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QCD Phase Diagram
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e How the Phase Transition order along the chemical
potential axis?
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What occurs at the middle density?

Hadronic Superfluid phase and Color Superconductor phase
has the same SSB.

Hadronic Phase CFL Phase
chiral symmetry breaking color flavor locking
SU(N)L x SU(N)g SU(N)e x SU(N)s
—)SU(N)V —)SU(N)C+f
superfluid color superconductor
U(1)p breaking U(1)p breaking
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What occurs at the middle density?

Hadronic Superfluid phase and Color Superconductor phase
has the same SSB.

Hadronic Phase CFL Phase
chiral symmetry breaking color flavor locking
SU(N)L x SU(N)g SU(N)e x SU(N)s
—)SU(N)V —)SU(N)C_HC
superfluid color superconductor
U(1)p breaking U(1)p breaking

Both phases can be connected without the phase transition
(Quark-Hadron Continuity)
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Quark-Hadron Continuity

How to treat the Quark-Hadron Continuity?
— consider gauge-Higgs model: reproduce the SSB pattern.

Hadrons vs. Quarks ~ Confined vs. Higgs
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Quark-Hadron Continuity

How to treat the Quark-Hadron Continuity?
— consider gauge-Higgs model: reproduce the SSB pattern.

Hadrons vs. Quarks ~ Confined vs. Higgs

e Fradkin, Shenker (1979):
charge-1 Abelian Higgs and Non-Abelian Higgs model;
Local operators cannot distinguish between confined
and Higgs phases. They are smoothly connected.
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Quark-Hadron Continuity

How to treat the Quark-Hadron Continuity?
— consider gauge-Higgs model: reproduce the SSB pattern.

Hadrons vs. Quarks ~ Confined vs. Higgs

e Fradkin, Shenker (1979):
charge-1 Abelian Higgs and Non-Abelian Higgs model;
Local operators cannot distinguish between confined
and Higgs phases. They are smoothly connected.

e Cherman, Jacobson, Sen, Yaffe (2020):
Broken U(1) makes the vortex. The Aharanov—Bohm

phase around this vortex is different: 1 vs. e?™/N.
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e Analyze gauge-Higgs model phase structure by

Non-local operators on lattice.

e We calculated charge-2 Abelian Higgs model on Lattice
# Phase structure is well known. (With PT)
# Test of calculations of Non-local operators:

Polyakov loop, 't Hooft loop, AB phase around the vortex.

Higgs phase

0.5 conf "::-’4‘#* o

massless

‘ : : [Matsuyama, Greensite (2019)]
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Abelian Higgs Model

Abelian Higgs model (also called Fradkin—Shenker model):
S=-0 Z costiy (@)

T, u<v
— ”ZCOS{QAM(J;) — 9(1‘) + 9(35 + ﬂ)} )
T,

where F,,(z) i= A, (z) + Ay(z + i) — Au(z + ) — A (z)

# 0 is the phase of the Higgs field ¢ = €.

# gauge coupling 8 and the hopping parameter k

# We set the charge ¢ = 2.

# On (3+1) dim. lattice w/ N,N,N,N, = 10* and PBC.
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Resultl: Polyakov Loop

Confinement order parameter: Polyakov loop

] ) mt e For each config.,

o LD R -
- p(r) = [ explid:(r.7)}.
mt p(r) =0

config f\ 1

AN P= S L.

N, N,N, 27;
is obtained.

In confined phase, P goes to zero.
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Polyakov Loop Distribution of ¢ =2 AHM

P distribution for x and f.

e P =0 at confined phase.

e P distribution reflects

the symmetry of phase.
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Reproduction of the Phase Diagram 1/2

The shape of P distribution represents each phase.

(|P]) detects the phase transition.
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Reproduction of the Phase Diagram 2/2

The shape of P distribution represents each phase.
(|P]) detects the phase transition.

g (|P]) value map
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[Matsuyama, Greensite (2019)]
Each PT line is consistent with previous studies.
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Result2: 't Hooft Loop

't Hooft loop is dual to the Polyakov loop
- world-line of magnetic monopole
--- disappears at the Higgs phase
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Result2: 't Hooft Loop

't Hooft loop is dual to the Polyakov loop
- world-line of magnetic monopole
--- disappears at the Higgs phase

Here: world-sheet of magnetic string

T, ) .
4 At a time slice,

the edge of the string

o : ® becomes monopole and
monopole antimonopole

antimonopole.
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't Hooft Loop Formulation 1/2

The monopole gives magnetic flux

B, = F,,, which is represented by the
additional phase of F},, in S.

This corresponds to modify the action

S>-B > cos{Fu(x)} = -8 > cos{Fu(z)+2r/q}.

z,u<vesS z,u<vesS

11/17



't Hooft Loop Formulation 2/2

Modified action is

S'=-8 Z cos Fy,,(z) — B Z cos {F(x) 4+ 2m/q}

T,u<vg¢S T,u<VES
Y coslgA,(x) — 0(z) + Ola + ).
T,

In our calculations, 1 x NN, size world-sheet is considered.
The magnetic string has unit length in the z direction.

Te S =e %
monopole <T> — <€—(S’_S)>
antimonopole (T') corresponds to the free energy
1y of a monopole-antimonopole pair.
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't Hooft Loop and Phase Transition

(T) result for k = 0.8, Neonsig = 1000, or 100
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0.0

1 n n n n 1

0.5 1.0 15
8

(T') is strongly suppressed in the Higgs phase and the phase

transition is detected.
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Result3: Aharanov—Bohm Phase

Consider the vortex of Higgs field,

Agited = A0(x) + Af(z + 1) — Az + 0) — A0(z) .
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Result3: Aharanov—Bohm Phase

Consider the vortex of Higgs field,
Agited = A 0(x) + AO(z + 1) — AB(z +7) — AO(z) .
With the action
§==4 Z cos F,,(x)

x,u<v

_ KZCos{un(lﬁ)\—e(l') + 0(55' + ,a)}v

J/

-~

AL0O(x)

this is equal to
un(:C) +qA,(z + 1) — QAM($ +0) —qA,(z) = qFMV(x) .
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Vortex Formulation on Lattice

Then, the vortex is equivalent to modify the action

S'=—5 Z cos F(x) — B Z cos {F () + 27/q}

z,u<vgS z,u<veS
— 13 cosfadn(@) — 0(w) + 0o + )}
oH where S cross the vortex.
The Wilson line
vt W= [] exp{idu(z)}
z,ueC
My around the vortex is calculated.

# N, N, Wilson loops are averaged.
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Results for AB Phase

Real part of Wilson loop at x = 0.8
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e Re (W) < 0 means AB phase is 7.
e At 8 < 0.8 (confined phase), Re (W) are comparable

with statistical error. 16/17



Summary and Future Prospects

Our research obtained

e Topological Operators including AB Phase

we achieved the lattice formulations

e Phase Transition property of Abelian-Higgs model

we confirmed the previous results

Further research needed to

e extend to the Non-Abelian gauge group
— unravel the QCD phase diagram

e improve the AB phase readability
PT order determination

Change in phase value along two phases
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Thank you!



Appendix



Results for AB Phase 2

Histograms of arglV at k = 0.8
for 100 config. & N.N, = 10? loops & 10 independent sets.

=10.5, confinement [=1.4, Higgs
15 15

—_—

percentage
percentage

0 1 2 0 1
argW/m argW/m

e Distribution differs btw. the Higgs/confinement phases.

e Confined phase has strong fluctuation and the AB phase
is unreadable.



Note: Analytical Result for AB Phase

AB phase can be calculated by strong coupling expansion.

S'=—p Z cos F(x) — B Z cos {F(x) + 27 /q}

T,u<vgS T,u<VES

— kY cos{gAu (@) — 8(x) + 0(x + 1)}
T,

T 1 n
W . (W) N/DADH ;E(—S’) w.
5 For N x N loop, one plaquette is

@ . .
in S and the others is not.

- (W)~ =N <0

Y
AB phase is the same between the
; confined phase and Higgs phase.




Abelian Higgs Model on Lattice 1/2

The action of U(1) gauge theory with fund. Higgs field is
1 14
S=— 7 / d*z F,, F" — / d'z (D,¢)"(D,¢)
- [ dtom (gt~ o),

v =1 is set for the simplification and from the triviality of
¢* theory, this action is equal to

S=-4 Z Re[U.(2)U,(z + @)U} (z + 2)U(2)]
—KZRe [ (2)U()p(z + )] ,

on the lattice. Here U, = e,



Abelian Higgs Model on Lattice 2/2

By U, = e, ¢ = ¢, and

Jam) 8= All@) - Aul@ 4k ) = Ayl S 9) — £5@)

S==8)_ Re[Uu(a)U,(z + W)U}z + 2)U}(z)]
T, u<v
—KJZRQ (61 (2)Ul(z)p(x + )]
=—p Z cos F, (x
x,u<v

— k) cos{gAu(z) — b(z) +6(z + )} .

is obtained.
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