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Abstract: <p>Supersymmetry (SUSY) has not been verified so far as a fundamental symmetry in particle physics. Emergent phenomena in
condensed matter physics bring the possibility of realizing SUSY as an IR symmetry. We show that 2+1D N=2 Nf=2 supersymmetric quantum
electrodynamics (SQED3) with dynamical gauge bosons and fermionic gauginos emerges naturally at the tricritical point of nematic
pair-density-wave (PDW) quantum phase transition on the surface of a correlated topological insulator hosting three Dirac cones, such as the
topological Kondo insulator SmB6. It provides a first example of emergent supersymmetric gauge theory in condensed matter systems. We also
investigate the possibility of emergent 3+1D SUSY theory in lattice models. By constructing an explicit fermionic lattice model featuring two 3D
Weyl nodes, we find a continuous PDW guantum phase transition as a function of attractive Hubbard interaction. We further show that N=1 3+1D
SUSY emerges at the PDW transition, which we believe is the first realization of emergent 3+1D space-time SUSY in microscopic lattice models.
Supersymmetry allows us to determine certain critical exponents and the optical conductivity at the strongly coupled fixed point exactly, which may
be measured in future experiments.</p>
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Outline

* Emergent supersymmetric quantum electrodynamics (SQED) on the
surface of topological insulators

* Emergent 3+1D supersymmetric (SUSY) theory in a lattice model

* Multi-universality in pair-density-wave transition of 3+1D Weyl
semimetal
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Symmetries in quantum phases of matter

* Broken symmetries:
- spontaneous symmetry breaking phases,
e.g. antiferromagnets, superfluids, superconductors
* Preserving symmetries:
- long-range entangled topological phases,
e.g. FQH states, quantum spin liquids
- symmetry protected topological phases,

e.g. topological insulators, topological superconductors

* Emergent symmetries:

- symmetries in low energy are enlarged, usually occurring at critical
points or in critical phases
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Examples of emergent symmetries at critical points or
In critical phases

* Emergent Lorentz symmetry

- Dirac fermions in graphene

- Weyl fermions in Weyl-semimetal
* Emergent gauge symmetry

- Quantum spin liquid, e.g. emergent QED, even QCD; in frustrated
magnetic systems

* These symmetries have their counterparts in particle physics.

e Can we realize in condensed matter systems the symmetries that haven’t
been discovered as fundamental symmetries in particle physics, like
supersymmetry?
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Brief introduction to Supersymmetry
* Space-time SUSY is a fermionic symmetry:

superpartners
Fermions <€ > Bosons

* Space-time SUSY generators Q:

{Qai Qp } = ZPMFgﬁ, [Qarpu] =0

-, f = spinor indices, u = t, x,y, z (space-time indices)
- different from quantum-mechanical SUSY: {(), (‘)'f'} =H
* Necessary elements in a space-time SUSY theory:
- the number of fermions = the number of bosons
- bosons and fermions having identical masses:
Qe PER,] =0

- Lorentz invariance and translational invariance
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Simple examples in 2+1D
« Complex boson ¢ Dirac fermion
(A) Sgaussian = [ d*x [10cp1? + v VP + i Py o + i vyhy o]
¢ = complex boson, Y = two-component spinor
- Lorentz symmetry requires v, = vp, SUSY transformation:
5 = V2&
Sy = iV2yHEa, ¢

B)S = [ d® [|9,8|” + i Py o + g(ppo?p + H.c.) +ulgl?]

- Supersymmetry requires: u = g, (Wess-Zunimo model)

 Gauge boson <> Gaugino
- Pure gauge theory: S = [ d3x [—%Ffv + %(au(p)z RE iiy“aua]
F, = gauge boson, ¢ = real scalar

Gaugino: A = two-dimensional spinor
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Why 1s SUSY interesting?

* For particle physics, SUSY is useful to solve many fundamental and
mysterious issues, €.g.

- solving the hierarchy problem
small mass of Higgs bosons
- grand unification

- candidate for dark matters

lightest supersymmetric particles

* But, evidence of SUSY 1n particle physics 1s lacking!

Al
[

- Recent LHC experiment seems negative in finding SUSY

* For condensed matter physics, SUSY puts more constraints and exact
results can be obtained even in strongly interacting fixed point!
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Emergent SUSY 1n Condensed Matter Systems

« Can SUSY emerge in condensed matter systems in low energies and long
distances even though microscopic models are not supersymmetric?

- Many known examples of emergent spacetime SUSY in 1+1D systems,
e.g. the tricritical points in the 1+1D diluted Ising model

Friedan, Z. Qiu, and Shenker, PRL 1984

Foda, Nucl. Phys. B 1998

Fendley, Schoutens, and de Boer, PRL 2003

Bauer, Huiyse, Berg, Troyer, & Schoutens, PRB 2013
Huise, Bauer, and Berg, PRL 2015

- Boson-fermion mixtures in 2D
S.-S. Lee. PRB 2007

Y. Yu & K. Yang, PRL 2010

- Surface of topological insulators/superconductors
T. Grover & A. Vishwanath, 1206.1332
P. Ponte & S.-S. Lee, New J. Phys. 2014
[. Grover, D. N. Sheng, & A. Vishwanath, Science 2014
Z.-X. Li, A. Vaezi, C. B. Mendl, & H. Yao, Science Advances 2018 g
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Emergent SUSY 1n Condensed Matter Systems

Question#1: Can SUSY gauge theory, such as supersymmetric QED,
emerge in condensed matter systems?
- Yes, SQED; emerges at a tricritical point on the surface of

topological insulators.

Question#2: Can SUSY emerge in bulk of three dimensional lattice
systems with only fermionic constituents?

- Yes, SUSY emerges at PDW transitions in 3D Weyl semimetals.
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Emergent SUSY on the Surface of TI

e Dirac fermion on the surface of a Tl

H =391 (S, v/p)w,

- y/ = 2x2 Pauli matrices

- 1) = two-component spinor
- protected by time reversal symmetry and U(1) symmetry
* We need a complex boson to be a superpartner of Dirac fermion:

- superconducting transition on the surface of topological
insulators: U(1) order parameter

¢ ~ (o)

I. Grover & A. Vishwanath, 1206.1332
P. Ponte & S.-S. |_k-\-“ New J. PI\_\-'H_ 2014

- effective field theory at fixed point: Wess-Zunimo model

5 = f dix [|0,0[" + i By o + g@por + H.c.) + g*|p1*]
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Can SUSY emerge on TI surface with 3 Dirac cones?

¢ Odd number of Dirac cones on the surface of a Tl

- three Dirac cones on 111 surface of SmBg

y
v F. Lu, J. Zhao, H. Weng, Z. Fang, & X1 Dai, PRL 2013
M. Ye, J. W. Allen, & K. Sun, 1307.7191

4
'

e Three gapless Dirac fermions = three complex bosons at criticality
- Symmetry: U(1)XPXCjs

- We need to break all symmetries: three complex bosons as order

parameter (q.’)l b, q.');;)
((pl: ¢2: ¢3)

- pair-density-wave state!
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e Three gapless Dirac fermions = three complex bosons at criticality
- Symmetry: U(1)XPXCjs

- We need to break all symmetries: three complex bosons as order

parameter (¢, ¢, P3)
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Pair-Density-Wave States
Superconductivity with spin-singlet pairing
A7 7)) = (pa¥p) = f(7# — 7 )A(R)

Finite momentum pairing: A(ﬁ) # const

A(R) = A ol @ ~i R
-PDW: A(R) = Az e'@F + A_ze™'?

- breaking both U(1) and translational symmetries
Paring states from three Dirac cones:

- intravalley: ¢ ~ Zi(w,{iahp,{i)

- intervalley: ¢f ~ (P10715), ...
Mode counting is good in PDW:

- there Dirac fermions: 1,9, Y3

- three complex bosons:

b1 ~ (Y073}, Po~(P107YP3), 3 ~ (YP107P3)
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Possible PDW phases
* The boson potential up to fourth-order:
Vo = r Baloil® + u(lps P2l + c.p. ) +w (9173 + c.p. )+ B Iyl
- not allow charge-2e Josephson coupling ¢ ¢,

 u' is charge-4e Josephson coupling and can be absorbed into u

3 " 3 2 "
Vp =1 Xisaldil? +u (X7o19:0%)" + (u—2u )(1p111h2* + c.p.)
(1)u < 2u", three magnitudes |¢;| are the same to minimize potential: isotropic PDW

(2) u > 2u"', one direction is preferred: nematic PDW " , "

(3) u = 2u”1 binitiCill p()int Isotropic PDW : «' ®

Nematic PDW
XYZISQED

Dirac SM

0

* Tricritical point at Dirac SM-Nematic PDW transition

u>2u,u =0, tricritical point at DSM-NPDW phase boundary::
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~

RG analysis of the effective theory (D= 4 — €)
* Velocity flows: vy, §v = v, — vy, ¢, 6C =y — ¢y

wu,
il

i,
it

b
il

Wi
il

- stable fixed point v = 6c = 0,v, = ¢,

dg*  , 3r
ar T
du
dl
du’
dl
"
du i _JT(H-' Fdu” 4+ 10u")

* Fixed points: TR AR Y A
V5

* Coupling constant flows

cu = ntu+ ngt == (3 + 160 + Suu),

Y Y
cu =gt = w(u” + 2uu’ + 2u'u"),

table fixed point: ("2 w* u* u'™) = (= 7 1\/_7)
(1) stable fixed point: (g*2,u*,u*,u )—(3n6,1+21n6,0, 2+ €

u=2u,u =0 = bicritical point
(2) tricritical point: (g*z wut u”*) = (ie €0 0)
) ’ ’ 371_ }3?_{ ’ ’

92 =u,u=u =0 = tricritical point
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Emergent supersymmetric XYZ theory
The “fixed point” action at tricritical point is
Lyvz = Sy (1] v 0. +10udi|”) + 9 (@11p20” s + c.p.) + g2y 212 + c.p.)
- invariant under SUSY transformation
S = V2§
oYy = f\/?]/“f_auqbl + gV2Ehy s, ...
= supersymmetric XYZ theory
Why is it called SUSY XYZ theory?

- chiral superfield

. ) i = 1 =
G = ¢+ V20 + 00400, + 07 f +=0%05+ p — 70207019, ¢

- The superpotential of XYZ theory 1s constructed by three chiral
superfield X, Y, Z

Lyyz = [ d?0d?0(XX +YY + ZZ) + g([ d?0XYZ + H.c.)
SKJ, C.-H. Lin, J. Macicjko, & H. Yao, PRL 118, 166802 (2017)
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Duality between XYZ theory and SQED

« N =2,Nf =1, SQED; flows to IR fixed point with three chiral
superfield V3. and M

Lsogp = fd2§d29(17+V+ +V.V.+MM) +g Udze MV, V_ + H.C.)

O. Aharony, A. Hanany, K. Intriligator, N. Seiberg,
& M. J. Strassler, Nucl. Phys. B (1997).
M. J. Strassler, hep-th/0309149

« 1t 1s dual to SUSY XYZ model

Lyvy = fdzédza()?x +YY+ZZ)+g Udzexyz + H.c.)

p=0
N=2CFT

To the best of our knowledge, this is probably

the first example of emergent supersymmetric

gauge theory in condensed matter systems!

SKJ, C.-H. Lin, J. Maciejko, & H. Yao, PRL 118, 166802 (2017) SQED

p=co

M. J. Strassler, hep-th/0309149 19
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RG analysis at PDW transitions for 3+1D Weyl
semimetals

* velocity flows: a; = —
T vy

. _Vf .
,(J = x,¥,2), and w; :i,(] =X,y)

- plane of stable fixed points: (a; = 1, wy, wy)
* coupling constant flows (¢ = 0) for 3+1D
- one stable fixed points: (g*4,u*,u}_) = (0,0,0)

Uy

SKJ, Y.-F. Jiang, & H.Yao, PRL 114, 237001 (2015)
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Possible ways to realize microscopic models

* The microscopic models may be potentially realized by ultracold
atoms in an optical lattice

- For cubic lattice models of Weyl fermions, strong attractive
Hubbard interaction U may be achieved by Feshbach
resonance.

* Solid state materials

- ideal Weyl semimetal with two Weyl points

- What is the effect of long-range Coulomb interaction?
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The role of Coulomb interaction in Weyl semimetal:

Marginal fermi liquid
Thomas-Fermi screening:
2
Verr (q) = %

A= (411'6’21/(0))—1/2, v(0) = density of state at Fermi surface

in Weyl semimetal, the density of state
v(E) o E?

- at charge neutral point A = oo = fail to screen Coulomb interaction
Marginal fermi liquid:

-1

a(A) =4 (ln %)

- a = e* /vy fine structure constant

[s supersymmetry stable against long-range Coulomb interaction?:
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Effective action with Coulomb interaction

* The effective action at PDW transition point with the presence of
Coulomb interaction is

S=S+S,+5 +5,

Sp = [ d*x Tyes[bhonpy + Sy vl 0h]

Sp = J A% {Snes |100hul? + iy vE[0yn]” + rlnl*] + s 1 21612
Si = [ d*x g Sl btpuo” by + H.c.]

e’ p(t,¥)p(r,y)

_ 373,60
Se = | drd*xd’y — FeT

-p(x) = Yp=t W (), (x) is charge density

- velocity ratio v /vy,

- g, U, Uy
-a = e’ /vy

* RG flows of velocities and coupling constants at D = 4 — ¢
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Fate of SUSY against Coulomb interaction

* SUSY is stable against small long-range Coulomb interaction:

T

\\\
AN
\

o -
=

o
[

\
AR
\\ \\‘\b\\\\\\

o
~

\
\\ \:\;\\\\\\
B\

coupling

o
Ao

e
I o
=
o
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Fate of SUSY against Coulomb interaction

* SUSY is stable against small long-range Coulomb interaction:

\
WA
\ WA\

\
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‘.

NN
-¢%§§%§

———

* Fixed point action

SS+1D—SUSY
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Critical MFL fixed point
* Another stable fixed point at critical surface!

48 LT T ‘ ' ' ]
4 Wil | | /

11 fl‘ L
3.6 ..‘,,‘;I", ' vy vf
FETTTTH
2 ,I"‘ [ {1 . B .

2.4 Attt 2
9 AT ol g°/u
a . .‘“' ',,‘ Wit ,."f"'

I ‘4" I FPEEET y i
[ J"l-', '1‘ /] | ¢ ' .
¥, SR 4 ”

* No emergent SUSY

-vp/ve = 0
* Dominant by Coulomb interaction:

- MFL behavior

= cw (ln %)_2

coupling

=
-

- critical MFL fixed point
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Multiuniversality

* Two stable fixed points at the critical surface!
r(f
ooi - - ®

o eMFL MFL

. 4 -
_ ‘ _ 0 SUSY m?
* Fixed point action:

S = fd3x [0:p1% + vV |? + iy o + i vepy'aap]

- SUSY fixed point v, = vy
- ¢cMFL fixed point v, < vy
* Multiuniversality: a single quantum phase transition exhibits distinct

critical phenomena! Z. Bi & T. Senthil, arXiv:1808.07465

SKJ, S. Yin, & E.-G. Moon, in prébumtion
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Conclusions

SQED, emerges at the tricritical point of nematic PDW transition on the
surface of topological insulator hosting three Dirac cones.

Spacetime SUSY emerges at PDW transitions in 3D Weyl semimetals.

Microscopic lattice models of Weyl semimetals featuring PDW
transitions and their experimental realization/consequence are proposed.

Interplay between PDW fluctuation and long-range Coulomb interaction
leads to multi-universality.
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