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Il puzzle del sapore e il mixing dei neutrini 1

Paradigma 3 v
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Il puzzle del sapore e il mixing dei neutrini 2
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Il puzzle del sapore e il mixing dei neutrini 3

Valori di best fit

O ~ 33.4° | 013 ~85° | fy~424°  (NO) Due_ grossi|
912 ~ 33.4° , (913 ~ 8.5° : 923 ~ 48.9° (IO) lelng
uno piccolo

F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)

NO

o
- Violazione per

%)
T

Conservazione CP ancora
ammessa a 26 (NO)

30 ranges da

F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)
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Il puzzle del sapore e il mixing dei neutrini 4
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Phys. Rev. D 103 (Apr, 2021) Nat. Phys. 18 (Feb, 2022)
Cosmologia KATRIN
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Il puzzle del sapore e il mixing dei neutrini 5
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The fermion hierarchy puzzle
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Le simmetrie di sapore: possibile soluzione? 6

Tre “copie” con masse diverse!

Simmetrie discrete
non-abeliane?

Chile ha

ordinate?

2 1 9
3 /3

Urpy = | —L L _1
v Y2 . :

Tri-bimassimale l
compatibile con i dati
N ; fino al 2012 Non nullo
ISI dor I Rabl F. P. An et al., “Observation of electron-antineutrino

disappearance at daya bay,” Phys. Rev. Lett. 108 (Apr, 2012)

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre IFAE 2& 24



Le simmetrie di sapore: possibile soluzione? 7

Problematiche dell’approccio tradizionale

EFT con scalari “flavoni” ¢, Wy awa 2 hl E°(Lg,)(H,
A

x V(¢p,) —» Complicato!

+ ...correzioni

L o
;=0  6,~8.57

Automatico
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Simmetrie modulari: un passo in avanti? 8

E. Feruglio
[1706.08749]

o Sy
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\/

Nel MS sono parametri liberi
senza struttura

<> Simmetria modulare

!
Predittivita V Y (T )
User-friendly x Forme modulari: meno

parametri liberi
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Simmetrie modulari: un passo in avanti? 9

\ -|]-2 ‘”'2 -”-2
10D Compattificazione 4D
- x@x@*x@&
conservata  emmemegi :
® Reticolo discreto A
/. ® W, w, € C
’ O
W1
O O

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre IFAE 2& 24



Simmetrie modulari: un passo in avanti? 10

E se cambiamo base? a,b,c,d € Z

() =)= 0) )

\ S y € SL(2,7) = Gruppo modulare =T° \‘,1
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Simmetrie modulari: un passo in avanti? 11

d*xd®y L op = |d*x Lrpr

Cosa € una forma modulare? Y(T)

a4 )
a b _
c,d € <c d> =y

> Y(y(7)) = (ct + d) V(1)

Olomorfain: {7 € C|Im(7) > 0}

a,b,c,de 7 , ad—bc =1
\_ _J

P “Peso” k>0

‘ Condizione
i molto vincolante!
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Simmetrie modulari: un passo in avanti?

Come trasformano i supercampi

SUSY particles

at + b
'r—>7('r):c7_+d yel

D — (e +d) 1 pD) (7))

/ l

Campi di materia usuali

Rapp. unitaria dif T'y, Cc I

N=1,2,3,...“Livello”

12

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre IFAE 2& 24



Simmetrie modulari: un passo in avanti? 13

Gruppo modulare finito
1—1N

per N < 5 isomorfo a

gruppi discreti non-abeliani
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Simmetrie modulari: un passo in avanti? 14

> W) =S (V1,1 (1) oM.,

W (D) & invariante modulare se:

PR prn R pPr,... P, O 1 > Usuale
ky =k + kp, + ... + ki, > Novita
Yh..,(1) = (e + d)kyp(’)’)yh...ln(T) ) — (e + d)_kIP(I) (’7)90(1)
Yukawa: forme modulari di peso ky Supercampi di cariche modulari —k;

/

| (ct+ d)(ct + d)_zkfn =1
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Simmetrie modulari: un passo in avanti? 15

Rottura della simmetria

Y(7)

determinate univocamente da 7
0
Fourier ~ Z a,q"
n

2T

g=e
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Simmetrie modulari: un passo in avanti? 16

Matrici di massa dei leptoni

Z f11(T) f12(T)
~ a, . .
f33(T)

J;; = funzioni pre-determinate di z

o Y Aj

G iy n a; = numero limitato di parametri liberi V
;G

s i
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Gruppi modulari finiti: la ricerca della semplicita 17
Un numero considerevole di modelli funzionanti dal 2018

A (8 A
v v

v

N=2

X

T. Kobayashi, K.
Tanaka, T.H. Tatsuishi

Phys. Rev. D 98 (Jul, 2018) R
G i

P> Flavoni extra

P> Gerarchia dei leptoni carichi “fine-tuned”
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Gruppi modulari finiti: la ricerca della semplicita 18

N=2

Rotation

‘S'3 Gruppo di permutazione di 3 oggetti

Reflection

> Piu piccolo gruppo discreto non-abeliano V

> Tre rappresentazioni irriducibili

singoletto  pseudo- doppietto -'1_ //l —> ¢ 2 (53) ;I

singoletto :
T :
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Il piu piccolo gruppo modulare finito: 5, 19

Una base per le forme modulari di peso k

» n(r) =q"* ﬁ (1—4q™)

n=1

Funzione eta di Dedekind (g = €

Y (), Y5(7) ~ 2

Peso piu basso: k=2

Y1(T) Y1(T)
— d)?
<Y2(r)>2 (cT + )p(7)2<Y2(T)>2

27l T)

Un numero molto limitato! V

> | N | d(T(V)) | Ty

2 [k/2+ 1) 53

1'l'=1 , 1'2=2 , 202=10102
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Il piu piccolo gruppo modulare finito: 5, 20

d'\ Y flmporre simmetria CP nel modello\
]
o £ »gCP => o; € R
¢y M
s P. Novichkov, J. Penedo, S. Petcov, A. Titov
Journal of High Energy Physics 2019 no. 7, (Jul, 2019)
\_
~ ™
Unica sorgente di CPV del
. modello € il VEV del
t=Rert+ilmrz
modulus 7
\_ ),
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Il piu piccolo gruppo modulare finito: 5, 21

| principi guida

i LY Y _
Flavoni oltre ki “{1. K e L 61073
7 (modulus) G Yy

7 42 42 0 168 3
| 25(] + ﬁq + ...

q/*(1+4q + 6¢° + ...
25 ( ) Imz > 1

Sviluppo di Fourier (q — @

27Tl T)
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Il piu piccolo gruppo modulare finito: 5, 22

Seguendo i principi guida...

D, = (elettrone) -9 /. =tau ~ 1’
=\ muone 3T

b7 ES ES D, {3 Hg,,
su@xuy | (1,+1) | (1,+41) | (1,4+1) | (2,-1/2) | (2,-1/2) | (2,F1/2)
Irreps ['c =S5 1 1’ 1’ 2 1’ 1
Pesi ki 4 0 —2 2 2 0

| | Lpti arichi N

Wf — CkEfHd(DgY2(3))1 -+ ﬂEng(Dgyz)lf -+ ’yEng[g + CMDEfHdE;;Yl(/S) ‘

(mT9 m,m me) ~ mr(l’ | Yl | ’ | Yf |) | Yl | ~ @(10_2)
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Il piu piccolo gruppo modulare finito: 5, 23
Neutrini di Majorana da operatori di Weinberg

Whe=2 19\H H., (Dng)zY(Z) iH H Dgfg(Y(z))
| "

+ gXHuHu(DﬁDﬁ)lYl(z) + ngHuHUKSK?)(Yl(Z)) ‘

P A — Scala di nuova Fisica

» {g'/g.8"/g.8,/¢} € R parametri liberi adimensionall

= Rlproduce mixing e

: JHEP 09 (2023) 043
Am? dei neutrini V EE D. Meloni, M.Parriciatu
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Il “revival” di S5: risultati numerici 24

P> Fit VS 6 osservabili adimensionali (no CP) Parameter Best-fit value and 1o range
2 —5 2 +0.16
q; = {sin® 0,4, sin? 0,3, sin” O3, Me /My, My, /My, T} Bsot/ (1077 V) NO 7302015 0

|Am2,,|/(1073 &V2) 248570023 2.45510 050
r=Am?2,/|Am2_,| 0.0296 +0.0008 0.0299 + 0.0008
sin? 015 0.30370:913 0.30370013
sin? 613 0.022373:9007  0.022310-900¢
sin? 6y 0.45519:018 0.5697 0057
Scp /T 1.2410-18 1524013
Me/m,, 0.0048 + 0.0002
m,/m; 0.0565 =+ 0.0045

F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)

10 (6) parametri

{ Tutti riprodotti entro 1o VS

sperimentale

12 (9) osservabili
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Il “revival” di S5: risultati numerici 25

Predizioni del modello

> Predizione: Ordinamento Normale per i neutrini

VEV del modulus
> Predizione: fase CP vicino a massima violazione 5CP ~ 1.67 7~ *+0.00+1.7i

> Correlazioni e scale di massa dei neutrini

I 0.96 3
0.100
1.63 Zmz < 0.115eV (95% CL)
’ A. Shadal et al.
I 0.95 - 0.095- - Phys. Rev. D 103 (Apr, 2021)
& 1.61 S @
~— ~
S g S
S [.) 0.090-
0.94
1.59
_ | 0.085]- |
1570 o iy B 093 , . . . Ly o N |:—
0.40 044 048 052 0.25 0.29 0.32 0.36 1.57 1.59 1.61 1.63
. - 2
sin® Oy sin” 019 dcp/m

Punto di minimO)(2
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Il “revival” di S5: risultati numerici 26

Predizioni del modello

P> Precise predizioni su masse dei neutrini e altre osservabili di interesse sperimentale

BeSt fit i 10 ].: T T 1 llllII 1 1 llllll I L IIIIII 1 T 1T T 1T
001741‘888%}1 E Disfavored by 0v3p §
+0.0010 101 > -
0'0194—0.0012 F &
+0.0004 Z . < .
0'0535—0.0004 = - Z -
0.0907 003 S0 - P
+1.17 S feoooo o -

].8- 14_1.48 L I, g .
19 604—%(2)% 107 o ' ‘% —

. —1. E ~ 'I E E
+0.019 X '\ : ;
+1.12970.019 ; ] _
4 | 1| llllll 1 | 1 1 lllllll 1 | .| IIIIII 1 L1 111l

:|:0.9461_8:88;l lE 107 102 10! 1

17‘71ightcst| eV ]

(mw) < (36 — 156) meV KamLAND-Zen
Phys. Rev. Lett. 130 (Jan, 2023)

lDecadimento beta |
' (e.g. KATRIN) §

{ decadimento beta }
L senza neutrini  §

Punto di minimO)(2
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Il “revival” di S5: conclusioni 27

Quarks con 557

Modello semplice:

I’y — poche forme
modulari di Yukawa

Modello predittivo:
con meno parametri in

letteratura per [, = 5,
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BACKUP
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But what about a I, ~ S;seesaw version?

Recent work with S.Marciano, D.Meloni: arxiv:2402.18547

Reproduces low-energy CP-violation and matter-antimatter
asymmetry of the Universe through Leptogenesis

Introduce Minimal seesaw

scenario with only 2 RHN W, = gH,N°D,Y3? + ¢ H,(N°Ys) il + ¢ Hy(N°Dy) YO+
transforming as ~ 2 under S; . O .
with weight 2 TA[(NN)2Y5™ + ANN) Y,
-y + L v 2Y1Y; 9 (2Y,Yy)
MD = gu, 9 " 'g
2V1Y; (% -¥2)+ 02 +Y)) -2 - W)
- o 0 ) V1Y Mass| trino in th
Mg =A - . assless neutrino in the
( e L +Y2))RR > spectrum, Normal Ordering

Excellent fit: y* ~ 0.98
(but now o p is fitted)



Backup slides: Clebsch-Gordan

P> Clebsch-Gordan coefficients for S5

(1~ V101 + Yoo
" <l//1) (%)
202=101®2 ~  YPrpa — Yoy Wy , Py .
2 Yap2 — Y1 S, doublets
\ W12 + a1

1'®1'=1 ~ 1y

'®92=2 ~ — 119 y1, ¥, = pseudo-singlets (17)
Y191

€.9. (D Yy(1)1 = (Dy)(Y(1); — (Dp)y(Ya(2))) ~ 1



Modular symmetry vs traditional: an example

Non-Abelian discrete Modular flavour
flavour symmetry symmetry
a c c
W, D —~E| (Lo)H, W, D aEC[LY,(1)];H,
0~2=(3) o ~2= (o)

F t
ree parameters Completely fixed by modular group

Structure dependent on the

_ The only unknown is the complex VEV of ¢
symmetry breaking sector



The Modular symmetry approach

Modular-invariant SUSY action

S = / 0tz / 420420

Kahler potential

>

c=Nr1
chosen

The superfields transform as:

(0.0 Grassmann spinor coordinates)

® = (7,¢) Chiral superfields
@ Usual matter supermultiplets

Gives the kinetic terms after
the modulus acquires a VEV

P> A minimalistic form is

K(®,d) +

|

[ [z [d2ow(@) + h.c.]

|

Superpotential

> Holomorphic function of
superfields

P> Encodes the Higgs Yukawa
interactions

’7_ A7) = at + b
= cTt +d . a b Action is invariant if,
< , Wwith v = c d) € Y under I'y;:
oD (o7 + d)H1pD ()0 l
W(D) — W(D)

K(®,@) — K(®,®) + f(®) + f(®

Kéahler transformation

)

J/

\

p(¥) Unitary representation of T
\_ N




Backup slides

, |7 21}

N | =

P> The fundamental domain D = {7‘ €C:Im7>0, |[Ret| <

N

N =

2 Rert 2

p Every VEV outside this domain can be mapped here through
modular symmetry

P Inour case, even a small departure from imaginary axis
results in sizeable CP-violating phase



Backup slides

, |7 Zl}

N | =

P> The fundamental domain D = {7‘ €C:Im7>0, |[Ret| <

N W

ImT
—

N =

2 Rert 2

p Every VEV outside this domain can be mapped here through
modular symmetry

P> CP conserving values



The Kahler potential...

’ Minimalist choice for the Kahler h = positive constant A, = dimensions of mass
K(®,®) = —hA2log(—iT + i7) + D _(—it +i7) ¥ ||
I

Satisfies K (®,®) — K(®,®) + f(®) + f(®) under Ly

P> In a bottom-up approach, this is unjustified

P> Corrections of the Kahler potential can spoil the predictivity of the model

M.-C. Chen, S. Ramos-Sanchez, and M. Ratz, “A note on the
predictions of models with modular flavor symmetries,” Physics
Letters B 801 (Feb, 2020) 135153.

P> This question is an open one



The Modular symmetry approach

The group generators

f’ Finite modular group can be defined: I",, = _/T(N)\ I'=T/{xl}
T(N) = T(N)/{=]}
I'(N) = {(‘CZ Z) € SL(2,7Z) (Z Z) = (é (1)) (mod N)}
\ subgroups of I N=1,2,3..called “level” | Y

P> Generators S and T of the modular group 1

S 1 T
T —— 71-o74+1 S?2=TV=T)> =1
T

s=(5) ()

[ S3 Generators S and T satisfy: p(S) =

S*=T*=(ST) =1




The Modular §; model: lowest weights

Level 2 modular forms of lowest weight (2) constructed from Dedekind’s Eta “seed function”

P () =" ﬁ (1—4q™)

2T

, qg=e
q T~ (/2 (T3 e
Closed set under the modular group
a+p+y=0
Y (@, B,11r) = = [alogn(r/2) + Blogn((r +1)/2) + 7logn(2r)

Impose transformation properties

o under S3generators
This fixes the constants

|

“C” arbitrary

i 1/ -1 =3 1 0
: i) =3 5 V) =g Y
[ Cn(r/2) () SUTZT)i\ 2( ) (
YYl(T)__ + r+1\
2 |n(r/2)  n(9)  n(27) PP =1 (ST =1  ((T)?=1
<
votr) = S V3 n(r/2) 7 (%)
2 n(t/2)  n(=F) Y, (7) Y,(7)
- . (vim), = s ron( )
)»Uﬂz(w+)M%E@2




The Modular §; model: the normalisation

Level 2 modular forms of lowest weight (2) constructed from Dedekind’s Eta “seed function”

P () =" ﬁ(l -q")

_  2mT

- /2 (5

T+1

) n(2r)}

Closed set under the modular group

-

~

Impose CP symmetry on the model
Superpotential parameters must be real:

less free parameters

“C” arbitrary
( _Clr(r/2) 7 (%) 8y(2r)
NO=9 e () T e }
\
_C Sn(z/2) ()
\YQ(T) —3v? n(t/2) 77(%1)}

l

> In our case, this is true if
C is purely imaginary

. T The choice made in this
" 25, Wwork

P. Novichkov, J. Penedo, S. Petcov, A. Titov

Uournal of High Energy Physics 2019 no. 7, (Jul, 2019)J

Y(r) S Y (=) = Y*(7)

Only source of CPV is the VEV of
modulus T



The Modular §; model: charged-leptons sector

Found two viable choices for modular charges and weights

=k

rkEl =0 — kg (kEl :4_k€
<kE2—2—kg </€E2:2—kg
kg, = —ky kg, = —ky
“Hierarchical” “Minimal”
(e a7 apY? (R a(?), 0
M, =| Y, —B" 0 ] M, =1 BYs —bY1 0| va
0 0 ¥ 0 0 Y
Charged-leptons masses Charged-leptons masses
reproduced with: reproduced with:
a
P LY % o0 LT« 6a0)
a o 04 a o

(1) _ (7 +Y3) ® _ (y3 _ 3y? _
@(Y2(3))2 2_ Yo(YZ +Y2) , , Y = (Y =3YYa)rr v, =VEVof H,




Backup slides

Numerical procedure

p Define a “figure of merit’, i.e.

chi-square for every set of 5 (gi(ps) — T\
20\ — i j
parameters ) = /,2) X’ (pi) ;( ” )

Pi = {7_7 /6/0477/047 "'7g,/g7gp/g7 }

. . 9 . 9
B Define a “potential” with a given 0; = {5in’ Oho,sin’ Bos, sin® O, me /., fmr 7}
temperature T and a threshold
Vip;) = pi) 5 Ups) < lmax P. P. Novichkov, J. T. Penedo, S. T. Petcov, and A. V. Titov,
+o0o0 , otherwise “Modular S; models of lepton masses and mixing,” (2019)
At iteration “t’, generate a new Accept the new point with a
P> point from a Gaussian centred > P> probability given by:

on the previous one P, = min[1,exp(V(p\") = V (p)))/T]
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A measure of fine-tuning:
Altarelli-Blankenburg

z. par,b-
. . v | dpar.
Fine-tuning = IL i
| obs;

D .

P Spar. The shift of the parameter from the point of minimum, which increases the chi-
I square by one unit, while keeping all other parameters fixed.

P> O; Experimental errors for each observable as extracted from F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)

> The model with less fine-tuning, in our case, seems to be the one with the least
number of free parameters (model )
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Model | [7]

Model |l [8]

Best-fit and 1o range

Best-fit and 1o range

ReT +0.089570 00sz
ImT 1.69710:0%
B/ 14.3375:58
v/ 17391532
9/9 315711039
9"/9 7171538
9/ 9 8-511-;:82
vga [MeV] 102.14
v2 g/A [eV] 0.47
sin? 6,5 0.30015-083
sin? 613 0.0223%5:0006
sin? 0,5 0.45210:9%5
r 0.02953-9507
me/my, 0.00485:3002
my./m, 0.0578+9%0%
Ordering NO
§/m +1.594+3:9%
my [eV] 0.018270001%
my [eV] 0.0201+5:001%
ms [eV] 0.05370:0008
> m; [eV] 0.0925:603
(mgp) [meV] 18.89*1 37
m§! [meV] 20.261159
o /7 +1.124 15012
oo /T 40.949+9:005
Fine-tuning 12.2
Xin 0.16

ReT +0.09019:9%3
Im T 1.68810:015
B/a 1.031904
v/ 1.2610:32
ap/a 1.3310%
9/9 41.9775%
9"/9 9.5515%1"
/9 11.5%5?
vga [MeV] 1404.6
v2g/A [eV] 0.35
sin? 01, 0.30510.0%%
sin? 03 0.022215-0%07
sin? 0,3 0.45415-00%
r 0.029570: 0007
me/my, 0.00484:6603
My /m; 0.0570%5 0015
Ordering NO
§/m +1.597+3-509
my [eV] 0.017415.0014
my [eV] 0.019415.001
ms [eV] 0.053570: 0004
>im; [eV] 0.09075:603
(mgg) [meV] 18.14111%
mt [meV] 19.607192
a/m +1.12979:9013
o /T 40.94670:904
Fine-tuning 11.2
X2 0.074
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Minimal seesaw model: arxiv:2402.18547
with S.Marciano, D.Meloni

Best-fit and 1o range
ReT +0.24470:063
Im7T 1.132+0027 it |
Bl 0.92%5:53 i -
+/a —1.20+09 | |
logio(ap/a) | 134783 Py
7/9 27653} 8 Py f
/g —2.53%5:63 | :
logo(|A]) —12.2+109 ] OMoss: w0 . ..
vac, [GeV] 1.08+008 19 2 . : : 06 -03 ROéOT 03 06
v2g?/A [eV] 3467752 . .
sin? 615 0.30579:94 - 18} ] f : . ]
il | 0022170008 | T | »yA
sin? 63 0.448*0:015 & - L ] / |
r 0.0206:906 o [ e { ) ]
me/my, 0'0048f8:88821’ ~0.50/ ] -o.soiw M—
mu/m, 0.057419.9032 : : :
Ordering NO 0057 040 043 046 049 052 B 5 '-6.3’/‘0'.0’ ')0'3‘ 06
Jop —0.018+9:5%2 sin” B3 e
o /m 0 sl - F - 4 A e ]
s/ +0.11279792 o j ZZ: ” “ L E .
n {me:’/} 8 62(§)+0 095 0.003:- %5 2,93; : . . 3 M ]
mo [(Me 02U 0 123 & [ 1 T~ oasst ] I ]
m; [meV] 50.806.93¢ = i ] E:: . ><
5. m; V] 0.0504:+09001 -0.017:— / | g ~ : ~0.500 M ]
|mﬂﬂ| [meV] 3'61t8:83 _0'027? ................................................................. 1 1.38: : : ]
mg' [meV] 8.90%0:09 00376555 000~ 050~ 160 - o9 1o 1T iz
drr 3.03 /T ImT
Ximin 0.98




ldeas to explore: sterile neutrino (3+1) scheme

Minimal construction: Zhang MES mechanism S ~ fermionic gauge singlet
[1H191 5288%98] v, ~ Majorana heavy singlets

__ 1
—L,, =V Mpvr + S Mgvgr + il/;gMRVR + h.c.,

Arbitrary assumption: no
> Majorana mass term for S:
0O Mp O

can it be “modularly imposed”?

TXT __ T T
M,™" = Mp Mr Mg 0
O M S O | e 68.27% CL

| == 90.00% CL
w— 95.45% CL

99.00% CL
99.73% CL

Sterile-active mixing
 O(Mp)
O(My)

[eV?]

2
41

= Modular suppression?

Am

Only existing study: M.Singh et al.
A, model [2303.10922]




Non-standard interactions

; - =y i -
L=i ), Fo"Ouf+ 50u0ad0a — 3Mi00

f=e.ecv

1
— (me + Z5p0)ee — El/(mu + Z.paV+he.+....

T= (1) +

@y, + 1@,

V2

in the sun:

0.9 |
0.8 R - S, spsesansand
......................... z'[ev.-l ox
0.7E ... R s
0.6 -
0.5 E
0.4 E
________ < L S sinfy, E
0.3 —_— me—— .
.2 22 20 18 16 14 12 10 : 8
102 4% 10710 107" 107" W% 100 Ab”

A = 5x10°GeV |

M,[eV]
modulus VEV]

=p

Re(Z¢)2ZY
_p0 e(Z2°) ’

¢ M2(R)

om,, (0) =

1.5_ 1 'll”"l 1 l]:l T' ] l‘l”"' 1 lll]”q 1 lll]l"' LB A
: =.
: M, = 1022V
N ' Uu =
C 1 %
B ‘| o
1'0_—’\ \‘ —-"
\ -
b ‘ B - -4
N e lO“.Amh[c\[?]._1
IR SR T ———
0.5+ =
C sin’fy, ]
L
0_ R ETTT R RT T BN T BN BN AW AT BN eI
107 10° 10° 10" 10" 10" 10"

A|GeV]

from Feruglio’s slides at Mod. Symmetry Bethe Workshop



