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Neutrino mass

Neutrino masses are very small !
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Neutrino mass

Neutrino masses are very small !
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An alternative dynamical mechanism
and its signatures
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Renormalization group flow

Charge-screening by quantum fluctuations — running coupling constants, g(u)
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Scaling properties of g

Mij = aﬁi/a&j ’{a;} (-) eigenvalue (critical exponent): 6 > 0

freg¢
para

M.Yamada, HECA seminar, 08.10.2019

Relevant couplings are free parameters
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Scaling properties of g

Mij = aﬁi/a&j ’{a;} (-) eigenvalue (critical exponent): 6 <0

Landau pole

M.Yamada, HECA seminar, 08.10.2019

Irrelevant couplings provide predictions
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Asymptotically safe gravity

Quantum gravity might feature interactive UV fixed points (functional renormalization group)

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

EAA e.g. Einstein-Hilbert action

Reuter, Saueressig, hep-th/0110054

_ 4, /o[
F-j‘: i 167‘TG !/ d 'I’\/-(}[ R(.(}) + 2A] -

FRG (Wetterich equation)

1 1
k

\J

Beta functions of grav. couplings

G = G(k)k> 163 i e
A= A(k)k2 ;,(; = {2 + Gm (G, A)] G =0
t=Ink dA - 2 relevant fixed points

dt ... fixed points persist under the addition

of gravity and matter interactions
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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; (functional renormalization group)

SM gauge couplings universal corrections depend on gravity fixed points

dgy _ gy 41 L 1— 4k 96+ A (—235+ 103A" + 56A°2)
dt 1672 g fg gy fo=G" N2 fy=-G . = o0
A (1 - 2A*) 127 (3 — 10A* + 8A'3)

9y _ _ 92 —fg g2 A. Eichhorn, A. Held, 1707.01107

L Ao m . Eichhorn, A. Held, .

dt 167T2 6 A. Eichhorn, F. Versteegen, 1709.07252
dgs 93
— = 7 —fggs

dt 1672 99

SM Yukawa couplings

dys oyt (9 4 3. = 7 9. g 17 . 2, 2 2

= s (G + g+ 3302 — 0 =8k - b T Ul YL Y] — e
dyb W 9 3 9 . 3]

& = Teq? \ ¥ T ¥ +3ua 43y — 192 — 805 — ﬁgy et UT) —fy yb

.. same for other quarks and leptons
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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, (functional renormalization group)

SM gauge couplings universal corrections depend on gravity fixed points

dgy gy 41 B ) iy 96+ A* (=235 + 103A* + 56A*2
dt - 1671’2? _fg gY _O fo=G" 1 4A~ 2 fy=-G" ( N ~ N2 )
A (1 - 2A*) 127 (3 — 10A* + 8A"3)
dgs gg’ 19

=-——=— —fgg2 =0 A. Eichhorn, A. Held, 1707.01107
dt 167« 6 g A. Eichhorn, F. Versteegen, 1709.07252

dgs 93 _
g = T 16n2 -fgg3 =

SM Yukawa couplings

dy: Yo (9 9 3 9 2 29 9 g 17 4 2 2 2

- "2+ 22+ 3 A — gl gl o i )= =
gt~ Tenz \g¥t o t W+ — 10 80— ooy tYe T U T yT) fy yt 0
dye (9 5, 3, 2 29, 2 9 2 2 2
dt 162 L T DL + 3y + 3ye — 192~ 893 — 12 TYet YT yT') —fy yo =0

get fixed points

... same for other quarks and leptons
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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; (functional renormalization group)

SM gauge couplings universal corrections depend on gravity fixed points

dgy_ g%”/ 41 -
dt 1672 6 fggy =0

dgz g5 19 _ . .

- 162¢ —fegz =0 Very large theory uncertainties!

d 3 (truncation in number of operators, cut-off scheme dependence,
493 _ _ 83 7 - fg g3 = gauge fking, etc.)

dt 1672

SM Yukawa couplings

dyy Yt 95 3, 2 2 9, g L1l.a .2 2 2 —
dt " Tenz\g¥ tou Tt 3y, +3y. — 192~ 893 — At TYe TYu T yT-) —fyyt =0

dye (9 5, 3, 2 29, 2_ 9 9 4 .2 2 E
o 16? Eyb o Ey.t ol o — i!}z — 803 — EQY + Y + Yu + yT') - fy yb = 0

... same for other quarks and leptons get fixed points
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Fixed points of SM + RHN:

K.Kowalska, S.Pramanick, EMS, 2204.00866

fy > ferit ~8x 107

Small coupling implies

large fine tuning

dgy gy 41 ~
it~ 16m2 g  Je9r =0
dyt . yt -9 2 a9 17 2- _
dt o 1671‘2 _Qyt +yu 1 gY_ fyyt -
dy, Y | 9 O o9 3 9 l
dt 1672 _3% T Qy’/ 491’_ Sy =0
0.5 Tarro’fws ?Of"’?r,d.tt‘iurv - — /
T 777
NN\ 7
=\ \\\\ x&ﬂli £/ _f//f/
relevant @ -:—_—_-_.:.l‘%\\\\p, ‘u‘?‘ //ff 7
0.3 i f :f"_;:x \i'-,ll ”. .-'.I/‘/4/( !f’
Iy "// Af::::':a\ |I 'If/ / / o
2 N
0.2 1|‘ / ﬂ’ff,.dﬂ—-H /i;:if:j:
!IIP,.f ;/:;/’:/ P et J:,_::,-__fr Bt
| /9 = .‘/f’:f N
0.1 ’I"':K/ ,'//;{,Jf }i’fefévaﬂt y, ~ O(1)
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Fixed points of SM + RHN:

K.Kowalska, S.Pramanick, EMS, 2204.00866

dgy g3 41
i ~16n2 g Jeov =0
dyt_ Yt _92 2_E2-_ —
dt ~ Ton? [2% T T 0% | ~ Syt =0
Ay, Yy 9 § 2_§ 2| a
dt _ 167T2 -Syt + zyl/ 49}/- fy Yy = 0
0.5 1alrrTov;sl’;ow[ar: t.he‘UIV T
||"|‘ LA LT hff///"///‘////;
0.4} '\Q “\ iﬁ“”!/&;%//;{/?f;
relevantgd  \\ \“\\llf/t ////,
o) —- >N ! 7

S e\l
>, 0.2 I!".{// ”//f:*_'\:\\ !/

0.
£ 0.0 0.1

relevan
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Integrate the curve:

Yy (t, k) =

16m2( ferit — fy)
eUer= ) (16735—1) 52

16 112|< = “distance” in e-folds

No fine tuning:

Smallness of the neutrino Yukawa due to the
“distance” of the Planck scale from infinity

Neutrinos can be Dirac naturally

Alternative to the see-saw mechanism

Enrico Maria Sessolo
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A dynamical mechanism!

K.Kowalska, S.Pramanick, EMS, 2204.00866
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Connections to quantum gravity

SM+RHN+QG:

neutrino crit. exponent must be negative

16726, ~ —%gg? + gy;‘2 < () for the mechanism to work

A. Chikkaballi, K.Kowalska, EMS, 2308.06114

Sr
1t 1 FRG Einst.- !
—» f, = 0.0097 4 Hilbert “a ]
0.1} to match SM value ... " !
SMRHN 1

0.01¢ ... ltisalinein 3t

space of *

o QO ]
gravity fixed 2l ]
points | :

£ =00097 |

J001+
10—4.

1077}

1070~

Log,,[u/Mpy]

. . FRG calculation followin
Quantum gravity calculation should (FRE °
eventually match the blue line A. Eichhorn, F.Versteegen, 1709.07252)
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Connections to quantum gravity

gauged U(1 )B—L + QG extended gauge sector:
gy = 0 (rel.) £ o —iB,M,B‘“’ = ix,wxw - %BF,,X“"
and gv role now played by... 4F (au _igyQy B — igB_LQB_Lf(“) v
_ 9B-L - € gy
adx = m! Je = _m A C

/ °f
'

Yy

dynamical
10-3} mechanism still
works!

Log,,[u/Mpy]

- ¥k

A
Quantum gravity (FRG calculation following
calculation provides A. Eichhorn, F.Versteegen, 1709.07252)

predictions for gx, ge

Enrico Maria Sessolo 2PINTS Krakow 2023 12



Predictions B-L

* New gauge sector gx, ge (irr.)

 New Yukawa coupling yn Ly = —y3 S Vg vg; + H.c. (Majorana mass term)

« New scalar vev vs breaking U(1)a-L  (rel.)

Different fg, fy lead to predictive (irrel.) fixed points for gx, ge, yn:

A. Chikkaballi, K.Kowalska, EMS, 2308.06114

(irr.)

fa fy 9x | 9 | yy | 9x(10>77GeV) | g (10>77GeV) | yn (107 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, 041,044 | —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 | —0004 | 010 ] 075 | 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

Possible gravitational-wave (GW) signatures from FOPT?

Bubbles of broken phase nucleation ‘ Collision of bubbles wall ‘ Sources of GWs
V(o) ' ' illustration
I>Te 1.Collision of wall K. Hashino, Toyama 2018
el (@)= 0 :
Ealse - — 2.Plasma tu.rbu lence
4 Bies 3.Compression wave of
' - . : D)# £
T = "‘f{;“'“ s Gravitational waves plasma
Cline <lIc eal g :
& - '
True gx (1079 GeV) | yy (10572 GeV)

BP1 | 0.29,0.29, 0.30 | 0.16, 0.16, 0.16

predictions have strong discriminating features... may show up in GW amplitude! Eii 212’212‘212 242 0, 040

Signal dependence on pars. is well known if C-W pot. is “conformal”

1 5.1 4 1 g 4 *
= = - 2 4 ——+41In
Vew %ﬁﬁsqb 19872 (20A% +96g% — 48yy) & 6 n )

C.Marzo, L.Marzola, VVaskonen 1811. 11169
Lm = 10 TeV ' -

.J:-

in the conformal limit
NO GW SIGNAL
due to small gx
(or large yn)

... hucleation/percolation T is too low
.. FOPT stop-condition not satisfied

I.Dg 1 u{ TJ’G'E'V}

0.1 0?2 | 0.13 0:4 nfs
8B-1
Enrico Maria Sessolo 2PINTS Krakow 2023 14



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’

implies predictive As(t)

0-1 PR . T
e

Mm% =0 irrelevant 0.0

~0.1
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!

2PINTS Krakow 2023

15



Gravitational waves

Signal is now visible...

A. Chikkaballi, K.Kowalska, EMS, 2308.06114

Log,,(h* Qaw)

Log,,(h* QGw)

-6

BPlim;dI) Lgiil) [ BP?..E_m;dI) : Uéi(;
_g[ vs=18° GeV : W _glvs=10°Gev V.-
"-.tus_-—\ —_ .'-__us_a
—10F ; % _1of .
q E
-12} r:}x: =127
—14F -~ GE —-14+
/ o :
- 16t —16F
-18 ' ' ' -18t ‘ ' ]
-6 il =5 0 2 4 ~6 -4 3 0 2 4
Log,,(f/[Hz]) Log,,(f/[Hz])
(a) (b)
- —————————— = —— —e——————————; "
BP3;m ;<0 z_gro L [ BP4im ;<0 USiO
_8 | \'5=lhls GeV . & ! 1 —8 [ ve= I‘Q‘S GeV :'.' =
."'.US-"‘ o ! 1"..L.ISA .
=10} i 5 —10f g
a [ ,«/\
-12r o —12
i 0 _1a} ;
3 : | R
=18 -16{ R
: wiy |\
—-18 -18 '
=9 -6 0
Log,,(f/[Hz]) Log,,(f/[Hz])
(c) (d)

... but discriminating features washed-out by the scalar masses

Enrico Maria Sessolo
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To take home...

« AS was used 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 some tension between the FRG results and
phenomenology, but perhaps not so in gauged B-L

Gravitational wave signatures from FOPTs

Majorana/Dirac discrimination via gravitational waves from
FOPTs is enticing but not possible.

Enrico Maria Sessolo 2PINTS Krakow 2023
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Predictions from trans-Planckian AS

 FRG calculation of fg, fy has very large uncertainties...
(truncation in number of operators, cut-off scheme dependence, etc.)

Lauscher, Reuter '02, Codello, Percacci, Rahmede '07-'08, Benedetti, Machado, Saueressig '09, Narain, Percacci '09,
Dona', Eichhorn, Percacci '13, Falls, Litim, Schroeder '18 ...

 FRG calculation is not required to get predictions...

Wetterich, Shaposhnikov '09, Eichhorn, Held '18, Reichert, Smirnov '19; Alkofer et al. '20,
Kowalska, EMS, Yamamoto '20, Kowalska, EMS '21, Chikkaballi, Kotlarski, Kowalska, Rizzo, EMS 22 ...

... as the set of irrelevant couplings is overconstrained: 3 (or more) eqs (gV, yt, yx, ...)
2 unknowns (fg, fy)

measured 1'—-_;{’_'3__ I

in IR e Il

e
0.1k l : get fy
| :

predicted | I / Predict Yx

inIR 1071 q X“=———____ﬁ sl arbitrary gauge or Yukawa coupling

— ,_-QMPIaZZk log /GeV (in SM or BSM)

AS leads to testable signatures ...

e.g. in flavor anomalies: Kowalska, EMS, Yamamoto, Eur.Phys.J.C 81 (2021) 4, 272
Chikkaballi, Kotlarski, Kowalska, Rizzo, EMS, JHEP 01 (2023) 164 . I
... and neutrinos!

in g-2 and DM: Kowalska, EMS, Phys. Rev. D 103, 115032 (2021) (thiS talk)

Enrico Maria Sessolo 2PINTS Krakow 2023 18



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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Couple of comments...

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

PMNS parametrization \ 1.000} 3 . .
Y 0.500F ‘¢ Voo b
X Y 1-X-Y 012 = arctan\/} o '
T2 — 7
Us = |Um| = VA %% 1-Z-W 04 = arccosx/m 0.100}+ s s 2
1-X-Z1-Y-WX+Y+Z+W-1 =W _7 0.050F ]
o3 = arcsin 4/ X v
(X+Y)2Z-Y(X4AY +Z4+W-1) - XA-W-Z)(1-X —Y) o

— arccos

2V/XYQ1-X-Y)1-Z-W)X+Y +Z+W-1)

PMNS fit 0.001 , N
130000 135000 140000 145000

X €]0.64—0.71] Y €[0.26-0.34] Z <€ [0.05—0.26] W € [0.21 — 0.48] Loglk/GeV]

2. The mechanism is more generic than SM W

e.g. dark gauge coupling go + Yukawa interactions 0.1}
I
L DYy XR(DXL +Y wR(DwL + H.c. S

Qw > QX (dark abelian charge) 10}

1077

Can use it to justify freeze-in, feebly interacting models, etc... 19

200 400 600 800 1000
Loglk/GeV]
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Benchmark points of B-L

1.5F 1.5F
10+ 10}
05F 05
& 00 & 00
-05 -05
-10t —10f
-15E ; ; . . ; . -15E ; : : . ; .
-15 =10 -05 00 05 10 15 —~15 ~10 <05 D0 0% B 15
gx 8x
(a) (b)
15F 1.5 P
10H 101
05 05H
& 00 & 00
-05 -05
-10f —~10f
_1.5-I11||I------1Al|||--|-|n-||- —I.S-I----IA1||I-||1I||-----Al-uu-l-
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Gravitational wave signal
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GWs at different scales
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Details of BP1 and BP2
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Log ,(h* Daw)

me=17eV:ia=002,8 =227
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BP3

Details of BP3 and BP4
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