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Introductory remarks
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4Aron Bernstein - a very short CV

©Susan Godhor

• Born April 6, 1931, grew up in Brooklyn & Queens

• BSc in physics, Union College (Schenectady, N.Y.), 1953

• PhD in physics, Univ. of Pennsylvania, 1958

• Postdoc, Princeton Univ., nuclear physics research

• Assistant professor of physics, MIT, 1961

↪→ low-energy NP at the Markle Cyclotron

• Associate professor of physics, MIT, 1966 (→Weisskopf)

• 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

• A life-long arms control activist + · · ·

• † Jan. 14, 2020
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5Aron Bernstein - a few reminicences
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6Aron Bernstein - a few more reminicences

•When I was an undergraduate at Bochum (∼ 1979)

studying QFT using Schweber’s book on p. 595

• Bernstein and Mann (Bernstein 1958)
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7The Chiral Dynamics series

• Started 1994 at MIT with a unique format

↪→ talks and working groups

• Aron left this editorial work
to the young people starting 2003

• but he kept on pushing physics
related to chiral dynamics!
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Threshold pion
photoproduction
off the nucleon
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9The LET crisis

• The Low-Energy Theorem (LET) for γp→ π0p:
de Baenst (1969), Vainsthein, Zakharov (1970)

E0+,thr = −
egπN

8πmN

[
µ−

1

2
(3 + κp)µ2

]
= −2.3 ·

10−3

Mπ

[
µ = Mπ

mN

]
• Saclay measurement 1986
↪→ much smaller XS than expected

Mazzucato et al., PRL 57 (1986) 3144

E0+,thr = (−0.5± 0.3) · 10−3/Mπ

• Mainz measurement 1990
↪→ much more precise, 2 solutions

Beck et al., PRL 65 (1990) 1841

EI
0+,thr = (−0.25± 0.19) · 10−3/Mπ

EII
0+,thr = (−1.61± 0.16) · 10−3/Mπ

⇒ the LET is violated! ↪→ a flurry of th’y activities to resurrect it
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10All ways lead to Rome?
• A. M. Bernstein and B. R. Holstein, “Threshold pion photoproduction and chiral invariance,”

Comments Nucl. Part. Phys. 20 (1991) no.4, 197-220
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All ways lead to Bern!
Bernard, Kaiser, Gasser, UGM, Phys. Lett. B 268 (1991) 219

• 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

Amp(a) + Amp(b) =
π2

4
µ2 6= 0

⇒ so the LET really reads:

E0+,thr = −
egπN

8πmN

[
µ−

(3 + κp

2
+

m2
N

16F 2
π

)
µ2 +O(µ3)

]

• large correction to the second term→ convergence?

• must calculate the O(µ3) corrections→ done by BKM

�

�

�

�(a) (b)
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12The proper LET verified

• Two parallel but interwined strands: Th’y & Exp.

• Theory: V. Bernard, N. Kaiser, UGM

• Experiment: R. Beck and students and Aron'

&

$
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�

�
�

↪→ and even more precise P-wave LETs tested
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E0+ - state of the art

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

• Many years of dedicated measurements

of γp→ π0p in the threshold region

• A flagship for the fruitful interplay of experiment and theory

in chiral dynamics – exactly what was in Aron’s mind!

[106] BKM, ZPhysC70 (1996)

[112] BKM, EPJA11 (2001)

[113] Schmidt et al, PRL87 (2001)

Fig. from Bernard, Kubis, UGM, Eur.Phys.J. A25 (2005) 419
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14More threshold photoproduction - the cusp�
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• Early prediction of a unitary cusp Wigner (1948)

Eγp→π
0p

0+ (kγ) = A0(kγ) + iβ q+

β = Eγp→π
+n

0+ · aπ
+n↔π0p

CEX

Höhler, Mühlensiefen (1968), Fäldt (1980), Laget (1981), ...

• Aron pointed towards the importance of measuring β

to get a handle on aπ
+n↔π0p

CEX to test chiral dynamics
Bernstein, piN Newsletter 11 (1995) 66

• 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!
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15Even more threshold photoproduction - isospin breaking

• Aron was inspired by Weinberg’s 1977 paper→ huge isospin violation

Trans.New York Acad.Sci. 38 (1977) 185

• Aron’s photoproduction masterpiece'

&

$

%

↪→ 3-channel generalization of the
Fermi-Watson theorem

↪→ proposal to measure the target
asymmetry T to determine isospin
violation in β resp. aπ

+n↔π0p
CEX

↪→ proposal to measure a(π0p)
via Im E0+ below the π+n threshold,
extremely challenging...
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16Even more threshold photoproduction - D waves'
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• A further refinement of the theory:
↪→ inclusion of D-wave effects

• T1-coefficient (analogue of B ∼ P1(θ))

T1 = 2Re
[
E0+P

∗
1

]
+ δT1

P1 = 3E1+ +M1+ −M1−

δT1 = P/D-wave interference

• Use the MAMI data of Schmidt et al.

↪→ improves the accuracy

↪→ polarization observables significantly affected
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17Threshold pion photoproduction - the final word?

• An experimental proposal → further insight (with a mild but...)'
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18Threshold pion photoproduction - one last issue

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

• My answer always was: Emax
γ = 170 MeV at most 180 MeV based on intuition

• This was finally answered by Aron + CFP

↪→ compare HBCHPT at O(p4)
BKM, ZPhysC 70 (1996) 483; EPJA 11 (2001) 209

with unitarized HBCHPT
(Im E0+ from unitarity)

and a phenomenological S & P-waves fit

to the precise dσ/dΩ,Σ data

↪→ perfect agreement up to Eγ = 170 MeV

↪→ marked deviations start at Eγ = 180 MeV

1
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Amount of experimental data
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The chiral anomaly and
the neutral pion lifetime
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20The neutral pion lifetime

• The decay π0 → 2γ has revealed anomalous symmetry breaking

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

↪→ precise prediction at leading order:
�



�
	Γanom

π0γγ = α2M3
π

64π3F 2
π

= 7.76 eV

• Early measurements inconclusive

↪→ experimentally difficult

↪→ theoretical corrections?

• Aron was intrigued by Bachir Moussallam’s work
on π0, η, η′ → 2γ decays in CHPT when
he had a sabbatical at MIT PRD 51 (1995) 4939

see also Donoghue, Holstein, Lin (1985), Bijnens, Bramon, Cornet (1988)
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21The PrimEx proposal

• Aron was one of the initiators of PrimEx @ Jefferson Lab
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22Chiral corrections to the neutral pion lifetime

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

• Take up this task→ two simultaneous papers:

Γπ0γγ = 8.06± 0.02± 0.06 eV Γπ0γγ = 8.10± 0.08 eV

• Later refined to two loop accuracy Kampf, Moussallam (2009)

Γπ0γγ = 8.09± 0.11 eV → talk by Kampf
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23The PrimEX result
• Aron presented preliminary results

at CD 2009 in Bern

• PrimEx paper came out 2011
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24A nice review

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

&

$

%
↪→ another testimony of Aron’s legacy
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25More on Goldstone bosons '
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• Aron was also interested in
PS → γγ? decays and
the radii of pseudoscalar mesons

• Radii of the neutral pseudoscalars from

PS → γ?(Q2)γ at low Q2

F (Q2) = FPS(0)
(
1−Q2〈r2〉/6 + . . .

)
FPS(0) =

(
4Γ(PS→2γ)
πM3

PS
α2

)1/2

• Aron’s resume:

↪→ These transition ffs gained prominence
in the theoretical analysis of the muon (g − 2) → various talks to come
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Final remarks
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27Aron’s lecagy

• 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 π0 Meson and the QCD Chiral Anomaly

2012 JLab Outlook

2015 Pisa The π0, η, η′ → γγ? Decay Rates and Radii

2018 Duke none - could not attend, but very active organizer
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28A challenge: The neutron amplitude

• Remember the classical dipole picture: E0+(γn→ π0n) = 0

• A counterintuitive CHPT prediction:
�



�
	Eπ

0n
0+ = 2.1 > |Eπ

0p
0+ | ' 1.2 BKM (1996)

↪→ truely remarkable, |Eπ0n
0+ | ' 2|Eπ

0p
0+ |

↪→ quantum effects defy intuition!

tbss

• First test on the deuteron

Ed = Ess
d + Etb

d

Ess
d ∝ E

π0p
0+ + Eπ

0n
0+

•Three-body dominant, converges quickly
Beane, Bernard, Kaiser, Lee, UGM, van Kolck (1996)

• Theory versus experiment: Eth
d = −1.8± 0.2 Eexp

d = −1.7± 0.2

old Saclay data, reanalyzed in Argan et al. (1987)

~q

~k
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29A better target

• Neutral pion photoproduction on 3He: Sensitity of threshold XS a0 to Eπ
0n

0+
Lenkewitz, Hammer, UGM, PLB 700 (2011) 365; EPJA 49 (2013) 20

1.0 2.0 3.0

E
0+

π
0
n
 [10

-3
/M

π
+]
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12.0

a
0
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1
0

-6
/M

π
+2
]

�� ��theory error��
���

↪→
�
�

�
�3He is a promising candidate to test the CHPT prediction for Eπ

0n
0+
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30Final words

• Let us pause a minute to remember Aron

Courtesy of the Bernstein family
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