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How do fermions
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IS MASS EVEN ALLOWED?

Massless Dirac Fermions

Standard model

Dirac fermions are the basic building blocks Massless . assive .
If vector and axial symmetries are preserved
P
U(l)vXU(l)A, \If:\IJL+\I/R ‘ ‘
The chiral components split, mass is prohibited
R, spin up
Chiral fermions in condensed matter - >
: : SH insulat
A QSH edge is protected by time reversal symmetry - erinsule (:r
L, spin down

In single-particle case mass of a chiral fermion is prohibited by symmetry. Can interactions generate it?
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A MICROSCOPIC MODEL NEEDS A NUMERICAL LATTICE

Let’s try to test it

From a continuum field to a lattice
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Add the simplest density-density interaction

Hy = Uzn (pn,R - %) (,On,L R %)

And it immediately generates a mass

Whyr)y: 0(U=0) — #0 (U > 0)

0 n ka

extra zero

intended cone

The extra zero is a doubler.

Interactions couple the doubled
low-energy sectors and gap them out.
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83;¢(5Un) y ¢n+12_a,¢n—1

W, = e'Fna . E(k) = % sin(ka)

Add the simplest density-density interaction

Hy = Uzn (pn,R - %) (,On,L R %)

And it immediately generates a mass

Whyr)y: 0(U=0) — #0 (U > 0)

0 n ka

extra zero

intended cone

The extra zero is a doubler.

Interactions couple the doubled
low-energy sectors and gap them out.

Wrong low-energy content gives the wrong mass-generation problem.
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THE TOOL THAT RETAINS THE CHIRAL PROBLEM

Tangent fermions

Nielsen-Ninomiya no-go theorem
No doubler + protected chirality: a local lattice hopping is obstructed.

Nielsen-Ninomiya (1981); Stacey (1982). Review: 2302.12793 | QMC: 2401.10828 | Tensor network: 2407.06713 5/12
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Nielsen-Ninomiya no-go theorem
No doubler + protected chirality: a local lattice hopping is obstructed.

Hy = Zn>m tnmc;ﬂbcm + H.c.

tnm = 2itg(—1)"" ™,

Nielsen-Ninomiya (1981); Stacey (1982). Review: 2302.12793 | QMC: 2401.10828 | Tensor network: 2407.06713
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THE TOOL THAT RETAINS THE CHIRAL PROBLEM

Tangent fermions

Nielsen-Ninomiya no-go theorem
No doubler + protected chirality: a local lattice hopping is obstructed.

E

|
pole Hy = Zn>m tnmc;ﬂbcm + H.c.

Crm = Qit()(—l)n_m, n>m
-Tt 0 n ka
2hv ka
Etangent(k) — T tan(?)
pole Long-range hopping -> the chiral physics stays protected.

one zero, no mirror
Locality is rescued in alternative representations

HiYy=Ey +— Pp=EQop Local action Fixed-size MPO

QMC Tensor networks

A protected and efficient tool for interacting chiral fermions, directly in 1D.

Nielsen-Ninomiya (1981); Stacey (1982). Review: 2302.12793 | QMC: 2401.10828 | Tensor network: 2407.06713 5/12



BACK TO THE TIME-REVERSAL-PROTECTED QSH EDGE

One spin flip is odd. Two are even.
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< L 4

L, spin down

One flip: a forbidden bilinear Two flips: an allowed interaction
Bn = CL,RCnaL’ Bn l) —B;; H2 = @2 Z (Ban+1 —+ HC)
T before " after
H,, = mB + m*BT — —H,, —— two spin flips ————
—— i ——p

Knob — density-density interaction Hy = Uzn (PR — %) (pn,L — %)

The two-flip process is allowed; the density interaction makes it relevant.
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THE TANGENT-FERMION CALCULATION

A gap opens - and a ground-state partner appears

No two-particle backscattering
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THE TANGENT-FERMION CALCULATION

A gap opens - and a ground-state partner appears

No two-particle backscattering With two-particle backscattering
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Reference: finite-size spacing falls as 1/L Yellow: finite excitation gap
Ak ~L Y = AE ~ hoAk ~ 1 Blue: a second ground state

The Hamiltonian preserves TRS, the ground states breaks the symmetry spontaneously.

Hym (B2 4+ B?),  B=ulwy (B0 = (B)s=mi=-+mp
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A QUANTUM-FIELD-THEORY QUESTION

Can there be mass generation without a mass?

excitation energy A X L ——>
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A QUANTUM-FIELD-THEORY QUESTION

Can there be mass generation without a mass?

excitation energy A X L ——>

-}

e

(D

A — 0 (gapless system)

(I) A — constant (gapped system)_J

-—
—
—

gapped with I
degenerate ground state

(I11) /

gapped with non-degenerate ground state

system size L, —>

Mass as an excitation gap,
without a bilinear mass term.

A>0, (Yhyr)=0

Drop the TRS requirement.
Charge conservation can still forbid every
bilinear mass.

right movers left movers

» qR1 < gLl

» qR2 < gL2
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THE CHIRAL ANOMALY MUST CANCEL

Which charges can be symmetrically gapped?

- energy b —

momentum p —

An electric field creates a current.

p = ql
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THE CHIRAL ANOMALY MUST CANCEL

Which charges can be symmetrically gapped?

An electric field creates a current.
p=qk

Electric force is proportional to charge.
Each state carries that charge again.

St

Gapped system requires zero /_and /.

Y dh=> ai
R L

- energy b —

momentum p —

Right movers: 3 and 4. Left movers: 5 and 0. The anomaly cancels. 32 142 =52 1 (2
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ADDING INTERACTION AND MAKING THEM RELEVANT

Construction of the symmetric mass generation Hamiltonian

Minimal compatible interaction is six-fermion

_ (N
Hsvae = 01 E Cn,3Cp 4Cpt1,4Cn,50n,00n+1,0 + Hec.

3+5+0+0=4+4, AQ =0, AN =42 Chargeisconserved. Particle number is not.
\ . -~ 7 N\ 7
annihilated created

model: Wang & Wen ’19 - double-strip DMRG: Zeng, Zhu, Wang & You, PRL 10/ 12
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ADDING INTERACTION AND MAKING THEM RELEVANT

Construction of the symmetric mass generation Hamiltonian

Minimal compatible interaction is six-fermion
_ T
Hsvae = 01 E Cn,3Cp 4Cpt1,4Cn,50n,00n+1,0 + Hec.

3+5+0+0=4+4, AQ =0, AN =42 Chargeisconserved. Particle number is not.
N —~ v N——

annihilated created

* Atthe free point: highly irrelevant
* Original proposal requires ultra strong coupling
e Can we tune its effectiveness instead?

Our construction: using analogy with QSH case —
add a specially weighted density-density interaction allowing for controlled numerics
numerics

model: Wang & Wen ’19 - double-strip DMRG: Zeng, Zhu, Wang & You, PRL 10/ 12



THE NUMERICAL TEST

Two ingredients. One symmetric gap.
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cannot open a gap.
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cannot open a gap.

The six-fermion term alone

is ineffective and does not open a gap
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THE NUMERICAL TEST

Two ingredients. One symmetric gap.

g1=92=20 g1 = g2 = 3.9t o ]
ST T T_—J T [ T —grs 1| Thedensityinteraction alone
X (koW E{ — oo E
< N R T R cannot open a gap.
Om—T 717 717 7T m_T1T T T 1 _ _
ol¢) K=023 | |d K=023 _| Thesix-fermionterm alone
_____________________ P 3
R O E..;/ — is ineffective and does not open a gap
X 7= L
< El ¥ . .
6L [ O — > _x___%|  Both ingredients together
5 U I I I I I I I I I

6 8 10 12 14 6 8 10 12 14 a gapping signature!
L L

A gap without a symmetry-breaking bilinear mass: symmetric mass generation.
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CONCLUSIONS

What we have learned about mass

1 Interactions can generate a bilinear mass

even when the Hamiltonian forbids it:
the ground state breaks the symmetry.

2D space-time / Floquet tangent dispersion

TTN: 2407.06713 | SSB:2601.09563 | SMG: 2606.24713. 12/12
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the ground state breaks the symmetry.

with the symmetry preserved: SMG.

TTN:2407.06713 | SSB:2601.09563 | SMG: 2606.24713. 2D

Interactions can generate a bilinear mass

A gap can form without that mass term
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CONCLUSIONS

What we have learned about mass

1 Interactions can generate a bilinear mass
even when the Hamiltonian forbids it:
the ground state breaks the symmetry.
2 A gap can form without that mass term
with the symmetry preserved: SMG.
3

Correct numerical tools are essential

Tangent fermions retain the protected
interacting problem for chiral fermions directly in 1D.

TTN:2407.06713 | SSB:2601.09563 | SMG: 2606.24713.
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2D space-time / Floquet tangent dispersion
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