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Why Chiral Gauge Theories

Appealing UV completion

Asymptotic free, scales generated dynamically, conjectured rich IR dynamics,
-- Original SU(5) GUT

[Georgi,Glashow’74 Raby,Dimopoulos,Susskind *79 Bars, Yankiclowitz’81]

-- Composite Higgs models
[Cacciapaglia,Sannino 1508.00016, Cacciapaglia, Sannino, Wagner 2605.08294] Eh)

Chiral fermions are wired [Nielsen, Ninomiya. 1981]
Nilsen-Ninomiya no-go theorem: fermion douber when putting on 1

Condense matter physics:
Weyl spin liquids [M. Hermanns, K. O’Brien, and S. Trebst 1411.7379]
Models of symmetric mass generation [D. Tong 2104.03997, Wang, You 2204.14271]

Crucial to understand the phase of CGTs:

Conformal? Dynamical Symmetry Breaking?



Whaich model

> Benchmark models SU(N.) with two kinds of left-handed fermions
S = / i Flny + 015" Dyt + xT6¥ Dyx

> Gauge anomaly free restricts the flavor
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State of Art Analysis

No Lattice simulation, Nilsen-Ninomiya no-go theorem and sign problem
[Nielsen, Ninomiya. 1981]

Most Attractive Channel — <y1)> condensate for N.=5 and N.> 7

[Raby,Dimopoulos,Susskind *79, Dimopoulos,Raby,Susskind *80, Eichten,Feinberg ‘82]

Large Nc analysis — If confinement, no dSB
[Eichten,Peccei,Preskill,Zeppenfeld’86 Karasik,Onder, Tong 2208.07842]]

Anomaly mediated SUSY breaking — <> for N.<13

[Csédki,Murayama,Telem 2105.03444]

Anomaly matching of higher forms symmetry — <y >, <x> color-flavor locked phase
[Bolognesi,Konishi,Luzio[2101.02601]



State of Art Analysis

No Lattice simulation, Nilsen-Ninomiya no-go theorem and sign problem
[Nielsen, Ninomiya. 1981]

Most Attractive Channel — <y1)> condensate for N.=5 and N.> 7

[Raby,Dimopoulos,Susskind *79, Dimopoulos,Raby,Susskind *80, Eichten,Feinberg ‘82]

Large Nc

[Eichten,Peccei

In conclusion:
No good understanding of the
IR dynamics of chiral gauge theory

Anomaly
[Csaki,Murayar

Anomaly
[Bolognesi,Kon

or locked phase




The tool: Functional renormalization group method

> Functional Renormalization Group:
a non-perturbative method widely used in QCD

- Basic idea: effective average action: T, [¢] [Dupuis.ct.al 2006.04853] for a reivew

/[D¢]p>k :/DCb exp (—ASk|¢]) ASk| /¢5 )Rk (—

[elo] = [ J(@)6(0) - WelJ) - ASilg ()
x k2
Clo] T[4 S[¢)
kE—0 |—¢.‘_Ik_~k ; )
IR cutoff scale: £ ~ T ~ (p) =4 k



The tool: Functional renormalization group method

> Functional Renormalization Group:
a non-perturbative method widely used in QCD

- Basic idea: effective average action: T, [¢] [Dupuis.ct.al 2006.04853] for a reivew

[ D6, = [Doexp-asie)  aso / O(p) R

[elo] = [ J(@)6(0) - WelJ) - ASilg ()
Hol VA Slé] Chiral symmetry intact by fermion regulator

k-0k k

— R =12y Tupu x
IR cutoff scale: k ~ T ~ (p) k=A &/x k(D7) w/x OuPp Ty /x ()

ro/x (@) = (1/vVe—=1)0(1 —x)



The tool: Functional renormalization group method

Master formula: _
Wetterich ’93

1 1
(9tFk[§b] = —Tr ) &;Rk
2 Fk + R
8t = kak
1 O R .
) (3) ttlk Both UV and IR finite
1 O R
2 _ _ = 4)  _ o3 1(2), 1(3) t2lk
Oy = —SSTr [F y —20®, 0@, k] @ T

* n-pt depend on m < n+2-pt vertex functions

Truncate FS>"maX) = 0 with nmax = 4,
Capture physics for fermion condensates and



The tool: Functional renormalization group method

Truncated effective action:

2 5 7
Iy = / Lhin+ Lon + Log + 22 S NOY + 22 S NOY + 2,2, 37 MOYX
1=1 1=4 1—=6
HLL.P - ' Vatani,Xu 2507.21208 .
[ ;Pastor-Gutierrez, Vatani, Xu ] Using Young Tensor Method

( Oi’/) = (piar) (Yiaray) For construction of EFT operators basis
[HLL, et.al 2005.00008]

Oy = 1 G ) (wTh Glip;)  Proven to be valid for any N
Quantum S ¢
OY = (xTa"x)(xTa"x) Fields YMMEUY| 'Y L, et.al 2201.04639]
‘ :




The tool: Functional renormalization group method

™ Properly approximate the correlation function
S T el TR and solve for p-independent parameters
o > 2 2
T v R T+ ] Gan1u(D) = Zak (P* + mgap 1)
- % + perm. {mgap, ZA, ch Z¢’ ZX 2_pt
9gA3;9AL; JAce) JAxtxs Aywty  3-pt
+ﬁ%§ e A1, A2, Ay As, A6, A7, i 4-pt

Y
a8
8+ perm.
g

GAAJ_k O( > ZAp(p +mgap,p)
Oég)\4¢

ozf] )\41!,
8t 7 i
[Thssen, Pawlowski, Sattler, Wink, 2408.08413]

[Goertz,APG, Pawlowskl 2412.12254]



The tool: Functional renormalization group method

5@% m Properly approximate the correlation function
e o and solve for p-independent parameters
o > 2 2
01 oo ' o e 2“"'@"“ —%ﬁ%@ GAA 1 k(p) = Z Ak (p T mgap,k)
_ é + perm. {mgap7 ZA) ch Z¢, ZX 2_pt
9gA3;9AL; JAce) JAxtxs Aywty  3-pt
+ﬁ + perm. )\17 )\27 )\4’ )\57 )\67 )\77 }k 4_pt
¥ A
—24 -:,:,‘..';_ + perm.
9T : G;l, (D)= Z 4. (D% mf 1pp)

g1y Physics are in the solutions of

e
correlation functions.
[Thssen, Pa Confinement,

[Goertz,AP. Dynamical Symmetry breaking



The tool: Functional renormalization group method

> How to diagnose Symmetry breaking?

Fermion condensate

(P11)2) # 0

Divergent 4-fermi flow

(Y192) (¥192)




The tool: Functional renormalization group method

> How to diagnose Symmetry breaking?

Divergent 4-fermi flow Fermion condensate

(th19p2)(Y1902) —) (19h2) # 0
\\ ‘ j K‘ J Exact field redefinition Stratonovich’57 Hubbard’59

— ‘ ~ pi i |(9)
[Goertz, APG JLawlowski b412 12254] .
N.=3 (S—P) — (V-A)
104 =9 l . p]er 2o (;')E{O' ma}

Y \i o 1/m?§i mg. = 042V (41)
B A; — 00 miz — 0 £ — o0
(@) ~ (ab) #0

k[kysp] See [2006.04853] for detailed discussion



The tool: Functional renormalization group method

4-fermion flows:

Qg Ay )\Zw

ST XX
e

8t)\ O(2>\ +Caie Oz + CB,ij - Oég ‘|‘CC,ijk'5\j5\k‘|'---

\

Canonical scaling




The tool: Functional renormalization group method

Focus on one ), , the flow is a quadratic function of \; :

(9t5\i oxX 2 5\2 +Caie 043 + CB,ij " Q4 j\j + CC.ijk - >\j>\k —+ ...

Necessary condition for dSB:
1. reosnant structure (naive)

CA;
> 0
CC,iii
.
- 2. agp isreached
two scenarios can prevents aSn’

being reached:
confinement, conformal




The tool:

> How to diagnose Confinement?

Functional renormalization group method

Features of confinement: .
No Asymptotic colored states
Massive spectrum of bound

states (glueballs) .
Existence of gluon mass gap:

- Wilson area law

Constraints on correlation functions in fRG

Gluon mass gap in 2-pt functions

L (p) = Zaw(p)(P® + mgap i) = Zax(p)p®

Kugo-Ojima relation: [Kugo, Ojima‘79
Nakanishi,Ojima’90 Kugo

colorless aymptotic states ~ hep-th/9511033]

lim Z.(p*) ~ (p*)"

lim Za(p*) ~ (p°) %"
p—0

p—0

11



The tool:

> How to diagnose Confinement?

ZAl_c(pz)pzﬁz (kz—l_mgdpk |k~

Functional renormalization group method

[F. Goertz A. Pastor- Gutlerrez J. Pawlowskl 2602. 11265]

. kaB ‘l'cmf

N.=3 Ny=2
“Fixed point” in the '
gluon-ghost gauge
:, coupling avatar.

- - (43

cem (X4

Kugo-Ojima relation:

colorless aymptotic states

E‘\hmZ (p?) ~

Constraints on correlation functions in fRG

1 Gluon mass gap in 2-pt functions

L (p) = Zaw(p)(P® + Moy i) = Zax(p)p®

[Kugo, Ojima‘79
Nakanishi,Ojima’90 Kugo
hep-th/9511033]

~ (p")" lim Za(p®) ~ (p?) 7"

p—0 p—0

0.1 1 10 100
NXSB]
IR suppressed gluon-

fermion, gluon-self
gauge couopling
avatars

o = [0 Van 23) =

~

@

11
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Results of BY model

5 — 6

0.50
0.25

-0.25
-0.50

crit

Q4sB
EAN (@) o0

12

10¢

o ———

all

{1,2,6,7}

{1,2,5,6,7}
- {1,2,4,6,7} ]

- {47 5}

N.=3

donminant divergent operators:

Of = (x'a"x) (xTa"x)

O%( — (XT&MTsme) (XT(_TMTSme)

—- condensate in IR, dSB {xX) # 0

12



Results of BY model

N, : — 3 4 5 =0
\\)@ 2/\
MR AL
A [

0.50
0.25

-0.25
-0.50

N.=4,5,6
* No divergent 4F operators

-- no dynamical SB

12



Results of BY model

N, : — 3 4 5 =0
\ g /\2/\
AT
MR AL
A [

0.50
0.25

-0.25
-0.50

15¢

S = N W B W

Nc X X Acce

0.10 1
k

0.01

Ne X (Qayiys Qagty)

o
\J

10l NCX(OtAS,O(AAL)

0.10}

001}

N.=4,5,6

* No divergent 4F operators
-- no dynamical ¥SB

* Found Scaling solution
satisfies the KO condition

-- confinement 1in Landau

gauge
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Results

N, : — 3 4 D o0
AL
AT
\ 5\4 5\5 /\
L@ [
S
C {/\./\

0.01 0.10 1 001 0.10 1
k k

Evidence for Confinement w/o dynafhical symmetry breaking!
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N.=4,5,6

* No divergent 4F operators
-- no dynamical ¥SB

* Found Scaling solution
satisfies the KO condition

-- confinement 1in Landau

gauge
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=N \® I VS B SO V) BN e) W

Results of BY model

conf. —sym

13



Summary

> We present first fRG study of BY class of chiral gauge theories.

- For N. <3 dSB, N, 2 4 confinement w/o dSB.
Outlook

> Bosonize the theory to analysis the direction of dSB

>~ To analysis whether there 1s massless fermion in IR to match the °t Hooft
anomaly

> Can these model help with symmetric mass generation?

14



Results

crit
Qsp

* Region I:
- Weak o™ : dynamics derivable within
perturbation theory
- Clear dominance of Os = (x'6" Tunti X) (x'6" Tanti X)

- Condensate (yy) # 0

* Region II:

crit

-strong «,; " non-perturbative, higer-order
effects relevant
-cannot resolve a clear single resonant channel.

e Conformal window:

crit %

ag _ ag aglM_S2—loop

*
l aglM—SS—loop ==

*
C'f9|M_S4—loop

13



AN

Qaxty: Qapty)

1

o= [F0] Jam 28) =, §)

~ 7 24 — A= 2
aqe =0 /(4r Z2) and asee = [I‘Ef“)} J(4m Z2Z.4),

~ (AT 2
A [FEQAX x)} /(AT Z3 Z 4)
~ At 2
Aty = [I‘ECAQ’D ?’b)] /(471‘ Z?pZA) .
’t Hooft anomaly can be matched by B8 = wa

Zyi(PP)p* = Zy s (K +me ) |kﬁp



5= [t -5 (@) - (9r°0)°)

7 x /D&Dwes =N /D;me 5 S ¢ = (o,7)

Wy Py
a—>a+y\/§m2 7T—>7T+Zy\/§m2
] _ o 2 Y’
ZocN/D¢D¢D¢eSBF Srp = /¢8¢+ %w(ﬁmﬂw ST A=
o ——Y G me Y s
Jam2 Y Va2V gy = /d4x{m2gb*(b—1ndet id + h (PL¢ — Pro™*)] }

U(1)a o\ [ cos2a sin2a) (o
w) \—sin2a cos2« T



-1
o' ¢] = ETI' G 0t Ry,
_ 1
8;F(1)[¢] = — ETrF](C?)) (Gk aka Gk) R

_ I
o,T?[g] = - STr rY—a2r g, r}f)] (Gk 0, Ry, Gk),

_ |

- 1 6 5 3 4 4 4 3 3
or (g = - 5T 1 =810 G Y 61" G 1) + 181" Gi T Gy

+1210 G Y Ge Ty =24 G 1)) G 1Y) G- G T | (G0 Re G



DO | =

— a Zj.pu a
Fgauge,k[A, C, C] = / Au(p) [ZA k (p + mgap k) iy(p) é-ZJJl k (p + mmSTI k) ; ] Au(_p)
p

ayjaz2as a1a2a3a4

1145 m)

=1

Z3 k 9aa i [7151) (pl,pz,ps)}

1,P2,P3 M1 o2 3 g

3
1 , 1
+ 30 ZA/k 9A3 k [T;)(Plam)] HAfLZ (pi) + _f
: p

|
P1,pP2 M1 23 i—1 4.

aiazas

+ / Zexe®(p) p°0°°c’(—p) +/ Zc,kzi/’]z GeeA k [Téi_)c(pl:pZ)} c® (p2)c™ (p1) AjP (—p1 — p2) - (13)
P P1,P2 H

Fgauge—fermion,k [A_u: W, wa XTa X] - (15)

]Zw,k 77[;[ ’i’f(p) 5'u8u W’f(—p) - i/
p P

o _ a . ~1/2 o a o
~ / Zy s X (p) 7,0, x (—p) — i / 2w 2k g X 02) [T 12| A5 =o)X (1)
p P1, P2

- ~1/9 ; airiz f1fa u ;
Zw,kZA{k GApT o k P (py) [TA¢1¢(p1,p2)] Al (=p1 — p2) 22 (py)

1: P2 o

{gA3:gA4agAECagAxfxa GAYTaps mgapa /_\17 5\27 X4:' /_\53 5\67 )_\77 ZAa ZCa Z?,Da ZX}



* Insertion of mass-like regulator: Slavnov-Taylor identities (STIs) for gauge invariance — modified STIs (mSTIs)

¢, ={A,.cc,...}
51‘* 51‘1 . 2 7 oy &y B
/ D [ e
» 0Qi(z) 69;(x) 0Q;(w 55) 0P0 Q! Q": BRST sources of the @, fields

* In the physical limit k = 0 and R, — 0 and mSTI = STI and no gauge symmetry breaking is present (*)

* “easy” approach: physics at k-dependent correlation functions
- Minimise mSTI and STI deviations for k # 0

- Hands-on approach: include problematic power-law corrections to the flow of the gauge mass gap only in the confinement

regime

Oemap = (=2 +na) M3, + Flow44(p® = 0)
e —

- Upgrade with full momentum dependencies
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confining i
+
E -
ﬁﬁ{& +
—_|% massive

1077 10~%
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mgapa AUV B mga‘pa Scaling




confined branch
—— Higgs branch

[, A2D] 101e3edoid uon3

confined branch
—— Higgs branch

Loy vy | Iy

o —

—

Suissaip 10ye3edoid 1soys
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10

0.1
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Gar(p) = N2
Zak(P*)P* + Rax(p)
. 2 2 [p(A4) 2 -
Gluon propagator dressing:  p~ (A(—p)A(p)) =p~ |’} " (p* =0)
k=cp
Goertz, APG,Pawlowski[2412.12254]
T 1.4 T
30 Ny=2 b Ni=3
§ 2 5F — Thiswork § 1ot — This work
i 2'0-— Cyrol et.al ‘16 i 0.8F —  Sattleret.al 24
=Y &
| 1.5} I 0.6
;g/ 10k ¢ Lattice ;Q/ 4 ¢ Lattice
~ Sternbeck, ~ 04f Zafeiropoulos,
TR gsp ctall? " oo} ctal'9
0.0 . . . 0.0 . . . ]
0.1 1 10 100 0.1 1 10 100

p [GeV] p[GeV]
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