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Asymptotic behaviors
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Asymp. safety originally advocated by Weinberg for gravity (non-perturbative renormalizability)
Applied to other field theories too, addresses triviality

Enrico Maria Sessolo Corfu Summer Institute 2023 1



Fixed points

Bi{ef}) =0 —» M;; = 0B /0cj|ary — > {—0:}

critical exponents

fixed point stability matrix
A 0, >0 A 0, <0
IR uv R uv.
repulsive attractive attractive repulsive
> : >
Relevant couplings are Irrelevant coqpll_ngs provide
predictions

free parameters of the theory

Theory space

span the 7 UV eritical can only deviate from
UV critical surface (T  surface the FP along the
— | critical surface

They are determined by

experiment ... ... they are functions of

relevant pars

from Wikipedia

Enrico Maria Sessolo Corfu Summer Institute 2023 2



Asymptotically safe gravity

Quantum gravity might feature interactive UV fixed points

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 ... many more

e.g. Einstein-Hilbert action

r 1 14 [ R( ) 2A] Reuter, Saueressig, hep-th/0110054
;= axT./q|—1lqg)+
k= TorC / V9 q g
FRG (Wetterich equation)
1 1
8tFk = k@kI‘k = =Tr ((2)—8{]?,;6)
2 'V + Ry
\/

Beta functions of grav. couplings
dG

= [24+Gm(G,N)|G =
d{ [_ +Gm(G '\.)] G =0
% _ R+ @Em(@G.A) =0 2 relevant fixed points

... fixed points persist under the addition

of gravity and matter interactions
Enrico Maria Sessolo
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Matter RGEs with quantum gravity

Christiansen, Eichhorn '17, Christiansen et al. '17, Shaposhnikov, Wetterich '09, Oda, Yamada '15, Eichhorn, Held, Pawlowski '16, Wetterich, Yamada
'"16, Hamada, Yamada '17, Pawlowski et al. '18, Eichhorn, Versteegen '17, Eichhorn, Held '17-'18, Pastor-Gutiérrez, Pawlowski, Reichert '22, ...

Trans-Planckian corrections of matter RGEs &k > Mp

SM gauge couplings

dgy g‘;’/ 41

at 16w2€ ~fo gy
dgs o 92 42

dt 16772 6 —fg g2
dgs 93

o S 7

dt 1672 fg g3

SM Yukawa couplings

Yi

dt

dyb o

dt

S SNV SN I
= 1672 yi zub ys + 3y, — 4.

—8g2 —

universal corrections depend on gravity fixed points

P 4A* F 96 + A* (_235 +103A* + 56[\*2)
9 3 g

Am (1 = 2]\*)2 127 ( —10A* + 8A'3)

A. Eichhorn, A. Held, 1707.01107
A. Eichhorn, F. Versteegen, 1709.07252

17 ..

SRt )~y

D

w (9., 3. 9 .
lﬁbz ( Yi + 59.{ + 3y, +3y; — —g2 — 893 — ﬁgﬁ% + +UT) —fy yb

4

.. same for other quarks and leptons

Enrico Maria Sessolo
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Matter RGEs with quantum gravity

Christiansen, Eichhorn '17, Christiansen et al. '17, Shaposhnikov, Wetterich '09, Oda, Yamada '15, Eichhorn, Held, Pawlowski '16, Wetterich, Yamada
'"16, Hamada, Yamada '17, Pawlowski et al. '18, Eichhorn, Versteegen '17, Eichhorn, Held '17-'18, Pastor-Gutiérrez, Pawlowski, Reichert '22, ...

Trans-Planckian corrections of matter RGEs &k > Mp

SM gauge couplings

=—=— =fggy =0 . . o .
dt 167= 6 universal corrections depend on gravity fixed points
dgs gs 19 5 2 .
— = — - — A * 96 + A* ( —235 + 103A* + 56A*2
dt ].67T2 6 fg gz 0 fr; _ G’t 1—4A =, f!; _ _G'u- ki ( il T 02 )
d | 4r (1 —2A ‘ 127 (3 — 10A* + 8A*2
dt 1672

A. Eichhorn, A. Held, 1707.01107
A. Eichhorn, F. Versteegen, 1709.07252

SM Yukawa couplings

dy ; 9 3 . 17
dtt lgiz( y£+29b+3yg+39( 192 gy — 893 — 129y+%+%+%) —-fyyt =0
dyb 1 O 5. O : 9 . )
FTa lgbz ( Yo + ¥ +3Ys + 3y — 197 — 895 — 159% HIE+ UL+ ”'Jr) -fyyp =0
et fixed points
.. same for other quarks and leptons 9 P
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Matter RGEs with quantum gravity

Christiansen, Eichhorn '17, Christiansen et al. '17, Shaposhnikov, Wetterich '09, Oda, Yamada '15, Eichhorn, Held, Pawlowski '16, Wetterich, Yamada
'"16, Hamada, Yamada '17, Pawlowski et al. '18, Eichhorn, Versteegen '17, Eichhorn, Held '17-'18, Pastor-Gutiérrez, Pawlowski, Reichert '22, ...

Trans-Planckian corrections of matter RGEs & > Mp,

SM gauge couplings

dgy_ g%}’/ 41

= = —fgqy = hypercharge case
dt 1672 6 ggy =0 (hyp J )
A. Eichhorn, F. Versteegen, 1709.07252
1.4 w % B I,' » [y <0.0097
i /
1.2:— UV unsafe trajectorie,s./ ,/ //
| amzoocT : » [, =~ 0.0097
1.0F predictive trajectory g fg
= i i matches SM value
~< 08¢
o ; free trajectories
0.6}
At ~ ]
04 e 1w £, >0.0097
0.2 [ o e S J ]
1 150 10%0
RG scale kin GeV
IR/ UV interplay has k-;’ee ks talk
.Kowalska's ta
consequences for the pheno of on Sunday

Enrico Maria Sessolo
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Naturalness
with
asymptotic safety



NuFIT5.1 (2021) 2007.14792 - -
0.500F NO g
Am2, = 742302 « 1075 V2,
NO: Amd, = 25151008 3 1078ev2, o a0 ms
10: Amj, = —2.49810928 5 1073ev2, &
0010 _____"M2_ __-- 3
Planck (2021) 1807.06209 0.005
2 : mi < 0.12eV 0'00110-4 0001 001 | 0.1 1
1=1,2,3 m (V)
... either Dirac neutrino ... 1t
Small Yukawa — Higgs mechanism 1021
— il « LEFNY
Lp=—-y?vp;(H)'L; + H.c. 105}
m, = Yy VH r“:'-:" E
V2 >
'Il:l_ﬂ B
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Neutrinos

Neutrino masses are very small !
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Neutrinos

Neutrino masses are very small !

NuFIT5.1 (2021) 2007.14792 - -
0.500; NO =
Am3, = 7.421520 x 107°eV?, §
0.100 /
NO: Amj, = 251570058 x 107%eV?, = 0050
10: Am2, = —2.498%098 x 107%eV2, &
0.010p_____"2 ___-- 3
Planck (2021) 1807.06209 0.005
Z m; < 0.12eV 0000 0001 001 01 1
i:1,2,3 my (eV)
... or Majorana neutrino ... 1
see-saw mechanism 1072}
'CM :'CD_ §MNVR,’BUR,3+H'C° .-“:i—fi_
YoVn 1077}
m, = ——
V2My >
.-II:I—12 N
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Fixed points of SM + RHN:

K.Kowalska, S.Pramanick, EMS, 2204.00866

fy > ferit ~8x 107

3 Only large
dgy _ 9y 41 — gy =0 coupling
dt 1672 6
dyy ye |9 2 o 17 2-
— —yf + o — — - =
dt 1672 _21% e gY_ fy i - -
dy, Yv | 2 D 9 3 2-
- B s gy = = -
it ~ Tom? |V oW T 9| ~hvw =0 fo - fy
- = vtY
0.5 arrows toward the UV W(My)
TN Y AT T 747, 10° 10° 10 107 1072
I l'._ \ Il'hh'xl \\ * LT | 4 ffff;‘/%;/’«/” Small coupling implies ' ' ' ' '
0.4r1 X A\ \\E__" \M[| At/ / s large fine tuning 10 )
A NN\ #7727 101}
relevant @ -:——--..:’\‘\\Q W /’/ .
0 3? f?};_zl—:ﬁ\xl‘fﬁ/}/ / /,!:f; 10%% ]
" |, g II'-. .fr.f /f' -
= 'I' / - HJ_;:_'... '|'I//l//l/’;'r/:_..--"'
> .|"///;/ b i |/ S E 108+ ;
0.2fy/ /j/ e /?;jirfﬂ
ot e 2 == o) 10%y
’ilr! ;/J*"’:d-:d:;—:l — - 4 2 Yy ~
R R 1, ; . . . s
LW 100 10 10 10° 10" 10%
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Fixed points of SM + RHN: fy < fcrit ~8 x 1074

K.Kowalska, S.Pramanick, EMS, 2204.00866

\

0.3

Il
dirs gg;/ 11 zero or sma
g = 1622 6 _fggY =0 coupling
dys yr [9 o 17 5] —
dt = 1672 |g¥ T T g9y | T fuue =0 - >
dy, Yu 5 9 9 35
dt ~ Ten? [PVt ¥ T g9y |~ luw =0 fo -y
- - v,tY
0.5 arrowsltoward t.rl1e uv R , 0.5rF7
Tl“ T H H‘ff/‘//"//'///'///; 0.4} |
o4 -\ WA AR (47, //"VE a—
I s \E\H Im/////(’«//f, k = infinity
relevan -
W

: _de_““&\ II : =
|7 3’3\\“// = )
0.2l '{// ey ?”’//'/;"f"i
: *.f,-'/ ;/;*ﬂf:':\ S
f/’%,r‘//ﬂf‘——__-_ / fﬂf:’;

e _:__:__- - | e —————
relevant 0.0 01 02 03 04 05 Jv
Vi irrelevant
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A dynamical mechanism!

... smallness of neutrino Yukawa due to “distance” of Planck scale from infinity

(no fine tuning)
167%x (fg%y — )
yz(t, K) =

1/2
Ezcx(fﬁf}}’“ﬁin—t] +"JIZ] 0.1

K = “distance” in e-foldings

K.Kowalska, S.Pramanick, EMS, 2204.00866

1074

lﬂ-? I"q‘l

10710} v (Mpy) \

arbitrarily small \

-13 L .’} \
1 20000 60000

100 000
Loglk/GeV]
Neutrinos can naturally be Dirac
Enrico Maria Sessolo Corfu Summer Institute 2023
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Couple of comments...

1. Asymp. safe SM full fit works (with normal ordering)

PMNS parametrization 1.000r 3 e B
p . \ 05001 ::“:‘_. " ]
X Y 1-X-Y f12 = arctan \/; - -
U = |Uai|2 - VA %% 1-Z-W 05 = arccosx/m 0.100} ........ s 2
1-X-Z1-Y-WX+Y+Z+W -1 fiow_—z 0.050} |
023 = arcsin ﬁ
0 0.010}
reeos KAV Z-Y(X Y+ Z4+W 1) - XA -W-Z2)(1 - X —Y) g
2V/XYQ1-X-Y)1-Z-W)X+Y +Z+W-1)
PMNS fit 0.001 b,
130000 135000 140000 145000
X €[0.64—0.71] Y €[0.26—0.34] Z €[0.05—-0.26] W €[0.21 — 0.48] Log[k/GeV]
2. The mechanism is more generic than SM L

e.g. dark gauge coupling go + Yukawa interactions 0.1}
I

LDOYsxr®xr + YL Yvr®PYr + Hec. oo
Qw =>> QX (dark abelian charge) ol
1077}
Can use it to justify freeze-in, feebly interacting models, etc... P
200 400 600 800 1000
Loglk/GeV]
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Connections to quantum gravity

In SM+QG low-scale pheno constrains gravity fixed points

neutrino crit. exponent < 0:

2 3
16720, ~ —=gy* + —y;* < 0

3 2 A. Chikkaballi, K.Kowalska, EMS, 2308.06114
5F ! ' e 1 1
1t 1 FRG Einst.- .
—» f, = 0.0097 4| Hilbert \ | ]
0.1} to match SM value ... " !
SMRHN 1
0.01} ... ltisalinein 3t ,'

fixed points of

| NG | ]
gravity \f [ | ]
fe=00097 ]

001}

Log,,[u/Mpy]

. i FRG calculation following
Quantum gravity calculation should A. Eichhorn, F.Versteegen, 1709.07252

eventually match the blue line

Enrico Maria Sessolo Corfu Summer Institute 2023 12



Connections to quantum gravity

Gauged U(1 )B - L vs SM: extended gauge sector

1 1
£ D —3BuB* - 7Xu X" - %BWX”"

+if (d" —igyQyB* — ﬂ.gB—LQB—LX'u) Yuf

gy role played here by

1028 =S i ———" > fg = any
0.1} |

001

0.001¢
Yy

dynamical
10-3} mechanism still
there!

10—6 ....................
0 2000 4000 6000 8000 10000

Log,,[u/Mpy]

10—4-

Quantum gravity FRG calculation following

calculation provides A. Eichhorn, F.Versteegen, 1709.07252
predictions for gx, ge
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PrediCtions B-L A. Chikkaballi, K.Kowalska, EMS, 2308.06114

fg, fy lead to predictive (irrel.) fixed points for gx, ge, yN:
(all BPs have y;, = 0 irrel.)

.ﬁ_ﬁu = —yHS VRiVRj + H.c.

fq fy 9 | 9 | un | 9x (10777 GeV) | g (10777 GeV) | yn (10777 GeV)
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, 041, 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

Enrico Maria Sessolo

(large kinetic mixing implies vs >> vH)
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Predictions B-L R anar

. possible gravitational-wave (GW) signatures from FOPT?

predictions have strong discriminating features... may show up in GW amplitude! N

0

gx (10579 GeV) [ yy (1057 GeV) -
BP1 | 0.29,0.29, 0.30 | 0.16, 0.16, 0.16 | Majorana

BP2 | 0.40, 041, 0.44 | 0.42, 0.44, 0.45 | Majorana
BP3 | 0.12, 0.12, 0.12 0.0 Dirac

. C e " 1 1 1 25 ¢?
..but, if C-W potential is “conformal” Vow = 7%2/ + 50" + 15— (204 + 969 — 48yR) ¢ (‘F F kz)

NO GW SIGNAL! ... nucleation/percolation T is too low

C.Marzo, L.Marzola, VVaskonen 1811. 11169
4k my = 10TeV '

log,o( TIGeV)

Enrico Maria Sessolo Corfu Summer Institute 2023 15



Scale-invariant potential confronts asymptotic safety...

dm? N
o <2 R
d\s 693
=5 g — i g
dt faAs + 2 +
viceversa...
0.20———

0.15
0.10
0.05

0.00’

01
~ D% . :”}‘J'i'
m¢ = 0 irrelevant 0.0

implies predictive As(t) — -01

potential destabilized! 2

-0.3

-0.4

-0.5
5

As(t) consistent with C-W
implies % = 0 relevant

... tree-level mass is allowed

-0.05. =
5

log,,(k/GeV)

Enrico Maria Sessolo

no conformal potential!
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Signal is now visible...

Log,,(h” Qaw)
| I I
@B B

|
—
e

- BP1im <0
Cv=10° GeV

* LISA

A DECIGO Y

BBO

|
=]

|
S

Log,,(h* Qew)
| | |
NS

|

—
| o2
=]

... but all discriminating features washed-out by scalar potential masses
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| ; 02/,
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: .I‘_.I_ISJ\ il_|l 0
-10} '
—-12r
—14F
—16; .EQﬁF“”ﬂﬁk
: B8O
-18 ' : :
~6 -4 -2 0 2
Log ,(f/[Hz])
(b)
-6 . LIRS R T T - I
[ BP4;m ;<0 1 1 (HGOy -
I : i
_glvs=19"GeV - '
E :EUSA P slco
i i
-12}
-14}
14
i i/ |
-18 : : '
iy -4 -2 0 2
Log,,(t/[Hz])

A. Chikkaballi, K.Kowalska, EMS, 2308.06114
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To take home...

 We used AS to make the neutrino (or other) Yukawa coupling
arbitrarily small dynamically

* Mechanism relies on an irrelevant, Gaussian fixed point of the
trans-Planckian RG flow of Yukawa coupling

* In the SM + QG the UV calculation is expected to be very
constrained, but perhaps not so in gauged B-L

» AS extremely predictive in several BSM models ...

... other times predictivity is washed out by IR / UV consistency
(e.g. case gravitational waves from FOPTs in gauged B-L)

Enrico Maria Sessolo Corfu Summer Institute 2023
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Lepton sector RGEs

3
— Xy A Yy + (A= X =Yyl + 2+, + 2+ yp +yse + Uis

dye _ Ye {32

dt 1672 2% 2
15 9
- <4 912/+492) +3(yf+y§)} — fyve (A.9)
dy, — Yu 345 3 T2 W2 1— 7 — W) 2 2 2 2 2 2
ot 1672 iy“_§[ Y+t Wy, +(1-2 - )yu3]+ye+yu+yr+yul+yu2+yl/3
15 5 94 2 2
- 4 - 9y + 492 +3 (yt +yb) - fyyu (AlO)
dy, _Yr 39 3 2 2 2

15, 9
‘Yt Y Y Y — (Zg?z + Zzﬁ) +3 (yi + y?)} —fyyr (A1)

dyu1 Y1 |3 3
b S - S X 2+ (L - X - 2 2+ v+ v+ vl

3 9
- <4g% + 492> +3 (y7 +yb)} — fy Y (A.12)

dy,2 Y2 3 3
B S - SRR W+ (=Y — W)+ 92y + v+ + s + s

3, 9
— <4g§"/ + 492> +3 (y7 +y§)} — fyyv2 (A.13)

dx 3 [<y3+yﬁ

2 2
o = g | (B ) { b~ starxz+ B Bdyva -+ x - -0 - 21

(L) {ok - stoxa-x - 2+ BB 0 vy - 2) - X - 2v) - wa - X))

N <y;1 +y§z) {(yz—yZ)XY+M[W(I_X)+X_(l_y)(l_z)]}

v2— 42
+ <z;tz;j>{( —y)X(1-X - Y)+w[( —Y)(1—Z)—X(1—2Z)—W(1—X)]H
(A.15)
% T 43> [(ifi) {M[W X>+X*(17Y><172>1+<y32—yingv}
+ <;f;>{W[(l Y)(1-2)-W(1-X) - (172Y)]+(y327y33)Y(17Y7W)}
! (iifil){(yf‘yz)x”@T;J[W(l—XHX—(l—Y)(l—Zn}
" (zuﬁzue){(y ?JZ)Y(I—X—Y)+<%Z:2;1’3)[W(1—X—2Y)+X_(1_Z)(1_y)]}]
S (A.16)
@ =~ [(gt” {(y'z“ AP M[WU—XHX—O—Y)(“@I}

2 2 2 2
Yu t Y7 V2 = Yus
() {uk - stz - x - 24 B2 slwa - x

. —2z)+x—(1—y)(1—z)]}

b () [U i 2y - y) - W - X) - X 22+ G - D20 - 2 - W) ]
(A17)
e () {0 stowy + WD - x) + x - vy - 2)1)

Y+ vs 2 2 (s — yo1) _ 2y v oy
+ <y37y$>{(y,a*yug)W(lfny)Jr : (1-(1-2)-X-W1-X 22)]}

p e + <z§2tzzl){(yify3)WZ+ M[le)WJrXf(lfY)(le)]}
Yv3  Yu3 2 2 2 2 3 .o
el 16”2{2 Y3 — [(l—X—Y)ye+(1—Z—W)yu+(X+Y+Z+W—1)yT] o () fz - w2 wy+ @0 vy x-wa-x -]
2 2 2 2 2 2 3 2 9 2 2 2 (1R
t Yt Yty Uty — (g9 392 ) +3 0w+ v) p — fyves  (AL4)
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Benchmark points of B-L

157 1.5F
1.0} 10
055 05
& 00 & 00
-05 =05
—10} -10}
—15H : . . . . . —15H : . . . ; 4
-15 -10 -05 00 05 10 15 —15 —-10 05 00 05 1D 15
gx 8x
(a) (b)
15R 1.5 P
10H 101
05 05F
& 00 & 00
% -05
-10f —~10f
_1.5-I11||I------1Al|||--|-|n-||- —I.S-I----IA1||I-||1I||-----Al-uu-l-
-15 -10 -05 00 05 10 15 -15 -10 -05 00 05 10 15
gx 8x
(c) (d)
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GWs at different scales

g
| BP1im ¢=1GeV S| L HGO) N
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