


Based on

@ Baryon-Number-In duced Chern-Simons Cauplings of
Vector and Axial- Vector Me sons in Holographic QCD,
PRL 9914 (2007); arXiv:0704.1604 w/ Sophia Domokos

@ Anomay mediated neutr ino-photon interactions at Pn ite
baryon densty; arXiv:0708.1281 w Chris Hill and Richard
Hill.

@ Standard Model Gauging of the WessZu mino-Witten
term: Anomalies, Global Currents an d pseudo-Cher n-
Simas Interactions arXiv:0712.1230 w/ Chris Hill and
Richard Hill

@ Work in progress w Chris Hill and Richard Hill



yest erday{

Outl Ine

@ Low-Energy QCD, anomalies and WZW't erm
@ pCS terms in at oy model
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@ f1! I'+d8 sacheckofthef ormalism

@ Anomalous neutr ino-photon interactions and
neutr ino-nucleon scattering

@ Canpaison to the Min iIBoone excess

@ Other p ossible applicat ions



Yesterday we dis cussed some aspects of the
WZW 't erm in QCD
gy, — vl
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and Iits g eneralization t o the g auged WZW
term: !wzw (U, AL, 4Ar)

There Is an anomalous gauge variation which
ma ches that of the qua rks and tells us that
witho ut o ther Pelds we ¢ annot g auge the
full U(N¢)L x U(N¢)r

For an an omaly fr ee subgroup e.g. U(1)ethe
coupling of photons to the pio n gives the
correctr ate for the an omaly-driven

decay !°! " +"



In the r eal world the re are addit ional
effects w hich should be inc luded into th is
descript ion:

© There are charged and neutr al current wea k
Interactions We must g auge SU(2), ! U(1)y
and the an omalies cancel between quarks
and leptons

@ There are environments w ith b ackground
baryon and isospin densties which lead to
background values of the v ector mesons of
QCD. These backgrounds must n ot de str oy
anomaly cancellat ion.



We startw ith | (U, AL Wg)  Ith A AR
gauging su(2),! v@mn, dthenadda
background of QCD vector and axial- vector
mesons !,",a,f,

his gives us ! wzw (U, AL, B, AW. Br) here
for tw o [3avors,



As in the t oy model, we must a dd a
counterterm to ensure that an omalies cancel
between quarks and leptons in the p resence
of the se background Pelds. This leads to a
variety of pCS t erms which involve the
Standard Model gauge belds and QCD vector
and axial- vector mesons, generalizing tho se
found in the t oy model.



This leads to a large number of pCS t erms
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What do we do w ith suc h couplings?

O Integrate outthe ma ssve W*,24 o0 get
couplings for | ight bPelds ( e.g. 7.~ ?) In the
presence of b ackground Pelds (e.g. baryon
number)

O Treat the QC D mesons as fundamental belds
In the spir it of Vector Me son Dominance.

The brstis more clearly ju stiPed, the se cond
iInvolves an approximation which is not u nder
good contr ol, but of ten works reasonably well,
and recelves some ju stiPcation fr om AdS QCD.



The decay f1 —! +p rovides a useful sanity
check of th Is analysis. It is ob served with a
5% branching ratio ! (/1! p+ 9) = 1.32MeV

Our coupling leads to

Ll ER m:
e TEETR e
where E, = (m¢! m#)i2the pho ton

energy inthe fr estfr ame. Agreement w ith
the measured rate requires 9,95 ! 30an ot
unreasonable value.



The helicity s tr ucture of the ampl itu de provides
addit ional Inf or ma ion. Compu ing the r atio of
decays in whichthe pini tsrestfr ame, is
longitu dinally or tr answersely polarized gives

| (long) _ mf ks
s(irans) . R

This disagrees with an ea rlier quark model
calculat ion of Babcock&Rosner. The experimental
situation is a bit c onfused. The primary PDG
reference (Coffman et. al.) has conf3icting
statements. A 1995 experiment b y Amelin et.al.

gives ! (long)/! (trans) = 3.9+ 0.9(stat) + 1.0(sy<)




In any event, the ana lysis using pCS terms Is
In better agreement w ith data than p revious
calculat ions, and makes further predictions
for other de cays which may be detected in

thenearfuture ( f2! ! +", a;!)! +"



| now wantt o focus onthet erm
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which gives rise to the O21 widgetOw hich
links the str ong, weak, and EM interact ions.
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Note thatth Is in not In variant u nder the
Ofar yon gauge tr ansforma ionO 0w = deg

just a

s we found in the t oy model.

This is ar el3ection of the f act tha t the
baryon current is an omalous in the

Stano
an im
scale

ard Model, a r esult w hich has played
portant r ole in scenarios for weak

paryogenesis Here we are using the

baryon anomaly nott o violate baryon
number, but r ather t o drive the m ixing
between the Z an d photon in the p resence
of non-zero baryon number.



How can we t est th Is anomalous interaction? We
need a context w here other interactions (e.g.
E&M) do not s wamp the effect. Totreatitasa
term in the | ow-energy effective action we
should r eplace the Z b y the | ow-energy part of
the currents it c ouples to. This suggests we | ook
at p rocesses involving neutr inos. We also need a
source that c ouplesto the :,tha tis, an object
with b aryon number. Thus we might e xpectt o
see the effects of th Is interaction in the
scattering of n eutr inos off of n ucleil.




This Is quite analogous t o the P rimakoff e ffect
which probes the an omalous ' ! !
Interact 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 for a photon in the Pna |
state:

n ()




Since th is process involves z°e xchange,
the r ate will be very small at | ow-energies.
The approximations used to derive th is
iInteract ion break down at an en ergy scale
of 41,~1Cay d above th is energy
the r ate will be r educed by f orm-factor
effects. Thus we might ho pe to see this
effect in s cattering of n eutr inos off n uclel
with 100 Mev! E,; ! 1000 MeV

Luckily the re are both cu rrent (Min iBoone)
and future (T2K) experiments tha t may be
senstive to this effect tha t o perate In
this energy r egime.



The MiniBooNE experiment | ooks for v, ! e
oscillat ions followed by charged current
scattering t o produce pnal state electr ons which
are detected thr ough their Ce renkov radiat ion.

MiniBooNE Detector




MiniBoone sees an excess at | ow energies.
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MiniBooNE did inguishes electr ons fr om muons, but
cannot dis criminate between Pnal state photons and
electr ons

Cerenkov Light...
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E Thanks to Fermilab f or g raphics.



Thusthe z! ! Iv" ertex gives a background
to the c harged current e vents
(re+ N! € 3Min iBooNE is looking f or:




Campet ing Processes:
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I > e i
N f‘"]\””) ' ‘: \)
Rho exchange Pion exchange Br ehmgr ahlung
suppressed by suppressed by suppressed by
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The most nail ve estimate ignhores recoll, form
factors, nuclear physics effects (Fermi

ma ion, Pauli bl ocking), and replaces the
neutr ino beam by a mono-energetic beam at
the p eak energy of 7 00 MeV. This gives

1
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Which for every 2x10"5 CCQE events g ives

g \a
~ 140 (—
(10)

events fr om the an omaly-in duced neutr ino-
phaton interact ion.



We are working on a more detailed comparison.
Including some of the simpl er effects | eads to
reasonable Pts t o data. Inc luding nuclear r ecoll
and a simple choice of f orm factor, but u sing a
mono-energetic beam and scattering off of
nucleons rather than n uclei gives, up to

nor malizat ion.

0.2 0.4 0.6 0.8 1
visible energy (GeV)

H
=
Vv
e
N
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Note that Min iBoone plots the n umber of e vents
vs. the r econdr ucted neutr Ino energy, assuming
a tw o body bPnal state (electr on + nucleon).

The previous graphs plots the n umber of e vents
vs. the ( visible) photon energy, which is shared
roughly equally with the Pna | state neutr ino In
a thr ee body Pnal state (neutr ino + nucleon +
pha on). A neutr ino beam with a dis tr ibut ion of
neutr Ino energies peaked at 7 00 MeV Is shifted
to a distr ibut ion of e vents w ith Pnal state
phatons with the pho ton energy peaked at ~
350 Me V.



Other Applications

~
Neutr on Star Cooling, W
Super nova dynamics? v ”VL«K“’
I N

Detection of c oherent n eutr ino scattering
off of n uclel.

New contr ibut ions to atomic parity viol at ing
effects (e.g. nuclear anapole momernts).



Conclusions

There are a set of SM ¢ ouplings which involve
both the SM g auge Pelds and the v ector belds of
QCD which are distinguished by their viol ation of
Ondural parityOand their r elation t o anomalies.

The couplings give a r easonable prediction for
certain vector meson decays and may account f or
the Min iBoone excess at | ow-energies.

hese couplings should have a variety of o ther
applicat ions in astr ophysics and nuclear ph ysics/
QCD.



PCS terms in AdS QCD

L) ¢
5D AdS with IR cu toff: ds® = s, | dz” ¢ dxldx;
%2 i Zn
! 1
UV IR scale
Fields .= ASE S, s oF S aai e o
A" 1 R = @&tTgR
XS

We will gauge U(N¢), ! U(Nr  dfocus on
Nf =



S /d4xdz\/|g|Tr {|DX|2+ 3IX %! 92(|:L + F2)
5,

with gs = 12 I N

One Pnds the pi, r ho, al etc. by expanding around
the t achyon solut ion

1 1

Xo(2) = SMglz + 5 1%
¥ X
Coeff. of @h Socp Exp. value 'dq

The model i1s dePned by thr ee parameters. zm, Mg, !



Add Chern-Simons terms

In QCD there are anomalies:

i | R

78 finl

JL I jR ' R

The AdS dud involves terms which are gauge
iInvariant in b ulk, but vary on the bn dy in the
same way that QC D would if c oupled to
pctitious [3avor g auge Pelds.



N
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Scs =

/ (AL (A R
with dibc o= TLE"
o S rothd
This can also be understood In the S-S mo del

where such couplings arise fr om a t erm on the
D8-branes

Sanom = C/\Ch(F): C3/\Tr|:3_|_...

which in the D4 -background with a2 N¢
gives the same couplings g



Restr ict t o lightest iIso scalar modes:

| "(x.2) . = LG
ViikX, Z) =000 (X)) + (2Z)
Bl 2} = O TalX) . 47

one bPnds a pCS term (among others)

waw | gfww d4X| ,LLZ/)\pf Iull V#A" 2

with Y ' de terminedinterms of integrals
over z an d the pa rameters of the mo del,
leadingto G ww ! 9



This might be visibl e in polarized phot on-
proton scattering experiments planned for
HalDatJdJLab ! +p! f; +W ith «
using VMD and measurement of the f;
polarization used t o dist inguish omega
exchange fr om other e ffects.






Extra Slides/ Toy M odel



A Toy M odel with pCS
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Bu th 1s anomaly is cancelled by the | eptons
so that we c an considently gauge U(1). ! U(1)r

We now generalize th is model in tw o ways:

@ We add a quark mass term and integrate out
the quarks.

@ We add in a b ackground Peld coupling t o the
(@anomalous) vector b aryon current.



To add a mass term consigent w ith g auge
iInvariance we add a Higgs Peld with a n on-

zerovev | = ve'C oupledto the quarks
leading to

me€' " gr+hec. 1AL "% . inQCD

he U(l)L! U@r ctsas
OLOL = lecqu, oOLAL = de, oL olf = e

'ROR

I"ROR, 'RAR = d'r, Ir#/f =1"g



Now consider the | ow-energy theory after
Integrat ing out the ma ssive quarks. This is a
functionof ¢, Ar,fam  d since the an omalies

must still cancel, it must ha ve an anomalous
variation equal t o that of s¢/(DOHok er and
Far hi). This ONVZWOcontr ibution is

1
L wizayd=t > 2 /(ALARdAL + A ArdAR

r [dAL dA; + dArdARr + dA| dAR])



We now add a new ingredient: a background
Peld coupled to the b aryon current (I ike the
omega meson in QCD).

Sq!  diw el AT gk ar (Y AR " Y R

This leads to new terms in the v ariat ion of
the WZW t erm proportional t o omega:

i
!!WZW: ——24"2 #ﬁ_ 2dA|_d$+ d$d$

—HR ZdAR d$ + d$d$



Since omega doesnDc ouple t o leptons, the
anomaly no longer c ancels. But, as one might
expect, th Is can be Pxed by adding a | ocal
counterterm whose variat ion cancels the
omega dependentt ermsin !'! 5
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B /(ZwARdAR! wARdw! (R" L))

The effective action then ha s the an omaly
related terms

e = Tz CR R B A M el

= lwzw(',AL,AR) + ! scs
o 1T+ J

Variation cancelled by | eptons



whereintermsof A, =Z+ A, AR =A

; e "
. nCS & i w[ZdA + dZ] + wdw Z | dgb/f
872 S pd

h e .

gaugeﬁn variant gauge invariant
masslkess bPeld  massive vector
str ength

This term correctl y generates the an omaly
In the b aryon current by varying !" = d#g






