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Flavour Symmetries

G r rules the fermion interactions:

-3 Allows to describe masses and mixings

- Rules Yukawa interactions f; H fr

- Rules the fermion interactions in any d>4 ops.

When GF is present, the synergy within
different experiments/observables can be
MUCH STRONGER




Proof of Concept: Yukawas

Higgs Production

: Tree-level i
Higas Decays
99 \y Higgs-mediated

Kf_LHfR /

Baryogenesis \

Loop-level Higgs-mediated

Tk




An Example: eEDM

do| < 1.1 x107%Y e cm @90% C.L.

ACME II, Nature 562(2018)7727

[Brod et al., JHEP 11 (2013) 180]

Yp T e T
Log = K + 1K h
f \/5( HYY »Y50)
Re| < 0.0017
Rl <31 el <037

7] <0.29 7| <0.0012 7] <0.24

[See also: Fuchs et al., JHEP 05 (2020) 056; Brod & Stamou, JHEP 07 (2021) 080] 5




An Example: eEDM

Assuming the presence of G :

~ ~

Ke X K, R Ky Ry X Re = Ky K ~ RKs = Kp
Direct bounds: Indirect bounds:
%e| <0.0017
%, < 31 — K, < 0.0017
7r| <0.29
7| <0.37

e iy oy < 0.0012
7| <0.0012

‘l%b‘ S 0.24 ﬁ /%d,s,b S 0.24



Impact on Baryogenesis

Fuchs et al., JHEP 05 (2020) 056

In the SMEFT case, with d=6 ops. modifying the Yukawas,
have concluded the following:

-y Strong sphalerons wash out baryon asymmetry
generated by both k: and &y

- A valid possibility is with s if
R+ 2 0.08

Y

(Analysis done with only one ; at a time, but similar
results with more than one k; contemporary)

If there is GF , then Feur S 0.0017 and therefore,
baryogenesis cannot be explained even with <!




How General is this?
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We verified this is the case for two extreme cases:

-3 Minimal Flavour Violation (MFV)

Effective approach where any
source of flavour and CP violation
Is controlled by the Yukawas!

- Froggatt-Nielsen (FN)

Simplest flavour model, but low
predictivity power!



The Formalism

SMEFT with d=6 operators affecting the Yukawas:

L=—Q HYuy—Q, H — L' HY!ep+
. __ H'H — H'H
_ (QfLH(J;u’R 4 Q’LHC(;d’R) - — L HCeh, w7 the
q

primed fields in the flavour basis!
After EWSB:

L= v+ ¢ ” 3 !
_uL 2A2 U uRﬁ_uL Y QAQC”LL uR\/—_I_hC—I— .

+ d—quark%harged—leptons f

masses = Higgs couplings!




going to the mass basis:
2

Yi+ 5 Ch = VYsU!

2A2
E——U_Yui - Y., IUQC | h 1
—) — LIy R\/§ ur, | A2 UR_ ﬁ
+ d-quarks + Charged leptons
where C; =V/C}U; .
The matching with the K formalism is:
2
Y;K;=Y;+ —diag(ReCy)
Ve, o— . — fi = Yy T g5diag(ReCy
Lot = =22 (kythth + ify50) h A
YKy = Aleag(Ime)
712 @ 2 .
Useful: 73, = Q‘T;f;b‘ = Ky, + Fy

w 10



MFV case

Chivukula & Georgi, Phys. Lett. B188 (1987) 99 Cirigliano et al., Nucl. Phys. B728 (2005) 121
D’Ambrosio et al., Nucl. Phys. B645 (2002) 155 DaV|dson&ParoI|n| Phys. Lett. B642 (2006) 72
Alonso et al., JHEPO6 (2011) 037

Gf — U(3>£L X U(S)eR X U(S)QL X U(S)UR A U(g)dR
— YV

Spurions: Y, ~ (3,3) Y, ~ (3,3,1) Y;~(3,1,3)

22

Kt = Ke = Ky =~ 1 A2Recu
q
22

e . ~ /

/ ! v/ _ __ ~
q

o 22

P2 =12 =2~ 14 —|d, >+ 2-Red,

C U | A4 A2

and similarly for the down quarks and the charged leptons.
There are NO flavour violating couplings!

11



FN case

[Froggatt & Nielsen, NPB 147 (1979)]

R ¢ (TLQi+nu ) gb (nQi—Fndj)
. /
O%FN = — yu,z] LZHUR] <A_F> d’Lj QLZHCZ <AF> _|_

¢ (nLi—i_nej)
/ / /
09 L Rj AF

- (nQ; +nu;) (nq;+nay) | gt g
N @ttty () e Gty () =

Y Ap Ar A2
(nL,,; ‘|‘nej) HTH
! 1/ / ¢
—Cy i L Hep | — - h.c.,
i) L Rj <AF> A?
Q/ u/ d/
Quarks L i -
(2,1,0) | (5,2,0) | (5,4,2)
Leptons L} e

Anarchy (A) (()7 0 ()) (1()7 5, 3) [Altarelli, Feruglio, Masina & LM,
17-Anarchy (Am) (17 0, O) (97 5, 3) JHEP 1211 (2012) 139
(2,1,0

Hierarchy (H) ) | (8,4, 3) Bergstrom, Meloni and LM,
Phys.Rev. D89 (2014) 093021]
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Diagonal: Crii ~ O(Yy,)els
2

U v

Ky=1- e diag (O(1)cosbyr 11, O(1)cosbyr a2, O(1)cosby as3)

2
- v . . .
Ky = e —diag (O(1)sinfs 11, O(1)sinbr 99, O(1)sin by 33)
2 , v v
ry, ~ 1+ 0(1) A7 20(1 )A2 cos 0
Cluij & O(1)e" @i TTuj g'fuis
Off-diagonal: Cyij =~ (1)e"@i T i¥d.is <£> = ¢
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Back to the eEDM

The complete expression for the bound on k.- reads:

e Im Ce,33

% <0.0017
fir| S m, Im Ce 11
MFV C” _ C/ Y/ Im 06,33 _ TN+ 9 ‘/% | < O 0017
. f I f a Im Ce,ll e N
S Im C, 33 m sin 0 33
FN: Ct i = O(Yy, 10,4 — 22— O(1)— :
f, ( e )6 Im 06711 ( )me Sin 96,11
sin 6. 33 4 Sin (96,33 | iy 1

Sing; € [-1,1]

—> || < O(1)0.0017

Sm&’e 11 0'3;‘ SiIl@e’ll

02l

— 7| < O(1)0.0017

011




Collider Bounds

op T(h—F) (rhm)l
: )

The signal strength:  up

oM I'SM (h — F F?L{\t{)t
Op 1 for P = VBF,VH . 5
o e for P = ggF, ttH + tH
1, for FF = VV*
1.639 — 0.718 ry, for F' = ~v,
i | UL e
M (b — F) Ty .;or = bb,
r, for F =77, [Processes
7“,2” for F' = pp.

?g’;ﬁ =1+ BR})" (r; — 1) + (BR})" + BR2) (r7 — 1) + BRSM (0.639 — 0.718 ;) + BRI (r2 — 1)
h,tot.
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ATLAS /s =13 TeV 24.5 — 79.8 tb™!

CMS  /s=13TeV 35.9 fb*

Production mech. P | Final state F' | ¢ x BR normalised to SM

vy 0.96 + 0.14
77 1.047018

gsk WWw* 1.08 £ 0.19
TT 0.96i8;§3
1Y 1.39%0735
Z7 2.68709%
VBF WWw* 0.5970:32
T 1167623
: —1.61
1Y 1.09%024
VH ZZ o.%téé%
. 4% 1.5019:59
(R = 1.38+LL3
bb 0.7970:%9

ATLAS h—pun +/s=13TeV 139 fb~!

Production mech. P | Category | ¢ x BR normalised to SM
0-jet —04+1.6
ggl 1-jet 244+ 1.2
2-jet —0.6+1.2
VBF 1.8+ 1.0
VH+ttH 5.0+ 3.5

[ATLAS: PRD 101 (2020), PLB 812 (2021)]

[y = 3.2555 MeV
[CMS: PRD 99 (2019)]

Production mech. P | Final state ' | ¢ x BR normalised to SM
bb 2.51150%
TT 1.05;%:21?
2z
+0.21
i e
—1.79
TT 1.12f8;§i§
Ww 0.2875:55
VBF 77 —0.091 .92
7Y 06705
it 2.72% 703
bb 1.73i§;§§
WwW 3.91+2
WH 77 0,002
7Y 3.767 135
bb 0.9970:47
T \474"% 0.96%1 %4
77 0.00555
7Y 0.00%575
bb 0.91754
TT 0.23:1):22
ttH WWwW 1.6070 %%
77 0.00%5:00
7 2.18%575

CMS h—un +/s=13TeV  137fb"

Production mech. P | 0 X BR normalised to SM

eeH+ttH 0.66703F

VBF+VH 1.8410-5

[CMS: EPJC 79 (2019), JHEP 01 (2021)]
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== ATLAS: Combined
— CMS: Combined
—— ATLAS: h->uu
=— CMS: h->puu
— CMS: I}

ollider Data

DM




ATLAS: Combined
CMS: Combined
ATLAS: h->uu
CMS: h->pu

CMS: I,

Collider Data

EDM

Ky—1 18
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Bounds on A assuming GFr

Conditions on 6 Bound
S111 9u,33 — Aq z 7.4 TeV
EDM
Sin (96’11 — 1 =sin (96733 Ag z 6.0 TeV
S1n (9%33 =0 Aq z 0.8 TeV
Collider (diag couplings)
S1n (96711 = () = sin (96,33 Ag z 0.5 TeV

Pretty model independent: exact for MFV and O(1) for FN

[See later papers on similar topic, but without flavour symmetries, with consistent results
from EDMs and colliders: Bahl et al., 2202.11753; Brod et al., 2203.03736]
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Flavour Bounds on A

Tree and Loop-level Higgs-mediated processes

> T > - .
K" : K? > > > >
I
<+— —<« .7%
2 2
OY;; = (Y - AQC)Z-]- X FC’Z-]-
Without any flavour symmetry input:

o tH I "
S LRENLL T EL 1 1o
v (HE=NRNA (i ==p A~ (60— 300) TeV
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CP Conservation

/\q=1TeV  BoundlywW FNE

Upper Bound

10°® |
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Nq

=7.4 TeV from EDM
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Flavour Bounds on A

Tree and Loop-level Higgs-mediated processes

— ~~

> l E

>

1
KO : KV o> > >
|
<+ —<« 1711'/'

CP conservation:

Meson oscillations ~ == A, > 1 TeV

Muon radiative decay === A, > 2 — 4 TeV

Additional NP contributions may be present: cancellations?

25



Flavour Bounds on

From Colliders: 0.83 <12, < 132

0.58 <17, 4 S 1.58

0.50 <r? < 1.60

~Y T,U,E N

From Flavour:
0.88 < r? <1.12

Y QN

0.99 <r; <1.01

Y

2
Flavour data imply bounds on "« only a few %
better than colliders
(good news for future Higgs collider measurements)
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Higgs and Top Decays

BR || Experimental Bound 95%C.L. | FN Prediction

t — hu 4.5 x 1073 2 x 107°
t — hc || 4.6x1073 5.6 x 1073 4x107°
BR Experimental Bound 95%C.L. FN Prediction
Ay =1TeV
h — uc — 6 x 107°
h — ds — 6 x 10710
h — db — 4 %1078
h — sb — 8 x 1077
BR Experimental Bound 95%C.L. A A H
h — epu 6.1 x 107 3x107? | 1071 | 1x 10710
AE =4 TeV h — et 2.2 x 107 8x 1077 | 4x1078| 2x 107
h — ut 1.5 x 1073 8x 1077 | 8x 1077 | 9x 1078

=% Higgs and Top FV decays still far or violation of FS! .,



Collider Prospects at 14 TeV

Wait|ng for HL-LHC - Run Il ATLAS Collaboration, ATL-PHYS-PUB-2014-016

Ur F L Flavour Observables + Higgs Physics
125 300fb", w/theory —— 3000 b, w/ theory -
1.2F -+ 300 fb™, w/o theory ------- 3000 fb™, w/o theory —
- . A= 1 TeV Ay 2 0.8 TeV
1156 + Standard Model = q VS q
= - Ay 2 4 TeV Ay 2 0.5 TeV
1.1 = 4 0.88 $r2 < 1.12 0.82 S i, S 1.61
1.05 f— _f 0.99 <ry <1.01 L—' 0.67 Sripq S 1.52
= 1 049 72, S 151
8 E
0.95 —
0.9- . . = Ar Ak
: ATLAS Simulation Preliminary- il 1] = 0
0.85F Vs =14 TeV - Kq Kl
:I: | 1 | 1 I 1 1 1 | I | | | | I | | 1 | I 1 :
0.9 0.95 1 1.05 1.1
Ky
Coupling 300 fb~! 3000 fb~! Coupling 3000 b1
Theory unc.: Theory unc.: Theory unc.:
All  Half None | All Half None 4”;1}7 e Ll i
Ky D70 170 D70 =
KF=K=Ky=Kr =Ky | 88% 7.5% 7.1% |51% 3.8% 3.2% i i 0.




Final Remarks

=P Complementarity among experiments is fundamental!
=P Flavour Syms imply stronger links

=P Colliders bounds are still weaker than flavour
ones, but this will change soon for quarks

Colliders (diag.) Flavour (off-diag.)

A, > 0.8 TeV Ay > 1 TeV
Ag205 TeV A£:2—4TeV
=3 |n the Maximal CPV case, eEDMs dominate
N, 2 7.4 TeV
eEDM
Ay > 6.0 TeV

= Higgs and Top FV decays still far or violation of FS!

29
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On eEDM
de

o)
=4 " \V2Grm,e x B
e (4%)3\[ fritte =

7 = 12.68k. + 3.83%k, + 0.018%;, + 0.015%, ]

Experimentally: ¢/ < 0.0045

In order to relax the bounds found on k., there should
be a cancellation between the first two terms!

In the absence of any cancellation,

Fer < 0.0017
Is completely general.



Flavour Bounds

Eff. Coupl. | Bound on |yes.| | A, [ TeV] || Bound on |Im(yes.)| | A, [ TeV]
Ysd s 2.2 x 10710 0.7 8.2 x 10713 3
Yeulr 1.8 x 1079 0.7 3.4 x 10710 1
@bd§2b 1.8 x 1078 0.6 5.4 x 107? 0.8
Ups U 4.0 x 1077 0.6 4.0 x 1077 0.6

s 4.4 x 10710 0.6 1.6 x 10712 2
42, 4.4 x 10710 0.6 1.6 x 10712 2
Une 2.8 x 1077 1 50 x 10-10 ;
y> 2.8 x 107? 0.2 5.0 x 10710 0.4
U 2.0 x 1078 0.4 6.0 x 107? 0.5
Uiy 2.0 x 1078 1 6.0 x 1077 1
i, 4.4 x 1077 0.3 4.4 x 1077 0.3
Uz, 4.4 x 1077 1 4.4 x 1077 1




Ag [ TeV]

Eftf. Coupl. Bound
A Aur H
| YerUre| 2.2 x 102 8. x 1073 — _

Re(Jerire) 1.4 x 104 3 x 102 — _

In(Jerfre)| || 1.1 x 10710 1
|ge,u@,ue‘ 3.6 X 10_1 2 X 10_3 — —

Re(Jeplpe)| || 1.4 x 1073 8 x 1073 — _

Im(ﬁe,ugue) 1.1 x 1072 0.3 — —
|7 U 4.0 9 x 1073

Re(§urfrn)| || 2.5 x 1073 5 x 1072 — _

I (s Urp) | 1.2 1 x 1072 — _
|Yer Urpl 6 x 1078 0.8 0.5 0.5
Iymyml 6 x 1078 0.2 0.3 0.3

Gpr |2 2.5 x 1076 0.6 0.6 0.3
] 2.5 x 1076 0.2 0.2 0.3
Yer|? 3.6 x 1076 0.6 0.3 0.1
Ure|? 3.6 x 1076 1x1072 |2x1072 |4 x 1072
Uy |” 3.5 x 10712 0.3 0.6 0.6
Gep|? 3.5 x 10712 4 2 9
Ypels 1.8 x 1074 3x1072 | 3x1072|2x 1072
YpeUre 1.8 x 1074 4x 1072 |8 x 1073 |1 x 1072
QZMQZ; 1.8 x 104 0.1 5x 1072 | 4 x 102
yeﬂym 1.8 x 104 1x1072 |1x10°2|2x 102
yeuym 2.0 x 1074 0.1 7x 1072 | 5x 1072
JenJrp 2.0 x 107 5x1072 [ 4x 1072 | 5 x 1072
@ZGQ:T 2.0 x 1074 3x1072 |4x 1072 |3 x 102
05 2.0 x 1074 1x1072 |2%x1072 |3 x 1072




Toy-model UV Completion

Vector-like Exotic fermions: W, r
MFV-inspired symmetry: 9., V., Vr~3C SUQ)L
wR ~ 3 C SU(S)R

New bi-triplet scalar: ¢ ~ (3,3)

ApS »J\{(\Ij p)\qf. ADS Ly Ay H

f,"’f Vg s \“\\ ¢ 7 vp 53 \“?X,’H
fffH R\x IJH ¢fff)\;5\xH
1 cfffi 1 1

Y¢ ~ )\w M )\\pvqb e ~ )\,¢ Mo A@U¢WA¢



