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Precision Hadron Physics

Outline of the lectures

Lecture 1: Tests of the Standard Model at low-energies
§ Introduction: Frontiers of the Standard Model
§ Low-energy tests of the weak mixing angle
§ Search for a dark photon and light dark matter

Lecture 2: Modern Topics in Precision Hadron Physics

Lecture 3:  given by Dr. Vladyslav Pauk
Precision physics: the anomalous magnetic moment of the muon
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Frontiers of the Standard Model 
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Frontiers of the Standard Model

LHC
Higgs discovery

Production of new 
physics particles

Later: ILC

New Physics

Higgs discovery
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Englert, Higgs
Nobel prize 2013 
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Frontiers of the Standard Model

Testing SM at low 
energies, quantum 

loop corrections 
sin2θW
(g-2)μ
EDM

Flavor physics
Atomic physics

H. Bethe(1947)

New Physics
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Frontiers of the Standard Model

Terra incognita

New Physics

Hadron physics: Strong interactions, Complex systems 
How do quarks/gluons merge into hadrons (mass, spin,…) ?

How does hadron structure emerge from basic constituents?

from quarks to stars:
looking outward 
vs looking inward

"for his contributions to the theory of 
nuclear reactions, especially his 

discoveries concerning the energy 
production in stars”

Hans Bethe:
Nobel prize 1967 
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Dual behavior of strong interactions QCD

strong coupling: 
the world
of hadrons

Differently from electromagnetic and weak interaction perturbation 
QCD: theory only simple at high energies -> asymptotic freedom

Nobel prize 2004

Gross Politzer Wilczek
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weak coupling: 
asymptotic

freedom

§ Unraveling strong QCD 
Origin of mass, spin,  
hadron imaging

§ Precision hadron physics 
impact on new physics searches: 

(g-2)μ ,  dark photon search, proton
radius puzzle, weak mixing angle

§ Theory tools
lattice QCD: ab initio
EFT/phenomenology: interplay
with precision hadron data
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Challenges for the Standard Model 

confinement

The world of Hadrons as 
bound systems of quarks/gluons

Understanding
Low-Energy QCD

uu
d

u
u

d

15 MeV 

938 MeV

15 MeV/c2

938 MeV/c2

Generally believed to consist of particles 
beyond the Standard Model

Search for New Physics

- Neutrino Sector 
- Baryon-antibaryon   

asymmetry
- Dark Matter 
- Dark Energy
…. 
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Low-energy frontier of the Standard Model 

Particle physics
Atomic physics

Astro(particle) physics

Strong interactions
Hadron structure

Hadron spectroscopy 

sin2θW (g-2)μ

RE
Proton charge 

radius

Dark 
Photon

Nuclear 
EOS

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 
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10Low-Energy Tests of the 
Weak Mixing Angle
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Electroweak sector of Standard Model
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SU(2): weak isospin gauge symmetry
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Electroweak sector of Standard Model
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U(1)Y : weak hypercharge gauge symmetry
2 neutral currents:
- 3rd component of weak isospin:

- electromagnetic current:

Combine them by introducing weak hypercharge quantum number Y 
such that electric charge

Q = Y/2 + t3
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Electroweak sector of Standard Model
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Structure of electroweak neutral current (NC) 

should not contain
photon field

LNC
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Electromagnetic
current

Electroweak unification: weak mixing angle

A! : photon field

Glashow-Salam-Weinberg 
model (1967, 1968) 

g sin ✓W = g0 cos ✓W = e
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Electroweak sector of Standard Model
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LNC
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emAµ � g

cos ✓W
Jµ
NCZµ

Jµ
em = �

�
 ̄L
l �

µ L
l +  ̄R

l �
µ R

l

�

Jµ
NC = Jµ

3 � sin2 ✓WJµ
em =

1

4
 ̄⌫l�

µ(1� �5) ⌫l �
1

4
 ̄l�

µ
�
[1� 4 sin2 ✓W ]� �5

�
 l

Vector interaction
is suppressed

Electroweak neutral current (NC) in Standard Model 

sin2 ✓W ⇡ 0.23 ! 1� 4 sin2 ✓W ⇡ 0.08

Determination from electroweak
precision observables: 
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Accessing sin2 θW : proton weak charge

15

←

Electroweak Lagrangian → Parity-Violating electron-quark term: 

← Proton’s Weak 
Charge

g2

8M2
W

=
GFp
2
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Parity violating electron scattering
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For forward angle scattering 
at low Q2 :  

APV accesses  s.       
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Running of sin2 θW : Standard Model test
SM: universal quantum corrections leads to

a scale dependent, „running� sin2θW(Q)

❦
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sin2 ✓W (Q) = e2(Q)/g2(Q)
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Running of sin2 θW : New Physics Search

SM: universal quantum corrections leads to
a scale dependent, „running� sin2θW(Q)

Sensitivity to new beyond SM physics:

new fermionsextra Z mixing with 
dark Z

contact 
interactions

contact int: Λnew ≈ 17 TeV (E158@SLAC)   
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P2@MESA: 0.13 % measurement of sin2θW

Λnew ≈ 49 TeV
exceeding scale in direct LHC searches
complementarity with precision searches @ LHC
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Running of sin2 θW : New Physics Search

19

Marciano (2014) 
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MESA Accelerator
Mainz Energy-Recovering Superconducting Accelerator
Extracted Beam Mode
Emax = 155 MeV
Imax = 150 µA 
Beam Polarization

3 recirculations à
6 passes through SRF cavities

Mode 1:
Extracted Beam
P2 Experiment
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A Low-Q2 Measurement of sin2θW  at MESA
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24Search for a  
Dark Photon & 

Light dark matter
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Dark Sector searches: worldwide effort

25

US cosmic visions Community Report:   arXiv1707:04591 [hep-ph]
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Kinetic Mixing: Dark photon/Dark Matter

Standard
Model 
Sector
U(1)

Dark
Sector
U(1)d

Holdom (1986)

γγ¢

Heavy Charged Leptons L
(carry U(1)d charge)

Dark Photon
(aka A¢, U, Zd, ...)

A way to relate the dark sector to the SM (coupling ~ ε2)

AMS02@ISS

DM

DM

e+

e-

Excess of positrons in cosmic ray spectrum due to Dark Matter annihilation?
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Year 2010
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Dark Photon Status in 2010
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Pospelov(2008)
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Results from past years 
Low-Energy Electron Accelerators with high Intensity ideally suited for Dark Photon search

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

… at least in most straight-forward model

Low-mass range will be covered    
by MESA project

29

Bjorken et al.(2009)

Bethe-Heitler type processYear 2015



Precision Hadron Physics

MESA Accelerator
Mainz Energy-Recovering Superconducting Accelerator
Recirculating ERL Mode
Emax = 105 MeV
Imax > 1 mA 
Beam Polarization

Mode 2: ERL
Internal Target

MAGIX Experiment
2 recirculations à

4 passes through SRF cavities
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Internal Expt. MAGIX @ MESA ERL Mode
Operation of a high-intensity (polarized) ERL beam

in conjunction with light internal target
à a novel technique in nuclear and particle physics

à precise measurement of low momenta tracks at competitive luminosities
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Dark Sector Searches at MAGIX

Features:
• Xe gas target
• Luminosity 1035 cm-2s-1

• 6 month of data taking
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Visible	Dark	Photon	Model
MDark Photon	<<MDark Matter

Dark  Photon decaying into
SM particles

Invisible	Dark	Photon	Model
MDark Photon	>		MDark Matter

Dark  Photon decaying into
Dark matter particles
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Beam Dump Experiment (BDX) @ MESA
Electron Scattering  (MESA) on Beam Dump 
à Collimated pair of Dark Matter particles !

10,000 hours data taking @ 150 µA
à >1022 electrons on target (EOT)
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Beam Dump Experiment (BDX) @ MESA
Electron Scattering  (MESA) on Beam Dump 
à Collimated pair of Dark Matter particles !

10,000 hours data taking @ 150 µA
à >1022 electrons on target (EOT)

Extracted beam
BDX Experiment

P2 beam dump
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Beam Dump Experiment (BDX) @ MESA
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BABAR 2017

 EOT2210× ; 3χ= 3 m'γ = 0.5 ; mDα

Detector layouts:
• Phase 1: existing PbF2 crystals

of A4 experiment
(0.13 m3 volume)

• Phase 2: 11m3 Leadglass
calorimeter

2.7 m

2.7 m

1.5 m~11 m3
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Low Energy experiments
study the structure

of particles 
and more than that !
à New tools: MESA 

Puzzles at low Energies ?!
- Proton Radius
- (g-2)µ
- Dark Photon

Conclusions
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