Outlook
Pions: Experimental Tests of Chiral Symmetry Breaking
A.M. Bernstein
Chiral Dynamics : 2012

o Spontaneous Chiral symmetry hiding
=Nambu-Goldstone Bosons r, n, K
= ChPT = Low energy theorems
« compare it and N scattering  a(m x), a(w N)
o testing ChPT in photo pion production

e quark mass effects- Isospin breaking

e Open problems



Spontaneous Chiral Symmetry
Hiding in QCD

1. mass gap below chiral symmetry breaking scale
z~ 1 GeV

2. three families of Nambu-Goldstone Bosons m,n
K are in the gap

727, m%{ XX mu, md, ms

explicit chiral symmetry breaking

3. m2,m

4. my >~ 140 MeV, the lightest hadrons

5. pion properties, interactions the most
accurately calculated in ChPT and lattice
the best tests of confinement scale QCD



t(rt®) and QCD

Axial Anomaly Bell and Jackiw, Adler 1969
Chiral Symmetry exact in Lagrangian
massless up, down quarks
lost in quantization

-I(7 —=vy) = (M J4n)’ (o /F)?> =7.76 eV
-exact in the chiral limit m,, mg, m_ — 0

* N0 adjustable constants

- chiral corrections ~(m_/4nF_)?~2 %
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Chiral calculations T'(n’-> yy): ann’
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edominated by axial anomaly

n0 lifetime

echiral corrections 4.5%, isospin breaking ~ my-m, accurate to 1%
ecommissioned article for the Reviews of Modern Physics

with B. Holstein completed

R.Miskimen Annual Reviews
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m-Hadron Scattering Lengths

Weinberg PCAC Calculation (1966)

al ,=—Ir-I, L
[ =1I,+1, isospin
L= mys/(87F2) ~ 0.1 fm

-~ 92 MeV pion decay constant

al_, — 0 in chiral limit m; —0
measures chiral symmetry breaking

this is the first term in the chiral series



Experimental Challenge: a x, a,pn

1. final state interaction in K+ — 7 tax—e®v

2. unitary cusp in K+ — 7#+7070

3. pionic H and D: 1s state energy, decay width
4. unitary cusp in vp — 7%

unitary cusps can appear when a new threshold
opens up and flux is either diverted or added

q3

K+

FIG. 1. The 77 rescattering diagram.
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ChPT Low Energy Constants

1. chiral symmetry
= Lsr structure

2. magnitudes(LEC)
= fitting data

3. limits predictive
power

4. mask higher order
contributions?

5. arr(l3,14)

6. mpr = I3
Fr,<71§.>= 14



ChPT Low Energy Constants

1. chiral symmetry
= L. structure 7t scalar radius

2. magnitudes(LEC) lattice Aoki PRD (2009)
= fitting data

3. limits predictive
power

4. mask higher order
contributions?

5. arr(l3,14)

6. mpr = I3
Fr,<r5,.>=14




ChPT Low Energy Constants

1. chiral symmetry 7 FLAG
4
= Lsr structure 065 3 35 4 45 5
2. magnitudes(LEC) - | | | lrl'% | et 10
= fitting data (‘i
3. limits predictive z R MILC 10, 15U(&)
| i | MILC 10  [SU(3)ft
power H RBC/UKQCD 10A
4. mask higher order i MILC 09A  [SUG3)f
N - - MILC 09A  [SU(2)fif
contributions? X ™ PACS-CS 08 (SUG)f
5. anxr(l3,14) > i PACS-CS 08 [SU(2) il
— | HH | RBC/UKQCD 08
Fr,<r3_>=14 0 ETM 09C
’ o ——0—+—+H JLQCD/TWQCD 09
z e ETM 08
H—0— JLQCD/TWQCD 08A
e CGL 01
| =| | '-| | | o8

25 3 35 4 45 5



PIONIC HYDROGEN - PSI D. Gotta, Julich

measurements  nH(n=2,3,4-1), aD(3-1), pH(3-1)

BRAGG CRYSTAL

pr——

R
SN

spherically bent crystal

position-sensitive detector
Charge-Coupled Device (CCD)
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PIONIC HYDROGEN 3p-1s transition

D. Gotta, Julich
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N scattering lengths

A exp = 2 x A theory
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f s=0.036(14) (+30, -23)



T —m, m— N scattering

1. chiral symmetry requires weak threshold s wave
measures explicit chiral symmetry breaking

2. strong p wave
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yp — ©° p: s wave weak even close to threshold

do/dQ [ub/sr]
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7t 7t scattering phase shifts

j) P Wave presonance
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7t 7t scattering phase shifts

51(3) p wave p Fresonance S- p wave phases
2%IIIIIIIIIIIIIIIIIIIIIIIIIIII | J | ! | ! | : [ ' [
‘, theoretical prediction (2001)
i P o Geneva-Saclay (1977)
— From form factor. No it aﬁﬁ%wﬂ' 20 o E865 (2009 isosin coreced
150 + Protopopescu et al. ,!&Wﬂ L @ NA48/2 (2006) isospin comected
o Estabrooks & Martin 5 I
v Hyamset al. .
ol o Protopopescu (set 2) 1 60- 6l 0F
--- PY (high energy fit) 0 1
5k
P&
0 L1l l L Iul | L1l l L1 1 | L1l I L1l l -5 I 1 I 1 I 1 I 1 I 1 I 1
0 200 400 600 800 1000 1200 1400 028 03 032 03 03 03

" (MeV) s 1/2 GeV



T —m, m— N scattering

. Chiral symmetry requires weak threshold s wave
measures explicit chiral symmetry breaking

. strong p wave

resonances create differences
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p wave phase (deg)

nr N p wave phases versus g2
absolute g values

-7, T-N p wave phases
100 | ‘ .
/
= = delta_11 /
n-N / /
Delta(P33) /
80 ;
/
/
J'E—J'l?'
60 , /

(9_pi/m_pi)A2



p wave phase (deg)

nr N p wave phases versus g2

absolute g values

-7, T-N p wave phases
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ntN scattering: chiral dynamics — resonance shape

total cross section (ub)
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total cross section (ub)
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5 — 7N: A New Era

. Mainz: ~ 47 detector

polarized beams and targets
continuous energy coverage

. new, stringent tests of ChPT
sensitive polarization observables

. first determination of accurate energy range

. transverse polarized target —
sensitive to final 7%, 7T n state —
previous m*p experiments: isospin tests(?)

. experimental challenge
small cross sections; accurate data
new techniques(?):HIyS,virtual photon tagging

. theoretical challenge
ChPT (heavy Baryon, relativistic, A)
subtracted dispersion relations. lattice



crystal ball at Mainz

4 photon spectrometer
(n and charged particles as well

AP

ARK

AVAV‘Q%}
VAV%W

TAPS

* 366 BaF, crystals

* 12 radiation lengths
* 1°<0<20° (3%)

Crystal Ball

* 672 Nal(Tl) crystals
* 16 radiation lengths
* 20°<6<160° (94%)
G =2-3°
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do/d2(92.87°) (ub/sr)

cross section polarized photon asymmetry
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ChPT worksto < 170 MeV
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Unitary Cusp yp — nt%p

B = EO+( Y p g ﬂ:+n) acex( nop > J-l:-'-n)

cusp sign and magnitude
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Unitary Cusp yp — nt%p

ﬁ = EO+( Y p g ﬂ:+n) acex( nop > J-l:-'-n)

cusp sign and magnitude
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testing isospin symmetry

Loco = Lo (Mg = 0) + L, (quark mass term)

L, has chiral symmetry; spontaneously broken
= Nambu-Goldstone Bosons (T, 1, K)
= ChPT: effective theory of QCD

L, =A(m,+ my) + B (m,-my)
explicitly breaks chiral symmetry

iIsospin symmetry broken: EM interaction
(md'mu)/AQCD ~ 20/0
exp. tests needed



dT(90)

yPp = n,a’p transverse polarized target
- = 1 N interaction neutral charge states.
-predicted sign change for x°, ™ production

dT(90) = ISB

Rl N S— e - T =polarized target

COT I o ~__ asymmetry
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need improved techniques for threshold energies

Mainz

Eo=

virtual photon tagger

Beam Energy: 1000 Me\/

LO6 La7
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ep— e'pn’ Q2 dependence
new Mainz , Jlab data HBChPT, relativistic ChPT
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Outlook

We have seen substantial progress
It has been a stimulating week
Let’'s look forward to the CD2015 conference

let’'s thanks Jefferson Lab
the participants
the working group organizers
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last but not least
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