
20 2S-2P [22] /
) —— n = 27-30 [25] 2010
% O pH [17]
10 - ® 2S-4P [20]
5 © 1S-3S [21]
—~ 1S-3S [23]
S 258D [24]
2 _
A 0 “2018
| o—.
: t
10 A 1

—10 0 10 20

(7p — Tp2018) /o (Tp2018)

17 #+)(%#(7:,
T:89.);&#(1%+"1+&"18&
7)(+(1&)"8/X%&
").&#()).4"+.8

D3DF,&!*'448T:89.):&
)#(1'))*.8&

"M@, (&F(??() ><F"$%()T; *"+/a"846*"884338"7636M9"b%>)@,"88*"'636McC
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New milestone: Precision Lattice QCD

CSSM/QCDSF/ |
UKQCD14

PACS19 1

|

ETMC19 A+ 4 —+e— 44
ETMC20

Experiment - 8 HEH FOH | X

Mainz21(u — d) |

+ exp.(n
This work(u —d) |

+ exp.(n)
This work - . Il . V-

Ir2"p = 0.820(14) fm, ~ 1r2 "P = 0.8111(89) fm, and p?, = 2.739(66)

1:<.8.(<"1&;, " A>"")>F&G.
Y$"YDGT><:08@5"0:<"O&BB(* 0$d$"%(-()* X$"R;:<>F* %$">'2* ><F'0$"J&;; & ?*
>)K&OH6432$3_M2808



The proton radius puzzle in 2023
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CODATA 06 (2008)
Bernauer (2010)
Pohl (2010)

Zhan (2011)
CODATA 10 (2012)
Antognini (2013)

>/

Beyer (2017) I
Fleurbaey (2018)
Sick (2018)
Alarcon (2019)

Bezignov (2019) I -
CODATA 18 (2019)

Xiong (2019) I =
Grinin (2020)
Mihovilovic (2021)
Brandt (2022)

0.82

I(F ="eB".B(@;):.@:B-
="(B".@>;;()&<?

="(B".B(@;)..@:B-
="1RYQSQ

0.86 0.88 0.90

Proton Radius (fm)

0.84

0.92

+:H'@:G);(~"C-'V§" d()<>G()




Puzzle solved?
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" @)(%%&% . #+/(1%&"18&'()*&""#+() % &&'8 ").&8/".).1+& <WSY

PRad data

PRad fit

Mainz data

Mainz fit

Mainz fit uncertainty

Mainz fit, forced r, = 0.841 fm
Arrington 07

Alarcon 19, r, = 0.841 fm
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Ongoing and future scattering experiments 20

'H$%&'S)  *%+,$ -2 j01$2.32 5)6)78

'S %% & o e -..J018$*23* 45#2 1-6

7589 & (M (e 60<<=>>=0?=?@*9'ABOD*E??="@*9'®)
F-G%H & (UA* 4+ (: |&#<*9'9ID*$#K#*0?*./0K0?*9'9L

F7MN &DOODO ("% +'(L IP3>=Q>*/E??=2@*9®:]

-FIN" o'D® (A% + () R&>K*E?>*0?@0=?@D*.P3>=Q>*/E?*9'0

Thanks to: S. Schlimme, J. Friedrich, H. Gao, T. Suda, Y. Honda, and E. Downie

| 18"%" (KAAS-#(I-GGB?(&?DAS$' #(-' &?#"BF?A

| 5$F2&#?(4884I("C(H@A%%?&S$'+(?S.28&SD?' To#2(?(4'A(
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| 74')(C-&%12&(#.2@%& " #@".J(?CC"8Y6#(-' A28 V4]
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]
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Motivation for up scattering

YA?4(C"&(731U(A?F?B".2A(HI(KL(,$BD4'2(,L(7$BB?&2(4'A(7LZL(4%('YMPM;<882(7"
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M1 /| MUSE beamline

M1 * a ME,&£33\W33&M.cd#&TefCAe&b.7ga=&>=&
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M1 /| MUSE beamline
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MUSE at PSI

w |.*&T")HHA.&+) " HIL;
» P/iX/8&%:8)(;.1&+");.+
= 1#'++)).884.7+(1&8.+.#+.8

M."%X).&. £7 "18&>*7
A"%+H&YoH# ++.)/1;

p =115, 160, 210 MeV/c

0 =20 to 100

Q%= 0.002 - 0.07 (GeV/c)

€ =0.256-0.94

@%$"44.1;.%

= Secondary beam with 1T
background — PID in trigger

= Non-magnetic spectrometer

= Background from Mgller

scattering and muon decay
in flight

SYHE' () +,-#./501#-2/'33(+AH#0"H#1564#789:#("4"#2"+16-1
"+ H156HI* 2 H OB +H#6+<6("=6



MUSE at PSI

w |.*&T")HHA.&+) " HIL;
» P/iX/8&%:8)(;.1&+");.+
= 1#'++)).884.7+(1&8.+.#+.8

M."%X).&. =7 "18&>*7
A"%+#&Y#"++.)/1,

p = 115, 160, 210 MeV/c

0 =20 to 100°

Q%= 0.002 - 0.07 (GeV/c)

£ =0.256 - 0.94

@%$"44.1;.%

= Secondary beam with 1T
background — PID in trigger

= Non-magnetic spectrometer

= Background from Mgller

scattering and muon decay
in flight

Scattered Particle
Scintillator (SPS)

Beam
Monitor (BM)

Straw Tube
Tracker (S1T)

1M1

Beam Line
.
~ 100 cm
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MUSE analysis status

= S).4/41"):&"1"4:%/%&( &Yt ++.)/1:&8"+"&"+& EEb=& E J3=&DE3&M.Cc
A(8&'™)..*. 1+&9.+W..188"+"&"188%6/*X 4" +/(1&W/+$/1894/18/1:
2"448&(9%.)0.88)"+/(%&";)..&+(&W/+$/1&D3jG
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06"*. &) H#(1%+) XH#+/(1&) (X+1.%& ()&8"+"&" 188 7%.X8(&8"+"
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s MXA+/74+)"#I/1:&* +$(8%
= h;$) \A.0.4&"1"4:%/%&TAX:/1%
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> 47)(0.8+)"#I/1:&"18&/1+.)1"488"+"&#(1%/%+. 1#

= XA +H(1%,8T"8/"+0.&:.1.)"+()%=&8/:/+IN"+/(1=&&+)/::.)=&SZ-=&
0."*&7)(7.)+.%=8+$.(). +/#"4&*(8.4/1:&(8& 6%.#=&"=8&CS5=&P]|

= 5)()&7)(7":"+(1&"18&%: %o+ *"+/#8&.)) )%
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MUSE performance: Full vs empty

H000 - Full Cell | | | | | "-—5>
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Reaction identification

>0 l scat. e elts ! O(|)26 i | —S'B\
. events, = V. -
gfrom decays, I /
" = 0.056 |
250 |- Events with wrong TOF ‘ | B
’ |
200 | : -
2 1 '
5150 |- | _
S Ireaction id cut for i
‘ I
100 - \ ' —
|
s
50 ' p \
N I i -
S
J 1 [N
R e P R o |
0 0.2 0.4 0.6 0.8 1 1.2
! out (€)

Myg ')(*&)."#+/(1&0.)+.6&+(&!S!=& (' N&EEED&M.cd#
@4."18%.7")"+/(1&('& T&Yo#"++.)/1;:80%8. &8 #":  V1VA/:$+&.0.1+%%



29

Muon beam decay events data vs sim
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Muon scattering events data vs sim
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Recent MUSE publications
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2023-2025: MUSE production data taking
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MUSE coverage and expected errors
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MUSE coverage and expected errors
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Summary
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MUon Scattering Experiment — MUSE
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