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— “UV complete”: well defined at high energies » Generalisation: Asymptotic Safety [Weinberg (1980)]
— theory remains predictive

— UV regime is perturbative!

— “exotic”
— known reliable examples away from d=4

— Perturbation theory? Strongly coupled?

Wish list: 4d, weakly coupled, renormalizable
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» scalars, fermions, gauge bosons

» charged matter beyond AF

» non-abelian gauge, Yukawa interactions, scalar self-interactions [Bond, Litim 2016 & 2018]

Still difficult to find an actual QFT! Perturbative reliability?

— known examples are variants of the Litim-Sannino model

(or equivalent theories) » ,
[Litim, Sannino 2014, 2015]

— at (Veneziano) large Nf,Nc there is strict perturbative control
UV FP guaranteed to exist to all orders in perturbation theory!

— 3 families of QFTs, all equivalent in Veneziano limit (triality)  [Bond, Litim, TS 2019]

SU(Ne) SO(N.) or Sp(N.)

Dirac, (LiSa) Majorana fermions

— no other simple theories under strict perturbative control [TS 2020 (PhD thesis)]
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Field SU(NC) UL(Nf> UR(Nf)

‘Quarks’ Ur N, Ny 1
VR Ne 1 Ny

‘complex Meson’ 1) 1 Ny Ny

[ — _i FAMVFAMV + ng 4+ Egh
+ Tr [¢ilDyp] — y Tr [ (¢ Pr + ¢' Pr) ¢] :
+ T [04010,0) — m? Te [616] — uTr [ploots] — v Tr [olg] Tx [676] 0.0,

single trace

double trace

— interacting fixed points under perturbative control

gauge sector (QCD)

LU

Yukawa (chiral!)
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Exact perturbative control

» Veneziano limit: Ngf. — 00 but Ny /N, = const.

» introduce ‘t Hooft couplings:

N, g? N, y? Nyu NJ% v
p— = au = — —
Y0~ (am)? M (am)? (4rr)? M= ()2
» small and tunable expansion parameter: € = % i _% < €< 00
2
C

» 1-Loop part of gauge beta function: By = 043 [%6 + O(Oél)]

» conformal expansion: o™ = ear,o + €2 anLo + € aNNLO + ...

2-loop gauge 3-loop gauge 4-loop gauge
1-loop Yukawa 2-loop Yukawa 3-loop Yukawa
1-loop quartic 2-loop quartic 3-loop quartic
[Litim,Sannino, 2014] [Bond, Medina, [Litim, Riyaz, Stamou, TS, 2023]

Litim, TS, 2017]
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Conformal Windows of LiSa

Gaussian is UV FP fully interacting UV FP

a.;?y?u?v # 0

Asymptotic Safety Effective

Confinement /Conformality
— 5 €min 0 €max

— disappears outside of UV conformal window [0, €max]

— determine € — (Nf, Ne)min

— determine why
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Computation

» obtain 8, at 4 loops, B, ., at 3 loops and evaluate g, ,,, =0
» 4 loop gauge, 3 loop Yukawa RGEs are known for all ren. QFTs
[Pool, Thomsen (2019)] [Bednyakov, Pikelner (2021)] [Davies, Herren, Thomsen (2021)]

» Quartic 3-loop: pure scalar and Yukawa contributions are known for generic theories
[TS (2021)] [TS, Jack, Osborn (2023)]

» missing: gauge contributions to 3-loop Quartic beta functions
» determine (finite N) in two different ways

— direct loop computation in LiSa

— use template RGEs, extract from literature
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» RGEs from counterterms, need to distinguish UV and IR poles (massless fields, no ext. momenta)

» Infrared rearrangement with mass parameter [Misiak, Munz, Chetyrkin, ‘94 & ‘98]
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A,—/ e

—
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DoD = —2 DoD = -3

— cut away finite terms systematically

— IR divergencies are regulated due to m%R A

— neglect numerator mass, include gluon and scalar mass counterterm

— only massive vacuum integrals remain, common mass parameter
— reduction formulas from LiteRed [Lee ‘12 & ‘13], 3 Master integrals @ 3L [Martin, Robertson, ‘16]

— 1o 75 ambiguity [Chetyrkin, Zoller ‘12]
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2" Method: Template RGEs

» template action with generalised fields, couplings:
LD~y ¢"Y — G Xabea 9" 0 99"

» RGE ansatz can be written down for such tensors

Bavea = €1 AabefAefed + €2 Tr [y*y°] Aebea + ¢3 Tr [?Jaybycyd} + ...

— all possible physics contained in tensor contractions, ¢; are universal

» fix coefficients from literature
» quartic RGE in gaugeless limit complete [Ts 2021] [Jack, Osborn, TS, 2023]
» gauge contributions, only for charged fermions

» reduction of TS due to gauge invariance

» use SM 3L results [Chetyrkin, Zoller ‘12 -‘13] [Bednyakov, Pikelner, Velizhanin ‘13]
and QED-like gauge-Yukawa theory [Marquard, Boyack, Maciejko ‘18]

— unable to fix all coeflicients, but enough to compute LiSa RGEs!



IV. Conformal window



How to probe the UV conformal window

» beta functions Bg,yu,v

. * .
— fixed point values o, , ,(€) from By 4o =0

10



How to probe the UV conformal window

» beta functions Bg,yu,v

. * .
— fixed point values o, , ,(€) from By 4o =0

— critical exponents {9, as eigenvalues of stability matrix M, =

(ay — ) =z (,uﬂ) P <0< 19273,4
0

0fx

80%/ a=a*

10



How to probe the UV conformal window 10

» beta functions Bg,yu,v

— fixed point values o, , ,(€) from By 4o =0
— critical exponents {9, as eigenvalues of stability matrix M, = 85 a
191' a.’L'/ Oé:Oé*
(ay — ) =z (,uﬂ) P <0< 19273,4
0

» typical shape (all loop orders)
By = O‘; [%6 + by (g,y,us 6)]
By = oy by(ag,y,u,€)

5u — bu(OCg,y,zu 6)

LD —uTr[plgplo] —vTr[¢pTo] Tr [¢T¢]

\

» “single trace”




How to probe the UV conformal window 10

» beta functions Bg,yu,v

. * .
— fixed point values o, , ,(€) from By 4o =0

L : . : 0
— critical exponents {9, as eigenvalues of stability matrix M, = B
9.

; Oy
(ay — ) =z (ﬂ) P <0< 19273,4

Ho

» typical shape (all loop orders)

o=uo*

LD —uTr[plgplo] —vTr[¢pTo] Tr [¢T¢]

By = 043 [%6 + bg(ag,y,u 6)] \

By = ay by(o‘g,y,ua €)

5u — bu(ag,yﬂu 6)

» “single trace”

/B'U — fO(ag,y,ua 6) _'_ fl(agay7u7€) av _'_ f2(ag,y,U7€) a2

v

. . N . “double trace”
— quadratic shape, up to two solutions o~ for each o, ,,
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Constraints on the UV conformal window

» strong coupling aj 2 1

— not the case, entire window weakly coupled

» vacuum instability: FP potential needs to be bounded from below
> 0 a, +a; >0

*
au

» FP merger: UV FP collides with another solution at €,,,x, both become complex

0.08

0.06

Oy

0.02

0.00

1l
\/
Y /
Y uv
LR
0.00 0.02 0.04 0.08 0.10 0.12

Qg

[Bond, Litim, Medina ‘20]

1 . . *
/ IR] — single trace merger in Qg o SYStem

191 (emax) =0

— double trace merger: two solutions «; for same o

193 (emax) =0

11

*
g,y,u
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0.05
' — RGE along relevant separatrix

0041 — Byt = Bg With a0 = g uw(ag)

— Expansion around Gaussian (weak branch)
Bg,eft = Z;il Ag(e) af;ﬂ

— complete € dependence up to Ay

0.03 +

— more consistency than Bg 4 4.0 = 0
— Padé and Padeé-Borel resummation in ay

— requires 432 RGEs
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conformal window in weakly coupled regime

conformal window around same size for 322 and 433 RGEs
increased consistency between conformal expansion and solving RGEs

double trace merger after loss of vacuum stability

vacuum instability or single trace merger

€max ~ 0.08 — 0.10

result valid for LiSa & Majorana models
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Summary 18

» conformal window in weakly coupled regime

» conformal window around same size for 322 and 433 RGEs

» increased consistency between conformal expansion and solving RGEs

. 0.15 S -

» double trace merger after loss of vacuum stability | TINTRUTRIN RN TR
\ N ™ h '\\. N -\ €71+
» vacuum instability or single trace merger T \ \ NN PN IR e
y g g ] \ NN NI \\:\-m
i NG .\\ \“\ e
Emax = 0.08 — 0.10 . N NN RO -
5 \“'\ : f"\ t“\' 65:—

Wi

» result valid for LiSa & Majorana models €t
(N, Ny) = (5,26), (7,39), (9,50), (11,61), ... o

E]_,_
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