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Objectives

o 1) To better understand the possibility and conditions for asymptotically safe 4D
gauge-matter theories without gravity.

(beyond weakly-interacting fixed points: requires non-perturbative analysis!)

o 2) Take asymptotic safety as guiding principle for BSM model building and investigate
pheno-viability.
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Asymptotic safety for particle theories, BSM physics, and supersymmetry

o Valuable for model-building applications addressing BSM phenomenology®.

(Related: see e.g. talks from Simone, Moritz, and Enrico)

o New SUSY framework for BSM physics, from asymptotic safety:

physically motivated: UV completion beyond asymptotic freedom.

highly predictive and falsifiable.

e Why supersymmetry?2

Exact theorems constraining physical theories,
— Infinite-order beta functions,
— Uniqueness of fixed points, etc.

@ Concrete model towards BSM physics: AS MSSM extensions look promising at LO [Hiller
et al., 2022].

1[Bause et al., 2022; BiBmann et al., 2021; Hiller et al., 2019a,b, 2020; Kowalska et al., 2017] and many more
2[Intriligator and Wecht, 2003; Novikov et al., 1983; Seiberg, 1995] and more
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Matching between SM and AS MSSM extensions at LO
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Fig. 1: Matching at LO of UV-complete supersymmetric theory with the SM. Extracted from [Hiller et al., 2022]
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General two-loop gauge beta functions

o Gauge beta functions w/o Yukawas in general QFTs, gauge group G = []; G;:
Bi = af (=Bi + Cjay) + O(a*). (1)

— Necessary for UV interacting FP: at least one B; < 0.
- From [Bond and Litim, 2017]: B; <0 = (; > 0.

— Without Yukawa couplings, interacting FPs (Banks—Zaks-type) can only be IR!
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General two-loop gauge beta functions

o Gauge beta functions w/o Yukawas in general QFTs, gauge group G = []; G;:
Bi = o} (=B; + Gjay) + O(a’). (1)
— Necessary for UV interacting FP: at least one B; < 0.

- From [Bond and Litim, 2017]: B; <0 = (; > 0.

— Without Yukawa couplings, interacting FPs (Banks—Zaks-type) can only be IR!

@ Yukawa sector comes to rescue:
Bi = Bi = of (= Bi + Cjoj — 2Djo;) + O(a) 2

with D > 0 = interacting UV fixed points possible!

o Consistency condition in SUSY: at least one gauge sector has to remain UV free [Hiller
et al., 2022].
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Family of template models for asymptotic safety in particle physics

@ Minimal models: semi-simple SU(N;)xSU(N2) SYM theory (A = 1).

o Matter content: chiral superfields (i, ¥, x, Q) with

Chiral superfields v¥; vr ¥ Yr xr Xr Qr Qr

SU(N7) o o o o 1 1 1 1
SU(N>) 1 1 O O O o O O
multiplicity NF ]\/Tp N\p N\p ]V[: NF IVQ NQ

Fig. 2: Chiral superfields and their gauge charges and flavour multiplicities.

o Interaction given by Yukawa superpotential W[y, W, x] such that

W =y TrlVixe +YrYRXR] -

o Family of theories characterized by field multiplicities (N1, N2, Ng, Ng, Ny).

— For simplicity, we take Ny = 1. Details in [Bond, Litim, GP, 2025].
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FP structure of the theory

cauge
) " b) "
G BZ/GY G BZ/GY
c) [ | d) |
G _ BZLGY G _ G\;

- gauge

Fig. 3: Schematic flow diagrams for the gauge couplings in all

Fig. 2: lllustration of the 7 fixed points that may scenarious:
show up in such theories:

— a) and b) represent asymptotically free theories,

— the free Gaussian (G) FP, in gray,

— ¢) represents effective theories, and

— the 3 interacting Banks-Zaks (BZ) FPs, in magenta, and

— d) represents potentially asymptotically safe theories.

— the 3 interacting gauge-Yukawa (GY) FPs, in cyan.
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Parametrising theory space

o Rescale couplings with Ny and N> as

2N 2N 2N
g & y*Ny @)

T G T @ YT (@me

o (3; and ~; can be rewritten in terms of (R, €, P), where

one-loop coeff. of SU(N>)
one-loop coeff. of SU(N;)

N
R:— 2

= € := one-loop coeff. of SU(N;), and P :=
1

©)

o Notice: asymptotic safety requires P < 0 (Gaussian is RG-flow saddle)!
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Parametrising theory space

o Rescale couplings with Ny and N> as

2 2 2
81 Ny 5] N» YNy
= , = , = ) 4
T G T (@ YT (@) “)

o (3; and ~; can be rewritten in terms of (R, €, P), where

one-loop coeff. of SU(N>)

g e
one-loop coeff. of SU(N;)

= € := one-loop coeff. of SU(N;), and P :=
1

©)

o Notice: asymptotic safety requires P < 0 (Gaussian is RG-flow saddle)!

o Positivity of (N, No, Ng, Ng) translates into 0 S R < 3.

Large-N Veneziano limit: (R, €, P) become continuous.

Strictly perturbative |¢|, |Pe| < 1 limit: 1 < R < 3 instead.
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Regions of existence and relevancy of FPs at LO

Results from [Bond, Litim, GP, 2025]:

0

e 8 4 complete asymptotic freedom
3 E’ (eps < 0, P > 0)
! G Bzl B22 B2l12 GYL GY2 GYI2 0y
1 A - 1-—- 2-—+ 3—++ S5—++ 6-++ 7+++1 AF 3 7
2 B - 1--- 2--+ 3-—+ 4-++ 5-++ 6-++ T+++1 AF 4 7
3 NcN - [deaa RS set 5-++ 6-++ 7T+++1 AF 2 7
P 4 D - 1-—- 2——+ 3—++ S5—++ 6+++ 1AF 3 6
5 E - 1--- 2-++ 3——+ St44 6-++ 1AF2 5
8 § o asymptotic safety or effective
8 E‘ ) theories (P < 0)
G Bzl Bz2 Bzl2 GYl GY2 GY12 0y
6 F - 1--+ 2-++ Skt 7+++5 AS 2 7
7 G - 1--+ 2-++ S+++ eff. 2 5
8 H - 1-—+ 2-++ S+++ eff. 25
3 9 F + 1--+ 3-++ 6+++ eff. 3 6
10 6 + 1--+ Beiis 6-++ 7+++6 AS 3 7
R 11 H + 1--+ 3-++ 6+++ eff. 3 6

Fig. 4: Parametric conformal windows and relevancy of all FPs in LO.
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Effect of finite € on conformal windows at NLO: GY;

W Pr>0B,>0
WP>0B8<0
P<0,By>0

[1P<0.By<0

ce=0

Wec<0.P>0B,>0
1 Wc<0P>0B,<0
[Je<0,P<0,By>0
[Je<0,P<0,By<0

- e=-05

—e=-1

Fig. 5: Parametric conformal windows of the GY; fixed point at LO and NLO.
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LO vs NLO vs infinite-order conformal windows

0 2
UV conf. windows
-0.25
L5
-0.5
P -1 R 1
[T LO result
2 [ NLO result
Infinite-order resul
[ Infinite-order result 0s
-4 ++ Unitasity
== Asymplotic safety
— Field multiplicities
—co
0
0 0.5 1 L5 2 -3 -2.5 -2 -1.5 =1 -0.5 0
R €

Fig. 6: Comparison of LO, NLO, and infinite-order GY; conformal windows projected on the (R, P) and (e, R) planes.
Constraints resulting in each boundary are identified.

=] 5 = E == DA
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Effect of finite ¢ on conformal windows at NLO: GY»

o
€
1 1
HWPr>08>0 [ unphysical
W P>0B <0 W P08 >0
P o P o
M unphysical [lPr<0B <0
e e
.- e=05
-1 -1 —e=1
0 05 | 15 2 25 3 0 | 2 3 4
R R
Fig. 7: Parametric conformal windows of the GY fixed point at NLO for various € > 0.
gauge
A
e) i)
G BZ/GY G BZ/GY
¢ s ¢ s
gauge
Fig. 8: Unphysical flow diagrams.
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Application: model building for BSM physics

@z
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Fig. 1, again: Matching at LO of UV-complete supersymmetric
theory with the SM.

Fig. 9: Higher-order effects raising the matching scale pgy.
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Non-perturbative approach: Closed infinite-order 8 functions

@ Gauge NSVZ infinite-order 3-functions [Novikov et al., 1983]:

2a%
Np(1—2 No(1 — 2v¢) — 3M1]
Flon) [Ne( ) + Na( ) 1]

B1=

2
gy = 2% [NE(L — 29x) + Ni(1 = 29y) + No(1 — 27q) — 3N2]
F(a2)

where F(a) =1—-2Cfa
@ Non-renormalisation theorem for Yukawa superpotential:

By = 2ay (vy +vw +1x) -
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Non-perturbative approach: Closed infinite-order 8 functions

@ Gauge NSVZ infinite-order 3-functions [Novikov et al., 1983]:

81 = 20 [NF(L = 27) + No(1 — 27y) — 3N
YT Flag) RV T SRR T A a
2
gy = 2% [NE(L — 29x) + Ni(1 = 29y) + No(1 — 27q) — 3N2]
F(a2)

where F(a) =1—-2Cfa
@ Non-renormalisation theorem for Yukawa superpotential:

By = 2ay (vy +vw +1x) -

@ a-maximisation [Intriligator and Wecht, 2003] provides infinite-order ~;.
o Notice: exact treatment does not provide access to a or 6;!

o Partially interacting fixed points: we can still define

BFP .— _ Bi
i,eff alg Fp
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Interlude: a-maximisation technique

o Relations between R-charges (Ry, Ry, Ry, Rg):

Anomaly cancellation conditions for each gauge sector:

SU(N]_) : (Rw 71)NF+(RW71)N2+N1 =0 (7)
SU(N2) : (RX—l)NF-I-(Rw—1)N1+(RQ—1)NQ+N2=0. (8)

R-charges from superpotential:
Ry + Ry + Ry = 2. 9

Solve for remaining DoFs maximising the ay;,-function:
3
avial({Rx}) = 2 Z nx(3R%x — Rx). (10)
X
where nx is the multiplicity of the chiral superfield X.

GY3 has two DoFs left, needs to be solved numerically.
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Example: GY1, R-charges

73(N1+J\/27NF)ZNF((leNF)ZngfNé)szNQsgn(szNl)A(GYlg)
(No=Np)((No+Np)Ni—(N2—Np)?) NG +(Ni+No—Np)3Nj

No(=3Na(Ny— Nyt Np)2No+Np sgn(Na—Np)A(GY 1))

(Na—Np)(Ne+ Np)Ni—(No—Np)2) NG+ (N + Na—Np )N
(N?—(Ny—Np)?)((N2—Np) N3 +(N1+Na—Np)?Np)+No(Na— Np) sgn(Na—N1)A(GY 1)

X (N2=Np)((No+Npg) N1 —(No—Ng)2) NG+(N1+No—Np)3 N7,
(N1+No—Np)(3No(N1—No+Np)2No—Npsgn(Na—N1)A(GY12))

(Na—Np)(No+Np) N1 —(No—Np) ) NG +(N1+ Na— Np) P N7

Ry =

Ry =

, and

RQ:1+

)

where

9A(GY12)? := Ny (9IN?—(17N5 =36 NoNp+19NE) N1 +2(No— Np)? (4N2+5Np)) Nj+
—(N1+Na—Np)3(9(N1—N2)*+9(N1—No)2Np— 10N, N2) .
o With R-charges: v7x = %RX —1.
o Unitarity: yx > f% for every X.
@ Notice: Taylor-expand in ¢ = ~yx at all orders!
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Infinite-order UV GY;7 vs IR GY15

@ How to check whether GY15 is IR
and physical?

@ Similar scenario for UV GY5.

o Define imbalance parameters:

B
L= ‘—2
By

B
and b = 1
B>

. (11)

Fig. 10: Projection on the (€, R)-plane of the infinite-order conformal
windows of the UV GY7 and of GYj5.
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Imbalance limiting conformal windows of UV interacting FPs

— By >0

— Unitarity
— I <1

— Unitarity

—hL<l1

— Pos. of Ns

€
Fig. 11: Projection on the (€, R)-plane of the infinite-order conformal windows of UV GY; and UV GY3, respectively.

5
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MSSM extensions

o At LO, AS requires extra ingredients [Hiller et al., 2022]:

— 1) Extra matter content cf.:

Superfield SU(3)c SU(2)L | MSSM | Extension I Extension II Extension III
quark doublet @ 3 2 3 3 4 4
anti-quark doublet Q 3 2 0 0 1 0
up-quark u 3 1 3 3+ ny, 3 4
down-quark d 3 1 3 3+ ng 3 4
anti-up-quark u 3 1 0 Ty 0 0
anti-down-quark d 3 1 0 ng 0 0

lepton doublet L 1 2 3 3+ng 3+ng 4+ng,

anti-lepton doublet L 1 2 0 nr nr, nr,
lepton singlet @ 1 1 3 3 3 4
up-Higgs H, 1 2 1 1 1 1
down-Higgs Hy 1 2 1 1 1 1
gauge singlets S 1 1 0 0 ns 0

— 2) New R-parity violating terms of the types \i*d; Q; L, and X'k i1; Q; L.

o From MSSM Yukawa sector: Wissm = y»d3 Q3Hy + y: iz Q3 H.

@ For now, focus on extension class |.
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Partial results
@ SU(3) should remain UV free (saddle Gaussian): n, + ng < 2.

e Varying (ng, ny, n.) with different Yukawa superpotentials: O(10°) different models.

— Previous result: 114 different models indicating AS at (2,1)-loop order were found! oy was a
relevant direction [Hiller et al., 2022]

— Now: at both (3,2)- and (3,3)-loop order, all 114 positives were spurious, ap remains
irrelevant.

B a?
jectory
0.0251|| @® IR fixed point 4
@ Gaussian FP A
- -~ SM trajectory - —<— A
0.020 = 4} 0.00} e >» (i3
—— e 0.1 0.2 0.3 0.4 -

|
|
%

~ 0015 - § Ut
=) — B
\. £l -0.04
7 RG 4
0.010 —_— [ OWS:
—— I -0.06
\ Matching s . g Aor
ooos| S~ ~ it _0.08 (2,1)-loop order
- Siandard Model i _0.10! — (3, 3)-loop order
Gauss uv1 :
0.000 Y
0.0 0.1 0.2 0.3 0'4 05
o

Fig. 12: RG trajectories between GY3 and GY»3 at (2, 1)- and (3, 3)-loop order.
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Perspectives for AS of the MSSM

Actually, the 114 models had imbalance / > 1, AS expected to be spurious.

o Imbalance:
1+ ng

f= -
37(nd+nu)

<1 iff ng+ny+n <1! (12)

— Worth revisiting at higher-orders, including R-parity violating MSSM!

— Extensions class 2 can also have | < 1.
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Perspectives for AS of the MSSM

o Actually, the 114 models had imbalance / > 1, AS expected to be spurious.

o Imbalance:
1+ ng

f= -
37(nd+nu)

<1 iff ng+ny+n <1! (12)

— Worth revisiting at higher-orders, including R-parity violating MSSM!

— Extensions class 2 can also have | < 1.

o Alternatively, relax restrictions on Yukawa superpotential.

— “Non-natural” Yukawa beta functions can arise!
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Non-natural Yukawa beta functions

o Consider chiral superfields (A, B, C, D, E, F) with a superpotential
W = y1ABC + y»ABD + y3EFC + y4EFD .
Then,
C

) D X YayyY3-

E

O

S
F
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Non-natural Yukawa beta functions

o Consider chiral superfields (A, B, C, D, E, F) with a superpotential
W = y1ABC + y»ABD + y3EFC + y4EFD .

Then,

E
By D D O C Y2YaYs-
B F

@ The one-loop Yukawa beta functions read

1 *
By, = Jrop (13l + 3lyal® + lysl®) + vayiys — 1 A1),

—
—_

By, = n? (y2(3ly2l® + 3l + [ya|*) + v1y3ys — y2As),

—
—_

Bys = 1) (ysBlysl® + 3lyal® + [1]%) + yayswn — ysAs),
1

By, = @2 (yaBlyal® + 3lys® + lyal®) + ysyiye — yaAs),

—

where A; are factors linear on the gauge couplings.
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Summary and future directions

o Brief summary:

— Perturbative and non-perturbative computations can be combined to better understand the
strongly coupled regime of asymptotically safe theories.

— Low imbalance parameter seems essential to flip IR free coupling towards relevancy in
partially interacting FP.

— AS MSSM extensions at (2,1)-loop order represented spurious results; ao becomes irrelevant
once again at higher orders.

@ Some of the work in progress:

— Proof for low imbalance requirement in more general settings?

— Revisit RPV-MSSM extensions with low imbalance parameter at higher loop order.

— Relax restrinctions on Yukawa superpotential, in particular with non-natural terms in Yukawa

betas.
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Parameters defining the family of theories

@ Theory characterized by field multiplicities (N1, No, Ng, Ng, Ny ), with couplings

a1 = Nip (%)2 and o, = Np (ﬁ){ (14)

where g1 > are the usual gauge couplings.

o Physical quantities will be functions of (R, ¢, P, Ny), with

_& €__N,l:~|>N\yN273N1 _&NF+NQ+N\UN173N2

R = , , and P := s (15)
Ny Ny Ny Ng 4+ Ny Ny — 3N;
where (R, €, P) become continuous in the large-N Veneziano limit.
o Positivity of (N1, No, Nr, Ng) impose
3+e€ 1-RP
R>0, R< , d R>1 16
N o (5w ) (1
which, in the strictly perturbative limit |e[, |Pe| < 1, reduce to
- 3
P = finite and 1<R<N— (= Ny =1or2l) (17)
v
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