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Early days Neutron physics

Early days as Nikola’s student: neutron physics

I 1973–1976 Undergraduate student with scholarship from Laboratory
for Nuclear Structure (LNS), Institute Rudjer Bošković.

I Summer of 1975, summer and fall 1976, worked on research project in
neutron-induced reactions (n,p), (n,pn), (n,2n) . . .

I December 1976 completed and defended Diploma (BSc) thesis on
“Inclusion of preequilibrium emission into the evaporation code
NUKRE for neutron-induced reactions”

I January 1977, joined LNS, started graduate school in Nuclear
Physics, University of Zagreb.
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Early days Neutron physics

Quasimolecular resonances in HI; OCM

MSc and PhD work with Nikola Cindro on “quasimolecular resonances”
(QMR) in heavy ion collisions.

In 1978-79 developed the Orbiting Cluster Model (OCM) of QMR:

I postulate simple nature: orbiting touching
spheres, in the entrance channel:

EJ =
~

2 IOC
J(J + 1)

I observability governed by small spreading
width Γ↓; phenomenologically parametrized.

OCM

I Experimental searches for QMR in: 9Be+12,13C, 12C+24Mg
(Demokritos), 14C+14C, 28Si+24,26Mg (LANL), 16O+16O (Stanford),
28Si+32S (Strasbourg).

I MSc in 1980; DSc in 1981, with N.C.
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Early days Neutron physics

1984–1995: Transition to medium energy physics

1984–1987: Nuclear excitations and properties with intermediate energy
probes (postdoc at Stanford U.)

I (n,p) at 118 and 65 MeV (isovector GT GR; IUCF, UC Davis)

I (e,e’p) on light nuclei in the GR region (MIT Bates)

I (π±, π0) on light and medium heavy nuclei (LAMPF)

I nucleon pair emission in µ− capture in light nuclei (SIN/PSI)

1988–present: Shift to fundamental interactions, symmetries, hadron
properties, SM tests (after arrival at UVa)

I threshold π+p→ π+π0p (π-π scatt. length; χ symm; LAMPF)

I π−p→ π0n low energy angular distributions (LAMPF)

I series of e− DIS nucleon spin structure experiments:
(E143, E155, E155x at SLAC; RSS, SANE, CLAS at CEBAF)

I program of rare π and µ decays (PIBETA and PEN at PSI)
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Rare π, µ decays Cecil Powell’s emulsion tracks

Cecil Powell et al., 1947 discovery of pion in emulsions
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Rare π, µ decays Summary of known decays

Known and measured pion and muon decays
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Decay BR

π+ → µ+ν 0.9998770 (4) (πµ2)
µ+νγ 2.00 (25)× 10−4 (πµ2γ)
e+ν 1.230 (4)× 10−4 (πe2) X
e+νγ 1.61 (23)× 10−7 (πe2γ) X
π0e+ν 1.025 (34)× 10−8 (πe3, πβ) X
e+νe+e− 3.2 (5)× 10−9 (πe2ee)

π0 → γγ 0.98798 (32)
e+e−γ 1.198 (32)× 10−2 (Dalitz)
e+e−e+e− 3.14 (30)× 10−5

e+e− 6.2 (5)× 10−8

µ+ → e+νν̄ ∼ 1.0
e+νν̄γ 0.014 (4) X
e+νν̄e+e− 3.4 (4)× 10−5
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Rare π, µ decays Summary of known decays

The PIBETA–PEN Program of Measurements

1st phase: The PIBETA expt.: Runs: 1999–2001; 2004

I π+ → π0e+νe

◦ SM checks related to CKM unitarity

I π+ → e+νeγ(or e+e−)
◦ FA/FV, π polarizability (χPT calibration)
◦ tensor coupling besides V − A (?)

I µ+ → e+νeν̄µγ(or e+e−)
◦ departures from V − A in Lweak

2nd phase: The PEN expt. Since 2006 – ongoing

I π+ → e+νe

◦ e-µ universality
◦ pseudoscalar coupling besides V − A
◦ ν sector anomalies, Majoron searches, mh+, PS l-q’s, V l-q’s, . . .
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Rare π, µ decays The apparatus and method

The PIBETA/PEN Apparatus

stopped π+ beam
active target counter
240-det. CsI calorimeter
central tracking
digitized waveforms
stable temp./humidity

AD AT

mTPC
PMTvac.

MWPC1

MWPC2

PH

BC

CsI
pure

π+
beam

10 cm

PEN Detector 2009
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Rare π, µ decays The apparatus and method

PIBETA Detector Assembly (1998)
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Rare π, µ decays The apparatus and method

PIBETA Detector on Platform (1998)
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Pion beta decay

Pion Beta Decay:

π+→ π0e+ν

1999–2001 data set
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Pion beta decay Motivation

Quark-Lepton (Cabibbo) Universality

The basic weak-interaction V-A form (e.g., µ decay):

M∝ 〈e|lα|νe〉 → ūeγ
α(1− γ5)uν

is replicated in hadronic weak decays

M∝ 〈p|hα|n〉 → ūpγ
α(GV − GAγ5)un with GV,A ' 1 .

Departure from GV = 1 (CVC) comes from weak quark (Cabibbo)
mixing: GV = Gµ cos θC(= GµVud) cos θC ' 0.97

3 q generations lead to the
Cabibbo-Kobayashi-Maskawa
(CKM) matrix (1973):

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


CKM unitarity cond.: ∆V2 = 1− (|Vud|2 + |Vus|2 + |Vub|2)

?
= 0,

stringently tests the SM.
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Pion beta decay Results

Online “πβ” Energy Spectrum:

True πβ events buried deep under overwhelming background!
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Pion beta decay Results

Opening angle Θγ1γ2 (degr)
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Pion beta decay Results

PIBETA result for πβ decay [D.P. et al., PRL 93, 181803 (2004)]

Bexp-t
πβ = [1.040± 0.004 (stat)± 0.004 (syst)]× 10−8 ,

Bexp-e
πβ = [1.036± 0.004 (stat)± 0.004 (syst)± 0.003 (πe2)]× 10−8 ,

McFarlane et al. [PRD 1985]: B = (1.026± 0.039)× 10−8

SM Prediction (PDG):
B = 1.038− 1.041× 10−8 (90% C.L.)

(1.005− 1.007× 10−8 excl. rad. corr.)
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Radiative pion decay π+ → e+νγ

Radiative pion decay:

π+→ e+νγ

1999-2001 & 2004 data sets

D. Počanić (UVa) From HI resonances to SM tests Cindro Symp 2011 17 / 43



Radiative pion decay Motivation

π+ → e+νγ:

Standard IB and
V − A terms

A tensor
interaction, too?

SM

Exchange of  S=0  leptoquarks

P Herczeg, PRD 49 (1994) 247
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Radiative pion decay Motivation

The π → eνγ amplitude and FF’s
The IB amplitude (QED):

MIB = −i eGFVud√
2

fπmeε
µ∗ē

(
kµ
kq
− pµ

pq
+
σµνq

ν

2kq

)
× (1− γ5) ν .

The structure-dependent amplitude:

MSD =
eGFVud

mπ

√
2
εν∗ēγµ(1− γ5)ν × [FV εµνστp

σqτ + iFA(gµνpq − pνqµ)] .

The SM branching ratio (γ ≡ FA/FV ; x = 2Eγ/mπ; y = 2Ee/mπ),

dΓπe2γ

dx dy
=
α

2π
Γπe2

{
IB (x , y) +

(
FVm

2
π

2fπme

)2

×
[

(1 + γ)2 SD+ (x , y) + (1− γ)2 SD− (x , y)
]

+

(
FVmπ

fπ

)[
(1 + γ)S+

int (x , y) + (1− γ) S−int (x , y)
] }

.
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Radiative pion decay Motivation

Available data on pion form factors

|FV|
cvc
=

1

α

√
2~

πτπ0mπ
= 0.0259(9) .

FA × 104 reference note

106± 60 Bolotov et al. (1990) (FT = −56± 17)
135± 16 Bay et al. (1986)
60± 30 Piilonen et al. (1986)

110± 30 Stetz et al. (1979)

116± 16 world average (PDG 2004)

D. Počanić (UVa) From HI resonances to SM tests Cindro Symp 2011 20 / 43



Radiative pion decay Motivation

FV Form Factor x 104
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Radiative pion decay Motivation

Experimental History of Pion FA and FV

DEPOMMIER (1963)
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Radiative pion decay Motivation

Summary of pion form factor and B.R. results

FV = 0.0258± 0.0017 (14×)

FA = 0.0119± 0.0001exp

(FV≡FCVC
V )

(16×)

a = 0.10± 0.06 (q2
eν dep. of FV) (∞)

−5.2× 10−4 < FT < 4.0× 10−4 90 % C.L.

Derived pion polarizability and π0 lifetime (at L.O.):

αE = −βM = (2.783± 0.023exp)× 10−4 fm3

τπ0 = (8.5± 1.1)× 10−17 s

{
current PDG avg: 8.4 (4)

PrimEx PRL ’10: 7.82 (22)

Bπe2γ (Eγ > 10 MeV, θeγ > 40◦) = 73.86(54)× 10−8 (17×)

Above results will be improved with new PEN data and analysis.
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Radiative muon decay µ+ → e+νe ν̄µγ

Radiative muon decay:

µ+→ e+νeν̄µγ

2004 data set
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Radiative muon decay Basic theory

Michel parameters of muon decay: µ→ eνµν̄e

d2Γ

dx d(cos θ)
=

mµ

4π3
W 4

eµG
2
F

√
x2 − x2

0 ×

×
[
FIS(x) + Pµ+ cos θ FAS(x)

] [
1 + ~Pe+(x , θ) · ζ̂

]
Isotropic part:

FIS(x) = x(1− x) +
2

9
ρ(4x2 − 3x − x2

0 ) + η x0(1− x)

Anisotropic part:

FAS(x) =
1

3
ξ
√
x2 − x2

0

(
1− x +

2

3
δ

[
4x − 3 +

(√
1− x2

0 − 1

)])
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Radiative muon decay Michel theory of RMD

Michel parameters of radiative muon decay: µ→ eνµν̄eγ

d3B(x , y , θ)

dx dy 2π d(cos θ)
= f1(x , y , θ) + η̄f2(x , y , θ) + (1− 4

3
ρ)f3(x , y , θ)

ρ =
3

4
− 3

4

[
|gV

LR |2 + |gV
RL|2 + 2|gT

LR |2 + 2|gT
RL|2

+ <(gS
RLg

T∗
RL + gS

LRg
T∗
LR )
]

SM≡
3

4
,

η̄ =
(
|gV

RL|2 + |gV
LR |2

)
+

1

8

(
|gS

LR + 2gT
LR |2 + |gS

RL + 2gT
RL|2

)
+ 2

(
|gT

LR |2 + |gT
RL|2

)
SM≡ 0 .

D. Počanić (UVa) From HI resonances to SM tests Cindro Symp 2011 26 / 43



Radiative muon decay Michel theory of RMD

RMD differential branching ratio [B. VanDevender, PhD thesis]

��
���

���
����

PRELIMINARY
(new analysis+data
are forthcoming)

due to small-angle

bremsstrahlung

uncertainties in GEANT

Bexp = [4.40± 0.02 (stat)± 0.09 (syst)]× 10−3 14×!

Btheo = 4.30× 10−3 (Eγ > 10 MeV, θeγ > 30◦)
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Radiative muon decay Michel theory of RMD

Experimental History of η̄

PIBETA preliminary (B. VanDevender, PhD thesis; 2004 data set):
η̄ = −0.084± 0.050(stat)± 0.034(syst)

⇒ η̄ ≤ 0.033; new world average: η̄ ≤ 0.028 (68 % c.l.)

reduced by a factor of 2.5.
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The PEN Experiment π+ → e+ν

The PEN Experiment:

π+→ e+ν

Ongoing since 2006
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The PEN Experiment π+ → e+ν

π → eν decay: SM calculations; measurements

Modern theoretical calculations: Bcalc =
Γ(π → eν̄(γ))

Γ(π → µν̄(γ)) calc

=


1.2352 (5)× 10−4 Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354 (2)× 10−4 Finkemeier, [PL B 387 (1996) 391]

1.2352 (1)× 10−4 Cirigliano and Rosell, [PRL 99, 231801 (2007)]

Experiment, world average [current PDG]:

Γ(π → eν̄(γ))

Γ(π → µν̄(γ)) exp

= (1.230± 0.004)× 10−4

N.B.:

PEN goal:
δB

B
' 5× 10−4 .
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The PEN Experiment SM calculations; mass limits

πe2 decay and the SM
B(πe2) in SM dominated by (V − A) helicity suppression. Deviations
primarily due to PS int. terms. Most general 4-fermion πe2 amplitude:

GF√
2

[ (
d̄γµγ

5u
) (
ν̄eγ

µγ5(1− γ5)e
)
f eAL

+ f ePL

(
d̄γ5u

) (
ν̄eγ

5(1− γ5)e
) ]

+ r.h. ν term

In the SM: f `AL = 1, while f `xR = f `Px = 0, with ` = e, µ.

Strong helicity suppression amplifies sensitivity to f ePL:

Bobs
πe2 − BSM

πe2

BSM
πe2

=
∆B

BSM
= . . . ' 2m2

π

me(mu + md)
f ePL ' 7700f ePL !

Tgt accuracy of the PEN experiment, ∆B/B ' 5× 10−4, translates into
attractive mass limits on charged Higgs, PS and V leptoquarks, SUSY
particles . . .
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The PEN Experiment PEN experiment: status, plans

PEN experiment: status and plans

I Approved in 2006; development runs: 2007, ’08; data runs ’09, ’10.

I Improved beam tracking (miniTPC) implemented in ’09, ’10 runs.

I > 20 M πe2’s recorded ⇒ (δB/B)stat ' 2× 10−4.

Illustration: decays in the target detector (2008 run):

pion decay time  [ns]
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Measurement
 decay curveπ

0.5*tgt_wf.mu3.mean-0.5*tgt_wf.pi3.mean {tgt_wf.fitattempt==1 && tgt_wf.subtintegral_left<10e3 && tgt_wf.subtintegral_middle<170e3 && tgt_wf.subtintegral_right<40e3 && 
0.5*tgt_wf.e3.mean-0.5*tgt_wf.mu3.mean>10 && 0.5*tgt_wf.e3.mean-0.5*tgt_wf.mu3.mean<70 && trak.ecsi[0]<48}
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Neutron beta decay Parameters a and b in neutron decay

Neutron beta decay:

n→ pe−ν̄e

Nab and abBA/PANDA experiments

planned for SNS/FnPB
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Neutron beta decay Parameters a and b in neutron decay

Neutron decay parameters (SM)

dw

dEedΩedΩν
' keEe(E0 − Ee)2

×
[

1 + a
~ke ·~kν
EeEν

+ b
m

Ee
+ 〈~σn〉 ·

(
A
~ke

Ee
+ B

~kν

Eν

)
+ . . .

]
where:

a =
1− |λ|2

1 + 3|λ|2
A = −2

|λ|2 + Re(λ)

1 + 3|λ|2

B = 2
|λ|2 − Re(λ)

1 + 3|λ|2
λ =

GA

GV
(with τn ⇒ CKM Vud)

also:
C = κ(A + B) where κ ' 0.275 .
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Neutron beta decay Parameters a and b in neutron decay

The FnPB neutron decay program at SNS

I Nab: a precise measurement of

◦ a, the electron-neutrino correlation in neutron decay, and
◦ b, the Fierz interference term (never measured in n decay).

I Polarized program (abBA/PANDA): precise measurements of

◦ A, the electron asymmetry in neutron decay,
◦ B, the neutrino asymmetry in neutron decay,
◦ C, the proton asymmetry in neutron decay;

Goal uncertainties:
δa

a
,
δA

A
,
δB

B
,
δC

C
≤ 10−3, and

δb ≤ 3× 10−3.

I λ = GA/GF will be triply overconstrained!.

I Non-(V−A) terms in Lweak: esp. RH/LH T terms, L-R symmetric
SUSY ext’s, CVC/SCC’s, implications in ν sector . . .
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Neutron beta decay Parameters a and b in neutron decay

Status of A and λ in n decay

Δ λ/ = 0.03%
(Nab/abBA goals)

λ

PERKEO II, prelim.

Mostovoi, 2001

Average:
-1.2733(20)

UCNA, 2010

PERKEO II, 2002

Liaud, 1997

PERKEO,1986

λ = /g gA V

-1.28 -1.26 -1.25-1.27

Yerozolimskii, 1997

Goals for ∆a, ∆A:

⇒ ∆λ ' 3.5× 10−4

i.e., an order of magn.
improvement.

∆λ

λ
' 0.27

∆a

a
' 0.24

∆A

A
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Nab measurement principles Electron-neutrino correlation a

Electron–neutrino angle from Ee and Ep

Θ νe

−
ν

e

n

p Conservation of momentum in n beta decay,

~pp + ~pe + ~pν = 0 ,

yields

p2
p = p2

e + 2pepν cos θeν + p2
ν .

Neglecting proton recoil energy, Ee + Eν = E0,
so that pν = E0 − Ee. Therefore:

cos θeν is uniquely determined by mea-
suring Ee and Ep (or pp ⇒ TOFp).
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Nab measurement principles Electron-neutrino correlation a

Nab Measurement principles: Proton phase space

e (MeV)

p2  
 (

M
eV

2 /c
2 )

E

p

co
s 

θ eν
 =

 -1

cos θ eν =
 1

cos θeν = 0
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100 keV
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NB: For a given Ee , cos θeν is a function of p2
p only. Slope ∝ a
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Nab measurement principles Apparatus

Nab principle of operation

I Collect and detect
both electron and
proton from neutron
beta decay (magnetic
field, detectors at both
ends); hermeticity!

I Measure electron
energy and proton
TOF and reconstruct
decay kinematics
(Magnetic field shape,
silicon detectors at
both ends).

Segmented
Si detector

Segmented
Si detector

TOF region
(field ∙ )r BB 0

Uup (upper HV)

Udown (lower HV)

magnetic filter
region (field )B0

decay volume
(field ∙ )r BB,DV 0

Neutron
beam
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Nab measurement principles Apparatus

abBA/PANDA
configuration:

I A: detect electrons
in upper, protons
in lower detector;

I B/C: detect
protons in upper,
electrons in both
detectors;

Segmented
Si detector

TOF region
(field ∙ )r BB 0

Uup (upper HV)

Udown (lower HV)

magnetic filter
region (field )B0

decay volume
(field ∙ )r BB,DV 0

Polarizer with
spin-reversal
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Summary

Thoughts on Nikola and my path in physics

I A lifetime in subatomic physics initiated in the 1970’s under Nikola
Cindro’s mentorship.

I Nikola’s devotion to scientific integrity and accuracy, aggressive
pursuit of scientific opportunities, live on in his students.

On low energy SM tests:

I A large experimental effort is under way to exploit the unparalleled
theoretical precision in weak interactions of the lightest particles.

I Information is complementary to expected collider results, and
necessary for their proper interpretation.

I Orders of magnitude of improvement in precision have been achieved;
more lie in store; all in human-scale experiments.
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N.P. Kravchukb, N.A. Kuchinskyb, D. Lawrenceh, W. Lia, J. S. McCarthya,

R. C. Mineharta, D. Mzhaviab,f, A. Palladinoa,c, D. Počanića∗, B. Ritchieh,
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U. Straumanng, I. Supekd, P. Truölg, Z. Tsamalaidzef, A. van der Schaafg∗,

E.P. Velichevab, V.P. Volnykhb, Y. Wanga, C. Wiggerc, H.-P. Wirtzc, K. Ziocka.

aUniv. of Virginia, USA bJINR, Dubna, Russia
cPSI, Switzerland dIRB, Zagreb, Croatia
eSwierk, Poland fIHEP, Tbilisi, Georgia
gUniv. Zürich, Switzerland hArizona State Univ., USA

Home pages: http://pibeta.phys.virginia.edu

http://pen.phys.virginia.edu
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Nab collaborators

R. Alarcon1, L.P. Alonzi2§, S. Baeßler2∗, S. Balascuta1§, J.D. Bowman3†,
M.A. Bychkov2, J. Byrne4, J.R. Calarco5, V. Cianciolo3, C. Crawford6,

E. Frlež2, M.T. Gericke7, F. Glück8, G.L. Greene9, R.K. Grzywacz9,
V. Gudkov10, F.W. Hersman5, A. Klein11, J. Martin12, S.A. Page6,

A. Palladino2§, S.I. Penttilä3‡, D. Počanić2†, K.P. Rykaczewski3,
W.S. Wilburn11, A.R. Young13.

1Arizona State University 2University of Virginia
3Oak Ridge National Lab 4University of Sussex
5Univ. of New Hampshire 6University of Kentucky
7University of Manitoba 8Uni. Karlsruhe/RMKI Budapest
9University of Tennessee 10University of South Carolina
11Los Alamos National Lab 12University of Winnipeg
13North Carlolina State Univ.
†Co-spokesmen ∗Experiment Manager
‡On-site Manager §Graduate Students
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