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superfluid gauge - Higgs systems :
In
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Higgs Conf
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山 = 0
∞ (感～～ )

phasetrausitimsomewhene ?
or not ?

vortex

世
My claim :

the AB phase respects Higgs -cnfinemeutcontuuity
( Fradkin - Sheuker ' s sense )～
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Introductionn
superconducton

～
ー Higgs Mechanism oflen appearsinphysis

Higgs condensatim gauge boson
～)“

と $ ) キ σ
"

acquires mass

but ,

- What is
"

Higgs phase " ?

spontaneousbreakiugofsymmetny ?Nogause
～

( Elitur ' 75Jneven
broken
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Higgs - Cufinement Continuity
"

( Fradkiu &Sheuker
'
79 ] ( Banks -Rabiuvici ' 79 ] (asterwalder- Seiler

'

78 ]

Higgs phaseand Cnfinement phase aveconutinuously
connected in fundameutal gauge- Higgs models

'

↑ deep Higgs K ①y"-.largek ノ
ノ

'↑
Y β (～ Ygz )

INo transition {



A lesson from Higgs - Cnfinement continuity :

Condensation offundamental
is かも o "mater

does separatephasesnot

Quark - Hadroncantinuity ( Schifer-wilcrek
'

993

ハT colan- flavnlacking

1 Hadvon No transitin?
い
<qE > キ σ

"

ーつく

ー""11/aa

0MB
nucdean supenfluidity Condensate af

color ( anti - ) fundamental
diquark operaton



When distinguishable ?

e . s . ) charge - q Abelian Higgs [822 )

HiggsZ tsplagical ndered
K

1
Perimeten

- law

0 2π i

Wilson loop
= e8 ⑦必 Ireey 1

β nmtrivial mutual statistics

Higgs s broken phase → top. ordenく Confinemert" unbroken phase

. q= 2 s usual supercomductm )(



particle - vontex statistics In CFL phase

Nontrvial statistics → ヨ
transitin ?
[ Cherman- Sen - Yate

'
18 ]

wilson loop 2π :
…屮 ニ es ⑦ 1

minimal vortex

Cnon- abelian CFL vortex ]

However
, this daes

mean topologicalorderNor
CKrouo - Tanizaki ' 18193

( CFL vortex is not topological )



AB phase can still be anorderparameter ?

toy model CCherman
-Jacsbsm- Sen-Yate '2o

)

charge . (t 1 ) scalar Att heutral 03d U ( 1 ) gauge+(pt . (
- ( -1 )scalarcharge 1
^ wr i
①

.i
'…

…凹Higgs Cnf . く〉 キ o
potential

S = f { daRt ID'IDP + 1 H %1 ' 4V! ) tV(4. 1 tVr ( ) ←εかか}
← ( monopole ]



ABphase as an order parameter ( ? )

[ Cherman -Jacsbsm-Sen-Yafeho]

3 d U (1 )gause tcharged($t . 4 -)tne
superfluid

( superfluid ) Higgs regime ( super fluid ) confrningregime
ー

ddiscussuatexcnfiscesule )()(

transitin ?

dyt'n冊□"
やovorter

ゆ±→ ゆ Fと a→ -a symmethy ⇒mustbe ± 1

⇒
needjump (? )



Summary of Backgrounds

Continuity i Transition
ー

っ

motivated by top . ordeving

i non
- trivial partide- vortex

CFl phase Is not /
statistics in CFl phase

topolagical ordered .

x
AB phase canstill

↑
I be an arder parameten

^

true ?How② ①



2
. Continuity &
AB phase

answeriug these questions !



Claim &S
For superfluid fundamental gauge- Higgs systems

,

Aharousu- Bohmphasethe isarounda vontex

continuous (or eaustant
,
if protected by symmetry )

in the strong -couplinglregimedeep-Higgs s

K*11/⑩
ntinemat Higgs

っ

》aregimconnectingconf . & Higgs regimes
without jump In AB phase .



In this talk
, we llustratethisclaim in

the following two models
.

① the modelbyAbeliantoy
Cherman - Jacobsm- Seu- Cafte

② SU (y ) gauget U ( (t ) fundamental Higgs

^ ( t heuthalscalan )

N= 3 : gaugedGutburg -Landanfor CFl phase
( t neutral scalaforhadrmic superfluidity



Results
ー

Conf . Couf
い

0 ～ - 1 ↑ 0 ～⑨̂1 1 O 1 ↓ Continuouslyon connected

O ～ - 1Higys I0 ～e
Higgsconstaut!

Cas Case (B
ョ
(symmety ) Protecting otherwise

.

AB phase
: N 23②

①
,
② : 1N = 2



① Thetoy
U ( 1 ) ← At , $ + $ 0
M

changed scalan heutralscalan
↳ Lallーし)linkvariable
{ ゆ * : U (1)-valuedsitevariable

with the action :

S=β U
0
+ kƩ *U 4tkƩ . *U * ' "m" e "

っ
largek → Higgs0E %$$室か、small k→ cnfining

large ka → Utilg



Aharonov - Bohm phase
Corder parameter conjectured

in

Cherman - Jacobsan - Sen
-Yate ' 20 ]

P
2
i= b←)V( S )Wic )

ld →∞ s < ≥ ←namalizatimN(C ) Vis )

eiSca d
ヘ

①歌 = on) < くO >1 八 1U い )

0 vorter

minimal Ulglobal vortex )



To show continuity ,
let us look Tuto :

h (
a ) deep Higgs regime (K→∞ ]
( b ) strongcoupling regime ( β→σ )

( like Fradkin
- Shenker )

器典Connecting Path !

β



( a ) k→ ∞ : deepHiggs l にmit

Ue is to maximize

KC $' Ue $t . *
U
*tcc . J

⇒ Ue = Ue
(
11ue()← -

芝 cArg長

wheveUe($± ): =ゆ ±ix$± ix
*

EU (l
l

x つく pure gauge)

⇒Wic ) = cce= Cµ)ue1t )
In continuum

, this Means a =with$= e : φ:



⇒Inthepresenceaf0 vortex ,

0 ～ eio ( r→∞ )
E 04t)nteractim。 世 く fix asymptotic windiug

vortex )( ～e - io ( r→∞ )

r= 0 Cotherwise suppressed by Tufrared divergence コ

Then
,
the Wilson loop acquines nntrivial phase

- I(WiCVis ) 〉 ~ ccSuue (=
"

reproduciug duum

&(～ e -Cheman-Jactem -SeiYatte.



( b ) β→ 0
: strong coupkuglimit .

Naively , confining ⇒decouplingof$±⇒0 =1
"

Howeven ,thisexpetatim[ scarrect

照
Large wilsn loop ∞ screenedby $ &

ー 紐⑦ o M
ccanettraytinayこ)W ( C )

$y on .
mw

Large extended objectsont of scope of nainemay be( low - energy EFT
)



0 Deep confining regime (β

Two waysto Screen WiC ) 慘
→β

$.lineD ②$t line ( reversed ]

3 ue

wa

.

I
.□n. ロ$ ( charge - ( -)) $i
*

d
kUeto ( k)⇒ ue (4 )Juelt* )

So k U
* (っ
. 中× 中 *x 中)

&



Its phase is ,

ue (- )Juel*)α uel* )M(luelt )
same as deepHiggs limit 'the

⇒ nontnivialABphasefr =
- 1

as iu Higgs regime /the

This phase is robust unden

h
- K correctims ( actually , it can be computed )Wlo K expansion
β corrections (m) small deformation ofc )



Summary二 n

wic .

reproductionI .
Hig ovorter n new

screened
p-nmnod- 」カ. Vr→Caek

*eぐ∂数⑫fe d$e-d→

“) ど

92 = - 1 (matched )



②
S

gaugetU ×) Higgsmodel-

We want an etective model describing
nudearsuperfluid / CFl phases .

d
. o . f .

;relevaut
ai

CFL diquark IO =Eak'Eizkqbcr5
t

aib
, cs " : color

3 × 3 matriy. ( ij . k 」
" . flavon )

colon & flauonantifundameural
in CFlphase" ( o ) ～ ガ

SO 13 )
0torts

"

"ZX 3
x

43 Z 13
x

43
い

gange
-fixeddescriptiycolar- flavan locked" ( )



gauged - Giuzburg
- Landan descriptin

SetCa ,] = If ? t IDEP + V ( な)
～

/

( minimum at 巨ぁ= 21.
m

O 10 )( EU 13 )
Asimpletatty

Sul ) gauget U (3 ) -valuedlantyfundamentalHiggss
S =β trvot 《 IItr I tc .ctuee"
t We want confining regime

→ add superfluid neutval scalar 0
[ dibarym ]



am) Lattice analag of gaugedGl model .

for nudear superfluidity / CFL

Ue : Su ( 3 ) - valued lnk varcable

{ $ : U (3 ] - valued field ( diquark )
0 : U ( 1 ) - valued field

0
U (3 )

Igenerally (n'

no ^^)^^Ʃ^o。いかか冷

い! いさ 、. *

☆

"
"" " - tal



We cousider

< IWLC) VLS ) 1β2 =公
( 《 (→∞ ∠ x )wic ) Vis ) ①

vontexminimalU(s ) :

hadronic → superfluid vortex
corresponds to 〈

CFL → hon
- Abelian vortex

As before , we examiue
( a) deep Higgs region ↑
二

nrimyampkgregim



( a ) deepHiggs

k→∞ fixes Ul to maximize

Ʃ tr [「 Ue &] tc .ck
山 Arg①(、一←

Ve = (det]* $t
止

ccOe = Cc (det) *
2π :

0vatex ⇒ det & ～ ei
θ
⇒ Oa= eπ

～eiol) reproduces [Cherman - Sen-Cate ' [ 8?



( b )strongp
凸

Deep confining [ β→ 0
,
small k]

$ liue & $tlueBath

□DOcanscreenwic,
to (bvet )k ( )trhotfaveo tOl 《 )

t ( ltdetxdet .)
$ t4 ①

蔗
⇒θ m=- 1

α det idet )(



{ β2
= I ( deep tliggs )* O2 = - 1 ( strong coupling )

β
actually ,

W)^ 花 c(det告り *- ?

forau*ョ 2tzsymmetry )
I → Ia

2 O
,
Ue→ Uek

Tmposes P2 マ ± I protecting AB phase)
[ case ( A ) ; as n ① コ



For lN 23 ,nosachs
O( K ) ↑↓ X

$tline can we need $ 1
- 1

screen Ul to screen

⇒ ①2 = t 1 in deep confining region
,
P2 TscontinuousIustead

Indeed
, at 1 = 3

→

tliggs
^ Oa (βsArg

→ Or = e等

L
.
..

0ionfor
= 2

.

/



3
. Summary
& Comments

We have discussed ABphases n
① Abelian toy model

{ ② SULIN ) YM T ULN ) Higgs
[ N= 3 → CFLetective wodil ]



Cas Case (BI
Conf . Couf
い

0 ～ - 1 ↑ 0 ～⑨̂1 1 on 1 d
∞0～ ↓Higys

Higgs

Constant AB phase Continuous AB phase
.

ョ
(symmety ) Protecting otherwise

.

AB phase
: N 23②

①
,
② : 1N = 2



Comments
ー

( 1 ) tradku- Shenker-type argumentdarmsThel
ョ (connecting regim) .Thisdoes

prove cantinuity In the atual QCD
phase diagram .

e
maybetransitiontheve

'

ocurred by dyuamics

e . g .
waten

phne dirgon,fammitedcan have trausition .



Commen

( 2 ) The perimeter -yawWilson lopwat"
( generallygenerates noninvertible )

symmetry , acting on vortex surface

E
, common emergent symmetry
between confining & liggs regimes

dk screpancyinunbemergent
syumetries does hot distTuguish phases . す
ey . ) U ( ) Fradkn

- Sheuken
trivially actiug on

UCleCD vs .U( () ) the vacuum



Short nuclear supenfluidSu
r

～ CFL phases
In superfluitgauge -Higgssystemsfundamental
つく

Higgs Conf

receutly - debatedissue

山 = 0
∞ (感～～ )

phasetrausitimsomewhene ?
or not ?

vortex

My claim : 世

the AB phase respects Higgs - cmfinemeut continuity
⇒ quark- hadrou coutinuity is possiblescenariaa


