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Massless gauge-fermion systems - the convention

Consider SU(N,) gauge theory with N, massless fermions:

UV: G, = SUWN)), X SUNpR x U(l)y, x U(1),

IR: two possibilities:

B(9?) g2 —3 ) =N gg
confoymal
g: o’
Conformal:
- asymptotically free
- gapless

- IRFP at g2

B(g?) g* =0 — strong coupling

confining and gapped

92

Spontaneous chiral symmetry breaking:
- asymptotically free

- confining

- (wy) # 0, Goldstones



Massless gauge-fermion systems - the convention

Consider SU(N,) gauge theory with N, massless fermions:
UV: G, = SUN)), x SUWNpg x U(1)y, x U(1),
IR: two possibilities:

pla’) g’=0-g; pla’) g> =0 — strong coupling
conformal - confining and gapped
g: J’ o
Conformal: Spontaneous chiral symmetry breaking:
- asymptotically free - asymptotically free
- gapless ; - confining
- IRFP at g? : - (py) # 0, Goldstones

Can there be a third possibility: confining + gapped +no Goldstone bosons ?
likely not asymptotically free




Anomalies determine what is allowed
AH, Cenke Xu, arXiv:2604.02424

Consider SU(N,) gauge theory with N. massless fermions:
UV: G; = SUWN)) x SUWNpg x U(1)y x U(1),,

U(l), : ABJ anomaly — not an exact symmetry
SU(N;)p x SU(Np)g + has 't Hooft anomalies — no symmetric gapped IR

Explicitly reduce the anomalous chiral symmetry
—> a symmetric gapped phase is allowed

If new interactions break
u(l), — Spin—-Z2, - the anomaly cancels if N,N.=0 mod 8

SUN)yXSUWNp), — G - non-anomalous

allowed



Two minimal gauge theories

Assume U(l), — Spin-2,, SUWNpy X SUWNy)y, — G

allowed
SU(2), Nf =4 . ]Vch = 3 AH, PRD 106 (2022) 1, 014513
o B AH, Witzel (LSD),2412.10322
SUQ), Nf =3 ]\GCNC =24 Butt, Catterall, AH,PRL 134 (2025) 3, 031602

Both
e satisfy the anomaly condition that permits a symmetric gapped phase
e asymptotically free
o |attice studies suggest they lie near/above the lower edge of the conformal window
e with staggered fermions show the same unusual phase structure

conformal, gapless




What kind of transition separates the phases?

If it is a continuous phase transition, continuum QFT can be defined

Separate UV and IR fixed points Merged UV-IR fixed point

B(g?) B(g?)

“Conformality Lost”

Kaplan et al PRD80,125005 (2009)
L. Vecchi PRD82, 045013 (2010)
Gorbenko et al JHEP10, 108 (2018)

Conform COﬂfOrmal
g° ; ; \ 9°
\
Conformal phase: symmetric and gapless

confining and fully gapped

Conventional continuous transition: BKT-like/infinite order transition

2 2 | -v ¢
® X
e 'éoceXp<\g2—g2\>

Which one do the lattice models realize? i




Why staggered fermions?

Free staggered action
St = MW I A z(n) +m Y Hmy(m),  ny(n) = (=1) 2™
n,u n

breaks continuum SU4), x SU4), x U(1), x U(l), — U(l),x U(1), X1,
Ull).# U(l), but Spin—-27, €1, (I, is shift symmetry)

Symanzik effective continuum action Lee,Sharpe PRD60, 114503 (1999)
Seit = Seom + % ), ;00 + ...

Dimension-6 operators include taste breaking 4-fermion interactions, e.qg.
Z o = WX)D,y, p(x) + u (FOW(x))* — (F)ysEsw(x))?]

u is irrelevant at GFP, but it can become relevant at a strongly coupled FP



Possible RG structure I: separate IR and UV fixed points

AH, Cenke Xu, arXiv:2604.02424

(gz, 1) parameter space, within the conformal window T. Yamaoka, private comm.
based on Swinger-Dyson

¢? 1 gauge coupling, u : symmetry-reducing four-fermion interactions

U

Fixed points:

® GFP

® IR

@® UV critical point
Gapped red line: phase transition

Conformal

GFP IR J



Possible RG structure I: separate IR and UV fixed points

AH, Cenke Xu, arXiv:2604.02424

(gz, 1) parameter space, within the conformal window T. Yamaoka, private comm.
based on Swinger-Dyson

¢? 1 gauge coupling, u : symmetry-reducing four-fermion interactions

B(g?)
u

Fixed points:
® GFP

® IR
UVFP @® UV critical point

.\\Gﬁ red line: phase transition

GFP IR J

Conformal

staggered lattice action



Possible RG structure II: merged IR-UV fixed point

AH, Cenke Xu, arXiv:2604.02424

(gz, 1) parameter space, within the conformal window T. Yamaoka, private comm.
based on Swinger-Dyson

¢? 1 gauge coupling, u : symmetry-reducing four-fermion interactions

B(g?)
u

p(g*) ~ — (8" — g2)° ;

Fixed points:
Gapped ® GFP
@ yv - IR merged

red line: phase transition

Conformal —_— . .
/)/ UVFE staggered lattice action

GFP IR 5



Possible RG structure II: merged IR-UV fixed point

AH, Cenke Xu, arXiv:2604.02424

(gz, 1) parameter space, within the conformal window T. Yamaoka, private comm.
based on Swinger-Dyson

¢? 1 gauge coupling, u : symmetry-reducing four-fermion interactions

B(g?)
u

p(g*) ~ — (8" — g2)° ;

Fixed points:
Gapped ® GFP
@ yv - IR merged

red line: phase transition

Conformal —_— . .
/)/ UVFP staggered lattice action

GFP IR 5

When UV and IR merge, the UVFP inherits the symmetries of the IRFP 8



Emergent taste symmetry distinguishes the two scenarios

Staggered fermions break SU(N,), x SU(N,)g, meson tastes are split

M
— R = MPS < 1l in general; R — 1 atthe GFP and IRFP in L — oo limit
PS2




Emergent taste symmetry distinguishes the two scenarios

Staggered fermions break SU(N,), x SU(N,)g, meson tastes are split

M
— R = MPS < 1l in general; R — 1 atthe GFP and IRFP in L — oo limit
PS2

Separate UV and IR fixed points:

- UVFP can have lower symmetry

- strong coupling gapped phase exhibits
taste breaking

- R.# 1 is allowed

- R can jump at the transition

R




Emergent taste symmetry distinguishes the two scenarios

Staggered fermions break SU(N,), x SU(N,)g, meson tastes are split

—> R = Mps < lin general; R — 1 atthe GFP and IRFP in L — oo limit
Mps;
Separate UV and IR fixed points: Merged UV-IR fixed point:
- UVFP can have lower symmetry - IRFP = UVFP
- strong coupling gapped phase exhibits - merged FP inherits full SU(4), x SU(4)
taste breaking symmetry
- R.# 1 is allowed - R — 1 at the critical point
- R can jump at the transition - R Is continuous across the transition

R R




Numerical results: phase diagram

AH, PRD 106 (2022) 1, 014513
AH, Witzel (LSD),2412.10322

The tWO SYStemS Bou3t1i,6gazatterall, AH,PRL 134 (2025) 3,
e SU(3) gauge + N, =8 ; SU(2) gauge + N, =4

look very similar: All simulations are directly

in the me =0 chiral limit!

:B b — N, c/ g .

10



Numerical results: phase diagram

AH, PRD 106 (2022) 1, 014513
AH, Witzel (LSD),2412.10322

The tWO SYStemS Bou3t1i,6g;tterall, AH,PRL 134 (2025) 3,
e SU(3) gauge + N, =8 ; SU(2) gauge + N, =4

look very similar: All simulations are directly

in the me =0 chiral limit!

:B b — N, c/ g .

- weak coupling phase appears conformal
> chirally symmetric
> shows conformal hyperscaling
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Numerical results: phase diagram
AH, PRD 106 (2022) 1, 014513

AH, Witzel (LSD),2412.10322
Butt, Catterall, AH,PRL 134 (2025) 3,

The two systems 10
e SU(3) gauge + N, =38 ; SU(2) gauge + N, =4 |
look very similar: AII simulations_are _dlr_ectly
in the m, =0 chiral limit!

N, /2

- weak coupling phase appears conformal
> chirally symmetric
> shows conformal hyperscaling

- phase is gapped
> no bilinear condensate, no Goldstone
> confining, fully gapped spectrum
> shift symmetry broken

10



Numerical results: phase diagram

The two systems
e SU(3) gauge + N, =38 ; SU(2) gauge + N, =4
look very similar:

. = P : : y by y ’
B R I = DR AP~ R YT P T

- weak coupling phase appears conformal
> chirally symmetric
> shows conformal hyperscaling

- phase is gapped
> no bilinear condensate, no Goldstone
> confining, fully gapped spectrum
> shift symmetry broken

- the phase transition is continuous
— 3 continuum limit and RG g function

conformal-

= N./g*

AH, PRD 106 (2022) 1, 014513
AH, Witzel (LSD),2412.10322

Butt, Catterall, AH,PRL 134 (2025) 3,
031602

All simulations are directly
in the m, =0 chiral limit!

B(g?)

conform

10



Numerical results: phase diagram

The two systems
e SU(3) gauge + N, =38 ; SU(2) gauge + N, =4
look very similar:

conformal-

,B b — N, c/ g .

- weak coupling phase appears conformal
> chirally symmetric

> shows conformal hyperscaling
phase is gapped
> no bilinear condensate, no Goldstone

> confining, fully gapped spectrum
> shift symmetry broken

- the phase transition is continuous
— 3 continuum limit and RG g function

- it “walking”: fixed point merger leads to the
opening of the conformal window

AH, PRD 106 (2022) 1, 014513
AH, Witzel (LSD),2412.10322

Butt, Catterall, AH,PRL 134 (2025) 3,
031602

All simulations are directly
in the m, =0 chiral limit!

B(g?)
conform
92
B(g?)
__|_conforma
g2




Strong coupling is gapped, weak coupling is gapless
Mass of would-be Goldstone pion (PS)

SU@2) + Ny = 4 SU) + Ny = 3

0.8 0.8
..... + L= 16 PRELIMINARY N = 16
o L= 24 o N, = 24
oo == | = [ =32 0.6 4 N = 32
..... _+_ [ = 36
Loa |
° »
0.3 D> »»
02 N ZQ-ZZ,.’ < A : A
. A byt <
0.0
3.0 3.2 3.4 3.6 3.8 9.4 9.6
By
approximately volume 1/L finite size scaling

independent “gapped” phase consistent with gapless phase
11



[LMps

Weak coupling : Mpql. &~ const

Weak coupling: M, ~ const
PS channel is consistent with conformal finite-volume scaling

SU@) + N, = 4 SU@) + N, = 8

12 16

10 14 1

\
N
N
N,
N,
N
Z |
.................. |
|
- |
N
\

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 8.4 8.6 8.8 9.0
Bo B

Both systems show M,.L ~ const in the weak coupling side

12

N[_ = 16
NL = 24
NL = 32

9.2



Weak coupling : My,L ~ const

Weak coupling regime shows M, L ~ const

It is not unique to the PS channel

14
Vector
12
10 .....
o & .:::::::::::-.--,'::::22'.'.'.'.'.'.'.':':'1'1'1..'.': ....................... e o R N
Ll
6
4 ..... _+_ ..... L — 16
L= 24
2 ..... _+_ L = 32
..... _+_ L — 36
0
3 4 5 5 . :

Vector channel confirms

SUE) + Ny =8

35
PRELIMINARY .- 2
<« N_= 32
25 B
<
> <
< 20 A
3 <
15 3
10 |
T
3
8.4 8.6 8.8 9.0 92
Bb

conformal hyper scaling

13



No chiral symmetry breaking, but taste breaking

Parity partner correlators (P, — S, and P, —S,) are identical in both phases :
chiral symmetry to machine precision!

L =24 5 =860 L =24 5=920
*
ety SUEB) + N, = 8 | Pag SUEB) + N, = 8
"’ .‘T*“*m aﬂaa
* L e *
* .** ﬂa
0™ ®e o
. O. ,\10—4 ﬂﬁ
% .. *** % ﬁm
o. **. mm
107 * “m x
® Pys@Ys Te, . ® Pys@Ys mmm
4+ Priys®yys (xV2) .0. 1078 4 Priys®yys (xV2) mﬂmm
10°° 51:YoYs ® Yoys (X2) " S1:YoYs ®Yoys (X2)
+ S;ivs®vy (xV2) ..o. + S;ivs®vy (xV2) mmmg
5 10 15 20 25 30 5 10 15 20 25 30
strong coupling phase weak coupling phase
significant taste braking approximate taste restoration
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Phase diagram, so far

AH, PRD 106 (2022) 1, 014513
AH, Witzel (LSD),2412.10322

The two systems Bou3t1i,6g;tterall, AH,PRL 134 (2025) 3,
e SU(3) gauge + N, =38 ; SU(2) gauge + N, =4

look very similar:

conformal-

3 AR ERETE T . = oS g - AL s = g oS g Ak AL s . R d ORISR e
P GG URA 29 SOV I SRS N SO RY PO P AP SN Y P SRS PG -y ~, ‘.,;

- weak coupling phase appears conformal
> chirally symmetric
> shows conformal hyperscaling

- phase is gapped
> no bilinear condensate, no Goldstone
> confining, fully gapped spectrum
> shift symmetry broken

15



Phase diagram, so far

AH, PRD 106 (2022) 1, 014513
AH, Witzel (LSD),2412.10322

The tWO SYStemS Bou3t1i,6g;tterall, AH,PRL 134 (2025) 3,
e SU(3) gauge + N, =38 ; SU(2) gauge + N, =4
look very similar:

— . , -
- weak coupling phase appears conformal
> chirally symmetric
> shows conformal hyperscaling confor
- phase is gapped g’
> no bilinear condensate, no Goldstone
> confining, fully gapped spectrum B(o?)
> shift symmetry broken
- What can we say about the transition?
- first order ? conformal

- ordinary continuous ?
- BKT-like / merged FP?




Finite size scaling in the critical region A.H. Phys.Rev.D 106 (2022) 1, 014513

for SU(3),N; = 8

FSS describes scaling near the critical point as g — £, in the gapped phase

e The lightest PS mass sets the infinite volume correlation length

Eo(P) o 1/MEX)(B) (finite in the gapped phase)

e Near criticality L and &_(f) are the relevant long distance scales

L Mpg(P, L) = F(LIS(P))
iS @ unique curve, independent of L

e 2nd order scaling: & o« |f—p.17",

- 1st order scaling: finite size rounding corresponds to vpqq = 1/d = 0.25

e Merged FP (BKT) scaling: £ « eXp< m/ﬁé” - )

Find the exponents v or ¢ and the infinite volume critical point g,
by standard curve-collapse analysis

16



Finite size scaling with 0 = L My

2nd order fit

B, =3.462(17)

v =0.613(48)
x2/dof = 0.91[dof=28]

3.20 3.25

3.30

Bi32]

3.35

3.40

L= 16
L= 24
Lo= 32
L = 36

3.45

SU(2) + ]\9 =4
L= 16
<4
Ay L= 24
A
< « Ly= 32
« A L= 36
A 4
mFP fit
* *
B, = 3.652(34) ot
A% A
 =0.132(20)
2 + F*
x2/dof = 0.77[dof=28]
3.20 3.25 3.30 3.35 3.40 3.45 3.50
Br321

- Both 2nd order and mFP fits show good curve collapse
v~ 0.6 is not consistent with first order transition
- FSS does not (yet) distinguish 2nd order and mFP

17



L Mps

Order of the phase transition / FSS :

12 12
PRELIMINARY N.= 16 PRELIMINARY N.= 16
10 N[_() = 24 10 N/_o = 24
€4 N = 32 «4 N = 32
8 < 8 <
2nd order fit < 2 mFP fit 4
~J
= < © =8.859(17 <
6 By, =8.741(9) — 6 By (17) —
v =0.775(46) = P ¢ =0.042(5) « -
4 x2/dof = 0.65[dof=16] 4 x2/dof = 0.31[dof=16]
2 2
8.40 8.45 8.50 8.55 8.60 8.65 8.70 8.40 8.45 8.50 8.55 8.60 8.65 8.70
Bi241 Br2a

- Both 2nd order and mFP fits show good curve collapse
v~ 0.76 is not consistent with first order transition
- FSS does not (yet) distinguish 2nd order and mFP

18



The taste ratio R = Mpg/Mpg, - SU(2) + N, =4

In the infinite volume limit
e conformal phase : R — 1
e gapped phase : R< 1
e merged/BKT critical point: R — 1 continuously
e separate 2nd-order UVFP:R. # 1 and discontinuity is allowed

1.2

1.1

..... _+_ NL= 16

NL = 24
----- 4 N, = 32
..... _+_ N, = 36

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8

19



The taste ratio R = Mpg/Mpg, - SU(2) + N, =4

In the infinite volume limit

e conformal phase : R — 1

e gapped phase : R< 1

e merged/BKT critical point: R — 1 continuously

e separate 2nd-order UVFP:R. # 1 and discontinuity is allowed

1.2

1.1

2nd order

L3P
At
P d

i s R PRI ROI: T
..... _+_ NL= 16
NL = 24
----- + Ny= 32
..... _+_ NL = 36
3.8 4.0 4.2 4.4 4.6

FSS predicts

- 2nd order transition: " = 3.46(2)

* hear f = 3.50 clearly trends below 1

- separate 2nd order UVFP is
strongly disfavored
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The taste ratio R = Mpg/Mpg, - SU(2) + N, =4

In the infinite volume limit
e conformal phase : R — 1
e gapped phase : R< 1
e merged/BKT critical point: R — 1 continuously
e separate 2nd-order UVFP:R. # 1 and discontinuity is allowed

1.2 FSS predicts
2nd order BKT o S
11 - 2nd order transition: p*" = 3.46(2)
1.0 A * near = 3.50 clearly trends below 1
0 +” - separate 2nd order UVFP is
Eﬁi + ” strongly disfavored
& I - BKT-like transition: p®%") = 3.65(4)
0.7 ¢ . BKT
+ka:f* ..... LN, = 16 for g2 pP*Y R~ 1
>0 + Ny = 24 - merged/BKT scenario is
05 1§+ B + Np= 32 strongly favored
..... _+_ NL = 36
Q%D 32 34 36 38 40 42 44 46 48

19



The taste ratio R = Mpg/Mpg, - SU(3) + N, =38

In the infinite volume limit
e conformal phase : R — 1
e gapped phase : R< 1
e merged/BKT critical point: R — 1 continuously
e separate 2nd-order UVFP:R. # 1 and discontinuity is allowed

Ny SU(3) Nf=8
2
= 0.8 i
o1 L = 16
A"
L= 24
0.7 I _+_ [ = 32
..... _+_ | = 48
0.6
8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6
Bo

20



The taste ratio R = Mpg/Mpg, - SU(3) + N, =38

In the infinite volume limit
e conformal phase : R — 1
e gapped phase : R< 1
e merged/BKT critical point: R — 1 continuously
e separate 2nd-order UVFP:R. # 1 and discontinuity is allowed

1.1 SU(3) Nf=8 FSS predicts
2nd order - 2nd order transition: g = 8.74(2)
favors R < 1
E;50-9 A - separate 2nd order UVFP is
% somewhat disfavored
< 0.8 L4
1 =M1
’ L= 24
0.7 ¥ T & T | s _+_ [ = 32
_____ 4 L= 48
0.6
8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6

20



The taste ratio R = Mpg/Mpg, - SU(3) + N, =38

In the infinite volume limit
e conformal phase : R — 1
e gapped phase : R< 1
e merged/BKT critical point: R — 1 continuously
e separate 2nd-order UVFP:R. # 1 and discontinuity is allowed

1.1

1.0

Mps/Mps>
(@)
©

O
o

0.6
8.2

SU(3) Nf=38 FSS predicts
2nd order BT - 2nd order transition: % = 8.74(2)
1,...AA » at ,B ~ 880 > ﬁc(znd) | arger I Sti”
favors R < 1
4| - separate 2nd order UVFP is
“ somewhat disfavored
“ L= 16 - BKT-like transition: p%%") = 8.86(2)
i . ..... - tz iézl » for ,B Z O0 R~ 1
_____ 4 L= 48 - merged/BKT scenario is
consistent with data
8.4 3.6 8.8 9.0 9.2 94 9.6

20



Finite volume alignment revels very slow RG flow

Near the transition LM,g shows strong volume dependence SUR2) + ]\Gf =4

polL) # p.. (B, : pseudo-critical coupling)
= align the critical regions: p(L) — p(L) — p,.(L) + p,

After alignment most volume dependence disappears
= very slow RG running near the critical region

12 p=p- ﬁpC(L) + /.
10 10
B - o T
8 e e 5 g—+— | | T —
| R e
W <A B ¥ " N o
s 6 3 = A = 6 e ‘A: ik
— <A ” ¥ ~ " - £
N At
D> <A P > REa -
> A NSNS - > W, & 000 00000 L
4 o e 4 L= 16 4 " $ - L=
;] NSNS 4 L= 32 S | 9| | 4 L= 32
----- +— SR - NN
0 0
3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
Bo B+AB
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Conclusion : A new mass generation paradigm
in 4D gauge-fermion systems?
The two "minimal” lattice models
- SU(3) gauge + N, =38
> SU(2) gauge + N, =4
both show
e weak coupling conformal, gapless phase
e strong coupling confining, fully gapped phase
* no bilinear condensate, no Goldstone bosons
> shift symmetry (taste symmetry) is broken
Critical behavior:
e 1st order transition is strongly disfavored
e FSS allows both 2nd order or BKT transitions
e ratio R = Mpq/Mpg,
» SU(2) : separate 2nd order UVFP + IRFP strongly disfavored

» SU(3) : separate UVFP somewhat disfavored
eConsistent with a very small g function near the critical region

B(g?)

confor ‘

‘ g2

B(g?)

conformal
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Conclusion : A new mass generation paradigm
in 4D gauge-fermion systems?
The two "minimal” lattice models
- SU(3) gauge + N, =38
> SU(2) gauge + N, =4
both show
e weak coupling conformal, gapless phase
e strong coupling confining, fully gapped phase
* no bilinear condensate, no Goldstone bosons
> shift symmetry (taste symmetry) is broken
Critical behavior:
e 1st order transition is strongly disfavored
e FSS allows both 2nd order or BKT transitions
e ratio R = Mpq/Mpg,
» SU(2) : separate 2nd order UVFP + IRFP strongly disfavored

» SU(3) : separate UVFP somewhat disfavored
eConsistent with a very small g function near the critical region

Current evidence favors a merged IR-UV fixed point,
but nearby separate fixed points are not excluded.

v

B(g?)

confor A

‘ .

B(g?)

conformal
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EXTRA SLIDES



No chiral symmetry breaking, but taste breaking

Parity partner correlators (P, — S, and P, —S,) are identical in both phases :
chiral symmetry to machine precision!

SU(2) Nr,=4 SU(2) Nf=4
10 “5;, L =32 B =400
. e L=32p=320 = e
§10'5 | % m
-+- P1:VYs5® Vs . o _+_ P1:Y5®Ys m;;.
07 4+ Py:Vy5®Viys (X\/E) ¢ ¢, 4+ Piys®Yiys (X\/E) *
S1:YoVs ®@ YoYs (%X2) ¢ * + S1:YoYs ® YoYs (X2) " a .,
o+ Syiys®vy (xV2) * f + Syiys®vyy; (xV2) " s i
5 10 15 X4 20 25 30 5 10 15 X4 20 25 30
strong coupling phase weak coupling phase
significant taste braking approximate taste restoration
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