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I.  COMPASS—DIS	  at	  CERN	  

Disclaimer:	  	  I	  am	  not	  a	  member	  of	  COMPASS	  
Thanks	  to	  Fabienne	  Kunne	  of	  CEA	  /IRFU	  Saclay,	  France	  &	  COMPASS	  
And	  to	  Eva-‐Maria	  Kabuss	  of	  Ins1tut	  fuer	  Kernphysik	  Universitat	  Mainz	  &	  COMPASS	  

II.  MUSE	  elas1c	  scaUering	  at	  PSI	  (the	  other	  Swiss	  lab)	  
Disclaimer:	  	  I	  am	  part	  of	  MUSE	  
Thanks	  to	  Ron	  Gilman	  of	  Rutgers	  &	  MUSE	  
	  

Why	  use	  Muons?	  

This	  work	  was	  par1ally	  supported	  under	  grant	  DE-‐AC02-‐06CH11357	  
from	  the	  US	  Department	  of	  Energy,	  Office	  of	  Nuclear	  Physics	  



COMPASS Spectrometer 

Paul	  E	  Reimer	  	  Muon	  ScaUering	  Experiments	  

2	  

§  “Typical”	  mul1purpose	  fixed	  target	  spectrometer	  
§  200	  GeV	  polarized-‐µ—	  and	  Hadrons	  from	  CERN	  SPS	  
§  Polarized	  Proton	  or	  Deuterium	  target	  
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Physics	  Program:	  	  
§ Meson	  Spectroscopy	  
§ Meson	  Polarizabili1es	  
§ Drell-‐Yan	  π—	  ↑p	  	  
–  Sivers	  Func4on	  
–  Orbital	  angular	  momentum	  
–  QCD	  Gauge	  Formalism	  	  

Physics	  Program:	  	  
↑µ↑p	  scaUering	  

§ Nucleon	  Spin	  Structure	  
§ Generalized	  Parton	  Dists	  
GPDs	  
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Sivers	  
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Franco BradamanteErice, September 17, 2015

Sivers asymmetry  
2004: first evidence for non-zero values on proton

compatible with zero on deuteron
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Franco BradamanteErice, September 17, 2015

Sivers function
from COMPASS and HERMES SIDIS data

it is clearly different from zero − in spite it is T-odd

final state interactions, gauge link

PER	  Note:	  	  	  
•  Both	  COMPASS	  
and	  SeaQuest	  
will	  be	  
measuring	  
polarized	  Drell-‐
Yan	  for	  valence	  
and	  sea	  quarks	  
(respec1vely)	  in	  
the	  near	  future.	  

•  Completely	  
complementary	  
experiments	  





Why Muons?  
§  Reach	  in	  High	  Q2	  and	  Low-‐x	  ⇒	  High	  
energy	  lepton	  beam	  

§  Synchrotron	  radia1on	  	  ⇒	  Muon	  beam	  
easier	  than	  electron	  beam	  
–  Down	  side	  is	  that	  this	  forces	  one	  to	  

use	  a	  secondary	  pion	  beam	  that	  
decays	  into	  muons	  

COMPASS Timeline—Future 
§  2015	  &	  2018	  Polarized	  Drell-‐Yan:	  π—	  ↑p	  →	  µ+µ—	  X	  
–  Transverse	  Momentum	  Distribu1ons	  
–  Sivers	  Func1on	  &	  Orbital	  angular	  momentum	  
–  QCD	  Gauge	  Formalism	  	  

§  2016	  &	  2017	  Deep	  Virtual	  Compton	  ScaUering:	  µ— p	  →	  µ— p	  γ
–  Generalized	  Parton	  Distribu1ons	  
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MuSE: 
Muon Proton 
Scattering Expeirment 

e,µ e’,µ’

p’

γ

p



The	  proton	  charge	  radius	  is	  defined	  as	  
	  
	  
	  
	  
ep	  elas1c	  cross	  sec1on	  (one	  photon	  exchange):	  
	  
	  
	  
	  
	  
Easy,	  what	  could	  go	  wrong?	  
§  Rosenbluth	  separa1on—2γ	  exchange	  effects	  
§  Is	  the	  data	  at	  sufficiently	  low	  Q2?	  
§  Does	  the	  fit	  func1onal	  form	  overly	  constrain	  the	  extrapola1on?	  
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MuSE:  Muon Proton Scattering Expeirment 

hr2pi = �6~2 dGE
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Summary of analyses of existing data 
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arXiv:1301.0905	  
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Proton Charge Radius from 
atomic spectroscopy 



Proton Charge Radius from 
atomic spectroscopy 
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NRQM:	  
§  finite	  size	  of	  proton	  perturbs	  energies	  of	  S	  states	  

rp	  <<<<	  ratomic,	  so	  effect	  propor1onal	  to	  ψ2
a(r=0).	  

§  Precise	  transi1on	  measurements	  
in	  atomic	  hydrogen	  have	  been	  
made	  for	  many	  transi1ons	  

§  Also	  sensi1ve	  to	  the	  Rydberg	  
constant,	  R∞	  

E(nS) ' �R1
n2

+
L1S

n3

L1S [MHz] ' 8172 + 1.56 (rp[fm])
2



3	  May	  2016	  

Paul	  E	  Reimer	  	  Muon	  ScaUering	  Experiments	  

19	  

arXiv:1301.0905	  



Why Measure µH? 

§ While	  lepton	  is	  inside	  proton,	  aUrac1ve	  poten1al	  is	  modified	  
§  Average	  poten1al	  reduced	  the	  longer	  lepton	  spends	  inside	  proton	  
§  Strongly	  affects	  S	  orbitals,	  much	  less	  so	  P,	  so	  S⇄P	  transi1ons	  change	  
§  Probability	  for	  lepton	  to	  be	  inside	  proton	  =	  volume	  of	  P	  /	  volume	  of	  atom:	  
§ mµ≈205me	  so	  

	  µH	  is	  ≈205x103≈8	  million	  4mes	  more	  sensi4ve	  to	  rP	  
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Pohl et al Nature 466 8 July 2010 doi:10.1038/nature09250 
§  Step	  1:	  	  Produce	  muonic	  hydrogen	  

	  

§  Step	  3:	  	  Detect	  2keV	  decay	  x-‐ray	  

§  Step	  2:	  	  scan	  for	  1S	  2P	  transi1on	  
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Muonic Hydrogen 

§  d	  
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Proton Radius Explanations and Summary 

1.  One	  (or	  more)	  or	  the	  experiments	  is	  wrong	  
–  Underes1ma1ng	  errors?	  
–  Strived	  to	  obtain	  previous	  results?	  
–  Solu1on:	  	  Repeat	  experiments	  

ü  Muonic	  Hydrogen	  has	  already	  been	  done	  
ü  Electronic	  Hydrogen	  is	  underway	  at	  various	  places	  
ü  Electron	  scaUering	  done	  (MAMI,	  JLab)	  

–  Two	  photon	  effects?	  
–  Extrac1on	  of	  slope	  at	  Q2→0	  is	  difficult	  

•  many	  studies	  with	  different	  assump1ons	  obtain	  same	  results.	  

2. Measurements	  of	  different	  effec1ve	  radii?—ruled	  out.	  	  
–  e12C	  scaUering	  and	  µ12C	  atomic	  measurements	  agree	  
–  This	  would	  produce	  a	  disagreement	  between	  scaUering	  and	  spectroscopy,	  not	  muon	  and	  

electron.	  

3.  Lamb	  shiy	  incorrectly	  calculated—ruled	  out.	  
4. Novel	  Hadronic	  Physics?	  
5. Viola1on	  of	  lepton	  universality?	  
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Electron	   Muon	  
ScaUering	   0.875±0.006	   ??	  
Spectroscopy	   0.877±0.007	   0.841±0.0004	  

2	  

+	  σep	  =	  	   +	  .	  .	  .	  



MUSE 

§  Determine	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  with	  muons	  to	  test	  
universality	  

§ Measure	  µ+,	  µ—,	  e+,	  e—	  at	  the	  same	  1me	  
–  Removes	  common	  systema1c	  uncertain1es	  in	  e	  µ 

measurements	  
–  +/-‐	  comparison	  will	  measure	  2γ	  contribu1on	  

§  Precision	  determina1on	  of	  scaUering	  angle	  
§  Precision	  determina1on	  of	  incoming	  par1cle	  
momentum	  (1me	  of	  flight)	  

3	  May	  2016	  

Paul	  E	  Reimer	  	  Muon	  ScaUering	  Experiments	  

25	  

hr2pi = �6~2 dGE

dQ2

����
Q2=0

Paul	  Scherrer	  Ins1tute:	  	  The	  other	  Swiss	  Lab	  



Radius effect on Cross Section 
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Ra1o	  of	  elas1c	  scaUering	  cross	  
sec1ons	  for	  calculated	  for	  two	  
possible	  proton	  charge	  radii	  	  



§  I	  know—I’m	  responsible	  for	  building	  the	  table	  
–  And	  make	  sure	  that	  everyone	  else’s	  pieces	  fit	  
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Table Top Experiment—literally  



§  I	  know—I’m	  responsible	  for	  building	  the	  table	  
–  And	  make	  sure	  that	  everyone	  else’s	  pieces	  fit	  

§  PSI	  πM1	  channel	  
–  5	  MHz	  total	  beam	  flux	  
–  115,	  153	  and	  201	  MeV	  e±,	  µ±	  and	  π±	  

§  θ	  20o	  –	  100o	  
§  Q2	  0.002	  –	  0.07	  GeV2	  
§  Beam	  monitored	  with	  Cherenkov,	  ToF	  and	  

tracked	  with	  GEMs	  
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Table Top Experiment—literally  
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MUSE:  How well 
will we do? 
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e+p

μ+p

Estimated Results!

 Statistical uncertainties only, endcap BG mainly at ε near 1

 µ limited by µ decay rejection (conservatively estimated)

 e+/- mainly limited by radiative corrections, here 1γ cancels, prob. det. response
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e+p

μ+p

Estimated Results!

 Statistical uncertainties only, similar results for ep & µp

 6 month run, equal time for each setting, θ
scatter 

= 20 – 100°

  Uncertainities include endcap and µ decay subtractions


