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Spontaneous symmetry breaking

Spontaneous symmetry breaking is typically a low-temperature phenomenon

In thermodynamical equilibrium: FF=F — TS

* at low temperatures: energy is minimized (@) 4
=2 spontaneous symmetry breaking
=2 ordered phase

* at high temperatures: entropy is maximized

ordered disordered

=2 symmetry is preserved

= disordered phase T.

Many examples: magnetism, crystallization, superconductivity,...
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Spontaneous symmetry breaking is typically a low-temperature phenomenon

“Pomeranchuk” effect in 3He

For T < 0.3K:

O
1 B
Stiquid < Ssolid due to disordered nucleon spin : “fsj liquid
O,
= additional fluctuating degree of freedom leads to : Z gas
inverted transition ' | —F "
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Spontaneous symmetry breaking

Spontaneous symmetry breaking is typically a low-temperature phenomenon

“Pomeranchuk” effect in 3He

For T < 0.3K:

Sliquid < Ssolid due to disordered nucleon spin

= additional fluctuating degree of freedom leads to
inverted transition

At sufficiently high temperatures, symmetry is restored... is this always the case?

Pomeranchuk, Zh. Eksp. Teor. Fiz. Band 20, Nr. 919 (1950)
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Single-scalar theory

Consider a single scalar field close to four dimensions with potential

1

V(p) = —§m(2)¢2 |

A
4!

§b47 m(2)7)‘>0 > <¢>(2):—

Effective potential at finite temperature at leading order in A

Var() = sm(1)267 4 264+ 00%), m(rf =2 (-L ) e

= for sufficiently high temperatures, m(T)2 > 0, and symmetry is restored.

Weinberg, Phys. Rev. D 9, 3357 (1974)
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Two-scalar theory

Consider two coupled scalar fields with O(/N) x Z, symmetry and scalar potential

1 1 A A A
Vo, x) = im?b’0¢2 T imi70X2 | 8¢ (¢2)2 | 8X X4 | ZX ¢2X2, ApAy — )\éx > ()

Thermal mass at leading order in the quartics

mi(T) — mi’o + T2 3N, + N gy ]
For Ay < 0, choose N > 3\, /|| — /s> always broken at sufficiently high temperatures

Problem: perturbation theory breaks down at high temperatures

= |s there a well-defined theory in three dimensions that shows this phenomenon?

Weinberg, Phys. Rev. D 9, 3357 (1974)
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Towards a theory with persistent SSB

If theory has non-trivial fixed-point at zero temperature: UV completion at fixed-point
At l' > 0, the time domain compactifies: CFT at finite temperature

&% One-point functions now enter CFT data, e.g. for order-parameter field ¢, (¢)r = byT"*

by = 0 by # 0

disordered

ordered

ordered

disordered

QCP tun. param. QCP tun. param.

No-go theorems restrict the space of candidate theories!

Does a non-trivial CFT exist, that shows SSB at finite ' ?

Chai et al., Phys. Rev. D 102, 065014 (2020)
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The biconical model

Model of two coupled scalar fields with O(N) x Zs symmetry in d = 2 + 1

1 1 1 1 A A A
S(o, x| Z/d% 5(5¢)2+5(3X)2+§m?5¢2+§mix2 | 8¢ (%)% + ZXx* + T2 672

Biconical fixed point (BFP): A\, AT > 0, A, <0

» studied with e-expansion, FRG, large /N

Chai et al., Phys. Rev. D 102, 065014 (2020)

BH, Rong, Scherer, Phys. Rev. Lett. 134 (4), 041602 (2025)
Popov, Komargodski, Phys. Rev. Lett. 135, 091602 (2025)
Smolkin, Yung, arXiv:2608.02720 (2026)
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The biconical model

Model of two coupled scalar fields with O(N) x Zs symmetry in d = 2 + 1

Siod = [ e | 5007 + 5007 +

1
—m
2

Biconical fixed point (BFP): A\, AT > 0, A, <0

» studied with e-expansion, FRG, large /N

Chai et al., Phys. Rev. D 102, 065074 (2020)

BH, Rong, Scherer, Phys. Rev. Lett. 134 (4), 041602 (2025)
Popov, Komargodski, Phys. Rev. Lett. 135, 091602 (2025)
Smolkin, Yung, arXiv:2608.02720 (2026)

* stable potential: AjA| — AZXZ > ()

* compatible with Mermin-Wagner theorem

207 +

1
—m

* within FRG, persistent symmetry breaking for v > N. = 15

>\¢ (¢2)2 | )\X X4 | AQSX ¢2X2
| |
g g 4 _
0.006
0.005 —§ kIR /A
- 0.04
0.004
- 0.03
% 0.003 I
0.02
0.002
0.001 0.01
0

—0.01 —0.005 0 0.005 0.01

BH, Rong, Scherer, Phys. Rev. Lett. 134 (4), 041602 (2025)



The biconical model

Model of two coupled scalar fields with O(N) x Zs symmetry in d = 2 + 1

1 1 1 1 A A A
d 2 2 2 2 2.2 | QO 2\2 | 4 , Nox 2. 2
S1o.x) = [ % | 5000 + 3000 + gm3e? + gmda® + S + X!+ g
Biconical fixed point (BFP): A\, AT > 0, A, <0 0,006
» studied with e-expansion, FRG, large /N 0.005 )R /A
Chai et al., Phys. Rev. D 102, 065014 (2020) - 0.04
BH, Rong, Scherer, Phys. Rev. Lett. 134 (4), 041602 (2025) 0.004
Popov, Komargodski, Phys. Rev. Lett. 135, 091602 (2025) T — 0.03
Smolkin, Yung, arXiv:2608.02720 (2026) A 0003
- stable potential: A\j\E — A5, 2 > 0 0.002 .
« compatible with Mermin-Wagner theorem 0.001 ol
* within FRG, persistent symmetry breaking for N > N. =15 0 A ’
—0.01 —0.005 0 0.005 0.01
% Can we extend this theory to lower N, ? TR

=2 Exclusive to internal symmetries? BH, Rong, Scherer, Phys. Rev. Lett.134 (4), 041602 (2025)
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The biconical model with fermions

Add Dirac fermions and couple to Zs sector through Yukawa interaction

S = Sowyez, + [ dw v+ [ i
nd=4—¢,n, =0() ¥ his slightly relevant deformation of BFP

For h # 0, the action admits the parity symmetry

7): L1 — L1, X — X w %71% ¢ ?

and is spontaneously broken for (x) > 0.

vy



FRG for the biconical model with fermions

Study RG flow using FRG within extended local potential approximation

[y[@] = / d’s { PR Q)+ TR 0X) + Urlpg. pa] + Zy s 00 + i

with truncated effective potential

n+m§nmax

)\nm
U(IO¢7/0X) — Z

n!m/!

(P — Kg)" (Px — Ky )™, (apiU)(’{Qb? KX) =0



FRG for the biconical model with fermions

Study RG flow using FRG within extended local potential approximation

[[@] = / ddx{z¢’k (06)2 + 22 (9x)2 + Uy

2

with truncated effective potential

n+m§nmax

U(pe, py) =

(1) SSB-SSB: (V)
(2) SSB-SYM: O(N)
(3) SYM-SSB: O(N) x Zoy —
(4) SYM-SYM: O(N)
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Eichhorn et al., Phys. Rev. E 88, 042141 (2013)
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Study RG flow using FRG within extended local potential approximation

[y[@] = / d’s { PR Q)2+ D)2 4 Unlpg. py] + Zy 400 + i

In d = 4 — €, theory is weakly coupled. Include only canonically relevant scalar couplings

A A
Uklpa, px] = mpg +mipy + 5705 + T5p% + AoxPopx

At the fixed point, m: = O(\) = O(e), and at leading order in the couplings,

Br, = —€Xg + (N +8)AS + A3, .

Brse = —€Agx + ANfAph” + 3X Apy + A5, + (N +2)AgAgy,
Bre = =+ (9N2 + NAZ, + 8NpAh? — ONsA? ).
Bnz = —eh? + (4Ny + 6)h*.
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In d = 4 — €, theory is weakly coupled, and above ansatz reproduces one-loop beta functions
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FRG for the biconical model with fermions
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Continuation of fixed points from d = 4 — ¢ to d = 3 using FRG beta functions in LPA’S

N =100, N = 2

SSB-SSB R ¢ R )\¢ )\X >‘¢X h 91 (92 (93 Hh
CFTyv | 1.93 0.26 0.29 0.31 -0.29 0 .99 1.01 0.95 0.50
h
D

SSB-SYM /ﬁlqg )\qg 9 mi )\X

CFTir | 1.68 0.29 1.01 | 040 5.42 1

0 Abx
I 0.98 0
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Continuation of fixed points from d = 4 — ¢ to d = 3 using FRG beta functions in LPA’S

N =100, Ns = 2

SSB-SSB R R )\¢ )‘X )‘¢X h (91 (92 (93 Hh
CFTyv | 1.93 0.26 0.29 0.31 -0.29 0 .99 1.01 0.95 0.50
h
.

SSB-SYM qug )‘(/5 6’ mi )\X

CFTir | 1.68 0.29 1.01 | 040 5.42 1

0 Abx
I 0.98 0

Introduce small perturbation ARYY from CFTyyv and tune towards multicritical point

3.73 -

B SYM-SYM
| SYM-SSB
348 9 B ssB svM
B sSB-SSB

ARYY = 0.001

2.98 -

- - - phase boundary

O multicritical point
273

\ \ \ \
—0.5 —0.25 0. 0.25 0.5
Agy ¥ /1077
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Continuation of fixed points from d = 4 — ¢ to d = 3 using FRG beta functions in LPA’S

N =100, Ns = 2

SSB-SSB R R )\¢ )‘X )‘¢X h (91 (92 (93 Hh
CFTyv | 1.93 0.26 0.29 0.31 -0.29 0 .99 1.01 0.95 0.50
h
.

SSB-SYM qug )‘(/5 6’ m2 )\X (9 >‘¢X
1 0.98 0

X

CFTir | 1.68 0.29 1.01 | 040 5.42 1

Introduce small perturbation ARYY from CFTyyv and tune towards multicritical point

3.73 -

B SsyM SYM 193 frmmg === === === === = = ] 0.40
| SYM-SSB --= CFTuyy
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o —— — /{¢
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-~ 3.23
S 0.00 1.51
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298 . phase boundary —0.14+ 1 075
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* an RG trajectory connecting them £ defines QFT \»
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CFTIR, h* >0
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Thermal effects In the biconical model with fermions

In d = 3, we established the existence of

- : : ET h* =
* fixed points corresponding to CFTyyv and CETir CFluv, 0

* an RG trajectory connecting them £ defines QFT \}

At zero temperature: system at CFTr \
e conformally invariant vacuum with (x) =0 CFTin. h* > 0

* parity symmetry is preserved

At finite temperature: 1’ sets dominant scale and plays role of RG scale
= increase of T' «—— RG trajectory that runs into CFTyv

At sufficiently high temperatures: system is close to CFTyv
e« for N > N, =15, CFTyy has (x)r >0
=% spacetime parity is broken for 7' > T.
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