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Introductory remarks
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Aron Bernstein - a very short CV

e Born April 6, 1931, grew up in Brooklyn & Queens
e BSc in physics, Union College (Schenectady, N.Y.), 1953
e PhD in physics, Univ. of Pennsylvania, 1958
e Postdoc, Princeton Univ., nuclear physics research
e Assistant professor of physics, MIT, 1961
— low-energy NP at the Markle Cyclotron
e Associate professor of physics, MIT, 1966 (— Weisskopf)
e Full professor of physics, MIT, 1975
— became interested in low-energy QCD ~ 1990
— initiated the Chiral Dynamics series w/ Barry Holstein
— Chiral Dynamics: Theory and Experiment, MIT, 1994
— rather unusual format (real working groups!)
— Humboldt fellow at Mainz Univ., many visits & works
e A life-long arms control activist 4 - - -

e 7 Jan. 14, 2020
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Aron Bernstein - a few reminicences
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Aron Bernstein - a few more reminicences ‘

e When | was an undergraduate at Bochum (~ 1979)
studying QFT using Schweber’s book on p. 595

e Bernstein and Mann (Bernstein 1958)

PHYSICAL REVIEW VOLUME 110, NUMBER 4 MAY 15, 1958

Scattering of Gamma Rays by a Static Electric Field™}

A, M. BeEpwsTEIN] anp A, K. Manw i
Unizersity of Pesnsylzenis, Philodd phia, Fennsylamnia e e Bl e B Bt e e S B i
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r :-'2;".::::: E’L"m’fﬁ." Hora, | B Calculated Delbriick ]

In an effort to obeserve Delbriick scattering (the scattering of mate values at 2.62 Mev, At 1,33 Mev, the difference between B Soctoiedibeiics and Mledndee e " ]

phiotons by a static electric field), the absolute diffecential cross  the observed scattering and that due to the Rayleigh and Thomsen = J ad L -

sections for the clastic scattering of 1.33-Mev pamma ravs by processes is not sufficiently large compared with experimental E E E E

lead, tin, and uraniom and of 2.02-Mev gamma rays by lead and  ervor to permit o definite identification of Delbriick scattering to C | B o

tin have been mensured for angles between 15 and 105 degrees.  be made, At 2.62 Mev, for lead, the experimental cross sections r il - | J
The observed scattering is the coberent sum of Delbeiick, Rayleigh  at intermediate angles (30 to 75 degrees) are substantially larger E i il § . Rayleigh plus Thomson, Form Factor

(bound electron), and nuclear Themeon scattering. The amplitude  than those calculated by extrapolation of the exact caleulations, E = Ot 35 i =

fior the latter process is well known ; recent calculations of Rayleigh  even when reasonable allowance for error in the extrapolation is TE 3 e T es Farm rocior 5,

scattering, which are in good agreement with data obtained  made. The most probable explanation for this difference is an g r n § L |

previously in this labomtory for gammacray energies below 1 Mev,  appreciable contribution from Delbriick scattering. Ea i s E

prrovide exnet values of the amplitudes at 1,33 Mev and appeosi- o 5 .

10 = ;anl!ithh‘!sThnmsnn upper limit 'El E B

E 1 = [ Nuclear Thomson =

F A = 7
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Fic. 8. Differential cross section for the elastic scattering of
2.62-Mev gamma rays by tin versus scattering angle. At 45°, 60°,
and 75° only limiting values are available.

T1c. 7. Differential cross section for the clastic scattering of
2.62-Mev gamma rays by lead versus scattering angle.
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The Chiral Dynamics series .-~ | [l

M.Bernstein Barry R. Holstein

Aron M.Bernstein Dieter Drechsel
Th alcher (Eds.)

e Started 1994 at MIT with a unique format S Chiral Dynamics: _ ;
| Theoryand I Chiral Dynamics:
Experiment ’ B Theory

— talks and working groups B and Experiment

Cambridge, Tk 2
MA, USA (L Proceedings,
1994 o Mainz,

Threshold Photo/Electro Pion Production — M o
Working Group Summary '

Ulf-G. Meifiner', B. Schoch?

! Centre de Recherches Nucléaire, Physique Théorique, BP 28 Cr, F-67037
Strasbourg Cedex 2, France
? Universitit Bonn, Institut fir Physik, Nufiallee 12, D-53115 Bonn, Germany

1 Introduction

Over the last few years, pion production off nucleons by real or virtual photons has
become a central issue in the study of the non—perturbative structure of the mucleon,
i.e. at low energies. Here, developments in detector and accelerator technology on the
experimental side as well as better calculational tools on the theoretical one have
allowed to gain more insight into detailed aspects of these processes and the physics

.é HISKP-TH 03/23

Mini-Proceedings of the

\ ! Fourth International Workshop on

behind them. One main trigger were the two papers by the Saclay and the Mainz
groups [1,2], which seemed to indicate the violation of a so—called low energy theorem
for the reaction yp — 7p. This lead to a flurry of further experimental and theo-

retical investigations. Another cornerstone was the rather precise electroproduction CHIRAL DYNAMICS:

measurement y*p — 7 p at NIKHEF [3]. Here, we wish to summarize the state of the THEORY and EXPERIMENT
art in caleulating and measuring these processes in the threshold region. Furthermore, (CD2003)
we ontline what we believe have crystalized as the pertinent activities to be done in
the near future. Bonn, Germany
September 8 — 13, 2003
edited by
. A ro n | eft -th i S e d ito ri aI WO rk UIE-G. Meiiner, Hans-Werner Hammer and Andreas Wirzba
e—
fiir Strahlen- und Kernphysik (Theorie)
k Editors edrich- Wilhelms-Universiti
[l 4-16, D-53115 Bonn, Ge:
to the young people starting 2003 Ao W Bernstei
José L Goity
Ulf-G MeiBner
ABSTRACT
H H These are the proceedings of the fourth international workshop on “Chiral Dy-
. ut e e t O n u S I n S I CS namics: Theory and Experiment” which was held at the University of Bonn
September 8-13, 2003. The workshop concentrated on the various experimental
and theoretical aspects of chiral dynamics, including for the first time in this
. . Scientific s ed discussions of lattice gauge theory. It consisted of an introduc-
r I h I r I n m I ' 3 £ cture, plenary talks, working group talks and working group summaries.
M I | Included is a short contribution per talk.
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Threshold pion
photoproduction
off the nucleon




The LET crisis

e The Low-Energy Theorem (LET) for vp — n9p:

de Baenst (1969), Vainsthein, Zakharov (1970)

€dn N

e [M — %(3 + ":'p)kbz] = —2.3-

Eg4,thr = —

e Saclay measurement 1986
— much smaller XS than expected

Mazzucato et al., PRL 57 (1986) 3144

Eot nr = (—=0.5 £+ 0.3) - 103 /M,

e Mainz measurement 1990
— much more precise, 2 solutions

Beck et al., PRL 65 (1990) 1841

Ej, tne = (—0.25 +£0.19) - 1072 /M,
Ef' e = (—1.61£0.16) - 103 /M
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= the LET is violated! < a flurry of th’y activities to resurrect it
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All ways lead to Rome?

10

e A. M. Bernstein and B. R. Holstein, “Threshold pion photoproduction and chiral invariance,’
Comments Nucl. Part. Phys. 20 (1991) no.4, 197-220

TABLE 1

photoproduction channels

We conclude then that all roads do indeed lead to “*Rome.”
Chiral symmetry, when applied consistently, leads to unambiguous
predictions for the threshold values of pion photoproduction am-
plitudes while the energy dependence of the E;, multipole can be
approximately estimated with a simple K-matrix approach. The
predictions obtained thereby are concisely summarized in Table I,
and experimental and theoretical expectations are seen to be quite
consistent in the three channels for which data is available provided

Shown arc threshold E,. multipole values for the four pion

Numerical
Threshold Experimental
Value Value
Analytic Threshold Value® (% 107Ym,) (% 10" %m,)
_ 1 ) -1.5 + 0.3
wp =D (,u L S Gm-‘}) —2.28 -2.0 + 0.2
_ 3 27.9 = 0.5
w*n  DV2 (1 -+t 0[#2)) 26.3 28.8 = 0,7
e -31.4 = 1,309
7= p —DV2 Ll —amt U{.uz)) -31.3 ~322 + 1,200
1
m"n -D E_u.‘xn + O(u?) 0.50 -

1) Here xyy is the anomalous magnetic moment of the proton (neutron) and D
= ef wniBmimy, = 23,86 x 107 Ym, for giyw/dw = 14.3.
™ Our value obtained from the Mainz data (Rel. 4).
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All ways lead to Bern!

Bernard, Kaiser, Gasser, UGM, Phys. Lett. B 268 (1991) 219
e Renalysis of the LET to one loop in baryon chiral perturbation theory:

— Taylor expansion in the energy is not well behaved

or: the “harmless assumption” is wrong

a )
7‘-2 V\/\/\/”/-\\ V\/\/\/V/_\\ ,/
Amp(a) + Amp(b) = Z,u,z #+0 /\ \ 7 \ s
a b
= so the LET really reads: - (@) (b) _/

e large correction to the second term — convergence?

e must calculate the O (u?) corrections — done by BKM
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The proper LET verified

e Two parallel but interwined strands: Th'y & Exp.
e Theory: V. Bernard, N. Kaiser, UGM

e Experiment: R. Beck and students and Aron

i

ELSEVIER

R

Physics Letters B 368 (1996) 20-25 —_————————— \

Neutral pion photoproduction from the proton near threshold
M. Fuchs?, J. Ahrens®, G. Anton®, R. Averbeck ¢, R. Beck?, A.M. Bernstein®,

AR. Gabler?, F. Hirter®, PD. Harty !, S. Hlava¢9, B. Krusche?, 1.J.D. McGregor !,
\ V. Metag 4, R. Novotny?, R.0. Owens', J. Peise®, M. Robig-Landau®, A. Schubert?,

R.S. Simon¢, H. Stroher?, V. Tries?
\ /

/ VOLUME 87, NUMBER 23 3 DECEMBER 200 1\\

Test of Low-Energy Theorems for 'H(y, 7°)!H in the Threshold Region

PHYSICAL REVIEW LETTERS

A. Schmidt,! P. Achenbach,? J. Ahrens,! H.J. Arends,! R. Beck,!* A.M. Bernstein,? V. Hejny,3 M. Kotulla*
B. Krusche,’ V. Kuhr,® R. Leukel,! [.1.D. MacGregor,7 J.C. McGeorge,7 V. Metag,4 V.M. Olmos de Leén,!

F. Rambo,® U. Siodlaczek,® H. Stroher,® Th. Walcher,! J. WeiR,* F. Wissmann,® and M. Wolf*

N /

— and even more precise P-wave LETs tested

12
Multipole amplitudes
Amplitude This work LET ChPT [21}
-3
P [-‘&:—5‘9——] 10.024 0.15 - 10.3
ml
=4
P oSt 11.44 4+ 0.09 - 11.25
Eﬂ‘{“s"“"’ [3:1’_'3] —1.31 £ 0.08 -228 —1...—-1.5
0.0
B this work: gk-fit e ChPT [9]
-0.2 t O this work: g-fit —-—— DR [20] |

. i}
0.8 %jﬂ( i
N !

ReE,, /10°/m,-

0.4 ﬁ—“‘“‘“ =
' e

l}3{‘,1',:151.4 MeV

?‘%

145 150 155

160 165

E. / MeV
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Ey. - state of the art

e CHPT review in 2007 in Annu. Rev. Nucl. Part. Sci.

Fig. from Bernard, Kubis, UGM, Eur.Phys.J. A25 (2005) 419

Chiral Perturbation Theory &= O ot

The real part of the

This article’s doi:

its various settings. We discuss some applications of recent interest,
10.1146/annurev.nucl.56.080805.140449

including chiral extrapolations for lattice gauge theory.
Copyright© 2007 by Anmil Reviews. -1.2

electric dipole amplitude -0.2+ —
1 5 Ly in the threshold - -
= 2 * - T . -

Véronique Bernard' and Ulf-G. Meifiner region. The red line is the 0.4 i
one-loop CHPT - _
prediction (106, 112), and ﬂ;_ —-0.6 - -

Annu. Rev. Nucl. Part. Sci. 2007. 57:33-60 Key Words the blue data p()illtt; are E

3 i = = -
blished online as a Review in Ad ; -

,I\/;;[cine, 1;0;7 online as a Review in Advance on effective field theory, quantum chromodynamics the most recent '7° 08| ]

The Annual Review of Nuclear and Particle Science is Abstract measurements from ,_‘:: L i

oRlbc R e s o This review givesa briefintroduction to chiral perturbation theory in MAMI (1 13 ) Lu° 40F |

—-1.6 1 1 1 | 1 | 1 | 1 |
144 148 152 156 160 164

E (MeV)

e Many years of dedicated measurements

[106] BKM, ZPhysC70 (1996)
[112] BKM, EPJA11 (2001)
[113] Schmidt et al, PRL87 (2001)

of yp — w°p in the threshold region

e A flagship for the fruitful interplay of experiment and theory

In chiral dynamics — exactly what was in Aron’s mind!
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More threshold photoproduction - the cusp y

e Early prediction of a unitary cusp Wigner (1948) /, o

B3~ (ky) = Ao(ky) + 8B ay

IB E"yp—>7r+ 7'r+'n,<—>7'r0p

*Acogx

Hohler, MUhlensiefen (1968), Faldt (1980), Laget (1981), ...

e Aron pointed towards the importance of measuring 8

7r+'n<—>7r0

to get a handle on aggx — * to test chiral dynamics

Bernstein, piN Newsletter 11 (1995) 66

e First extraction of the unitary cusp from

MAMI data in 1997

— consistent with one-loop CHPT

— consistent with unitary model

— points towards the need

of polarization measurements!

MARCH 1997
Observation of a unitary cusp in the threshold yp— =’ reaction \

A. M. Bernstein, ! E. Shuster,' R. Beck,? M. Fuchs,® B. Krusche,® H. Merkel 1 d H Stroher
! Department Physics and Laboratory for Nuclear Scie MIT Canm l ridge Massachu: s 02139
Institut fiir Kernphysik, Johannes-Gutenberg-Univ ar Mainz, D-55099 M’ G
rsitat Gie, ﬁ D 35392 Giefsen, Ger
6 September 1996)

310 Physikalisches Institut,

A rigorous multipole analysis of the recent yp— m’p cross-section isp d. The data were
eter TAPS at the tagged photon beam of the Mainz microtron. The s and p

ext d using minimal model a: ssump . The p edicted unit: aIy usp for the
s-wave mulnpole Ey due to

the two step W)‘. “n—a’p reaction was observed. The results are consistent
with one-loop chiral perturbation theory calc 1 s for wh h three low-energy constants have been deter-
\ mined by a fit to the d ’Th rtainti h nalysis and the need i r polarization observables are /
discussed. [50556 281‘5(97)03002 1]
N > 4

Re(Eo.) (109,

| |

_1-6 ' L L 1
145 150 155 160
K, (MeV)

FIG. 8. ReEy; vs photon energy. The circles represent the mul-
tipole fit, the solid line represents the unitary fit, and the dash-dot
line the ChPT fit.
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Even more threshold photoproduction - isospin breaking

e Aron was inspired by Weinberg's 1977 paper — huge isospin violation

THE PROBLEM OF MASS*

a{s®nnn) = 1.9 % 107 *em T {39}

ata®p=1"p) = 1.4 x 107 %cm (40)
Steven Welnberg**
Izogpin conservation would say that these should be equal — instead,

Lyman Laboratc:r},r of PhYSiCE we see that thoy differ by over 30%.

Harvard University

Cambridge, Massachu
ge. husetts 02138 Trans.New York Acad.Sci. 38 (1977) 185

e Aron’s photoproduction masterpiece

~ N

S — 3-channel generalization of the
[ & s Fermi-Watson theorem

ELSEVIER Physics Letters B 442 (1998) 20-27

— proposal to measure the target
Light quark mass difference and isospin breaking . . .
in electromagnetic pion production asy mm et ry T tO d ete Fmin e |SOS pl n

AM. Bemstein . A A 7r|n++w0p
Physics Department and Laboratory for Nuclear Science, M.1T., Cambridge, MA, USA V I O | at I O I B re S p a
]
Received 12 August 1998; revised 29 September 1998 C E X

Editor: W. Haxton

< proposal to measure a(7%p)

It is demonstrated that there is a dynamic isospin breaking effect in the near threshold y *N — 7N reaction due to the

]
mass difference of the up and down quarks, which also causes isospin breaking in the 7N system. The photopion reaction is +
affected through final state 7N interactions (formally implemented by unitarity and time reversal invariance). It is also VI I l l O | W 7 I n 3
\ demonstrated that the near threshold yN — @ N reaction is a practical reaction to measure isospin breaking in the N /
]
extremely challenging...

system, which was first predicted by Weinberg about 20 years ago but has never been experimentally tested. © 1998
Published by Elsevier Science B.V. All rights reserved.

N -
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Even more threshold photoproduction - D waves y

Contents lists available at ScienceDirect =

e A further refinement of the theory:
Physics Letters B
< inclusion of D-wave effects

Low-energy D-wave effects in neutral pion photoproduction

o T]. -CO eff I CI e nt an al Og ue Of B A~ P]_ (9 ) C. Fernandez-Ramirez*, AM. Bernstein, TW. Donnelly

Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge, MA 02139, USA

ARTICLE INFO ABSTRACT

Article history: The contribution of D waves to physical observables for neutral pion photoproduction in the near thresh-
sk Received 31 March 2009 old region is studied. Heavy Baryon Chiral Perturbation Theory to one loop, and up to O(g*), is used
— Received in revised form 29 June 2009 to account for the S and P waves, while D waves are added in an almost model-independent way us-

1 1 1 Accepted 7 July 2009

e e iy 2008 ing standard Born terms and vector mesons. It is found that the inclusion of D waves is necessary to

Editor: W, Haxton extract the Eo; multipole reliably from present and forthcoming data and to assess the low-energy con-
stants of Chiral Perturbation Theory. Arguments are presented demonstrating that F-wave contributions
PGS are negligible in the near-threshold region.

1239.Fe © 2009 Elsevier B.V. All rights reserved.
13.60.Le
1 — 14 + 14+ — 1

N -

0Ty = P/D-wave interference

~ N\

PHYSICAL REVIEW C 80, 065201 (2009)

. Unexpected impact of D waves in low-energy neutral pion photoproduction from the
proton and the extraction of multipoles
e Use the MAMI data of Schmidt et al.

C. Ferndndez-Ramirez,” A. M. Bernstein, and T. W. Donnelly
Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetis Institute of Technology,
77 Massachusetts Ave., Cambridge, Massachusetts 02139, USA
(Received 20 July 2009; published 4 December 2009)

Contributions of D waves to physical observables for neutral pion photoproduction from the proton in the
near-threshold region are studied and means to isolate them are proposed. Various approaches to describe the
multipoles are employed—a phenomenological one, a unitary one, and heavy baryon chiral perturbation theory.
The results of these approaches are compared and found to yield essentially the same answers. D waves are seen
to enter together with § waves in a way that any means which attempt to obtain the Ey, multipole accurately must
rely on knowledge of D waves and that consequently the latter cannot be dismissed in analyses of low-energy
pion photoproduction. It is shown that D waves have a significant impact on double-polarization observables that

— can be measured. This importance of D waves is due to the soft nature of the S wave and is a direct consequence
N+t: of chiral symmetry and the Nambu-Goldstone nature of the pion. F-wave contributions are shown to be negligible
E in the near-threshold region.
==
‘?D DOI: 10.1103/PhysRevC.80.065201 PACS number(s): 12.39.Fe, 13.60.Le, 25.20.Lj
- — —
—
-

— Improves the accuracy

0.145 0.15 0.155 0.16 0.165

£, (GeV) — polarization observables significantly affected
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Threshold pion photoproduction - the final word? .

" " " L] "
e An experimental proposal — further insight (with a mild but...) S
—
e
-~ [®)
Exp.-Nr. A2-10/09 — -0.2 %
Eingang: 15.05.2000 E': (b] =
an PAC: 18.05.2009 £ i
5= 06} cs 2
. . 2 (())
Mainz Microtron MAMI — = O =
+
. P " =] '1 ~ \ q) e
Collaboration A2: “Tagged Photons L
Spokesperson: A, Thomas g b (®) E
, 1.4 < 5
Proposal for an Experiment B q) o
. . . L
Measurement of Polarized Target and Beam Asymmetries in _— 11 (@) © —
Pion Photo-Production on the Proton: Test of Chiral Dynamics NE‘= - [ CU
. o 10.5¢ c O 4+
Spokespersons for the Experiment : . q) (o} (G
M. Ostrick - Mainz, D. Hornidge - Mt. Allison, — 10 (()) O
. . E — -
W. Deconinck, A M. Bernstein - M.LT. o E -O w —
g (¢)) (e
o 95F . i
Abstract of Physics: J4b] -] o’ - (&)
We propose to perform precise measurements of the 55 — «”p reaction from threshold o 9 1 1 I 1 o) = G,) T —
to partway up the A resonance using polarized beams and targets. These measure- 10 m q-) E  —
ments will provide an additional, stringent test of our current understanding that the o T T T T GJ C c
pilon is a Nambu Goldstone boson due to the spontaneous chiral symmetry breaking in NE': (C] E q) E @
T Specificallv we will test detailed predieti wturbati orv (O u "—
QCD. Specifically _\\( will test detailed |)11_1111T1(111&I\ of llllle-il ptltlll]ldflull_ T.'htl-Jl_\ (C hP_T} o A1k __:l?”'-l-"‘” . i q) > (7))
and its energy region of convergence. This experiment will test strong isospin breaking o T, v—%.- GJ c wn
due to the mass difference of the up and down quarks. The data on the (time reversal r = 0= CU >
odd)transversely polarized target asymmetry T = A(y) will be sensitive to the 7N phase o CU < ——
shifts and will provide information for nentral charge states(7%p, 7 1) in a region of ener- N -12¢ S O CU
gies that are not accessible to conventional wN scattering experiments. The data on the o O _9
double polarization observable F' = A{4.,r) (circular polarized photons-transverse polar- é O C -
ized target) will be sensitive to the d-wave multipoles, which have recently been shown to -13 m ) _9
be important in the near threshold region. — 15 'E
~— — ‘“é': [ CIE) »
-, PHYSICAL REVIEW LETTERS N o 13} O =
/PRL 111, 062004 (2013) 9 AUGUST 2013 o 2 3 >
o, = 0 c
Accurate Test of Chiral Dynamics in the yp — 7" p Reaction % 11k () (U o
D. Hurnidge,"* P. Aguar Barmlomé.2 J.R.M. Annund,‘ H.J. Arendb,2 R. Bc:«:](,'1 V. Bekrcm:v,5 H. Bergh’}iuscr.ﬁ o q') -
A M. Bemslein,7 A. Braghicri,x W.J. Briscue,° S. Chcrepnya,m M. Die[crle.11 E.J. Downie.2 P. Drsxler,(‘ [i}] E e
C. Ferndndez-Ramirez,' L. V. Filkov,' D. 1. Glazier,"® P. Hall Barrientos,'* E. Heid,® M. Hilt,? I. Jaegle,"" o 9 | ! I i o}
0. Jahn,* T.C. Jude,"” V. L. Kashevarov,'®? I. Keshelashvili,'' R. Kondratiev,"* M. Korolija,'> A. Koulbardis,? -,
D. Krambrich,? S. Kruglov,5 B. Krusche,'' A.T. Laffolcy.1 V. Lisin,"* K. Livinghmn,‘ 1.1.D. MacGre:g\)r.] 140 1 50 1 60 1 ?O 1 80 1 90 U) m
J. Mancell,* D.M. Manley,'® E.F. McNicoll,® D. Mekterovic,'® V. Metag,® S. Micanovic,'” D. G. Middleton,'? E (MeV A ®
K. W. Moures,' A Mushkurel‘lkuv.x B.M.K. Nefkens,17 M. Oberle,Il M. Oslriuk,2 P.B. Otle,2 B. Ousseml,2 ¥ { e ) I I
P. Pedroni,K F. Pheron,” Al P&JlUnSki,m S. Prakhov,'” J. Rubinsun,3 T. Rostomyun,“ S. Scherer,2 S. Schumann,l
M. H. Sikora,® A, Starostin,'” I. Supek,'> M. Thiel,® A. Thomas,” L. Tiator,” M. Unverzagt,® D. P. Watts," . - o
D. chhm'uller,” and L. Witthauer''
N— _
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Threshold pion photoproduction - one last issue

18

e Aron always asked me, how far above threshold one could go with HBCHPT?

e My answer always was: EZ*** = 170 MeV at most 180 MeV based on intuition

e This was finally answered by Aron + CFP

—s compare HBCHPT at O(p*)

BKM, ZPhysC 70 (1996) 483; EPJA 11 (2001) 209

with unitarized HBCHPT
(Im Eg4 from unitarity)

and a phenomenological S & P-waves fit

to the precise do /d2, ¥ data

— perfect agreement up to E, = 170 MeV

— marked deviations start at £, = 180 MeV

Contents lists available at Sci

Physics Letters B

Upper energy limit of heavy baryon chiral perturbation theory
in neutral pion photoproduction

C. Ferndndez-Ramirez **, A.M. Bernstein”
r de Fisica Nuclear, Deph.' Tamento de Fisicn Atdmica, Molecular ¥y Nuclear, Faculrod de Clencias Fisicas, Universidad (.'nJII‘.'_I.'n'uﬂ'rL(n! de Mudrid, CEI Moncloa,
Il 1: ', E-28040 Madrid, Spain

i, Complurense s, E-2
U Laboratory for Muclear Science and Department of Physics, Massachusetes Institute of Technolugy, 77 Mussachuserts Ave., Cambridge, MA 02138, USA

4 : : .
Empirical ----=--- ,
HBChPT ---e---
U-HBChPT ----o--- //p
3 .
©
Q [
cxlx > '/ .
e o ,0/
oY o o -
;::’_3_—_—_-_0" e »
1 Qsaepy v’,.as-’-fﬁ:-'-'-'—a—--- -

155 160 165 170 175 180 185 190 195
E7® (MeV)

70 75 70 7o 5 O < D Py On Op To Ta To O
Amount of experimental data
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The chiral anomaly and
the neutral pion lifetime




The neutral pion lifetime N

e The decay nm°® — 2~ has revealed anomalous symmetry breaking

— quantum corrections break a symmetry of the classical theory
Bell, Jackiw (1969), Adler (1969)

2 3
< precise prediction at leading order: [ anom — O E = T7.76 eV]

e Early measurements inconclusive 3.5
: --:--gﬁgmaly
< experimentally difficult > chra *
2.5 5
< theoretical corrections? 3

e 2 .
e Aron was intrigued by Bachir Moussallam’s work = . |
on %, n,n" — 2~ decays in CHPT when E : |
he had a sabbatical at MIT PRD 51 (1995) 4939 B l ..... - I
see also Donoghue, Holstein, Lin (1985), Bijnens, Bramon, Cornet (1988) 0.5 S
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The PrimEXx proposal

e Aron was one of the initiators of PrimEx @ Jefferson Lab

A Precision Measurement of the Neutral Pion Lifetime
via the Primakoff Effect

TINAF PAC 15 Proposal

December 17, 1998

K. A. Assamagan, L. Gan, A. Gasparian (spokesperson and contact person),
W. Buck, J. Goity, P. Gueye, L. Tang, C. Keppel, K. Baker
Hampton University, Hampton, VA

B. Asavapibhop, R. Hicks, D. Lawrence, R. Miskimen (spokesperson), G. Peterson, J. Shaw

University of Massachusetts, Amherst, MA

A. Ahmidouch, S. Danagoulian (spokesperson), C. Jackson, S. Mtingwa, R. Sawafta

North Carolina A&LT State University, Greensboro, NC

D. Dale (spokesperson), T. Gorringe, W. Korsch, C. Popescu,
V. Zeps, P. Zolnierczuk
University of Kentucky, Lexington, KY
E. Chudakoff, R. Ent, V. Gyurjyan, M. Ito, B. Wojtsekhowski
J.P. Chen, D. Mack, E. Smith
Thomas Jefferson National Accelerator Facility, Newport News, VA
A. Bernstein, M. Distler, M. Pavan
Massachusetts Institute of Technology, Cambridge, MA
A. Nathan
University of Illinois, Urbana, IL
D. Sober, H. Crannell, A. Longhi
The Catholic University of America, Washington, DC
W. Briscoe, L. Murphy
George Washington University, Washington, DC

I. Aznauryan, H. Egiyan, S. Gevorgyan, A. Margaryan, K. Egiyan, 5. Stepanyan,

H. Voskanyan, A. Ketikyan, A. Shahinyan,Y. Sharabian, A. Petrosyan
Yerevan Physics Institute, Yerevan, Armenia

A. Glamazdin, A. Omelaenko
Kharkov Institute of Physics and Technology, Kharkov, Ukraine

A. Afanasev

North Carolina Central University, Durham, NC

B. Milbrath
Eastern Kentucky University, Richmond, KY

AL Fix, V.A. Tryasuchev
Tomsk Polytechnical University, Tomsk, Russia

y ,

PrimEx Setup
Hall B

HYCAL
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Veto Se.
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Bag

Supetharp
Photon
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£ |
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Chiral corrections to the neutral pion lifetime .

e First calcuations of corrections in the 1980ties — improve th’y precisions
Donoghue, Holstein, Lin (1985), Bijnens, Bramon, Cornet (1988)

e Take up this task — two simultaneous papers:

Electromagnetic corrections in the anomaly sector

Balasubramanian Ananthanarayan

Centre for Theoretical Studies, Indian Institute of Seience
Bangalore 560 012, India
E-mail: pnant@cts.iisc.ernet. i

Bachir Moussallam
Groupe de Physigue Théorique, IPN, Université Paris-Sud
F-91406 Orsay Céder, France
E-mail: poussall@ipno. in2p3. f1]

ApsTRACT: Chiral perturbation theory in the anomaly sector for Ny = 2 is extended to
include dynamical photons, thereby allowing a complete treatiment of isospin breaking,
A minimal set of independent chiral lagrangian terms is determined and the divergence
structure is worked out. There are contributions from irreducible and also from reducible
one-loop graphs, a feature of ChPT at order larger than four. The generating functional
is non anomalous at order e*p!, but not necessarily at higher order in e?. Practical appli-
cations to ym — 77 and to the 7 — 2y amplitudes are considered. In the latter case, a
complete discussion of the corrections beyond eurrent algebra is presented including quark

mass as well as electromagnetic effects.

T oy = 8.06 & 0.02 + 0.06 eV

e Later refined to two loop accuracy

PHYSICAL REVIEW D 66, 076014 (2002)
Decay 7"— ¥y to next to leading order in chiral perturbation theory

1. L. Goity
Depariment of Physics, Hampion University, Hampion, Virginia 23668
and Thamas Jefferson National Accelerator Facility, Newpars News, Virginia 23608

AL M. Bernstein
Laboratory for Nuclear Science, Massachusetts Instinnte of Technology, Cambridge, Massachuserss 02139

B. R. Holstein
Deparment of Physics-LGRT, University of Massachusens, Ambersi, Massachuseris 00003
(Received 1 June 2002; published 30 October 2002)

The 7" — yy decay width is analyzed within the combined framework of chiral perturbation theory and the
1IN, expansion up to N p®) and Hp*x 1IN,) in the decay amplitude. The #' is explicitly included in the
analysis. It is found that the decay width is enhanced by about 4.5% due to the isospin-breaking induced
mixing of the pure U'(3) states. This effect. which is of leading order in low energy expansion, is shown to
persist nearly unchanged at next to leading order. The chief prediction with its estimated uncertainty is
[ g .y =8.10*+0.08 eV. This prediction at the 1% level makes the upcoming precision measurement of the
devay width even more urgent. Observations on the 7 and 1 can also be made, especially about their mixing,
which is shown to be significantly affected by next to leading order corrections.

T oy = 8.10 £ 0.08 eV

Kampf, Moussallam (2009)

oy = 8.09 4+ 0.11 eV

— UIf-G. MeiBner, Chiral dynamics ... — Plenary talk, CD 2021, IHEP, Beijing (online), Nov. 15, 2021 —

— talk by Kampf



The PrimEX result 2

e Aron presented preliminary results ey

. -
at CD 2009 in Bern _
Lifetime Measurement of the 7 Meson and the QCD = 40 i
Chiral Anomaly =]
\ -
=
w ]
(=g L
a O prIiinoooonyoooooooooiiiiiyiiiiiiiy
A. M. Bernstein® 4 L 1
Physics Dept. and Laboratory for Nuclear Science N - 1
Massachusetis Instituie of Technology : {
Cambrridge MA. 02739, USA 7— - -
E-mail: barnsteinfmit . ¢ T
The 7" — ¥y decay rate is dominated by the chiral anomaly with 4.1+ 1.0 % isospin breaking 6 ] : : : i i : :
chiral corrections(proportional to the mass difference of the up and down quarks). A new mea- PDB8 diract Cornell DEBY Tomsk we+e- PrimEx

surement at Jefferson Lab using the Primakoft effect{PrimEx) is presented with a total error of
3.0%. Great care was taken to reduce systematic errors: this was checked with pair production
and Compton scattering measurements. The result is consistent with previous experiments and

the predicted value.

T,0.,, = 7.8240.1440.17 eV (2.8%)
T,0., = 7.80 & 0.06 + 0.11 eV (1.5%)

Science 368 (2020) 506 —s talk by Gasparian
= great success of chiral dynamics!

PrimE m t 2011 | !
® Tl X paper came ou ak E
week ending § 10 i D~ESY E
PRL 106, 162303 (2011) PHYSICAL REVIEW LETTERS 22 APRIL 2011 o (Primakoff) ]
= F ]

S ] ..

New Measurement of the " Radiative Decay Width OT 9L 4 —

B [ ] ==
SENE- . 3 . 4 . 45 67 v 3 6 — [ ] ]
L Larin, "~ D. McNulty,” E. Clinton,” P. Ambrozewicz.” D. Lawrence.™ 1. Nakagawa.,™" Y. Prok,” A. Teymurazyan, ~ r ] > >
A a’\hmidn_uuh:2 A Asr.ul}'nn,' IK. Bnkcr_."‘ L. Bugmm.: AM. Bernstein,” V. Burkert,” P. ('.‘Ulcl_" P C(]llillﬁ‘lu . D_u]u." Hoffe07, +/_1_5,7;|' | | I I | I
5. Danagoulian,” G. Davidenko,” B. Demirchyan,” A. Deur,” A. Dolgolenko,” G. Dzyubenko,” R. Ent.” A. Evdokimov,’ 8 I e E

I Fcug_' B2 Gabrielyan,® L. Gan,"" A Gnspariun._l"‘ 5. Gevo l'k)-'-.m.' LA G]nma;ﬂ.dig."‘ V. Goryachev.” V. Gyurjyan,” Fooos J: ——————————— Lo 1 E

K. Hardy.” J. He,"" M. Ito,” L. Jiang,'""* D. Kashy,” M. Khandaker,'” P. Kingsberry,™"” A. Kolarkar,” M. Konchatnyi,'® L PrimEx 1 [

A. Korchin,"® W. Korsch,® 8. Kowalski,* M. Kubantsev,"'® V. Kuhamvsky." 3L P Martel * V. Matveev,! B. Mecking. r % (P(I?i(:l::f(l(l)ff) (Primakoff) ] D_ D_
B. Milbrath,'” R. Minehart,™ R, Miskimen,* V. Mochalov,”' 8. Mlingwn_.: S. Owrhy.: E. Pnsyuk.q"" M. Pnycn.: 7 ' CERN B

R. Pedroni,” B. Ritchie,'” T. E. Rodrigues,™ C. Salgado,'” A. Shahinyan,"* A. Sitnikov,' D. Sober,”™ 8. Stepanyan,” [ (Direct) Tomsk ] o o
W. Slcplmn;."" 1. Underwood,? A. Vasiliev,™ V. \’ishnynko\a' M. Wood,* and S. Zhou'? [ | | | (Primakoff) l

) _ 1 2 3 4 5
(PrimEx Collaboration) Experiments
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A nice review

e Aron teamed up again with Barry to write a nice RMP:

~ N

REVIEWS OF MODERN PHYSICS, VOLUME 85, JANUARY-MARCH 2013
Neutral pion lifetime measurements and the QCD chiral anomaly

A.M. Bernstein

Physics Department Laboratory for Nuclear Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139 USA

Barry R. Holstein

Department of Physics LGRT, University of Massachusetts, Amherst, Massachusetts 01003
USA

(published 9 January 2013)

A fundamental property of QCD is the presence of the chiral anomaly, which is the dominant
component of the 7' — yy decay rate. Based on this anomaly and its small (=4.5%) chiral
correction, a prediction of the 7¥ lifetime can be used as a test of QCD at confinement scale
energies. The interesting experimental and theoretical histories of the 77° meson are reviewed, from
discovery to the present era. Experimental results are in agreement with the theoretical prediction,
within the current (= 3%) experimental error; however, they are not yet sufficiently precise to test
the chiral corrected result, which is a firm QCD prediction and is known to = 1% uncertainty. At this
level there exist experimental inconsistencies, which require attention. Possible future work to
improve the present precision is suggested.

\ DOLI: 10.1103/RevModPhys.85.49 PACS numbers: 14.40.—n, 13.20.Cz, 13.40.Hq, 11.30.Rd /

N -

— another testimony of Aron’s legacy
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More on Goldstone bosons

e Aron was also interested in
PS — ~~™* decays and
the radii of pseudoscalar mesons

e Radii of the neutral pseudoscalars from

PS — ~*(Q?*)~ atlow Q?
F(Q?) = Fps(0) (1— Q*(r?)/6 + ...

1/2
FPS(O) — (4I‘(PS—)2‘7) )

3 2
7TMPSO’,

e Aron’s resume;

I hope that this discussion about the slope parameter of the P§S — ¥*(Q* )y form factor stimu-
lates new, accurate experiments and further calculations. In particular it is ol inlerest o re-examine
the ChPT calculations [2], to extend the latice calculations[5], and perhaps most important, o

physically interpret that differences between the charge, scalar, and axial transiion RMS radu.

— These transition ffs gained prominence
in the theoretical analysis of the muon (g — 2)

25

-~ ) N
The 7°,n,n — yy* Decay Rates and Radii

[

A.M. Bernstein*

Physics Dept. and Lab. for Nuclear Science
MIT, Cambridge Mass, USA.

E-mail: bernsteinfmit.edu

The low Q7 slopes of the transition form factors provide a unique method to measure the sizes

of the neutral pseudo-scalar mesons, since they do not have electromagnetic form factors. From

the slope one obtains the "axial transition RMS radius" Ra ps = V< r2 > for each PS meson.

The present status of theory and experiment for these quantities are presented. A comparison

of the Ry ps is presented along with the electromagnetic and scalar radii of the 7+ mesons and

the proton. We observe the striking similarity of the values of axial transition radii of all of the /
pseudoscalar mesons to each other and to the charge radius of the 7.

N -

0.9 _
p dominance

0.85 - Tt

(scalar) (charge)

0.8

N/
0.75 (disp)

R(fm)

0.7 o  (charge)

0.65 ;e

0.6 T Ul i

0.55 = (ChPT)

— various talks to come
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Final remarks
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Aron’s lecagy

27

e Part of Aron’s legacy is nicely summarized by his Chiral Dynamics talks

year place title of Aron’s talk

1994 MIT none - main organizer

1997 | Mainz Introduction to Chiral Dynamics: Theory and Experiment

2000 | JLab Experimental Chiral Dynamics

2003 | Bonn Hadron Deformation and Chiral Dynamics

2006 | Duke Opening Remarks: Experimental Tests of Chiral Symmetry Breaking
2009 | Bern Lifetime Measurement of the m® Meson and the QCD Chiral Anomaly
2012 | JLab Outlook

2015 | Pisa The #°,n,n’ — v~* Decay Rates and Radii

2018 | Duke none - could not attend, but very active organizer
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A challenge: The neutron amplitude 26

e Remember the classical dipole picture: Egy (yn — w%n) = 0

e A counterintuitive CHPT prediction: [Egi” =2.1> |E§ip| ~ 1.2] BKM (1996)

0]
— truely remarkable, |ngr"| ~ 2|Eg+p

— quantum effects defy intuition!
e First test on the deuteron

0 O : \\ \\
Efls X E(7)"+P _|_ Eg_l_n ;HJ Hf@ +PPPJ ’

s tb
e Theory versus experiment: | Et* = —1.8 +0.2|| E;® = —1.7+ 0.2

—_

q .
N
N

e [hree-body dominant, converges quickly
Beane, Bernard, Kaiser, Lee, UGM, van Kolck (1996)

old Saclay data, reanalyzed in Argan et al. (1987)
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A better target *

e Neutral pion photoproduction on 3He: Sensitity of threshold XS aq to Egi’"'
Lenkewitz, Hammer, UGM, PLB 700 (2011) 365; EPJA 49 (2013) 20

120 |I T T ] T T T 1
: _
I —
.
N +l=3 : —
= 8.0 i -
© | :
- I
-’
~ - i /[theory error |
e oners AT 0 |52 YR <
GIESSEN e e I
YAL'Q,S > 4.0 :
L I
S B
L1 1 L1 1 M R R B

|
1.0 ) 2.0 3.0
T n -3
E0+ [10 an+]

s [3He is a promising candidate to test the CHPT prediction for Egi”J
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Final words

e Let us pause a minute to remember Aron

Courtesy of the Bernstein family
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