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e Theoretical relevance:
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VECTOR 20SONS

N

* Understand physical theory from different limits (large N, N, chiral limit ...

* Delimit phase structure and where new dynamics reside

* Phenomenological interest in physics beyond the SM:

e Strong dynamics = rich dynamics

e Most challenging

* Unexplored landscape

A task for non-perturbative approaches!
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Content

1. Conceptual basis of the functional RG approach to gauge-fermion theories
i.  Colour confinement
ii. Dynamical symmetry breaking

2. Quantum phase transition to the CBZ conformal window

3. IR phases of chiral-gauge theories
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Functional Renormalisation Group

217 = [ Do exs :—S[qb] v [ o J:

* Progressive integration of momentum shells in the path integral:

/ Do), = / Dé exp(—ASK[d])  ASk[d] = / 6(p) Ri(p) 6(—p)

e Effective average action:

Iyl = / T(2)6(x) — WelJ] — ASk[d]  werercn 59

- Average action of fields over a k™4 space-time volume

[l Dy lo) 5[]
k-0k k L— A

IR cutoff scale: &k~ T ~ (p)

-

Pedagogical introduction: Gies[0611146] = Review: Dupuis.et.al [2006.04853] |



Functional Renormalisation Group

217 = [ Do exs :_sm v [ o J:

Flow equation:

* Progressive integration of momentum shells in the path integral:

/ Do), = / Dé exp(—ASK[d])  ASk[d] = / 6(p) Ri(p) 6(—p)

p

Oy = k O Wetterich "93
e Effective average action:

['|o] = / J(x)p(x) — Wi|J| — ASk|[@d]  Wetterich *89

e Exact derivation

- Average action of fields over a k™4 space-time volume * Non-perturbative ¢ Approximate resolution

* One loop e Systematic truncation
F[gb] I'; [¢] S[gb] e Analytic regulators schemes

k — O %km e \ersatile e Chiral regulators

k= A Ry, 1(P7) = 12y 5 b Ty x ()
IR cutoff scale: &k ~ T ~ (p) e UV-IR finite X; /x OuPu T /x

- Pedagogical introduction: Gies [0611146] = Review: Dupuis.ct.al [2006.04853] l

ry/ (@) = (1/vVe =1)0 (1 - x)




Some results in gauge-termion theories

a.k.a. QCD

Colour confinement Real time properties Many ﬂav.our and colours _
Gies,Jaeckel[hep-ph/0507171]

Horak,Pawlowski, Turnwald,Urban, Wink, Braun.Gies[0912.4168
Cyrol,Fister,Mitter,Pawlowski [ 1605.01856] | IZlgf'ellropoqlos[ 1711.07444] Braun,Fischer:Gies[ 1012.4279]

3

—

o
9
L}

T [—— FRG, scaling Fister,Pawlowski [1301.4163] : el I Goertz,APG,Pawlowski[2412.12254]

FRG, decoupling T=55MeV | 20
Sternbeck et al. —- m - & v |] [
w— Sgma « LPA
- Qoﬂ'm - L PA'LY

— T = 385 MoV
. == T = 280 MeV
m— e T = T4 MV

rJ
| ] '
—
(=]
I

~.

—
e —e.

f’—‘\

{,
]

——

gluon propagator dressing
=
o

Spectral Function [1/MaV?)
=)
&

]

0 100 200 300 400 500 600 700
Frequency w [MeV]

Pawlowsk1, Wink,Strodthoff[1711.07444]

Dynamical chiral symmetry and bound states
Fu,Pawlowski,Rennecke [1909.02991]
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Fu,Huang,Pawlowski,Tan,Zhou[2502.14388]
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=+ DSE: Gao et al. 2020

| === DSE: FiIscher et al. 2021
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Lattice: HotQCD
freezeous: STAR
freezeous: Alba et al.
freezeaur: Andronic ot al

freezeou:: Becattiri et al.
freezeou:: Vovchenko et al.
freezeou:: Sagun et al.
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https://fqcd-collaboration.github.io/ pup [MeV'
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' Physics in correlation functions:

Colour confinement, dynamical symmetry breaking and/or anything else

. Fundamental, first principles:
- symmetries
- relevant deformation

- predictions for LEFTs

C 200 400 600 300 I (



Colour confinement and the gluon mass gap

Alkofer,von Smekal’96’00 Pawlowski,Litim,Nedelko,von Smekal[hep-th/0312324] Fischer, Maas, Pawlowski[0810.1987] Cyrol,Fister,Mitter,Pawlowski [1605.01856]...

- Gluon mass gap generated by quantum fluctuations

AA A
0V (%) = Zak(p) 0 +m2ap ) = Zak(p) p°

- How we know its confinement?
o« Kugo-Ojima criterion satisfied Kugo, Ojima’79 Nakanishi,Ojima’90
e Sufficient conditions: Massive spectrum, colour symmetry

and global BRST symmetry

® Unique IR scaling of correlation functions

lim Za(p?) x (p?)~2¢  lim Z.(p?) o (p°)"

B
Kugo[hep-th/9511033] Zwanziger[hep-th/0109224] % 1(5)
03
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Goertz, APG,Pawlowski[2412.12254]

Ny =2

This work

Cyrolet.al ‘16

Lattice

| — This work
O —  Sattleret.al ‘24

¢ Lattice

Ny =3




Dynamical symmetry breaking in the effective action
1 ) a chiral QCD example
S = / ZFSVFSV - ﬁgf + »Cgh + wfyuD,uw
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Dynamical symmetry breaking in the effective action
- - a chiral QCD example
D= [ GFAER + L+ Lot X (9T6)° + i (6Tw) + .

Y Tl
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Dynamical symmetry breaking in the effective action

| a chiral QCD example
[ = / —F¢ B¢ —|—£gf—|—£gh_|_)\ wﬁb —I—HZ(ZDTZD)

X1
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Dynamical symmetry breaking in the effective action

1 - . a chiral QCD example
[ = / —F% F% 4 Lot + Lon + N (OT30)" + 53 (0T50)" + ...

Y Tl
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Dynamical symmetry breaking in the effective action
- - a chiral QCD example
D= [ GFAER + L+ Lot X (9T6)° + i (6Tw) + .

Y Tl
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Dynamical symmetry breaking in the effective action
- a chiral QCD example
[ = / Lpe po + Lot + Logn + N (OTi0)" + ki (OTi0)" + ...

4 uv = v
ﬁg )‘410
ST B XX

N, =3 (S—=P) — (V—-A)
10t} Vr =2
Al
10~4F

01 1 o o0 1000
k [kaB]
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Dynamical symmetry breaking in the effective action
T _/ 1 a chiral QCD example

_F% F% 4 Lgs + Lon + X (UT0)" + ks (UTi00)" + ...

Y Tl

N, =3
10t} Vr =2
| — (V4+A) — (V=-A),
|5\z| L S
1074¢ —
| = k2)\; |
]

k [kaB]
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Dynamical symmetry breaking in the effective action
a chiral QCD example

Y Tl

1 _
D= [ GFAER + L+ Lot X (9T6)° + i (6Tw) + .

N, =3
1041 Ny =2
|1t
| 2
10~ L :
Infinite correlation length:
0.1
k\kysB] Phase transition Nambu,Jona-Lasinio’60°61
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Dynamical symmetry breaking in the effective action
T _/ 1 a chiral QCD example

—F F, + Lo + Lon + A (1;7;1@)2 + K; (1@721@)3 + ...

Y Tl

Infinite correlation length:

_ 1.2 -

N = k2N
...6.1 M M ......1 M M .....il() M M ....i.(I)O M M ...i.(.)l()O
k[kXSB] Phase transition Nambu,Jona-Lasinio’60’61

Ai — 00 my =0 £ 00
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pffective action
al OCD example

Dynamical s

Scale-dependent field transtormations

Fu,Huang,Pawlowski,Tan,Zhou[2502.14388]

— N nse S Ao s ) Generalised flow
F B ‘ - -_—-______i:::::Z:::--s-----‘-"T‘ (875 +/¢65¢ ) Fk[¢]

-=-= 1/ Z()
1 1 . 5, ,
— —'Ir > até‘ﬂl 19 ¢ Rzm
. 0+ R ), 09;

0.6} === 1/Z,(p)

My i (1), Chang et a

0.4

My ttiee (1), Bowman et al.

0.2+

0.0

100 10?
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107!

» Goertz, APG,Pawlowski[2412.12254
| Fu,Pawlowski,Rennecke [1909.02991] ——e —— ————

P : - 1000

: N c — 3 (S ool | ___ w:::::
104 Vr =2 S 600l

I (V (p1 +p3)* =0
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A
(¢:)

10~4F :

| ition length:

raaal L L 3 3 332l L L 3 3 322l CX)
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k[kst] /i
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Mechanism underlying dSB

Nambu,Jona-Lasinio’60°61 Kosterlitz’74 Miransky’85 Jungnickel, Wetterich[hep-ph/9505267] Gies,Jaeckel[hep-ph/0507171] B.Kaplan,Lee,T.Son,Stephanov[0905.4752] Braun[1108.4449]

)\4¢
" | N
% M Critical strength of gauge dynamics Qg > agp

_ _ Bt)\ e’ <Oz§%t
atAioczAﬁcA’i.a%cB,ij.%A +ecijr s Mkt y !

* Necessary conditions for dSB (FP merger):

1. Resonant structure:
CA i
CC,iii
2. Critical strength of gauge dynamics is reached:

> ()

crit

Goertz, APG,Pawlowski[2412.12254]
L1,APG,Vatani1,Xu[2507.21208]
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Transition to the conformal window

boo&. \
" c;b
O
$ N
r—
3.0
N,.=3
2.5
.m 20
kS
= 1.5
1.0
ix,
0.5 eQ//OO/nt
R R
N ng‘ N,—3 = 7.30 N / APG[2608.23674]

Goertz, APG,Pawlowski[2412.12254]

Alvaro Pastor Gutiérrez RPriza iTHEMS

e Self-consistent fRG prediction of the conformal

window
- Non-perturbative effects at the critical theory

* Absence of walking regimes and Miransky/BKT

scaling
* 1st order quantum phase transition

- Symmetric mass gap and conf. wo/ dSB @ the

critical theory?!



Transition to the conformal window

B
ch, ok
&2 XS Recent news from other methods:
5 QO
(r— — Lattice computations:
I B D, crit| (7 Hasenfratz,Rebbi, Witzel[2210.16760]
3.0 N — 3 Ny N.=3 — (7—38) D’Elia,Naccia,Zambello[2604.0728]....
p =
2.5 SDE: |
N§t| L~ 6.81
1. 0020 T T T
- m 2.0 1. 0018
5% 15 '
) 0. 0016
S .
1 -O 0. 0012
{1, 0010
O .5 : [, 0008
(0. 0006
s (: il'H CONAcT sd L e
2 4 5 0002 ; lt:] tti r]1g fur:(‘f ion
. {1. D000
NCI‘lt‘ ~ 730 Nf 6. 5 Ny 8.7 £. 8
f IN.=3 APG[2608.23674] Chen,Lu, Wang,Liu,Gao[2602.14489]

Goertz, APG,Pawlowski[2412.12254]
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Quantum phase transition and near-critical region

lllllllllllllllllllllllllllll

3.0

N, =3
2.5 Q New (high order) ‘4—Fermi (local)
e 20 P , ;
E%) 1.5 B I |
) 1.0 e Il : 5
' &> 5 'aPT
0.5 crit ~ 3/00,0 ﬁX@d ! 10_20 - * |
=T o : eont > kass 175,
2 4 6 8 10 12 14 16 i I I ] |
_ — > ' |
Nf C;@ 10 40 L dSB conf :
| < — CBZ - :
» Disfavoured by divergent a™": C | |
= I\/Ilransky/BKT scallng 2 4 6 8 10 12 14 16
- walking theories Nf
e Symmetric mass gaps and confinement without dSB
- Recap: no dSB at i i 1 . ) (14e)
() . : . : (1)) — b k—0(P) X PV with e>0
- Colour confinement L () = Zuy.k(p) uPp with ;12% ‘Fk_m (p)| = 7 (p ) >1
o . P, k—0 — l
- Symmetric propagator and gap s satisfied for:
Mlgere 2 1 for Ny >72  anc Mlas 21 tor Nj < (73ls100p + 76lito0p)

Alvaro Pastor Gutiérrez RPriza iTHEMS 10



Chiral gauge theories

1
S = / Fi i, + Wiah D+ xT'a" D,

Georgi-Glashow (GG)
SU(N.) || SU(N.—4)| UQ)

Chiral: Weyl fermions, only left (right)-handed

] _(Nc_z)

e Phenomenology: N, —4

- SM and BSM physics (GUTs, preon models, ...)
Georgl,Glashow’74 Raby,Dimopoulos,Susskind *79 Bars, Yankielowitz’81

Bars-Yankielowitz (BY)

Bolognesi,Konish1,0rso0[2605.10416] Cacciapaglia,Sannino, Wagner [2605.08294] SU( N ) SU(N., + 4) U(1)
C C

e Theory: O] —(Ne — 2)

- unaccessible to lattice formulations (doubler & sign problems) N, + 4

- conjectured rich and unexplored dynamics

* Exotic condensates

* tumbling: recursive patterns of SB Wang,You[2204.14271]
. . Karasik,Onder, Tong[2208.07842]
* Symmetric Mass Generation Tong[2104.03997]

A task for functional approaches!

Alvaro Pastor Gutiérrez Ramz=u iTHEMS



Fierz-complete four-termion basis in chiral gauge theories

Ffermion,k[XT7X7¢T /Z¢ 5 )\ O¢ 22 E )\ OX —I—quZ E )\ OXQP
1=06
\—-—\/-—J \——\f—/ b = —

O}D — (1”5”“@&)(@“5‘“1&) Li,APG, Vatani,Xu[2507.21208]

dSB in generalised GG theorles
14

crit
1 sp

_3 I1.2

12

Alvaro Pastor Gutiérrez Rriz=u iTHEMS



Colour-confinement and dSB in BY ARG 2603 1975

. ‘ 15 10 5 NC X (aAXTxy aA¢T¢)
. \
10| l
} 0.10
o-_“ 5
0.01
0.01 0.10 1 0.01 0.10 1 0.01 0.10 1
k k k
0al % 02
10.1
No:—3 4 —5—6 02 O

0.1}

— | o050

A
5\4 _)‘5J\-.0.25
0
I J\ {—0.25
0 : : : , , 1—0.50
A6
C SN |

2.0} T | 15

1.5} A7 {10

10} 10-5
0

0.5}

001 0.10 1 001 0.10 1
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Colour-confinement and dSB in BY ARG 2603 1975

. ‘ 15 10 5 NC X (aAXTxy aA¢T¢)
. \
10| l
} 0.10
o-_“ 5
0.01
0.01 0.10 1 0.01 0.10 1 0.01 0.10 1
k k k
0al % 02
10.1
No:—3 4 —5—6 02 O

0.1}

_ | {050

Ay
5\4 _)‘5J\0.25
0
I J\ {-0.25
0 . : . . . 1-0.50
A6
C SN |

Signatures of confinement in

20| T ' — 115
the Landau gauge sl U\ 10
1ol {0.5
0.5 0
0 {-0.5

001 0.10 1 001 0.10 1
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Colour-confinement and dSB in BY ARG 2603 1975

. ‘ 15 10 5 NC X (aAXTxy aA¢T¢)
- : \
10| l
| 0.10
o-_‘ 5
T 0.01 X
0.01 0.10 1 0.01 0.10 1 0.01 0.10 1
k k k
0.3} ", 10-2
10.1
0.1}
1cp 1-0.1

No divergence — no dSB 0

_ | {050

Ay
5\4 _)‘5J\0.25
0
I J\ {-0.25
0 . : . . . 1-0.50
A6
C SN |

Signatures of confinement in|

20| T ' — 115
the Landau gauge sl U\ 10
1ol {0.5
0.5 0
0 {-0.5

001 0.10 1 001 0.10 1
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Colour-confinement and dSB in BY ARG 2603 1975

. ‘ 15 10 5 NC X (aAXTxy aA¢T¢)
. ’ \
} 0.10
o-_“ 5
) 0.01
0.01 0.10 1 0.01 0.10 1 0.01 0.10 1
k k k

0al % 02

10.1

0.1 01

SB No divergence — no dSB 0 I

_ | {050

Ay
: _)\5J\0°25
Dominant four-fermion operators: 0
I _/\ {-0.25
O = (x'a"x)(x"5"x) ——— — "
A6

Signatures of confinement in

20|
O = (XTﬁ“TSymx)(XTFf“TSymx) 15}
1.0}
05}

the Landau gauge

Diquark-like condensate: ~ (XX)

001 0.10 1 001 0.10 1
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Phase diagram

Gauge-fermion strength

crit

. — N.xagg — max|[Ne X ag,ity]

Critical dSB strength

— N W s U N

Alvaro Pastor Gutiérrez Rriz=u iTHEMS 14



Confinement without dSB

(agreement with large Nc analysis!)

Bars, Yankielowitz’ 81
Raby,Dimopoulos,Susskind *79
Eichten,Peccei,Preskill,Zeppenfeld’86

Massless baryons saturate

the anomaly

Highest condensate

Raby,Dimopoulos,Susskind *79
Eichten,Peccei,Preskill,Zeppenfeld’86

What is this dynamics?
SMG?,...

. ~Wang, You[2204.14271]
2 —_ 3 — 4 — 5 6 Karasik,Onder, Tong[2208.07842]

Di-quark like  ~ (xx)

=W\ R 'S B SR &) BN @ ) W

(Partial) higgsing of gluons,

symmetry tumbling, ... (tbd)




Conclusions

3.0
fRG approach: approximate, first-principles, versatile and nonperturbative 2.5
_m 20
53 15
* QCD conformal phase transition: 10
- Non-perturbative dynamics at the critical theory 0-5
_ crit ~
N7y —y = 7-30
- New picture of the QPT: no walking, conf wo/ dSB, sym. mass gaps?
* First steps towards chiral-gauge theories:
1. dSB, (yy) condensate, tumbling
2. Confinement without dSB
* Massless hadrons, SMG, ?, ...

Alvaro Pastor Gutiérrez Ramz=u iTHEMS

APG[2608.23674]

== \® I U B SN ) B e ) S

L1,APG,Vatani1,Xu[2507.21208]
L1,APG,Vatani[2603.19355]

&g — max|N, X O‘Axfx]
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Conclusions

APG[2608.23674]

3.0
fRG approach: approximate, first-principles, versatile and nonperturbative 2.5
2.0
1.5
* QCD conformal phase transition: 1.0

0.5

crit

Y 4sSB

- Non-perturbative dynamics at the critical theory

- N}? ~ 7.30

rit‘
N.=3
- New picture of the QPT: no walking, conf wo/ dSB, sym. mass gaps?

L1,APG,Vatani1,Xu[2507.21208]

* First steps towards chiral-gauge theories: Li,APG,Vatani[2603.19355]

1. dSB, (yy) condensate, tumbling
2. Confinement without dSB

* Massless hadrons, SMG, ?, ...

== \® I U B SN ) B e ) S

Thank you for your attention!

Alvaro Pastor Gutiérrez Ramz=u iTHEMS



Additional slides



Ftfective action 1

y Cy X Xvar TM Fganduge k:[A

9 C] + Fgauge—fermion,k: [A,LM XTa X W, w] +- Ffermion,k [XTa X wTv w]

_ 1 a ~ 1 PuPv a
Fgauge,k[Aacy C] 25/ A,u(p) |:ZA,/€ (p _|_mgap k) H/J,I,_I/( )_I_ é-ZJJ{k (p _|_mmSTI k) . :| AV(_p)

p

1
+ = ZZ/ 2 G A3 k [Tj?(pl,pz)}

|
3. P1,P2

n / Zo E(p) P20 (—p) + /
D Pi,P2

(%

Alvaro Pastor Gutiérrez Rriz=u iTHEMS

p?

ai1azaas a1az2as3ay

5 4
| 1 .
HAZZ (p”&) j/ sz k A4k {ngi)(phm,p:}))} HA
p

1/2 (1) T as as
ZiekZ 4 1, GeeAk {TAcc(pbPQ)} (p2)c™ (p1) AL (—p1 — p2)

0 0
(P1, - Pn) 5, (p1) 0%, (o) Q] = (P1s o) Ty, o, (P13 Pn)
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Ftfective action 2

Fgauge—fermion,k [A,ua wTa wa XT7 X] —

/ Zg 7 (p) 300 v (—p) — i /

P P1,DP2

—|—/Zx,k X" *(p) 5.0, X" (—p) —i/
p D

1, P2

- ~1/2 F iy (1) aiyizfifa
Zp kA J Aty 1 (D2) {TA¢T¢(p1,p2)L A% (—p1 — p2)¢
>1/2 o 1 TR o
Zx,kZA/,k JAxtx,k X" (p2) {TéX)TX(pMPZ)} AL (=p1 — p2)X ™ (1)

Ffermion,k[XTa X wTa w] — /

Alvaro Pastor Gutiérrez RPriza iTHEMS

X

¢T¢(p1>p2)}

)

a 112 f1f2

) — 5_M(Tﬁa)i1i25f1f2 and {Té;)fx(pDPZ)}

2 5 7
Z3 Y NOF+ 23y NOS + ZyZy Y NOYY,
1=1 1=4 1=0

a2

U

— 5M(Tsa)ala2
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Deriving full correlation functions

Vertex expansion of the effective average action

Ntr
(Piy - Pisy ) . i Py,
[k @] = Z/ Ly (p) @i, (Pn) -+ @iy (1) with Fé )(ph ey Pn) = 5
n p

0 0

O;,(p1) 0P, (pn)

Example: fermion-gauge vertex and flow ot the coupling

Tr |7, 0,0

: 1
Tr [T 247y :
. . 0,7y, 0,2 0%
with anomalous dimensionsng, = =
Z¢i Z¢i
9T ) — g —e— 1 = (‘1( E™ 1 I\ ) Diagramatic flows to be computed

&5F§CAA) — 0, ovovoRe™ }3;.(’{}“‘%@%?_@:’ \:‘)'W"—’WQUW) ({%F](fwA) — ati— 5t( @ - é — é )
® .-
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STls and mSTls and confinement
ASy|¢] = / d(p) R (—p)

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

Becchi[9607188],Bonini,D’ Attanasio,Marchesin1’95 Ellwanger[9402077]

6T 4T 5rk Iy Lo, PTG
=0 % — TI’RZJGJ'[ ; ;
z 0Qi(x) 0P;(x) » 0Qi(z ($) 0P;0Q Q": BRST sources of the @, fields

Pawlowski[0512261] Gies[0611146]

¢ In the physical limit &k = 0 and R, = 0 and mST| = STl and no gauge symmetry breaking is present (*)
Pawlowski,Schneider, Wink[2202.11123]

e "easy” approach: physics at k-dependent correlation functions Thssen,Pawlowski[2503.22638]

VI — Morris,Rosten[0606189]
Minimise mST| and STI deviations for k # 0 Wetterich[ 1607.02989]

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

regime

OrMigyy, = (=2 +14) Mgy, + Flowaa(p? = 0)
e ——
- Upgrade with full momentum dependencies

Alvaro Pastor Gutiérrez Ramz=u iTHEMS 20



STls and mSTls and confinement
Asam:1/¢@ﬂm¢«w>

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

Becchi[9607188],Bonini,D’ Attanasio,Marchesin1’95 Ellwanger[9402077]

oI’ oI 5Fk [ N 52Fk[q)7 Q] o, = {AlM C,C, .. }
=0 ﬁ = TrRY Gjl - )
o 0Qi() 0i() z 0Qi(2 (x) 0P;0Q Q": BRST sources of the ®. tields

Pawlowski[0512261] Gies[0611146]

¢ In the physical limit &k = 0 and R, = 0 and mST| = STl and no gauge symmetry breaking is present (*)
Pawlowski,Schneider, Wink[2202.11123]

e "easy” approach: physics at k-dependent correlation functions Thssen,Pawlowski[2503.22638]

VI — Morris,Rosten[0606189]
Minimise mST| and STI deviations for k # 0 Wetterich[ 1607.02989]

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

regime

OrMigyy, = (=2 +14) Mgy, + Flowaa(p? = 0)
N — Chiral symmetry intact:

Ry, k(pz) = 124y /x OuPp W/x(l’)

- Upgrade with full momentum dependencies

rop(@) = (1/VE—1)6(1 - )
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Systematics: minimasing the mSTI/STI deviation

7 0t 1000
100|

10|

k k k

- control onset of power-law divergences in the flow of the gauge mass gap.

8tm§ap = (—2 -+ 77A) méap + FlOWAA(p2 = 0)
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e~ [ e 5o

Stratonovich’57 Hubbard’59 Gies, Wetterich *01

0.001E

Fukushima,Pawlowski,Strodthoft [2103.01129]

Dynamical bosonisation and generalised flow equation
Gies, Wetterich ’01Pawlowski[hep-th/0512261]

v

DL [®] S / B (T00 + insTan%) o + Zy (9,6)> + V(¢2) + ..
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v

DL [®] S / B (T00 + insTan%) o + Zy (9,6)> + V(¢2) + ..
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Dynamical bosonisation and chiral symmetry

21 pa | (#)
- — 2
0] 5 [ o (5T pye) 4 >< T Z>““<( -
T p1+1932 8 ¢ Prvps) =

(p2 +p4)* =0

F:["ern.qicn.rl, k [wa w] — F1["ermio1r1, k [w, w]T(S_p):O + Floosom, k W, ¢7 ¢]

e Inclusion of non-perturbative effects

(((% +/$C ° ) [ 0] Generalised flow . o g . - Higher-order operators
5¢C — (0-7 m,a, 77) & <at¢k> — Ai,k wT’&w , )
_ i, - Inclusion of momentum dependencies beyond
- 1 (9t5jn n 2% RZ” point-like limit
') + Ry i 0;
] _ Y (9 f 1/2 T b
Fboson, k[% Y, ¢] — /CIZ‘{ZQbi Tr[(a,uz )(a Z)} T V(Z Z) T Z%‘ Z¢ hi 1 gb”’b} > = T](c)((f +in) + T]?(aa + im®)
1 _ P i
p=Tr[X¥] = > (c?+n°+a’+=w°) T="Tr (ETE N, 1Nf>
Nag ) Muge () L () Sonilp) =~ [ 9@ T - g
Vi) = 35 gy M SR (st
n=0 m=0 =0
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Computing the four-Fermi flows (GG example)

X

e Flow of four-point functions @ g >
o Oy X Oy A é % + + .
8trl(€¢a¢b¢c¢d) _ _at (Z@QD )\1) 7'1?119/661 o 875 (ZiAZ) E?%Cd \ « .-
\ \ k2 baphetha abc bapetha . . .
Oihi = (2 + 2ny) A1 + v {&s {Pﬁz}%dplgwaw Pt )} (NN, +1) — 0, [PQ,deF/(f R )} (N, +N¢)} Anomalc;us dimensions
v 1 2
3 \ kz bapthedd abc baPbthehd T —
0he = (24 2my)ha + oo {00 [ PEIIT 00U D] (NN + 1) = 0, [ PRI YD (N, + Ny, | " 7.
Y
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Computing the four-Fermi flows (GG example)

X
e Flow of four-point functions @ g >
o ST B0 XK
8trl(€¢a¢b¢c¢d) _ _at (Z?D )\1) Tabcd at (Zzb)‘Q) Tabcd \ < cene?
2 . .
6t5\1 — (2 € 2771#)5‘1 € ZISN {a [Pabcdr(walbbw lbd)} (N N + ) (9 [Pabcdr(¢a¢b¢ wd)} (Nc + N’(P)} Aﬂomalous d|meﬂ5|on3:
v YA
_ _ k2 o t4q
3t>\2 _ (2 + 277¢))\2 + . {a [Pabcdr(¢a¢b¢ lbd)} (Nchp i 1) a [Pabcdr(¢a¢b¢ wd)} (Nc e Nw)} T)i 7
ZiN ’

e System of flows:

_ _ 1 [g* (3N2+4) (5na + 3ny, — 45 2(5n4 + 61y, — 60) (A — A2 N,
8t>\1:(2—|—277¢))\1—|- [9( )(77A Thy )_|_9(77A Tl )( 1 2 )

1672 160 N2 10N,

1 _ N, —2) - 4 _ N — (N Ny — 1
— —(ny — 5)Ny ()‘?S(Nc —1)N. + ( o\ ))\%> + g(mb —5) ()\3 — A A2(Ne + Ny) — )\%( ; ))]

Oy =(2 + 2 77¢)5\2 +

1 [g* (N2 —8) (5n4 + 3ny — 45) N g% (54 + 61y — 60)( A2 — A1 N,)
1672 160N, 10N..

- 400 = RN = 2Ny + 2y ) (ke — TV + ) |
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What do we know?

Method

Monte Carlo Lattice simulations
Nielsen,Ninomiya’80’8 1 Eichten,Preskill’86

Most Attractive Channel

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

Large N

Eichten,Peccei,Preskill,Zeppenteld’86
Karasik,Onder,Tong[2208.07842]

Anomaly mediated SUSY breaking

Csaki,Murayama,Telem[2105.03444]

Anomaly matching, discrete
symmetries and higher forms

't Hooft ’80  Bolognesi,Konishi,Luzio[2101.02601]
Bars, Yankielowitz’81

Alvaro Pastor Gutiérrez Ramz=u iTHEMS

Major challenges

Doubler and sign problems

Too naive

Finite N

Non-SUSY |imit

Not sufficiently constraining

Results

Color-flavor-locked IR with <X¢>

If confinement, no dSB

Conformal theories for few N<13 and
tor larger, (X¥) and (XX)

Massless B ~ (xu¥) baryons with no

dSB, or color-flavor-locked phase



In conclusion:

Highly challenging and no good understanding of the IR
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