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Yesterday we discussed some aspects of the   
WZW t er m in QCD

! WZW = !
iN c

240! 2

!

M5

Tr[(dUU  )5]

 

and its g eneralizat ion t o the g auged WZW 
ter m: ! W Z W (U,AL , AR )

There is an anomalous gauge var iat ion which 
mat ches tha t of the qua rks and t ells us tha t 
without o the r Þelds we c annot g auge the 
fu ll                      .U(Nf )L × U(Nf )R

For an an omaly fr ee subgroup e.g.            the  
coupling of pho t ons to the pio n gives the 
cor rect r ate f or the an omaly- driven 
decay              .
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In the r eal w or ld the re are addit ional 
ef f ects w hich should be inc luded int o th is 
descr ipt ion:

There are charged and neutr al cu r rent wea k 
interact ions. We must g auge                   
and the an omalies cancel between quarks 
and lept ons.    

SU(2)L ! U(1)Y

There are environments w ith b ackground 
baryon and isospin densit ies which lead t o 
background values of the v ect or mesons of 
QCD. These backgrounds must n ot de str oy 
anomaly cancellat ion.



We star t w ith                     w ith          
gauging                   an d then a dd a 
background of QCD vect or an d axial- vect or 
mesons             .  

This gives us                              w here               
f or tw o ßavors,
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SU (2)L ! U (1)Y

AL , AR! WZW (U,AL, AR)

! W Z W (U,AL , BL , AR , BR )



As in the t oy model, we must a dd a 
counter t er m t o ensure tha t an omalies cancel 
between quarks and lept ons in the p resence 
of the se background Þelds. This leads t o a 
var iety of pCS t er ms which involve the 
Standard Model gauge Þelds and QCD vect or 
and axial- vect or mesons, generalizing tho se 
found in the t oy model.



f 1 ! ρ + γ

MiniBoone
Excess

This leads t o a l arge number of pCS t er ms:
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What do we do w ith suc h couplings?

Integrate out the ma ssive          t o get 
couplings f or l ight Þelds ( e.g.        ) in the 
presence of b ackground Þelds (e.g. baryon 
number)

Treat the QC D mesons as fu ndamental Þelds 
in the spir it of  Vect or Me son Dominance.

The Þr st is mo re clear ly ju st iÞed, the se cond 
involves an approximat ion which is not u nder 
good contr ol, but of t en works r easonably wel l, 
and r eceives some ju st iÞcat ion fr om AdS/ QCD.

W ± , Z
γ, ν, ν̄



The decay              p rovides a usefu l sanity  
check of th is analysis. It is ob ser ved with a 
5% branching rat io 

Our c oupling leads t o 

f 1 → ! + "

! (f1 ! ρ + γ) = 1.32MeV
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where                           is the pho t on 
energy in the     r est fr ame. Agreement w ith 
the m easured rate r equires              , a n ot  
unreasonable value.             
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" )/ 2mf
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gρgf ! 50



This disagrees with an ea r lier quark model 
calculat ion of Babcock&Rosner. The exper imental 
situat ion is a bi t c onfused. The pr imary PDG 
reference (Coffman et. al.) has conßict ing 
statements. A 1995 exper iment b y Amelin et.al. 
gives 

The helicity s tr uctu re of the ampl itu de provides 
addit ional inf or mat ion. Comput ing the r at io of 
decays in w hich the   , in i ts r est fr ame, is 
longitu dinally or tr ansversely polar ized gives

ρ

! (long)
! (tr ans)

=
m2

f

m2
!

! 2.8

! (long)/ ! (tr ans) = 3.9± 0.9(stat) ± 1.0(syst )



In an y event, the ana lysis using pCS ter ms is 
in bet t er a greement w ith da ta than p revious 
calculat ions, and makes fu r the r p redict ions 
for o the r de cays which may be detected in 
the n ear fu tu re (                             ).f 1 ! ! + " , a1 ! ! + "



I n ow want t o f ocus on the t er m

Nc

48! 2

eg! g2

cos"W
#µ " #$ $µ Z " F #$

which gives r ise t o the Ò321 widgetÓ which 
links the s tr ong, weak, and EM interact ions:



Note tha t th is in not in var iant u nder the 
Òbaryon gauge tr ansfor mat ionÓ              , 
ju st a s we f ound in the t oy model.

δω = dεB

This is a r eßect ion of the f act tha t the 
baryon cur rent is an omalous in the 
Standard Model, a r esult w hich has played 
an important r ole in scenar ios f or wea k 
scale baryogenesis. Here we are using the 
baryon anomaly not t o violate baryon 
number, but r athe r t o dr ive the m ixing 
between the Z an d phot on in the p resence 
of n on-zero baryon number.



How can we t est th is anomalous interact ion?  We 
need a context w here othe r in t eract ions (e.g. 
E&M) do not s wamp the e f f ect.  To tr eat i t a s a 
t er m in the l ow-energy ef f ect ive act ion we 
should r eplace the Z b y the l ow-energy par t of 
the cu r rents i t c ouples t o. This suggests we l ook 
at p rocesses involving neutr inos. We also need a 
source tha t c ouples t o the    , tha t is , an obje ct  
with b aryon number. Thus we might e xpect t o 
see the e f f ects of th is int eract ion in the 
scat t er ing of n eutr inos off of n uclei. 

!



This is quit e analogous t o the P r imakoff e f f ect 
which probes the an omalous                
int eract ion by using nuclei as a source of el ectr ic 
charge. We now use the n ucleus as a source of 
baryon charge, and look f or a pho t on in the Þna l 
state:

! ! ! ! " 0



Since th is process involves      e xchange, 
the r ate wil l be v ery small at l ow-energies. 
The approximat ions used t o der ive th is 
int eract ion br eak down at an en ergy scale 
of                    an d above th is energy 
the r ate wil l be r educed by f or m- fact or 
ef f ects. Thus we might ho pe t o see th is 
ef f ect in s cat t er ing of n eutr inos off n uclei 
with 

Z 0

4! f π ∼ 1 GeV

100 Mev ! E! ! 1000 MeV

Luckily the re are both cu r rent (Min iBoone) 
and fu tu re (T2K) exper iments tha t ma y be 
sensit ive t o th is ef f ect tha t o perate in 
th is energy r egime.



The MiniBooNE exper iment l ooks for             
oscil lat ions followed by charged cur rent 
scat t er ing t o produce Þnal state electr ons which 
are detected thr ough their Ce renkov radiat ion.

νµ ! νe



MiniBoone sees an excess at l ow energies:

300< E! < 475MeV

96± 17± 20events

excess 3.7!

(MiniBoone presentat ion 
at Le pt on-Phot on Ô07)



MiniBooNE dist inguishes electr ons fr om muons, but 
cannot dis cr iminate between Þnal state phot ons and 
electr ons:

Electr on

Two Phot ons

Muon

Thanks to Fer milab f or g raphics.



Thus the            v er t ex g ives a background 
t o the c harged cur rent e vents 
(                      ) Min iBooNE is looking f or:

Z ! ! ! "

νe + N ! e! + N "



Compet ing Processes:

    Br ehmstr ahlung
suppressed by    

1/MN

  Pion exchange    
suppressed by

1 ! 4sin2 θW << 1

Rho exchange 
suppressed by 

g! /g " ∼ 1/ 3



The most nai ve est imate ignores recoil, f or m 
fact ors, nuclear ph ysics ef f ects (Fer mi 
mot ion, Pauli bl ocking), and r eplaces the 
neutr ino beam by a mono-energet ic beam at 
the p eak energy of 7 00 MeV.  This gives

Which f or e very 2x10^5 CCQE events g ives

events fr om the an omaly-in duced neutr ino-
phot on interact ion.
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We are working on a more detailed compar ison. 
Inc luding some of the simpl er e f f ects l eads t o 
reasonable Þts t o data. Inc luding nuclear r ecoil 
and a simple choice of f or m fact or, but u sing a 
mono-energet ic beam and scat t er ing of f of 
nucleons rathe r than n uclei g ives, up t o 
nor malizat ion.

#
E
v
e
n
t
s



Note tha t Min iBoone plots the n umber of e vents 
vs. the r econstr ucted neutr ino energy, assuming 
a tw o body Þnal state (electr on + nucleon).

The previous graphs plots the n umber of e vents 
vs. the ( visible) phot on energy, which is shared 
roughly equally w ith the Þna l state neutr ino in 
a thr ee body Þnal state (neutr ino + nucleon + 
phot on). A neutr ino beam with a dis tr ibut ion of 
neutr ino energies peaked at 7 00 MeV is shif t ed 
t o a distr ibut ion of e vents w ith Þna l state 
phot ons with the pho t on energy peaked at ~ 
350 MeV.



Other Applicat ions:

Neutr on Star Cooling, 
Supernova dynamics?

Detect ion of c oherent n eutr ino scat t er ing 
off of n uclei.

New contr ibut ions to at omic par ity viol at ing 
ef f ects ( e.g. nuclear anapole moments).



Conclusions
There are a set of SM c ouplings which involve 
both the SM g auge Þelds and the v ect or Þelds of  
QCD which are dist inguished by their viol at ion of 
Ònatu ral par ityÓ and their r elat ion t o anomalies.

The couplings give a r easonable predict ion f or 
cer tain vect or meson decays and may account f or  
the Min iBoone excess at l ow-energies.

These couplings should have a var iety of o the r 
applicat ions in astr ophysics and nuclear ph ysics/
QCD.



pCS ter ms in AdS/ QCD

5D AdS with IR cu t off: ds2 =
1
z2

!
! dz2 + dxµ dxµ

"

0 < z " zm

UV IR scale

Fields: Aa,µ
L ! ja,µ

L = øqL taγµ qL

Aa,µ
R ! ja,µ

R = øqR taγµ qR

X !," ! øq! q"

We wil l g auge                       an d f ocus on U(Nf )L ! U(Nf )R

Nf = 2



S =
∫

d4xdz
√

|g|Tr
[
|DX |2 + 3|X |2 !

1
4g2

5

(F 2
L + F 2

R )
]

with g2
5 = 12! 2/ Nc

One Þnds the pi, r ho, a1 et c. by expanding around 
the t achyon solut ion

X 0(z) =
1
2

mq1z +
1
2

! 1z3

Exp. value ! q̄q"Coef f. of     in øqq SQC D

The model is deÞned by thr ee parameters: zm , mq, !



Add Chern-Simons ter ms

In QCD the re are anomalies:

jL

jLjL

j R

j Rj R

The AdS dual in volves t er ms which are gauge 
invar iant in b ulk, b ut v ary on the bn dy in the 
same way tha t QC D would i f c oupled t o 
Þct it ious ßavor g auge Þelds.



with

This can also be underst ood in the S-S mo del 
where such couplings ar ise fr om a t er m on the
D8-branes

which in the D4 -background with 
gives the same couplings

!

S4
G4 = 2! Nc

d! 5 = Tr F 3

" ! 5 = d! 1
4

Sanom =
!

! p

C ∧ ch(F ) =
!

! 9

C3 ∧ Tr F 3 + · · ·

SC S =
Nc

24! 2

∫
" 5(AL ) ! " 5(AR )



Restr ict t o l ightest iso scalar modes:

! a(x, z) = ! a(x)" ! (z)

Vµ (x, z) = g5 #µ (x)" " (z)

Aµ (x, z) = g5 f µ (x)" f (z)

one Þnds a pCS ter m (among othe rs)

with        de ter mined in t er ms of int egrals 
over z an d the pa rameters of the mo del, 
leading t o            .

Sfωω ! gfωω

!
d4x! µνλρf µ" ν#λ" ρ

gf ! !

gf ωω ! 9



This might be visibl e in p olar ized phot on-
prot on scat t er ing exper iments pl anned f or 
Hall D a t JL ab                    w ith            
using VMD and measurement of the     
polar izat ion used t o dist inguish omega 
exchange fr om othe r e f f ects. 

! + p ! f 1 + p ! ! "

f 1





Extr a Slides/ Toy M odel



A Toy M odel w ith pCS 

ÒquarksÓ

Òlept onsÓ

We gauge                  w ith g enerat ors

BL BR LL LR

qL 1 0 0 0
qR 0 1 0 0
! L 0 0 1 0
! R 0 0 0 1

U (1)L ! U (1)R

QL = BL − L L

QR = BR − L R



The act ion is

The quark sect or b y i tself ha s tr iangle 
anomalies

S =
!

d4x øqL(i!/ + A/ L)qL + øqR(i!/ + A/ R)qR

+ ø"L(i!/ ! A/ L)"L + ø"R(i!/ ! A/ R)"R

! 1
4 (FL)2 ! 1

4 (FR)2



We add a quark mass ter m and integrate out  
the qua rks.

We add in a b ackground Þeld coupling t o the  
(anomalous) vect or b aryon cur rent.

But th is anomaly is c ancelled by the l ept ons 
so that we c an consistentl y gauge 

δSef f
q =

1
24π2

! "
! εL dAL dAL + εR dAR dAR

#

U(1)L ! U(1)R

We now generalize th is model in tw o ways:



To add a mass ter m consistent w ith g auge 
invar iance we a dd a Higgs Þeld w ith a n on-
zero vev             c oupled t o the qua rks 
leading t o

! = vei ! /f

mqei ! /f øqL qR + h.c. ! /f ! " 0/f " in QCD

The                  a cts a sU(1)L ! U(1)R

δL qL = i εL qL , δL AL = dεL , δL φ/f = εL

! R qR = i "R qR , ! R AR = d"R , ! R #/f = ! "R



Now consider the l ow-energy theo ry af t er 
int egrat ing out the ma ssive quarks. This is a 
funct ion of             an d since the an omalies 
must s t il l c ancel, it m ust ha ve an anomalous 
var iat ion equal t o tha t of        (DÕHok er an d 
Farhi). This ÒWZWÓ contr ibut ion is 

φ, AL, AR

Sef f
q

! W Z W = !
1

24! 2

∫ (
AL AR dAL + AL AR dAR

+
"
f

[
dAL dAL + dAR dAR + dAL dAR

])



We now add a new ingredient: a background 
Þeld coupled t o the b aryon cur rent (l ike the 
omega meson in QCD).

Sq !
!

d4x øqL (i!/ " AL/ " "/ )qL + øqR (i!/ " AR/ " "/ )qR

This leads t o new t er ms in the v ar iat ion of 
the WZW t er m proport ional t o omega:

! ! W Z W = − 1
24" 2

!
#L

"
2dAL d$ + d$d$

#

−#R
"
2dAR d$ + d$d$

#



Since omega doesnÕt c ouple t o lept ons, the 
anomaly no longer c ancels. But, as one might 
expect, th is can be Þx ed by a dding a l ocal 
counter t er m whose var iat ion cancels the 
omega dependent t er ms in          :! ! WZW

Γc =
1

24π2

∫ (
2ωAR dAR ! ωAR dω ! (R " L )

)

The ef f ect ive act ion then ha s the an omaly 
related t er ms

! ef f = ! W Z W (! , AL + " , AR + " ) + ! c

= ! W Z W (! , AL , AR ) + ! pC S

Var iat ion cancelled by l ept ons

! "# $



where in t er ms of 

! pC S =
1

8π2

! "
ω[2dA + dZ ] + ωdω

#"
Z ! dφ/f

#

AL = Z + A, AR = A

︸ ︷︷ ︸︸ ︷︷ ︸
gauge invar iant 
massive vect or

gauge invar iant  
massless Þeld 
str ength

This t er m cor rectl y generates the an omaly 
in the b aryon cur rent b y varying ! " = d#B




