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Gauge-fermion QF1s
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Strong beyond the SM
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Origin* of ' of Elementary Particles
scdlesiansy™ o

w2090 Gavat

1 .
S = EF“ F® 4 Lot + Loy + I

GAUGE BOSONS

ur = v
X
Answer to fundamental problems & puzzles in nature:
 Strong dark sectors: Dark Matter, ...

e Composite Higgs and Technicolour models

» Natural separation of scales (walking regimes)
Dietrich,Sannino[0611341]

Observational prospects:

e Cosmological phase transitions (chiral & confining) and GW signatures

11— Reichert,Sannino, Wang,Zhang[2109.11552
]_IbA 4 Beackmark Pashechnik,Reichert,Sannino,Wang[2309.16755]
o e Iso,0kada,Orikasa[0902.4050]
i Sl Iso,D.Serpico,Shimada[1704.04955
%0 17 /jim' e
0 X\\\ open the door to new non-perturbative new
10~ f.’:._x’/ 4 . ° o o o
SR R T physics and dynamics beyond QCD-limit!
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Charting the landscape S = /

1. Understand interplay of dynamics & their respective scales » phase structure
2. Extract fundamental parameters » phenomenology

3. Precisely determine the boundary between conformal & dynamical phases
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Charting the landscape S = /

1. Understand interplay of dynamics & their respective scales » phase structure
2. Extract fundamental parameters -» phenomenology

3. Precisely determine the boundary between conformal & dynamical phases

Tailored-made task for the functional Renormalisation Group ({RG):

e First principles non-perturbative approach

e Quantitative 875 F k [¢]

* Versatile: casily study large range of parameter and theory space

e Chiral limit with no difficulties
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Functional Renormalisation Group

+ Effective average action: [y |¢]
- Average action of fields over a k=¢ space-time volume

- Kadanoft’s block-spinning idea generalised to the

continuum limit

Flow equation:

[ 106, = [Doesi-asilo)  asiol= [owmorp T
* One loop exact
Pule) = [ J(@)o(w) = Wil — ASi o |
x Wetterich *89 e Non-perturbative

Il Dy lo) 5[]
k — () % °
k-0k Kk L— A o

IR cutoff scale: kK ~ T ~ (p)

+ Pedagogical introduction to fRG: Gies [0611146] + Review: Dupuis,et.al [2006.04853]

Mass-dependent
Analytic regulators

Versatile

Wetterich 93

Systematic schemes
UV-IR finite
Diagrammatic

Real-time formulation
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Colour continement and the gluon mass gap

Absence of coloured asymptotic states 6 , , . , ,
Massive spectrum of bound states (glueballs) 5t N.=3 Ny =2
[ = = (g3 ¥
4:- kCOIlme a NTcoanA C
+ tRG gauge-tixed approach to confinement: | g Sap QCD
3t

Fischer,Maas,Pawlowski [0810.1987] Cyrol,Fister,Mitter,Pawlowski [1605.01856]
- Gluon mass gap generated by quantum fluctuations

AA a
DY (02) = Zan(p) P +m2ap 1) = Zak(p) p?

- Bootstrap approach: uniquely defined confining solution via

existence of a global BRST charge Kugo, Ojima‘79

lim ZC(pQ) X (p2)"’ lim ZA(pQ) X (p2)_2"’
p—0 p—

0
with k ~ 0.58 sof e TN
5 ., @ 2.5;.— This work @ 1.01_— This work
+ New: “easy” confinement = 50t SN
— | — Cyrolet.al ‘16 — YOI —  Sattleret.al ‘24
¥ [ Q) .
: : | L5} | 0.6}
- Semi-analytical T ol ¢ Lattice = e Lt
~_ | Sternbeck, >~ M Zafeiropoulos,
oqe . . & 05F ¢ L 02L ¢
- Facilitate study beyond QCD-limit , ctal'l7 " etal °19
[ A A ....(.)I.l A A A .....i A A A ....il() A A A ....1.(')() o A A ....(jl.l A A A .....i A A A ....:.ll() A A A ....1.(')0
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Dynamical chiral symmetry breaking

x, (g Agqp ’\%u‘
Fk[@]D—/Aa(¢7ZS—P)¢)2+--- é)f,ch ‘E + b( +>O<

Stratonovich’57 Hubbard’59 Gies, Wetterich *01

 AUUEBQLL

Fukushima,Pawlowski,Strodthoff [2103.01129]

0.01F

Dynamical bosonisation and generalised flow equation
Pawlowski[hep-th/0512261]

v
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Phases of gauge-fermion QFTs

o Crticality for N, S 2: potential
confinement without dySB

10¢
5 i) (i i
St . (1) (1) (i) 4 S Ny 5 7.5: Locking
& L oo N e Very strong dynamics
\qa 1 = .. % (qualitative)
O !
<& 03¢ %0 o e No confinement without dySB
| Wa 175
| NC — 3 w e Evidence for new condensates
0.1

(iii) 7.5 S N; < Nf™: Walking

e Non-NGB bound states heavier
than glueballs

e Size of walking regime from

first-principles
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Precise determination of the contformal window

Gies, Jaeckel ’05 Braun, Gi1es’05°06

crit

a,gp : Critical strength of gauge dynamics necessary to trigger dySB

it NN, = 3) = 9.607 23
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N;IN, ~ 11/2

20

N,/N, ~ 3.22 = 0.15/N,

N;IN, ~ 3 — 1IN,

N;/N, ~ 312 = 2/3N,
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Li,APG,Vatani,Xu [to appear early next week]

Dynamics of chiral-gauge theories

Generalised Georgi-Glashow theories (purely chiral)

Georgl,Glashow’74 Raby,Dimopoulos,Susskind’80
Bolognes1,Konishi[1906.01485]

crit

SU(N.)|| SU (Ngen(Ne —4)) | SU (Ngen) | U(1)
p|| O 1 —(Ne —2)
X 1 N, — 4
Dyp 1 [ /Z¢ZAO +ZQZ)\C’) + Zy 7, Z)\O
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wal Uluwfé) (wa2 O-wal )

+f2 _
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Conclusions

+ Functional methods are a powerful and versatile non-pertubative tool

to investigate strong dynamics
+ Charted the landscape of gauge-fermion theories:

- New “easy” treatment of confinement

- Determination of fundamental parameters:

- my,, (o), m_, size of walking regime, ...

- Identification of new phases and resolution dynamics

- Precise determination of the lower boundary of the CBZ window:

N (N. = 3) = 9.607(23

And much more in [2412.12254] !
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‘Towards non-perturbative new physics

» Thermal phenomena:

* Order of phase transition at many flavour~ cosmological phase transitions

* Inhomogeneous phases in the chiral limit~» precondensation phenomena
APG,Pawlowski,Sattler[to appear]

- Phases of different classes of gauge theories

* More gauge-fermion: chiral, SUSY, ... Li,APG,Vatani,Xu[to appear] N f 10 ‘ :

* Scalar-gauge QFTs (supercooling, ...) Kierkla,APG[to appear]

- SM and beyond with functional methods

* new features & a framework for non-perturbative new physics

APG,Pawlowski,Reichert [2207.09817] Garces,Goertz, Lindner, APG[2506.15919]
Goertz, APG [2308.13594]
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‘Towards non-perturbative new physics

» Thermal phenomena:

* Order of phase transition at many flavour~ cosmological phase transitions

* Inhomogeneous phases in the chiral limit~» precondensation phenomena
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- Phases of different classes of gauge theories

* More gauge-fermion: chiral, SUSY, ... Li,APG, Vatani,Xu[to appear] N 7 10 __5" |

* Scalar-gauge QFTs (supercooling, ...) Kierkla,APG[to appear]

- SM and beyond with functional methods

* new features & a framework for non-perturbative new physics

APG,Pawlowski,Reichert [2207.09817] Garces,Goertz, Lindner, APG[2506.15919]
Goertz, APG [2308.13594]

Thanks a lot for your atention!
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tRG approach in QCD

Cyrol,Fister,Mitter,Pawlowski [ 1605.01856] 180 —
3
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Deriving tull correlation tunctions

Ntr

[ |®] = Z/ Fl(cq)ilmq)in)(l?) D, (pn) - @iy (p1)

0 0

F 1 n .« o o
g ( ®;,(p1) 0Py, (Pn)

Pryesbn) = [

Example: quark-gluon vertex and gauge coupling f-function

Tr |7, 0,0

‘ 1
atrl(cwwA) = 0O (Zil/QZ%D Gpap A 771) IR atgiWA — 1/2 | <_77A + 771?) 9oy A
T [72] 2% 7, 2
| S 0,7y, 0,2 0%
with anomalous dimensions 7¢;, = 7 7
i D
- . Diagramatic flows to be computed
or —o——-a(_ € + L\ ) - '

&5F§CAA) — 0, ovovoRe™ }3;.(’{}“‘%@%?_@:’ \:‘)'W"—’WQUW) ({%F](fwA) — ati— 5t( @ - é — é )
® .-
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(GGauge symmetry in the RG tlow Asfo) = [ oo

p

+ Gauge symmetry at the quantum level & Slavnov-Taylor 1dentities (STIs) & In the presence of a cutoff derive the

Becchi[9607188],Bonin1,D’ Attanasio,Marchesini’95 Ellwanger[9402077]

modified STIs (mSTIs).
/ oI  oT ) / 0Tk 0Tk _ oo pii g 52T, [@, O] ®; ={Aucc ...}
— — I 1) : .
» 0Qi(x) 0P; () » 0Qi(2) 09;(z) SR I% 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.

+ Under control: quantitatively and qualitatively Pawlowski[0512261] Gies[0611146]
- Dewiation from the STI can be checked along the RG-flow Pawlowski,Schneider, Wink[2202.11123]
- Gauge mvariant flow equations and field transformations Ihssen,Pawlowski[2503.22638] Morris,Rosten[0606189]

Wetterich[1607.02989]
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Fischer,Maas,Pawlowski1[0810.1987]
Cyrol,Fister,Mitter,Pawlowski [ 1605.01856]

Yang-Mills phases and continement

B 1000F CQ50 SRR '
[ (p%) = Za,k(p) (p T mA,k) s = 9
| 10f < P o= | ®©
+ Mass gap as a dialing parameter = | 102 10" 10710 107
k7Y S
+ Conﬁmng solutions: + Non_conﬁning solutions: Q? 0.10 \
T
. [~
- Scaling - Coulomb phase 0.01
: 10712 10-1 1071 10~
- Decoupling - Massive Yang-Mills 5 5
T 4 (AUV) — My scaling (AUV)
0.6P ® Oeoosthmn
[T T i o5t
o C\{A3 .. ............... e, E 3 ‘\" 'E' 0.2 1] ———rrrrr———r—rrrrrr——r—rrrrr e rrrrr—r—r—r
5F \‘.} ‘31 L 04F o020} ® 8
al : - 2% == % 0.19) ¢’
= p4 : : = 1} 2 03fF & @
3t : - 0 S = 0.18}
— gy E R 028 = 017 ooms
. - v/, | 1};::3% - ! 10—12 101 10—10 10—9
) OKA(?C et , E Eun.'"."'----.,__,___u 0.0 ] - ol - ol - ol -
OF'—-?-qinrarill-i“' i 1 L .z 10 - . 100 r— 10~ 12 101 10~10 10~
' 2 2
k T 4 (AUV) o mA,scaling (AUV)
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Dynamical chiral symmetry breaking

: Oég)\4¢
0y X 5,5 1 % g XX
\
Aep = Agpk? , 5)\SP = 0 — 2)\sp + diagrams

8t)\4¢ X C1 043 -+ C9 Oég)\4¢ -+ C3 AZID

oz;rsi% — min {ozg Brep <0 V)\SP}
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Dynamical chiral symmetry breaking

1 _
S:/ ZFZVFSV—I—ﬁgf—I—ﬁgh—I—w”yuDM@D
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Dynamical chiral symmetry breaking

1 - _ _
F:/ ZFZVFSV + Lot + Lonh + 7y, D, 4+ ) (¢T¢)2—|—m (¢T¢)3+...

>4
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Dynamical chiral symmetry breaking

1 —
FSVF:}V +£gf+£gh + 97Dy + A (¢ T¢)2+m (¢T¢)3+

SCTT
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Dynamical chiral symmetry breaking

1 o ]
FMVF,L“/ —|—£gf +£gh _I_ww/lu uw —|—)\ T 2—|—/ﬁ} (¢T¢)3+

g Ada)

SCTT B

Alvaro Pastor Gutiérrez iTHEMS 21/14



Dynamical chiral symmetry breaking

I — / FSVF:},,—I-ﬁgf—Fﬁthrw”m A (BT (T 5.

g Ada)

ST X
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Dynamical chiral symmetry breaking

I — / FSVF:},,—I-ﬁgf—Fﬁthrw”m A (BT (T 5.

g Ada)

LT X

From bosonisation we learned:

Oy

Resonant channel

[Landau pole? <(¢w)2> N<¢¢>—1 — 3 )\ (X 1/mé
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Dynamical chiral symmetry breaking

1 — _ _
F:/ ZFSVF:LLV + Lot + Lon + Uy, Dy + ) (¢T¢)2—|—m (¢T¢)3+...

o )\4'1;5

2 ‘
a C Ay

Resonant channel

From bosonisation we learned:

> .
| Landau pole? () ~(gg) ™ —> Ao 1/myg
P ¥SB — (A = 00) = (my = 0) ay
| Critical point, infinite correlation length —4
o
I Higher dimensional operators carry information
xSB .

of bound states formation and dySB
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Emergent composites

B 1 a a o~ a 1 a n 7, 2 7. a
I :/x ZFMVF,UJ/ + (a,uc )D,ubcb | 2€ (ﬁﬂA,u)z + w [(WMDM)} w — A [ (w T]9 w) T (w 17Y5 Tf w)Q} T ...
Stratonovich’57 Hubbard’59 Gies, Wetterich 01

Pawlowski[hep-th/0512261] Fukushima,Pawlowski,Strodthoff [2103.01129]
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Emergent composites
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Emergent composites

B 1 a a —a ab b | 1 a\2 7 7 0 -~
F = [ JFAE + @u)DR + 20,407 +0 [ (D)) ¥ - A [ (DT v)
Stratonovich’57 Hubbard’59 Gies, Wetterich 01

Pawlowski[hep-th/0512261] Fukushima,Pawlowski,Strodthoff [2103.01129]

i 1 1 _ S
D= [ FaE + 0D + 50,47 + D[ (WD) +m(@)]v |0 = (0.7
_ 1 N n
+hip (TPo + iys TEn®) o + = (0,0)” + V(¢%) | +... =N\, [
2 V(9®) = ; o (?)
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Dynamics in the chirally broken phase n~.=3 v;=2

+ Flows computed: {hv V(¢)a Linps Ly )\i} B N s ——
L 0.4

. . . . . . [ 0.3 ) ) : - O« T oY
+ Continuous interpolation between chirally symmetric = 102 - : A ¢
é 1.0 O:O g 7'("‘ 'I7r
< |
s '.

and broken regimes 0% 10010 100 100

+ A clear and precise way to diagnose ySB

| I S I
05 10° 0001 0010 0100 1 10

k [kXSB]

+ Obtaining fundamental parameters

- Constituent fermion masses: n,,

- Chiral condensate: (o) ~ f,

- Composite masses of bosonised channels: m_, m_

+ Account for higher dimensional fermionic operators

via higher-order scalar potential:

- Non-perturbative effects and higher precision
Alvaro Pastor Gutiérrez iTHEMS 23/14



Dynamical bosonisation

Alvaro Pastor Gutiérrez iTHEMS
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Near-contormal scaling and A ;
Conformal-dynamical phase transition
o . -J: b
| ___ log|kwan/Auv] 70.010.10 1 10 100 1000 10*
—10¢ "
—0 Walking Length of walking regime from first principles:
_30; \3\1\ //% 74
: \ B %0 %o
—40} _ 20 ———
In|kysB/Auv] ~ const + 2.78 In AN}:rit :
10 10 10* 0.001 0.010 0.100 1 =
cri ~C
N = Ny <1 10}
= |
SHR]!
Miransky, Yamawaki [9611142]  Braun,Fischer,Gies [1012.4279] — :
Miransky [9812350] Braun,Gies[0912.4168] [
0L y o
5 10
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Boundary of the conformal window: systematics

1.2-I | | | | | | | | | . | | | | | |

.
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Comparison to perturbative methodology s

Dietrich,Sannino[0611341]
Ryttov,Shrock[1608.00068]
Appelquist, Terning, Wijewardhana[ 9602385

Oy, 0 _(9t (TfQ Fl(fw)(pQ — ())) l ] Hasenfratz,Neil,Shamir,Svetitsky, Witzel[2306.07236 ]
_ Ja, C _
=)+t =
s
1.5}
dySB when |%§,P| > 1 |
g*
e But which exact value? . 1 ol
| Imprecise -
e And which yV?
0.5}
From the fRG prediction:
Yy ot (N]?rit) = 1.49 | Strongly coupled CFTs? 0.0}

(N§™) = {0.58, 1.05, 1.08, 2.64}

\——\/-J

2- and 3- loop results should be used

L)
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|arge N; scaling

2.0¢
C[L | | BT = o o o ’;‘. —_—
2 1.5 & single Y multi 10-4 *os,
n | 10-8| %
U>)< 1.0' 10—12,
~ - Y .
EOS' 1 23456789
N I
< [ o ®
~=  0.0F O 000 0 0 o
~ .
‘200 ——
~ | ¢ single % multi 91 L IR
_~Z 15t 6 %e
L’g | 1011. %
< 10} N
\q_‘ 05 1 23456789
o VIF
o L
U 9
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Diftferent tensor structures

100
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1

0.100
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0.001
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