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Thelow estPartialwave
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Thelow estPartialwave

Then If 8 If dexlt.ir sgnqgdrXHrtn
Two surprises

1 Mildly Surprising The lowest j partial wave overlaps

a freewave with the monopole core at 8 0

Without a centrifugal barrier

despite I 0

2 Really surprising

The wave's direction is fixed by sgnqg

991 41
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only ingoing only outgoing

missing outgoing waves missing ingoing waves



To be concrete
calianism

And imagine N doublets

X 9940 outgoing only

9 99 0 ingoing only

1 1,2 N

A popular real life example

The 5015 grand unified theory the SU 5 GUT

in E
Only one generationforsimplicity All left handed



To be concrete
Eb.io caiianin.s

And imagine N doublets

X 44
q 0 outgoing only

9 9g so ingoing only

1 1,2 N

Two symmetries

U i for electromagnetism with acting on eachdoublet

SU N flavor symmetry rotating N doublets among themselves

N 1 diagonal generators
ooo too to
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Example 1 out only
N 2 with 7 in only

initial state Xi given

final state A XT BXt must use Xi can't use in

Uli conservation I A B

Sulz I A B

A 0 B I yique final state of incoming Xi

ftp.n.me ftM
occurs with 100 probability

an anti x
An example of

Callan Rubakov process
CR



Thesemiton Unitarity
z Callan 82 s

Example 2
out only

N 4 with EE EI I in only

initial state Xi

final state AXT BXt XI DX I

U i conservation 1 A B C D

5014 I A B

0 B C

O C D

A B C D Iniquefinal state

Xi M Ext x ̅ IT'S I x ̅ M 100

IF particles
Another CR process

semitons

But there are no semitons in the Fock space unitarity problem
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free monopole core free

4 t x a free massless right moving fermion in 1 1 D

Away from the core the action is

S fitdx i 2 2 14 f tdxt
o

What happens here
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q x UCI charge of 4

V41 transformation paramete
independent of t
Feinteractio

U i transformation 4 Y t x e Xlt is higherorder
in semi classica

But the 4 kinetic term isn't invariant inside the core

Uti 2 2 144 1 4512 2 144 1 Elected 94 1

rotor

We need another degree of freedom 2H with
t.fr

U i transformation α t α t

and add 21 19 x 4 414 1 to the Lagrangian for U l invariance
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but the rotor must be massless

act act 0 ace not Ulll invariant

The action of the fermion rotor model

regulator dependentcounterterms
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Fermion rotormode
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So the rotor is
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What's this physically It's a dyon's excitation energy
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Scale sandrangeof validityofEFI
The rotor EFT assumes semi classical expansion in e

S 5 5 I 5
Ole's Ole I 062
classical feii.int photonfermion

monopole field
monopole mass monobkgd I interactions

rotor
photon'sFauf Ignored

Mmono I to I Edyon
So thedyon excitation
in theprevious slide isand the low energy limit in particular E K Edyon
highly virtual off shell

Energyscaleof scattering lastingonlyfor OT IKE

So the theory is an accurate effective teory provided that

E K Mmono
In particularMt had

mmmm can'ttake 1 0
Thesescales are not in thefermion rotor EFT itself beforeno o



Soluti ontothesemitonunitarity Puzzle

Executiversummary

traditional Callan Rabaker Ourresults
semitonic CR

e.g N 4 Just free propagation

Exit ix ̅ xI ExI ID Xi x

No semitons
M understood

Non semitonic CR

e.g N Z

x ̅ ID Same as traditional
e.g N 4

xi xi XI



seg.no EIttsemiton
UitarityPuzzle

In traditional CR I it
only ingoing

Free propagation is not even possible

What did they miss

X tirl contains only ingoing waves CORRECT

xict.rs contains only outgoing waves CORRECT

So We must use Xi to create an outgoing fermion WRONG

So the Fock space contains no outgoing Xi WRONG

There are composite rotor fermion operators that can create outgoing Xi



Soluti ontothesemitonunitarity Puzzle

v4
e
i
Xi Xi carries charge

I et x XI

but we also have α α 0 under U i so

e XI carries charge
ex é e x

just like Xi and contains

outgoing waves

Can e xilt.MY create an outgoing Xi particle

Yes if andonly if T t r

Similarly e Xi ti can create an ingoing Xi particle iff E t r

We cowthisbyadirectca lculat.in as follows



Itiontothesemiton UnitarityP.azePolchinskialready calculatedearly fermionic Green's function exactly

II VK.lt X IT lti t 2 Wo Polchinski 84

where

Wo Green's function of theliterally_free theory of

the fermions without the rotor

Z dx exp fifth w αtw iAαlw iBαtw

exp f AB II subtle

A ETON e
Hi Xi 0cg e inti
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B otxile.in xil
iotxjeiwlti xilfIx

in roto limit
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where

Wo Si Golt t X X with Golt x

2 dajeiaom ia.DK
exp ffEf N xcw xtwl iAdlw iBαtw

exp d If
n uvcat.tt sos

m IR cutoff o butsubtle

D iff t X within time resolution OCI

2 The in is just No iff est



Soluti ontothesemitonunitarity Puzzle
So we have shown that

4,4 1 eidt 1061 4,4 l e t 104 t digGolt t x x

exactly Since

4 t x eidt 101 1 XF t.me t r
for p go

Xi t r for r 20

and since Go is exactly the free massless right mover's propagator

Xi creates a free particle at so which is an exact 1 particle
state of the full hamiltonian and this same particle is annihilated by
Xie

xtct.me It creates an outgoing Xi particle
Being an exact 1 particle state this free propagation occurs 100

Similarly xict.rs e let creates an ingoing particle
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UnitarityPuzzleTraditionalCR
word

correctpiturex.si

Iii xi i i
only ingoing A createdby createdby

it ExtentFree propagation is not even possible

Forced into semitonic final states No scattering

i tnicCR.isjustfrepopag

n.FI Is
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ÉÉIffermion regardless of sgn 89

11 But
what's in3 Ñ Related to the abelian vortex with
tionalwindingumber nsakieal 6406.13738 Ep eI



SolutiontothesemitonUnitarity Puzzle
Move on to semitone CR processes

Take N 2 for example Then traditionally Xi x ̅ 100

No semitons no unitarity problem

But now our calculation shows Xi Xi 100

So we now have a unitarity problem

Take N 4 for example Then traditionally Xi Xi XI Ii 100
No semitons no unitarity problem

But now our calculation shows Xi Xi XT X2 100

So we now have a unitarity problem
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ie Ssk 14 23 Siks 13 24

TIS ti te x Xal etc

14 Go 1 4 etc

Vow separate the 12 and 34 clusters A LOT

4

then

LHS 4 1 e 4,121

afRGEseparat.iq 44 3 e 1314141

RHS 1274347 Siedik Sirdie

4127434 EisEek
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ie Ssk 14 23 Siks 13 24

TIS ti te x Xal etc

14 Go 1 4 I et

Vow separate the 12 and 34 clusters A LOT
parametrizes

degenerate vacua

4

Ii Thus a

4 1 e 4,121 Ei 12 et

FRGEseparat.iq IxieY_creates thesame outgoing
particle as X2 which bydefinition
is XI No unitarity problem and
confirms traditional CR
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4 1 e 4,121 2 Wo with Wo 0

because

Wo 4 1 4,12 in literally free theory 0

Actually it doesn't due to an IR subtlety

Our IR cutoff fcf removes low frequency modes

Evolution of It with t ti excluded

But that's inconsistent with the anomaly

e

simultaneously for allk
If fail adf.at e

fix that
mum

E change in tot of fermions
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4 1 e 4,121 2 Wo with Wo 0

because

Wo 4 1 4,12 in literally free theory 0

Actually it doesn't due to an IR subtlety

Our IR cutoff fcf removes low frequency modes

Evolution of It with t α ti excluded
3

But that's inconsistent with the anomaly ΔNy a 0

Our method valid only when Nx Not inside

In particular not valid for 44 114,121

but valid for t e 414 e Perfect



a.in i i i
for N 2 So all problems solved

summary
The missing modes in the lowest j partial waves

are recovered by our composite rotor fermion operators

at s
i iE.i i aand indeed

Traditionally non semitonic CR processes
are still correct

where the fermions freely morph into the CR final state

These are shown by exact evaluation of path integral of
fermion rotor model an accurate EFT in e 0 limit



Doesit matter

Experimental bounds on the monopole flux

Super K hep ex 1203.0940

These strongest bounds all come from
the CR effects E g

1 Utu M et I M

2 U M w̅ I et M

Y

date numbers

being CR Monopole catalyzed nucleondecal

put
121 is actually free propagation

ow do the bounds change Weneed to include
fermion masses

straightforward in rotormodel abigadvantage
over BCFT approach by vanBeest et al

Confinement 2306.07318 2312.177

more challenging but I havesome ideas

Stay tuned


