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@ Asymptotic safety framework
© Predictions and robustness in U(1)" extensions
© Dynamical mechanism of small y, from asymptotic safety

@ SMEFT coefficients from Asymptotically Safe Gravity
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Asymptotic behaviour of the couplings

Coupling Values
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B UV complete theory: all the couplings approach a fixed point
= The theory can be extrapolated to arbitrarily large energy scales
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Predictions and free parameters

B Fixed point: where all the couplings stay constant with the changing scale
- Bi({g:h) =0

B Linearized flow equation near the fixed point

— Stability matrix: M;; = 9Bi

= B, — {6;} Critical exponents

{97}
( 0; >0 0, <0
IR uv IR uv
repulsive free attractive attractive iction  _ repulsive
\ parameter
Relevant couplings are free Irrelevant couplings provide
parameters of the theory predictions
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Asymptotically safe gravity

. . . . i o 1 A i
Einstein-Hilbert action: I'y = 57 [d*z \/g(A — R)
B dim(Gn) = —2 — Perturbatively non-renormalizable:
B Infinitely many counter terms — no predictivity
Reuter, Saueressig, hep-th/0110054
Asymptotically safe gravity:
B feature interactive UV fixed point
Reuter '96, Reuter, Saueressig '01, Litim '04, Codello, Percacci, Rahmede '06, Benedetti,
Machado, Saueressig '09, Narain, Percacci '09, Manrique, Rechenberger, Saueressig '11,

Falls, Litim, Nikolakopoulos '13, Dona’, Eichhorn, Percacci '13, Daum, Harst, Reuter '09,
Folkerst, Litim, Pawlowski '11, Harst, Reuter '11, Zanusso et al. '09

B finite number of relevant directions

— retains predictivity
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Functional renormalization group

Ry, : regulator
I'; : scale-dependent

. . effective action
Wetterich equation: k 0,y = %STr (Fk(g’fé“k) I
. Gies, hep-ph

B Wilsonian integrating out the fluctuations within a
momentum shell near p? = k?
=—> Free of UV and IR divergencies

B interpolates between bare action and quantum
effective action

B Vertex expansion of effective action: C2
Te[@] = ¥,y ¢ O[]
= k Bka = ZnEN ,Bcn (9(@)

— Beta functions are obtained through suitable
projection

Ty—o=T
C1
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Gravity affects matter

B Leading order gravity correction to beta functions of gauge ({¢}) and Yukawa couplings

(fuh): v

N SM+NP _ e tvzl-: %) R )
By = Y fo(GT A" g universal corrections

_ RSM+NP R
By—ﬁy — fy(G*, A"y
Daum, Harst, Reuter '09, Folkerst, Litim, Pawlowski '11, Harst, Reuter '11,
Christiansen, Eichhorn '17, Eichhorn, Versteegen '17
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Gravity affects matter

B Leading order gravity correction to beta functions of gauge ({¢}) and Yukawa couplings

(fuh): v

By = BN — [, (G g

_ RSM+NP R
By—ﬁy — fy(G*, A"y
Daum, Harst, Reuter '09, Folkerst, Litim, Pawlowski '11, Harst, Reuter '11,
Christiansen, Eichhorn '17, Eichhorn, Versteegen '17
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universal corrections

An example of this computation:
A. Eichhorn et. al. 1707.01~107. 1604.02041

Sx o Ty L Gy (1—4A%)
fo(G, AY) = m

S Ry o O (—B6A** 1034242358 —96)
fy( N» A ) ~ IQW(SA*—IOZ\*+3)2
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Gravity affects matter

B Leading order gravity correction to beta functions of gauge ({¢}) and Yukawa couplings

(fuh): v

By = BN — [, (G g

_ RSM+NP R
By—ﬁy — fy(G*, A"y
Daum, Harst, Reuter '09, Folkerst, Litim, Pawlowski '11, Harst, Reuter '11,
Christiansen, Eichhorn '17, Eichhorn, Versteegen '17

Potential consequences
B Reduce Standard Model free parameters.

(e.g., Eichhorn, Held 1707.01107, Shaposhnikov, Wetterich 0912.0208)

B Predict New Physics couplings.

(e.g., Kowalska et al., 2209.07971, 2012.15200, 2007.03567)

B Address problem of naturalness.

(e.g., Resurgence mechanism by Wetterich, Yamada 1612.03069)
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universal corrections

large theoretical uncertainties

An example of this computation:
A. Eichhorn et. al. 1707.01~107. 1604.02041

S Ty L Gy (1—4A%)
fg( >I]<\77A*) ~ m

S Ry o O (=564 10347242358 —96)
fy( N» A ) ~ IQW(SA*—IOZ\*+3)2
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Predictions and robustness in U(1)
extensions
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Prediction of New Physics couplings

: _

B U(1) extensions: IX = e
1 1

LD =4 BuB" — 3 X XH — 5 By XM 9e = —ita

+if (3“ —igyQyB* — ig’QXX“) Yuf
B Typical experimental constraints = MNPO
fq determines gx and g.

gx #0and g7 #0
— Predict Myp.

AC, W. Kotlarski, K.Kowalska, D. Rizzo, E.M. Sessolo 2209.07971

0.6
8 step 1 determined from 100 i
. *  Best-fit (Model 2) S the matching tHe 7T,
20 region 0.5 ] T ’]‘ 050 o1

gy (hEW)

407 B 1o region @ -
) 9 /— 020 Model 2
3 lumversamy 010
s w
2 ‘-.’ reference /x— ok _4rﬁ 005 esTer
= 24| S— )

9x(mew)
prediction step 2 0.02
" 001
o 20 40 60 80 100
i 3 3 i 5 Ew 1000 2000 3000 4000 5000 6000
mz/gx (TeV) Log"][l_‘/cev] mZ‘(Gev)
3
dg_y — ﬂ 9y Fogy
dt 6 167r2 79
MU, 1
9X X
=1 — fe9x
dt 1672 g
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Prediction of New Physics couplings

m Uy extensions:
L>-1iB,B™ —1X, XMW _ £B,, XM
+if (3“ —igy Qy B" — lg’QXX“) Yuf

B Typical experimental constraints ~ 7%-0.
H NP
[y determines gx and g.
AC, W. Kotlarski,
o6 tep 1 determined from
" % Bestfit (Model 2) My, — 5Py the matching
20 region 0.5 . T \/ﬁ
@’ V6
0.4 ﬁ
gy (new) universality
sference 0.3
reference — s T
’ 1
gx(uew) oo )
prediction step
o lE\ v 20 40 60 80 100
mz/gx (TeV) Log,o[x/GeV]

How robust?
(Kotlarski, Kowalska, Rizzo, Sessolo 2304.08959)

— perturbative regime — stable under higher loop corrections
— stable relative to arbitrary Planck scale

Abhishek Chikkaballi

0.10
w

_ g
9x = V1—e€2
— €9gy
9e = 1—€2

gx #0and g7 #0

— Predict Myp.

K.Kowalska, D. Rizzo, E.M. Sessolo 2209.07971
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Dynamical mechanism of small y,
from asymptotic safety
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Tiny mass of neutrinos

Dirac neutrino:
ﬁD = —yll;jI/R7i (HC)T Lj + h.c

e my = 791:}%H

tiny y,

Majorana neutrino:

Lyvy=Lp— M%VR’iVR,j + h.c

0 mp diagonalize 2
— M1 M2 = mp
mp My

l/'UH)2

My

seesaw mechanism (y, ~ O(1) )

= m, = W)

B I —

— W%

L Yr

[ @ ———— Yu

L] Ye
Y Y, small Yukawa

Yi
8 Yb
Yr Yy
Yu
° Ye large Yukawa

Abhishek Chikkaballi 11/28



Standard Model + Right Handed Neautrinos (SMRHN):

_ 1 41 3
Bgy — 16x2 ﬁgy - fggY
1672 (ferie — fy)
_ Yt 9,2 17 2 2\ —~ crit y
By = 1o (397 = 9y Tv2) = fywe Yu(t, k) = \/e(fc,-n—fy)(mwzﬁ_z) +5/2
— e (32452 —3g2)
By, = 1652 (3uF + 52 — 19%) — fyuv
arrow points the flow towards IR K.Kowalska, S.Pramanick, E.M. Sessolo, 2204.00866
05
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Standard Model + Right Handed Neautrinos (SMRHN):

Bgy = ﬁ%gg - fggY
t 1672 ( ferit — foy)

Boe = vz (39 =~ 1395+ 92) ~ fywe yu(t, 1) ~ \/e(fc,-it—fy)(lﬁﬂsn_t)y+ 5/2

Bu, = 1z (397 + 500 — 19%) — Jyww

arrow points the flow towards IR
0.5 N T

MORSERNNY
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0.2 v/// =N\ - 1077k

K.Kowalska, S.Pramanick, E.M. Sessolo, 2204.00866
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Arbitrarily small Dirac mass without fine-tuning
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Connections to gravity: SMRHN

Eichhorn et.al. 1709.07252

1.4 ~
. 1.2f UV unsale trajectories ,_" /’
B IR attractive fixed-point at y; = 0 is a crucial 10  EETDEE
. . . . < 08
condition for this mechanism i.e. L free rajectories
~ —2 %2 3, %2 *
Oy, = 579y + 354" <0= gy #0 s -
N _ 02 1 100 10% 10% 10
fg( }kV? A*) ~ 0‘0097 RG scale k in GeV/
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Connections to gravity: SMRHN

Eichhorn et.al. 1709.07252

14 .
. 1.2f UV unsale trajectories ,_" /’
B IR attractive fixed-point at y; = 0 is a crucial 0 = edeive Ty
condition for this mechanism i.e. E Z‘: free trajectories
~ —2 %2 3, %2 *
Oy, = 579y + 354" <0= gy #0 os -
N _ 023 1010 102 10% 10%
fg( }kV’A*) ~ 0‘0097 RG scale kin GeV

— narrow range for (G%,, A*)
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Connections to gravity: SMRHN

Eichhorn et.al. 1709.07252

14 T
. 1.2f UV unsale trajectories ,_"_,/__,/,
B IR attractive fixed-point at y;, = 0 is a crucial 10 redetve Taectory
condition for this mechanism i.e. E Z‘: free trajectories
~ —2 %2 3, %2 *
ny =~ ?gy —I'- Eyt < 0 f— gY # 0 0.4 <
N _ 02 1 10" 102 10% 10%
fg( }kVaA*) ~ 0‘0097 RG scale k in GeV
~ ~ AC, K. Kowalska, E.M. Sessolo 2308.06114
= narrow range for (G, A*) I I
B An example of this computation 4 . }
SMRHN
A. Eichhorn et. al. 1707 01107. 1604.92041 " 3 }
e 7 G%(1—-4A%) 0 |
* * ~ N
fg( N’A ) ~ 471.(172]&*)2 2F /
1,=0.0097 J
. _ _ _ 1}
G R~ Gy (—56A*3—103A*24+235A* —96) PO———
fy( N> ) ~ = = P -10<f,<10°°
127 (8A*—10A*+43) ] S
-10 -8 -6 -4 -2 0
/"‘\*
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Connections to gravity: U(1)p_7, model

B Gauged U(1)p_r model: gx = 9Bt
LD 1B, B™ —1X, XMW — £B,, X - 1;
+if <5” —igyQy B" — igB—LQB—LX“) Yuf Je= e

B [R-attractive fixed-point at y;; = 0 is possible even = gx #0and g7 #0

if gt = 0ie f, #0.0097

fg determines gx and g.
How? 0, ~ —agi? — bg'? — cg?® + 3y;2 < 0

- - - !
1570 ¢
S,

10—5 L

10”

6 L L L L L
0 2000 4000 6000 800010000
LoQ]_o[H/M pLl
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Connections to gravity: U(1)p_7, model

B Gauged U(1)p_r model: gx = SB=L
£ B K0 5B, o
+if (8” —igyQyB" — igB—LQB—LX“) Yuf Je =" -2

B [R-attractive fixed-point at y;; = 0 is possible even = gx #0and g7 #0

if gt = 0ie f, #0.0097

fg determines gx and g.
How? 0, ~ —agi? — bg'? — cg?® + 3y;2 < 0

AC, K. Kowalska, E.M. Sessolo 2308.06114
5p T T — T ——

- - - !
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Predictions in the B — L. model

B Benchmark points for different f; and f, such that

_ Y . )
— IR-attractive fixed-point at y} = 0 Ly = —yySvrivr; + He.
— Predictions for the New Physics couplings
(gXa Ge, yN)
fq fy gx ge yn | gx (10°7°GeV) ge (10579GeV) yn (10°77GeV)

BP1 | 0.01 | 0.0005 | 0.10 | —0.55 | 0.12 | 0.29, 0.29, 0.30 | —0.26, —0.27, —0.28 | 0.16, 0.16, 0.16
BP2 | 0.05 | —0.005 | 0.70 | —1.32 | 0.47 | 0.40, 0.41, 0.44 | —0.52, —0.56, —0.61 | 0.42, 0.44, 0.45
BP3 | 0.02 | —0.0015 | 0.10 | —0.75 | 0.0 | 0.12, 0.12, 0.12 | —0.33, —0.35, —0.37 0.0
BP4 | 0.03 | —0.004 | 0.10 | 0.75 0.0 | 0.09, 0.09, 0.09 0.23, 0.25, 0.28 0.0

B RGE flow ensures yy = 0; not some global symmetry

Dirac (yy = 0) : BP3, BP4 Majorana (yy # 0) : BP1, BP2
J )

B Experimental constrains on kinetic mixing and direct coupling of Z’

vg > 10 TeV >> vy e=—+% _~05-038

v/ 9% +g2

Abhishek Chikkaballi




SSB through Coleman-Weinberg mechanism

V()
B Since vy << vg, H and S effectively decouple T>>Te
from each other T>Te
B S, through Coleman-Weinberg mechanism T=Tg 0
Viot (9) = Vow (8) + Vihermat(¢) . & = Re(S) \/
B The Yukawa coupling effect is also included =0 =
1 1
Vew (¢) = 5m%(t)¢2 + Z)\2(t) ¢!
1 2 4 4 4 25 ¢?
+ a2 [20A5(¢) + 96 gx (t) — 48 yn(t)] @ —g-i-lnﬁ
my,(¢) = 4g% ¢°
2 2 — 902 2
V;:hermal(qba T) = % Z n’LJl ( %(2(?)) m;R(¢) yNj 9
m¢(g[>) =3¢ + mg
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Gravitational waves from FOPT

V.;s — Bubble nucleation(I'(T")) — Thermal parameters(a, Ty, ) — h2Q(f)

Bubble nucleation rate e
; G (7O
. . "f
depth of potential, barrier between vacua () B |°
Tiue vacium H_(’
a ®\ ey N

Falee vacqum O \1\‘

The strength of the signal (h2Q(f))
)

the latent heat, 5, T,

Qreak (o, B, T, fP* (v, B, T1)
— h*Q(f) = h2Qreek xx F(f/ freer)
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https://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_one.php

GW with different vg and m% # 0

m% # 0 = reduced supercooling, lower barrier

We do have observable GW signals!

AC, K.Kowalska, E.M. Sessolo, 2308.06114

[ BPLimg=1GeV S tilueo) s
[ Jov 02/

|
[oe]

. h ' 'y ; B
“LISA HIERRP o4

LOg]_()(h 2 Q‘GW )
S

Log,o(f/[Hz])
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signals with m% # 0

_ . AC, K.Kowalska, E.M. Sessolo, 2308.06114
2. - T T T T T
BP0 BP2; m2<0 Lco, ;
—g[ VsIR GeV ] % f£U5?3eV 9
E S LIsA -8 VsT 1
—10f 5 ] - " LisA
[} -.
=] C(}% -10r q
e -12 1 ~
% £ -1 1
D _q4f 1 S
S 2 _14f 1
-
18 ] 16} ]
-18
36 4 —186 4
Log,,(f/[Hz])
N BP3‘7'.m§<(‘J S T
-8r VS:m‘-5 GeV ] gl vs:i'nf’isev ]
E LsA -
—10f B ] ~ " LISA
[} 3
c é% —10 ! 1
‘= -12F ] ~
% £ -1 1
2 _14f ] 3
S 2 _14f 1
-
18 1 16} ]
-18 : :
-6 —4 -2 0 2 4 -18

Log,q(f/[Hz])

Log,(f/[Hz])

But discriminating features are washed out by the strong dependence on m.S?
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SMEFT coefficients from
Asymptotically Safe Gravity




Effective Field Theories

B Effective Field Theory (EFT): Things may appear simpler from a certain distance

A. Falkowski Eur. Phys. J. C (2023) 83:656

Near Far
observer observer
@ L r
>
R

Examples:
Buchmiiller, Liideling hep-ph/0609174

B General Relativity — Newtoniean gravity
¢ < M},

B QCD — nuclear physics
B Electroweak theory — Fermi theory
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Standard Model Effective Field Theory

In effective field theories, high-energy physics manifests as contact interactions

Lerr = Lsm + 22, 33 R i w A4

Standard Model Effective Field Theory (SMEFT)
B Preserves the SM gauge symmetry
B model-independent framework for characterizing experimental deviations

¢ Operator ¢ Operator ¢ Operator
(LL)(LL) (RR)(RR) (LL)(RR)
cu (I—p%tlr)([ﬂﬂlt) Cee (Epyuer)(€sn*er) Cle (€ V'Y/tlr)(éﬂ"et)
& | @) @) | cu (@pyuur) sy ue) Clu (Tyyulr) (@sy*ue)
| G a) @) | | Gud)@ard) | | G dard)
A | Gy @ra) Ceu (Epuer) (s ue) Cge (T vur) (Es7"er)
&) | G )@ ' a) | cea | @men)drtd) | | @) (@tue)
| @) dertd) | e | @T e @ T )
o) | @nTAun)( oy TAdy) | o) | @oar)(derde)
cﬁ*y (@T"a) (" Tdy)
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Toy Model

S= e [VIRA-R) + [ Ve + [ VB[ v a0 - )

Spacetime metric fluctuations: ] ] )
Fierz-complete basis preserving

G = O + V GNIy SU(Np)L x SU(Np)r
Graviton induced interactions: V+A= (1])%1#)2 + (1;’)’“’751#)2
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Case 1: Shifted Gaussian Fixed Point and Mp; suppression

Generic form of the beta function: 5y, = 2A4 + ai)\+)\_ + bF N hewt + cihgm

AC, L. Brenner, A. Eichhorn, S. Ray 2407.12086

-100f ===

-1501

py . . A .
with gravity without gravity

IR-attractive fixed point: Ay (k > Mpj) = At «

scrp  Gravity decouples below Mp;
2
— ek = Mune)| ~ (M) Bra ~ 2\
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Case 2A: Classical scaling violation

UV attractive fixed point — free parameter at the Planck scale

é
ik = Mp))| = (A%L’E)

2 Myinc 20
= A (k = Minc) = A (k = Mpy) (Miuc/Mp)~ ~ (7)

Violation of naturalness expectation!

But
B Flows off to infinity in the IR

B Onset of chiral symmetry breaking close to the Planck scale
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Case 2B: Suppression by Mo pert << Mp;

B Effective new scale below Mp; scale
2
free parameter at the Planck |\ (k = Mp))| = (%,Pl>

== At (k = Mipc) ~ (A]@L/Hcf

NP

100 O NS g e

—

20F 10 { ‘//2/& 2 %‘é‘;
- = = -

! :"’i‘?\i e <

0.100 N Y N

= - T e e

= a0k 0.010 | = e I
0.001 P

— -~ "~
100 106 100 10M 10'8 1022 10% -100) ——— ;Q\\:‘\\\:\t 1
. = N
-60[ k in GeV ] —‘/:///‘{///7 /&\ \2‘\\::
e N -
~150f :/:/i///‘ ¥\:\‘ ~
80} ! | T /13 N ~
100 100 1010 10 108 102 10% —40 =20 0 20 40 60
k in GeV At

A(k
!
!

effects of dimension-eight operators may not be negligible
Abhishek Chikkaballi 26/28




Conclusions

B The RGE flow of "irrelevant” couplings from a UV fixed point gives IR predictions
— U(1) gauge couplings, kinetic mixing, Yukawa couplings

B Asymptotically safe gravity could induce IR-attractive Gaussian fixed point in ¥,
—> dynamical mechanism to generate arbitrarily small v,

B The dynamical mechanism is potentially more in line with QG in B-L model rather than
SMRHN

B potentially observable gravitational wave signal from FOPT, but discriminating features of
GW spectrum are washed out due to strong dependence on the relevant parameters

B In the most conservative scenario, ASG contribution is unmeasurably small

B Existence of a non-perturbative fixed point at sub-Planckian scales generates new
effective scale below the Planck scale
= measurable value at the experimental scales

B Dimension-8 operators might not be negligible
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Thank you!
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