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Introduction

Anomaly and fermion number violation

» The fermion numbers are often not conserved due to ABJ
anomaly, when the background fields are topologically
nontrivial. ('t Hooft 1976)
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> In the EW gauge theory B + L is not conserved :
AB = AL =2NfANcs

with Ncg = [ d3xQcg(A). The amplitude is highly
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Anomaly and fermion number violation

> In the EW gauge theory B + L is not conserved :
AB = AL =2NfANcs

with Ncg = [ d3xQcg(A). The amplitude is highly
suppressed, Amp ~ e~87°/&”,
» The rate is however enhanced at temperature higher than the

EW phase transition temperature due to sphalerons.
(Kuzmin+Rubakov+Shaposhnikov; Arnold+McLerran)

» EW baryogenesis via leptogenesis?

4/20



Introduction
Introduction

chiral magnetic effects

» In medium the currents are spontaneously generated due to
ABJ anomaly under the external magnetic fields
(Fukushima+Kharzeev+Warringa '08; DKH '11):
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Monopole Catalysis of Baryon decay: Callan-Rubakov

> In V-A theory the baryon number is not conserved in the
presence of magnetic monopoles. (Callan-Rubakov)

Monopole + p — Monopole + e™
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Monopole Catalysis of Baryon decay: Callan-Rubakov

> In V-A theory the baryon number is not conserved in the
presence of magnetic monopoles. (Callan-Rubakov)

Monopole + p — Monopole + e™

» The rate is given by the QCD scale, so not suppressed.

» Non-suppression is easy to see in the skyrmion picture.
(Callan-Witten)

6/20



Introduction
Introduction

Monopole Catalysis of Skyrmion decay: Callan-Witten

» In the Skyrme picture baryons are topological solitons,
admitted by the chiral Lagrangian of pions,

U(x) : RV — M = SU(2), x SUQ)r/SU(2)y.
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Monopole Catalysis of Skyrmion decay: Callan-Witten

» In the Skyrme picture baryons are topological solitons,
admitted by the chiral Lagrangian of pions,

U(x) : RV — M = SU(2), x SUQ)r/SU(2)y.

» The baryon number current is identified as

1
Bt = me“"aﬁTr (U9, uU o, UU 1 95U)
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Monopole Catalysis of Skyrmion decay: Callan-Witten

> Since the electromagnetic interaction acts on U by
. . 2 90
U= eQue @ | Q= ( 3 )
the gauge-invariant baryon current becomes

1 Vo -1 -1 -1
Bl = e ATr (U9, LU0, UU05V)

—ﬁewﬁay [3A§MTr (Q(Ut93U + 05 UU’l))]

8/20



Introduction
Introduction

Monopole Catalysis of Skyrmion decay: Callan-Witten

» Magnetic monopole unwinds the Skyrmion because of the
angular momentum barrier and only the neutral pions pass
through the core

2
U(t) = exp [f’wo(t)aﬂ

™

» Outside the core there are radial flux into the magnetic

monopole, whose potential AFM = —%(1 —cosf)do,
dB = g 1 O
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Baryons in holographic QCD

» Holographic QCD is an attempt to describe QCD in terms of
hadrons, the relevant degrees of freedom at low energy.
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Baryons in holographic QCD

» Holographic QCD is an attempt to describe QCD in terms of
hadrons, the relevant degrees of freedom at low energy.

> In the large color and large 't Hooft coupling limit QCD is
described by a 5D flavor gauge theory, hQCD.

» It gives a unified picture for all anomaly-related baryon
number violation and furthermore it predicts a new process for
the baryon number violation. (HLPY '08)

» We consider the Witten-Sakai-Sugimoto model, based on
Type lIA string theory with D4 — D8 — D8 branes. But, it
works for any hQCD models.
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Witten-Sakai-Sugimoto model

» N, stack of D4 branes over R® x S describes pure SU(N.)
YM. (Witten '98)

D4

> (UNY? 2 R\ 2 102
— — K v —_
ds (R) (nuvdxtdx” + F(U)dT%) + <U> (f(U)+U dQ4>

with R3 = gsN.I3 and f(U) =1 — Ui3<K/U3
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Witten-Sakai-Sugimoto model

» Adding flavors was done by Sakai-Sugimoto (2004).

«l

D8

D4

» Spontaneous chiral symmetry breaking is geometrically
realized:
SU(NF)L X SU(NF)R — SU(NF)\/.
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Introduction and Review

» Effective action on D8 is a U(NF) gauge theory,

5D8 = —ILLg/ng e_d’\/— det (g/\/]N + 27TOé/FMN)
tia [ Y o n T

» The gauge fields contain pions and whole tower of vector
mesons:

Au(x,2) = ap(x)tbo(2) + Bu(x) + > BMpn(2)

n>1

where with & = exp(in(x)/f;)
oy = {§T7au£}a B,u = [£T78u£} .
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Baryons in holographic QCD

> In 5D YM there is a topologically conserved current,

d*J=0= DF,
M _ MNLPQ
JV = me trFyFpg -
» One can define the baryon current
1
BH = a2 /dze"”’wtrF,,ngz.

> In the gauge A, = 0 one may write with U = exp(2im/f;)
Aulx,2) = U190, Uo(2) + > B n(2).

n>1
Then, the baryon current becomes the Skyrme current

L 1 wpoy..—1 —1 —1-
B! _WE/ P7trU™"0, U0 0,UU "0, U
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holographic monopole catalysis

» The instanton number is also not conserved in the presence of
monopole (cf. Skyrme number violation of Callan-Witten '84):

DF #0 —s d*jg #0.
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holographic monopole catalysis

» The instanton number is also not conserved in the presence of
monopole (cf. Skyrme number violation of Callan-Witten '84):

DF 40 —s d%jg #0.
» In SS model the external U(1)em background gives a BC,

A(+00) = A(—o0) = QAEM | Q = diag (2/3,-1/3) .
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Baryon number violation

» In hQCD the baryon number current is given as

vafz

+00 1 +o00
B“:/ dz jkh = — dz 8 T (F A F)
0 o0

» With the right b.c. it gives the correct (gauged) baryon
number current.

» In a general background AL and AR with
£l = Pexp(— fo ) and €716 = U we write

Au(x,2) = AT ()4 (2) + A%, (x)1—(2) + (excited modes),

where
AT = L ALET + 60T A, = € ARy +E 0,7
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Baryon number violation

» Then the baryon current becomes

1
BM — ;wa,BT -1 , -1 N -1
a7 € r (U719, U010, UU19,0)
1
~53 T 9, (U ALadsU + Aga UT105U — U™ AL, UARg)

7T

1 2
~53 etveB Ty <8,,Am Aus+ SALALAL — (L& R)) :

» We find a unified formula for the baryon number violation

1 /5(3)(;) e
0uB" = 55 2(TrFLFL—TrFRFR> 27T/ dz Tt (QF:),

— 00
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Baryon number violation

» The first term is the famous baryon number violation in chiral
gauge theories, found by 't Hooft.
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Baryon number violation

» The first term is the famous baryon number violation in chiral
gauge theories, found by 't Hooft.

> The second term gives

5(3) X ~+o0
9,B" = —’27T(X) Tr (QA;) ‘_OO
. (3) —
_ D 27T(X) [Tr (QU0:U) + Tr (QU AL U) — Tr (QAg:)]
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Baryon number violation

» The first term is the famous baryon number violation in chiral
gauge theories, found by 't Hooft.
> The second term gives
i63)(X) +00
8MB“ == —T TI'(QAt)‘

—0o0

. (3) —
_ D 27T(X) [Tr (QU0:U) + Tr (QU AL U) — Tr (QAg:)]

» For the monopole catalysis of instanton-baryon decay,
U = exp(2im/f;), we have from the first one

&1
dt  nf;

3tﬂ0) .
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Baryon number violation

» We found also that the nonzero axial chemical potential
induces baryon number violation in the presence of magnetic
monopole:

aB _ ps
dt  6n
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Baryon number violation

» We found also that the nonzero axial chemical potential

induces baryon number violation in the presence of magnetic
monopole:

dB _ ps
dt 6w
> In the early universe before the QCD confinement we do have
fluctuations of topological charges.
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Baryon number violation

» We found also that the nonzero axial chemical potential
induces baryon number violation in the presence of magnetic
monopole:

dB _ ps
dt 6w

> In the early universe before the QCD confinement we do have
fluctuations of topological charges.

» The average of the topological charges is zero but its
root-mean-square is non-zero or us 7 0, which might give
enough baryon asymmetry, assuming there is a magnetic
monopole in our universe. (Work under progress.)
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» The baryons are realized as instanton solitons in hQCD.
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Conclusion and Outlook

» The baryons are realized as instanton solitons in hQCD.

» The baryon number violation due to anomaly is reproduced in
holographic QCD.

» The monopole catalysis of baryon decay is easily seen in
hQCD, as the violation of the Bianchi identity.

» The holographic QCD provides a unified picture of all known
baryon number violation due to anomaly.

» It also gives a new mechanism to violate the baryon number,
which might explain the baryon asymmetry of our universe.
(Work under progress)
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