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Hadron physics (= The Low-Energy Frontier of the Standard Model)

plays a central and connecting role in interpretation of
measurements at the precision frontier of the Standard Model

sin20,, (9-2),

R, Dark
Proton charge ~ Photon
radius

Hadrons and Nuclei

Strong interactions Particle physics
Hadron structure “ Atomic physics
Hadron spectroscopy Astro(particle) physics
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Proton Radius

Puzzle




how to measure sizes of hadronic systems
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how accurate do we
know the proton size ?




1=2) levels: §.4mey ,
2P3/'>:t“" F=1
2P —%= F=1
“t1n

- Electron

d

d

~.® Muon

206 meV
50 THz
6 um

. uH Lamb

225 meV

Shift 55 THz
Proton Proton 5.5 um
Muonic
Hydrogen | Hydrogen _ fin. size: Pohl et al.
3.7 meV 1 (2010)

AEs = 209.9779 (49) - 5.2262 R.2 +0.00913 R3, meV

l l O(a’) correction
3.70 meV 0.026 meV 5



Proton radius puzzle

| T T T T l

—&— MAMI (J. Bernauer et al.) n re SCIETWIEIC
=) CAN
——&—— JLab (X.Zhan et al.) g 4 et

OILSPILLS *

- ) : '
There's mor: I X s
—e—  CODATA tocome B /R

PLAGIARISM ; A (
H It's worse than €
¢ youthink P o o4 - I,
i cHmpanzees _ Y . °© " J ] Q
H - « /. \ I

” v, ‘
°

%  uH (R. Pohl et al.)
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Could scientists

be seeing signs of
a whole new realm

of physics?

0.85 0.9
Proton Charge Radius (fm)

uH data: Re = 0.8409 + 0.0004 fm

Pohl et al. (2010)

Antognini et al. (2013) 7 o difference 1?

ep data: Re=0.8775 + 0.0051 fm

CODATA (2012) Ele New ork Times .



Proton radius puzzle: what could it mean ?

AEs = 209.9779 (49) - 5.2262 R.2+0.00913 R3, meV

MH expt. wrong ?

MH theory wrong ?

- QED bound state corrections
- hadronic corrections

- check with different targets

different | radii

Lamb shift

difference of

~ 330 peV

new physics ?

eH theory wrong ?

eH expt. wrong ? -> R Wrong

+ ep scattering wrong ?

- radiative corrections

- 2y corrections

- low Q? extrapolation



Lamb shift: QED corrections

:> Calculated by several groups Pachucki (1996, 1999)
Borie (1976, 2005)

m) 1loop electron AE = 205.0282 meV

/- /
/ / >
VWANY l 2 <
1\ 'k "’;_ / S
O AE = 1.5081 meV
O = 1
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=) 2 loop electron

. (OO AE = 0.1509 meV

=) Muon self-energy, vacuum polarization AE =-0.6677 meV

=) other QED corrections calculated : all of size 0.005 meV or smaller << 0.3 meV
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Lamb shift: hadronic corrections (I

Y i 1qx L -V
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ﬂ Lower blob contains both elastic (nucleon) and in-elastic states ‘ Hadron physics

Information contained in forward, double virtual Compton scattering input required

- Described by two amplitudes T1 and T2: function of energy v and virtuality Q?

‘ 1 ‘
Im 7 (v, QZ) = mFl (v, Qz>

1 ‘
— (v, Q°)
uyy

- Imaginary parts of T1, T2: unpolarized structure functions of proton
Im 75 (v, Q?)

‘ AE evaluated through an integral over Q% and v

AE — Apge —" Elastic state: involves nucleon form factors
subtr AT : e
+ AFE — Subtraction: involves nucleon polarizabilities
+ A E'z'.un..el

=5 Inelastic, dispersion integrals: involves structure functions F1, F2



Lamb shift: hadronic corrections (II)

q low-energy expansion of forward,

doubly virtual Compton scattering

contains a subtraction term T1(0,Q?)

H

.Timn—Born(O7 QQ) —

.T;on—Born(O’ QQ) _

next order terms: calculable in chiral perturbation theory

Nevado, ; Birse, McGovern (2012);

Alarcon, Lensky,

effective Hamiltonian:
1

electric
polarizabilities

subtraction term T1(0,Q?)

Pineda (2008)

— 1 —
—547T04EE2 - 54#/31\132

l !

magnetic

Pascalutsa (2014)

Bm1® [104 fm3]

ag¢P [10* fm3]
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Theory analyses:

BChPT

Lensky,
Pascalutsa (2010)

HBChPT

Griesshammer,
McGovern,
Phillips (2013)

PDG 14 values:
o = (11.2+0.2) x 10* fm?3

Bm = (2.5 £ 0.4) x 10 fm3

weighting function in Lamb shift

10
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bectron
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Q (GeV)
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Lamb shift: hadronic corrections summary

polarizability correction dispersive estimates

on 2S level in pH in peV
HBChPT
HBChPT . . BChPT
+ dispersive

(neV) Pachucki [9] Martynenko [10] Nevado and Carlson and Birse and Gorchtein LO-BxPT

Pineda [11] Vanderhaeghen [12] McGovern [13] et al. [14] [this work]
AT 1.8 73 - 53 (1.9) 4.2 (1.0) =S (o) dae =a )
NESTE 24139 = (15 2 “12.7+(5) —12.7 (5) —13.0 (6) 5
E S 10)(0) =i 55 —7.4 2.4) s b —15.3 (5.6) )

4 Adjusted value; the original value of Ref. [14], +3.3, is based on a different decomposition into the ‘elastic’ and ‘polarizability’ contributions
b Taken from Ref. [12]

9]
10

. Pachucki, Phys. Rev. A 60, 3593 (1999).

[10] A. P. Martynenko, Phys. Atom. Nucl. 69, 1309 (2006).

[11] D. Nevado and A. Pineda, Phys. Rev. C 77, 035202 (2008).

[12] C. E. Carlson and M. Vanderhaeghen, Phys. Rev. A 84, 020102 (2011).
[13]

[14]

QO » X

=

13] M. C. Birse and J. A. McGovern, Eur. Phys. J. A 48, 120 (2012).
14] M. Gorchtein, F. J. Llanes-Estrada and A. P. Szczepaniak, Phys. Rev. A 87, 052501 (2013).

[LO-BxPT] Alarcon, Lensky, Pascalutsa, EPJC (2014) 74:2852

total hadronic correction on Lamb shift AEpp_25i= (33 £ 2) peV
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Lamb shift: status of known corrections

HH Lamb shift: summary of corrections

I-loop eVP

proton size

2-loop eVP

uSE and uVP
discrepancy

[-loop eVP in 2 Coul.

recoil

2-photon exchange
hadronic VP
proton SE

3-loop eVP
light-by-light

largest theoretical
Lol Ll Ll Ll I ‘ Uncertalnty

0>  107% 10" 1 10 10 eV

total hadronic correction on Lamb shift
ﬂ elastic contribution on 2S level: AE;s =-23 peV

BB inelastic contribution: Carlson, Vdh (2011) + AE(2p-25)= (33 £ 2) peV

Birse, McGovern (2012)

...or about 10% of needed correction
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Proton radius puzzle: new physics ?

A -
>

: T invoking exchange of

new muonic forces ? | |
INew Particle
|

lepton universality-violating models o ——— -~ hypothetical light boson

challenge: new physics must also simultaneously explain 1 ppm

respect (g-2), discrepancy
and 10* ppm discrepancies !!!

Tucker-Smith Yavin (2010)

Barger,Chiang, Keung, Marfiata (2011)

parity-violating muonic forces (V and A)
0.01

fine tuning between V and A coupling to muon

— cm Yy . . <
Ling = =V KIS =, (gvry + 9ar075)Wul S oom}
T So
all leptons V and A coupling .
to muons
Batell, McKeen, Pospelov (2011)
Carlson, Rislow (2012)
S he o 2 2 e . e R -
Karshenboim, McKeen, Pospelov (2014) e et B 10 0 10 20 30 40 50
my (MeV)

strong constraint from leptonic W decay

embedding in a renormalizable theory required Carlson, Freid (2015)
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Proton radius puzzle: what's next ?

q 1 atom Lamb shift: u D, p 3He*, u *He* have been performed

‘ electronic H Lamb shift: higher accuracy measurements

‘ electron scattering analysis:  Lorenz et al.; Hill, Lee, Paz

- radius extraction fits (use fits with correct analytical behavior: 2m cut)
- radiative corrections, two-photon exchange corrections
new fit Re=0.904 (15) fm (40 from pH)

ﬂ electron scattering experiments:

new Ggp, experiments down to Q%= 2 x 10* GeV?

- MAMI/A1: Initial State Radiation (2013/4)

- JLab/Hall B: HyCal, magnetic spectrometer-free experiment, norm to Mgller (2016/7)

- MESA: low-energy, high resolution spectrometers

! |

muon scattering experiments: MUSE@PSI (2018/9)

! |

e'e* versus Lu* photoproduction: lepton universality test
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uwD Lamb shift experiment

- H/D isotope shift (1S - 2S):

- CODATA 2010:

- rp from pH + isotope shift :

- new uD Lamb shift @ PSI:

(o 2E = = 58200 165)fmz

rq = 2.14240 (210) fm
rg =2.12771 (22) fm

Mg = 2.12562 (13)theo (77)theo fm

Parthey et al. (2010)

Pohl et al., Science 353,417 (2016)

3.50 indep. of r), ’; D spectr.
ub e another 7c discrepancy!
- -
(70 from uH) —
- -
e-d scatt. ®
| | I | | | | I | | | | I | | | I | | | | I | | | | I | | | | I | | | | I | |
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145

Deuteron charge radius [fm]

- electronic D (rpindep.):

re = 2.14150 (450) fm <« 3.50

e

Pohl et al. (2016)

- improved radius measurement from e-d scattering was performed @ MAMI (2014)
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Polarization corrections for uD, u°He*, u*He?*, ...

Carlson, Vdh (2011) + Birse, McGovern (2012)

= pH: AE™E(2P-2S5)=(33 £2) peV
present accuracy comparable with experimental precision: Oexp(AELs)

= 2.3 peV

nucleon potentials form chiral EFT Hernandez et al. (2014)

= uD: AETE= (1727 +20) peV
AE'PE= (1748 + 740) peV dispersive analysis
AETPE= (1710 + 15) peV

Carlson, Gorchtein, Vdh (2014)

theory average used in exp. Krauth (2016)

=3.4 peV

present accuracy factor 5 worse than experimental precision: Oexp(AELs)

ﬂ M 3Het: AFTPE= (15.46 + 0.39) meV nucleon potentials form chiral EFT

Nevo Dinur, Ji, Bacca, Barnea (2016)

AE™E=(15.14 £ 0.49) meV dispersive analysis carlson, Gorchtein, Vdh (2016)

Kinematics das 5(AE““°16‘“) 5(AETPE Z-: 120 x E=1099MpVL 6 =5
Q 100 T
impact of a 5% E =110 MeV f’# 23
§ = 54° +0.014 | 0.40 meV [§0.49 meV u 1
measurement at G 40F%t
e 6 =30° |40.0075| 0.21 meV |0.35 meV A Ay,
9:250 100055 016 meV 033 mev (())005 0.01 0015 0.02 0025 0.03 0.035
GeV
9 —=20° [40.0040| 0.11 meV L0.30 meV @ (@) =




ISR@MAMI experiment

- Extracting FFs from the radiative tail.

- Radiative tail dominated by coherent
sum of two Bethe-Heitler diagrams.

2
3 Re construct

1.02
This experiment —e—
101 ISR it ——
+ Bemauer g?()lﬂ —
1 Simon (1980 —_—
Borkowski (1975) —e—
09 L Murphy (1974) —a—
098
o 097 |
096 = 2% ;
0.95 - A T4 ?"
0.9 L '
093 |- Systematic uncertainty
09.2 | 1 | | 1 | | 1 |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Q* [GeV?/c

0.02

— Simulation Dmammsuav
10" | == Omitied alastic data -Had'
+ Data at 405 MaV Hle & wﬂmﬁals
s Data at 330 MaV
o | i
3 | | |
° st J
<
5 —/
S wl ’/j
@
s
8 10°

lll

I
Il

HiHmi’lHHiimm

Data/Simulation ~ 1

3 Sysematic uncertainty

250 300 350 400 450 500
Eecronenargy £ [MaV]

100 150 200

Mihovilovic et al. (2016)

good understanding of radiative
tail (~ 1%)

follow up experiment:
down to Q%= 2 x 10* GeV?
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MUSE@PSI experiment

Straw
Chambers

simultaneous measurement of e and

elastic scattering absolute cross sections

L 2 v
g > 1% ¥ |
> - AR I
'?‘ "4',5 .“ -
q A
M ! b J
/" Target |
Target ¢ . Chamber

Scif Beam GEMs V€O
Cerenkov .

MUSE Pseudodata: Estimated Errors for u/e C:‘:p Ratio T T
Sick (2003 § g g ;

) ; : ;

=115 MeVie CODATA:2006 (2008) e
® 153 MeV/c Bernauer (2010 :
(

..........................................................................................................

1.1

p)/ G (e p)

T T T ]

m 210 MeV/c T
=1.05- 3 L. — — — . e . - Pohl (2010

1
N
-
V)
=
no
o
—A
A

irpzezz2zzFEFINIII]

)

)
(2011) e

CODATA:2010 (2012) :

Antognini (2013) A | |
Projected MUSE ep e
Projected MUSE e’p |_.-—|
Projected MUSE wp +—0—+ 5 f

- (points offset for plotting) .= = ° Projected MUSE w'p —o—
0.9 S s S T S S ‘

O A A I P A 082 084 086 08 090 092

0.01 0.02 0.03 0.04 005 0.06 0.07 0.08
2 2 .
Q" (GeV") Proton Charge Radius (fm)

—

llllllll

0.95

-

production run planned 2018 - 2019
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do/dt dM,” (ub/GeV")

10 -

Lepton universality test in
YpP —e€e’p Vs Yp > W' p

y+pel'l++p

EY =0.5 GeV

--------- 0.01
wu
— 002
I 0.03
L T L
0.03 0.04 0.05 0.06 0.07 0.08
2 2
M, (GeV?)

E,=0.5 GeV

114 —t=0.03 GeV”
1435} lepton universality
o violation
'© 113}  Ggp/Gg,=1.01
3
'3 1125}
3
A
2 112}
% lepton universality

M _ ~~e
1.115 Gep=Gg,

1.11

1.105

0.068 0.07 0.072 0.074 0.076 0.078
M2 (GeV?)

0.066

- ;’#—— *’ o

difference in measured proton charge FF
in electron vs muon observables
leads to a 0.2% absolute effect
in (ee*+upt) vs put ratio

Pauk,Vdh (2015) 19



The Dark Photon

as a possible Extension of the

Standard Model

Atoms Dark

4.9% i

68.3%
Dark

Matter
26.8%
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= |ight dark sector: could explain
astrophysical anomalies:
et excess in cosmic ray flux

" possible explanation for (g-2),

1072

3

10°

104

Dark
Sector
U(l)d

red band: (g-2),

LI I
KLOE 2013

WASA
BAB
17 2014 |
Nr h BESIII
U W
[% i
BESIII projection
MESA =
Lol .:
1o1 1

m,. [GeV/c?]

Holdom (1986) , ...

Dark Photon
’\/,

Standard
Model
Sector

. U{1)

Heavy Charged Leptons L €
(carry U(1), charge)

o Y

o

Bjorken et al.
(2009)

e (k) v'(q") e (k')

Dark Photon as explanation for
(g-2),(almost) ruled out !

.. at least in most straight-forward model

Low-mass/low-coupling range will be
covered by JLab, MESA,... expts.
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K=>T1*y, Constraints for BR(Z_ =»invisible)~1
m, =100, 200MeV ruled out?

Marciano, Davoudiasl

implies dark matter X with mass my < mg,/2

pure kinetic mixing with Z-Z, mass mixing

1x107*

1x107*

5x 107} 5x 107}

1x10-5F %  [ainimeieiaiie ; 1x10-5F

5% 107 5% 107

-
-
B
-

——
-
——

1x 1076} 1x10-%}F

E787+E9%49

5% 1077 5% 1077k
Max suppression
BR(Z;—-missing) = 1 BR(Z;—missing) = 1
—7 1 1 1 1 1 —7 1 1 1 1 1
1x10 5 10 50 100 500 1000 1x10 5 10 50 100 500 1000
Z; mass [MeV] Z; mass [MeV]

Orange: rare K decay constraints from BNL E787+E949

Blue: ete -> ¥ + invisible constraint from BABAR -



Parity Violating

Electron Scattering

APV(Cs){

Bosons
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SM: universal quantum corrections leads to
a scale dependent, ,running” sinZ8w(Q)

extra Z mixing with contact  new fermions
dark Z interactions
contactint: A, =17 TeV (E158@SLAC)

>

9
> ; Q%e
Marciano, Davoudiasl
Zq
mgzg, m25

A

»

MiarkZ = 100 MeV
MiarkZ = 200 MeV

v—DIS

Qweak (first)
Marciano

(2014)

2,

0.232+ Moller .
MESA
Qweak ¢
0.230+ "Anticipated sensitivities" SLAC ]
L L 1 1 | 1 L L 1 | L L L L | L L L L | L L L L | 1 L 1 1
-3 -2 -1 0 1 2 3

Log,, Q [GeV]

» Project P2:
exceeding scale accessible in direct LHC searches,

complementarity with precision searches @ LHC

P2@MESA: 0.13 % measurement of sinZBw
A, =49 TeV
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Outlook

ﬂ proton radius puzzle had motivated to sharpen focus at the precision frontier

ﬂ generated a large exp/theo activity:

- new measurements: srutinize results, complementarity
- theory: improve on accuracy of hadronic corrections
polarizability program, few-body physics (ab initio calculations) program

ﬂ new faciltiy at the precision frontier will enable

to search for new physics (dark photons, dark matter, new parity violating
interactions...)
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