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1. Introduction



STRONG CP-PROBLEM

* QCD Lagrangian
10

82

1
292 r(G) ¥
* The 8-term produces the non-zero electric di-pole

moment of neutron.

EQCD - = tr(G,uué’uu) + Lmatter

* However, the di-pole moment is highly restricted by the
experiments.

[C. A. Baker et al. "06]
d,| <2.9%x107%%¢ cm

[ 10 [P. G. Harris et al. ’99]
0 < 1071

Why so small ?




PQ MECHANISM

[Peccei-Quinn '77]
* Introducing anomalous U (1) sym. so called Peccei-Quinn
(PQ) sym.

* SSB of l](()l)pQ — NG boson appears (axion a )

Octt = A +60 — 0  Promoting parameter 6 to a dynamical field
a
e Realizations
e KSVZ model [Kim ’79, Shifman-Vainshtein-Zakhrov, '80]

[ Extra heavy quark + singlet PQ scalar ]

e DFSZ model [Zhitnitsky, ‘80, Dine-Fischler-Srednicki, '83]

[Two Higgs doublets + singlet PQ scalar]




AXION STRING

* Global vortex string associated with U(1)pq breaking
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SUPERCONDUCTING STRINGS

* Axion string contains fermionic zero mode inside it.
[Lazarides-Shafi ‘85, Lazarides-Panagiotakopoulos-Sfafi ‘88, Ganolis-Lazarides ‘89, Iwazaki ‘97]

LD —ydpUoUy, o(x) ~ qug.ew
[Witten ‘80
Jackiw-Rossi '81,

Iﬂd(ﬁp + y(b(l‘)) =1 Callan-Harvey '85]

* The confined zero mode carries electric current.
— superconducting strlng [Witten ’85]

0y J‘“’:—
167

* Max. amount of the current:  Phenomenology, cosmology

J Mermi -
max " fermion Fukuda-Manohar-Murayama-Telem

arXiv:2010.02763 [hep-ph] 9



MESSAGES OF OUR WORK

* Axion strings in DFSZ model should be more complicated
after EW symmetry breaking.

—> We call electroweak(EW) axion strings

 EW axion string can be superconducting string containing
large current without heavy fermions!

— DFSZ model is as interesting as KSVZ model!

10



2. DFSZ Model



DFSZ MODEL

[Zhitnitsky ‘80 ,Dine-Fischler-Srednicki '81]

e Particle contents

Two Higgs doublet model + SM singlet scalar SURw || 2 | 2
Uly || 1| 1
U(l)pQ X1 | Xo

<ol = n

* Scalar potential V(H,S) = Vg + Vs + Viuix
Vig =m3y [ H 4+ mi o + L+ 22 )

‘|‘53|H1|2|H2|2‘|'54(HIH2)(H§H1)
Vg = —mg|S|* + As|S|*
Vinix = (KS2H] Hy + hc.) + r15|S|2 [ H1|? + kas|S|?| Ha|?

e Charge relation

[2X3 — X+ Xy = 0]

12



DFSZ MODEL

e Covariant derivative

D, H; = 0, H; —

./
tg
PG

19

9 WEJaHi —

e Scalar VEVs

= (). wm=( ). ®-v

* Electroweak scale

o2 = 2(0% +3)

13



DFSZ MODEL

* Electroweak gauge sector

Z, \ [ cosby
A, )]\ sinfy

mixing angle

o g
cos Oy = \/ T
g g
* Gauge boson mass
__ YUVEwW
mW - 2 )

— sin Oy Wﬁ’
cos Oy Y,

/

: B g
sin By =
\/92 + 932
gUEwW
my —

~ 2cos By

14



DFSZ MODEL

 Symmetry breaking pattern

e Scalar fields

* 3 scalars - these are massive  (h, h,, h3)

The lightest h is identified to the 125 GeV SM-like Higgs
e 3 pseudo-scalars

—> massive + axion + NGB eaten by Z-boson
e 2 complex scalars

— charged Higgs + NGB eaten by W-boson

15



PQ CHARGE

* The mass matrix of pseudo-scalars

2
VU 2
= V4 20904
2
K 2 v o
Ve e 201V
200, —2v1vs —4vvy

* PQ transformations are defined so that the U(1)pq
current does not couple to the Z-boson

[Hl — 621505 sin”? JBHI’ H2 — 6—21505 cos? ﬁ’sz S eiaS]

* PQ charge 4 H, I, g

16



3. Type-A, B, C
EW Axion Strings



AXION STRING in DFSZ MODEL

* Assume that the electroweak sym. is not broken, but
U(1)pq is spontaneously broken. |

0

i N Pl
//\

-””I”””’IIJ1:U2=’U=EU3

045 S — vsgb(fr)ew ; — ¢(r)
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ELECTROWEAK AXION STRINGS

* Electroweak sym. is also broken
* The Higgs doublet also develop non-zero VEVs

EW flux
I ~ Vgw
Strlng core
~ ’US

Axion string Electroweak axion string

* There are three types of EW axion strings depending on
the winding patterns of Higgs = Type-A, B, C_

Superconducting string
19



ELECTROWEAK AXION STRINGS

* Assumptions:

V1 =2 = U= 5 but qualitive behavior will not change.
* Field profiles TYPe-A f o
N, e h(r)
— ¢(r)
Type_B 0 10 20 ?: 40 50 60 Type_c

uuuuuuuuuuuuuuuuuuuuuuuuuuuuu




TYPE-A EW AXION STRING

* Type-A EW axion string is characterized by

H, H, S
, .2 2
G ’USEZ%Q 2sin“ 3  —2cos*p 1

Vinix O £S2HIH, + h.c.

leei‘?( 0)

U1

nge_w( 0)
U2

21



TYPE-A EW AXION STRING

* Type-A EW axion string is characterized by

[ H H, S]
: . 2 B 2
G~ ’USEZ%Q 2sin” 3 2cos* 3 1

Hl ~ 6’319 ( 0 ) — 62?16'31112[36—?2903 cos2f3 ( 0 )
U1 -_— U1

H2 ~ 6—?19 ( UO ) _ 6—2@16’005256—%03 cos2f3 ( UO )
2 2
\
U(1)pq winding U(1), winding

NB: U(1), winding is needed to ensure single-valuedness
unless tan f = 1.

22



TYPE-A EW AXION STRING

* There is the non-zero Z-boson field.
10

9z =\ g2+ g

S ~ vge
H1 ~ 621981n2ﬁ6—3903 cos 23 ( ) B
—2?,9 cos> 6 —16’03 cos 2[3 0 9z

Z-flux
Z flux
~ Vg [‘I’Z :/FZ _ 4%005,8]
9z
itr:,ng o NB:tanf =1=>d, =0
S

23



TYPE-B EW AXION STRINGS

* Type-B EW axion string is characterized by[ " I S]

10

SN’USG 2sin?3  —2cos? B 1

Hl ~ 62?19 0 _ 62116' sin? ﬁe—Ziﬁ'Jg cos? 3 0

H2 ~ ( 0 ) — 6—2?290082)86—21&903 coszﬁ ( 0 )

\
U(1)pq winding U(1), winding

e Z-boson and Z-flux

_ 2 o 2
[Zg N 4 cos B] [‘I)Z _ &7 COS B]
9z qz

24



TYPE-B EW AXION STRING

* Profile of type-B EW axion string

S = v o(r), ol

— 62?,6' 0 i

Hh=w ( f(r) ) 1of

R |

H2 — U2 ( h(?“) ) ) 0‘5:_

Zg = —4 0082 B (1 — Z(T)) o.o:-
9z

* Boundary condition
f(0) = ¢(0) =0, 0rhl,—
¢(00) = f(o0) = h(co)

lllllllllllllllllllllllllllll

Z flux
0=0, 2(0) =0
- Z(OO) - Sting



ELECTROWEAK AXION STRING

Can we get “superconducting” strings ?

Axion “cloud”

Electroweak flux tube (Delicious smell)

(Frankfurt)

~ Axion string core
(Stick)

26



TYPE-C EW AXION STRING

* The last one, type-C, may seem more exotic:
S ~ vsew

2160
H U1 e’ —1 _ 2i0sin* B _—ifcos2Boz iboq 0
2 e’ + _— \u

—2i6
Hy ~ U2 ( 1 —e ?' ) _ 6—21&90082ﬁe—?ﬂQCOSZﬁJzewdl ( 0 )

U(l)pQwinding U( )Z U(l)Wl winding
winding

* This contains Z-flux and W-flux

B, — —47mcos 23 Z and W flux
Z = gz ~ vEW
o
Oy = ——
g




TYPE-C EW AXION STRING

* Inside the string, the field configuration is described by
the “smeared ansatz”:

Hy = Lot ( f(r)e*? — hr) ) O Hy = Lo ( h(r) — f(r)e=2 )

2 f(r)e*? + h(r) 22\ h(r)+ f(r)e2®
* EW sym. S\ R
A | B —0 (r— o0) |
QEMH;L X f h {?é 0 (7“ g UE\}V) 10

05

* U(1)gy is spontaneously broken

- Superconducting R
e Current carrier: charged components of Higgs and W-
boson

28
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EW AXION STRINGS

* We have seen three types of the EW axion strings
Type-A (w/ Z-flux), type-B (w/ Z-flux), type-C (w/ Z and W-flux)

* The next question...

Which types of the EW string is realized ?
Type-C string is exotic... Is this really?

* The tensions of the strings depends on the Higgs
couplings.

29



STRING TENSIONS

* Compare the tensions of the three EW axion strings

kis=1, K= —2(1}/@5)2

1

a3 = g(ﬁl + B2 — 203)
vy = 10v1, mi = (125 GeV)?, tan B =1,

K1s = Kag, K = —2(v/v3)2, Ag =1 T

Length unit: v; = 0.2

1413
1405-
1395-
1385—
1375-

136 |-

* Type-C string can be the most stable string

— favored in some parameter space

* The axion string necessarily become type-C string after

the electroweak sym. breaking.

30



4. Superconductivity



SUPERCURRENT OF TYPE-C STRING

 How should we evaluate the current traveling along the
EW axion string?

[Alford-Benson-Coleman-March-Russell-Wilczek "91]

Background
S(r,0),Hy,, (r,0),W,(r,0)
Z, W flux
~vgw U(1)gm is broken in the axion string
String dore — there exists the zero mode
-1
o f.

........... ane Im ¢

7
taa
.....

o
------

32



SUPERCURRENT OF TYPE-C STRING

[YA-Hamada-Yoshioka "20 ]
* We consider the (z,t) dependent zero mode n1(z, t).

~ N ~

S, H;,W,,Y, denote the type-C backgrounds.
S

=S
H; = [?’QEMT](Z )¢ (r)| H,
W, =W, — 77(2, t) D, (&(r)n) e, HloH,
V=Yoot Lo0.e0 oA
* EOMs




SUPERCURRENT OF TYPE-C STRING

* Linearized EOM at large r

(07 = 9 )n(z,t) =0, &(r) ~ logr

n(z,t) is massless excitation along the string
» Static solution = n(z,t) = wz with a constant w

* EM field strength and electric current

W 2TwW
FEJZM ~/ —;} JEM — —QTT?"FEM ~ -

34



MAXIMUM CURRENT IN TYPE-C

e Zero mode 1 gives “a mass” ..
term to the Higgs fields: |

0.2/

v? ’
£D _(w£)25(f_h)2 0.1_-
* U(1)gpy is restored and r
superconducting state is destroyed. (current quenching)

e Current becomes maximum when this effect is balanced
with the negative mass terms in the Higgs potential.

mi ~ Cyv* + Cyv?

e Large current can travel along the string

[Jmax ~ Us]

35



INTERACTIONS between STRINGS

* Current-induced interaction between the strings

, A — e
Attractive force
2
P Us
mag 5 2
e R
\_ ) J
R
< >

* The axion-induced interaction is repulsive force

* Magnetic interaction could affect the time evolution of
the string network. - Y-junction ?

36



Y-(SHAPED) JUNCTION

[Betterncourt-Kibble '94, Betterncourt-Laguna-Matzner '96]
* It has been believed that axion strings always reconnect.

String 1 String 2 > <

/ Reconnection

37



Y-(SHAPED) JUNCTION

[Betterncourt-Kibble '94, Betterncourt-Laguna-Matzner '96]
* It has been believed that axion strings always reconnect.

String 1 String 2 > <

/ Reconnection

* However, the superconducting > <

axion strings can form Y-junction.  Y-junction = bound state

* How frequently? Scaling behavior of the network is
spoiled?

38



5. Summary



SUMMARY

e DFSZ axion string becomes dressed w/ electroweak gauge
fluxes after the electroweak symmetry breaking.

Electroweak axion string ~ Frankfurt

* Type-C electroweak axion string breaks U(1)gp and can
be superconducting string using bosonic carriers.

* The maximum current is J,ax ~ Vs, Which is comparable
to be scale of the string tension.

* The Y-junctions can be formed.

40



OUTLOOK

 Study cosmological consequences (vorton, etc.) of
superconductivity in the DFSZ model in the same way as
[Fukuda et al. arXiv:2010.02763 [hep-ph]]

e Study on Y-junctions may need hard numerical
simulations.

— 2D effective theory ?

* Effect of large Higgs field value around the core
- BBN ?

41



Thank you !!



Backup



HIGGS BI-LINEAR FORMALISM

[Grzadkowki-Maniastis-Wudka, "11]
* Introduce the following Higgs matrix:

\H = (io2H, H>)|

e Covariant derivative
D,H =20 H—zQJaW“H—I—zEHcrgY

* Higgs potential

Vir = — mitr|H|* — m3te(|H *03) + agtr|H|* + ay(tr| H|?)?
+ agtr(|H|?o3| H?03) + astr(|H|?o3| H|?)

44



HIGSS BI-LINEAR FORMALISM

[Grzadkowki-Maniastis-Wudka, "11]
 Scalar potential

Vi = —mitr|H|* — m3tr(|H|?03) + agtr|H|* + ag(tr|H|?)?
+ astr(|H|?os|H|?o3) + autr(|H|?o5|H|?),

1
Vinix :(ﬁ;S’2 det H + h.c.) + §(ﬁ:15 + R25)|S|2tr|H|2
1

+ (15 — ras) |S|te(|H 203)

* Parameter relations

2 9 2 2 9 2
mi; = mj +ms, M5y = M] — M3,

Br =2(a1 +ax + a3 +as), B2=2a+az+ a3 — o),
B3 = 2(051 + oo — 053), B3 = 2(053 - 051)

45



YUKAWA INTERACTIONS

* The Yukawa interactions are also controlled by the PQ
charge assignment.

* E.g.

EYukawa — _yUé(iJZHf)uR - yDGHQdR - yefHZBR + h.c.

* |n this work, we leave aside the Yukawa terms

46



[Eto-Hamada-Nitta, '20]
* The unbroken U(1)gy is defined as

OH = —naJ—Q“H _HZ

2
where T T
a Z’i:12|Hi|2n? na — HlarHl HQJGH2
n C 1 — |H1|2 ’ |H2|2

Positive normalization factor C defined to satisfy n%n% = 1

ny

* U(1), subgroup in SU(2)y, X U(1)y is defined as

TzH = —G%H — SiIl2 QwéH

* NB: H denotes the Higgs matrix.

47



U(1)py GROUP

[Eto-Hamada-Nitta, '20]
e /-boson and photon

{Z,u = —nW i cosbOy — Y, sinfy

Ay = —n"Wisinby +Y), cos Oy

e The action of Q on Higgs doublets are given by

. o 1
H; = (— aZa —1)H3-
¢ "y T3

Oa

TzH@ = (—n“? — SiIl2 Qwé) H,‘.,;

48



ANALYSIS

* We analyze the EW axion strings in tan f = 1 limit.

* The winding number of the strings are assumed to be
unity.

49



EOMs of TYPE-A STRING

) + f’ﬁ?“) B fg)
- (2&123 V2 (1) + 20007 (1) + Kisvio(r)? — m%)f(fr‘) — Kkv2h(r)é(r)? =0,
h”(?“) 4 hlf}(f) o h(r(;n)

— (2@123 V2 h(1r)? + 20007 f(1)? + Kisv20(1)? — m%)h(r) — kU2 f (M) o(r)* =0,
iy 4 20 _00)

r r2

— (ZAgvfgb(fr)? + 251507 (f (1) + h(r)?) + 250° f(r)h(r) — m?g) o(r) = 0.

* Boundary conditions

f(0) = h(0) = 0(0) =0 f(oo) = N(o0) = ¢(o0) =1

50



EOMs of TYPE-B STRING

oy + L0 O

; (20‘/123 v f(r)? 4 2000 h(r)? + Kisvio(r)? — m%)f(’f’) — Kush(r)o(r)* =0,
'( —1+4 z(r))*
ey + ) L2

?n 7/7 2

— (2C¥123 VAh(r)? + 20007 f (1) + Kisvio(r)? — ml) (r) — oz f(r)o(r)* =0,
o'(r)  or)

N

) +— ==

— (2)\5@3@5(7“)2 + kg2 (f(r)* + h(r)?) + 2607 f(r)h(r) — mQS) o(r) =0,
Z’ r 2 ’U2 92 1)2

2(r) — (r) _ 9z Fr)2 1+ 2(r) = ZZ—h(r)?(=1+ 2(r)) = 0.

r 2 2

* Boundary conditions
f(O) — @(0) = 0, 8?“}1’?":0 = 0, Z(O) =0

f(o0) = h(oo) = ¢(o0) = z(o0) =1

51



EOMs of TYPE-C STRING

iy 2 L0 (w2

r 7‘2

h"(?”) 4+ h”(fr) L (_1 +w(r)) h(r‘)

r TE

— (2(‘1’1 + C¥2)’Uzh(’f“)2 + 2(an + afg)’UQf(r)z + fa‘,.lsﬁgq’)(r)g — mf)h(r) — f{-’b’gf('r’)g*’)(’r)z =0,

/1) olr)
.-5” r _|_ Q) o
o(r) +— >

— (2060260 + mast® (F(r)? + h(r)?) + 2607 F(r)h(r) ) 6(r) = 0,

W T 21 4+ ) - LR+ w(r) = 0.

’UU” r) —
(r) r 2

* Boundary conditions
f(0) = ¢(0) = 0. 9;hf,—0 =0, w(0) = 2(0) =0

f(00) = h(o0) = 6(00) = w(oo) = 2(00) =1



NUMERICAL ANALYSIS

* Parameter sets
a; =1, ay=-0.3348, a3 =0,

2
Ag =1, K= —2(3) kg =04
e VEVs of scalar fields

V41 — V9 — UV — —Vg

10
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PROFILE of STRINGS
'

08+

* Type-A

oo 7(r)
0.4 ........ h(r)

02k

00k




PROFILE of STRINGS

* Type-B N \

1.0}
[ — h
0.5} _Gb’»'“
- — zlr
0.0}

0.
061 2

I - —25
04} Ua

I — =107
02} it
00k

||||||||||||||||||||||||||||||||




* Type-C

PROFILE of STRINGS

15\

1.05— —

0.0j—
[I)‘.I‘1ICI‘ll‘2IOII.I3IOIIII4IOIIII5IOIIII6I0

00l

||||||||||||||||||||||||||||||||
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STRING TENSION

141.0

141

1401 140.5[
139k I

I 140.0 -
138 | [
[ 1395}
137} :

i 139.0
136 j [

Parameters |
vs = 10v1, my = (125 GeV)?, tan g =1, a3 = 2(f1 + 52 — 20)

K1§ = Kag, K = —2(@/@8)2, Ag = 1

Length unit: v; = 0.2

57



SUPERCURRENT OF TYPE-C STRING

a — 2 ~ ~ ~
e EOMs 9°1) (DjDJ x) _ 796%7 (X“Tr|H|2 LTy [HTU@HUBD |
12 ~ ~ N
Jn0;’ & = g o“n (&’Tr|H|2 + 2Tr [HTxHa,gD :
D’y 0“0,m = 0.,
EDDn =0,

8"‘8@(2){?[ + é’f{ag) = (.

* Linearized EOM for n
0“0, = (af — 83)77 = ()
e Zero mode solutions:

n(z,t) =n~(z+t)

58



SUPERCURRENT OF TYPE-C STRING

e Static zero mode solution
n(z) =wz
e r — 00, U(1)gym is restored and the backgrounds satisfy

. - tr(osHto  H
Hos+n%,H =0, n“:_r(og 9 ), (
tr| H|?

~

D“n)a =0, tr|H|?>=20?

* EOMs lead to the following equations

(DijX)a _ _92U2(Xa . nag)’ 8j8j£ — _gf2v2(£ . Xana)

* Long-range force > y% — n%é =0

[% Or(ro-€) = J )




CURRENT QUENCHING

* Inside the string r — 0, f and h feel the following mass

terms in the Lagrangia:
2

4v? 2 2 2/ 2 2 2 U 2

4 9 2 w? w?
Lo my(Fraes % (1)

2

e Determinant of the mass matrix:

2

det M* = (2m7,)* + A (2m2 + w_) + w?m]
= 11 2 1T 11

* Avoiding quenching = 3 region where det M4 < 0

ﬂw\ S |maq| ~ ’Us]

60



AXION STRING NETWORK

* The axion strings form
a network in the universe.

e Studying the time evolution of
the network is very important.

* Y-shaped junctions can affect  [Hiramatsu-san’s talk at COSMO-17]
the time evolution of the string network.

61



CONSTRAINTS

[Espriu-Mescia-Renau, '15]

e Constraints from the electroweak precision test

M+ (GeV)

1000

EOO0

400

200

AT= 0.08(7) at CL 95%

M+ (GeV)

loooF

00T

600 -

400

200

AT= 0.08(7) at CL 95%
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