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Motivation

1. SM Flavour-puzzle: lack of explanation for masses hierarchy
in the SM

—> is there a deeper underlying theory? What would its
consequences imply?
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Motivation

1. SM Flavour-puzzle: lack of explanation for masses hierarchy

in the SM

—> is there a deeper underlying theory? What would its

consequences imply?

2. Many different experimental

searches probing different types
of physics at different energy
scales

—> how far can we push the synergy
between Higgs physics, EDMs and
flavour observables?

Flavour
Observables

Matter Generation
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—> how far can we push the synergy
between Higgs physics, EDMs and
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Outlook

A. Theoretical Framework

B. Flavour-Symmetries
1. Minimal Flavour Violation
2. Froggatt-Nielsen

C. Searches & Consequences Flavour

Flavour
Observables

1. Higgs Physics
2. EDM

3. Flavour Observables

Symmetry

D. Synergy & Prospects



Theoretical Framework

- Assuming NP can be described within the SMEFT, there is just one type of dimension-6 operator
contributing to the modification of the Yukawa interactions:

EWSB 2

H'H - v v e
L C FLYfoR FLCfoR A2 | h.c. ﬁ s @ —fLYffR\/§ fL (Yf | A?Cf) fR\/§ - h.c.

+ Mass Basis

Notice that in principle the NP scale A can be different in the quark and lepton sector!
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Theoretical Framework

- Assuming NP can be described within the SMEFT, there is just one type of dimension-6 operator
contributing to the modification of the Yukawa interactions:

otE EWSB
LC—FYIHfp— FyChH f 12 Che,  — L C —fLY)fr—

+ Mass Basis

Notice that in principle the NP scale A can be different in the quark and lepton sector!

 Parametrize deviations:

2

Effective Yf — Yf | Cf

Yukawa: A2

. Yren = .
Phenomenological Lo = I (/‘Jfff + /{fz’y5f) h SM: k=1, kf=0

Lagrangian: ' \/§
- e 2 2 2
Deviation o |\YFffh |yffh| 2 | ~2
Parameter: r f — ySM 2 2m Kf T K’f
ffh f M. E. Peskin (1312.4974)

Handbook of LHC Higgs Cross Sections: 3. Higgs Properties (1307.1347)



G. D’Ambrosio, G.F. Giudice, G. Isidori, A. Strumia (0207036)

A Flavour Model (1/2)

Minimal Flavour Violation

The Model

. SM: accidental symmetry U(3)° = U(3)2 X U(B)Z2 broken solely by Yukawas

- MFV: the only source of flavour and CP-violation in the SM comes from the Yukawas

- The Yukawas are promoted to spurion fields transforming as bi-triplets of the flavour symmetry

—> all higher dimensional flavour-violating operators must be controlled by Yukawas!

Consequences

No flavour-violating terms!
Only one C} for each fermion sector!




C.D.Froggatt, H.B.Nielsen (1979)

A Flavour Model (2/2)

Froggatt-Nielsen
The Model
- New U(1) symmetry and SM-singlet scalar field ¢ (conventionally, with charge Ny = — 1)
- Fermions and ¢ transform under the new symmetry and the Yukawa terms are made invariant adding powers
of o/ A\
- HTH ¢ nFi —|—7’ij
/
L C =Ygk, LHfJR‘I'Cf,ZJFLHfR A2 (E) +h.c.
Consequences

- Once the ¢ takes VEV, each term is suppressed by powers of € = <¢> / A F

Yy = diag (ys, " T y € T2y €T Cyij ~ O(1)e" i i



Incomplete list of authors: G. Altarelli, F. Feruglio, N. Haba, I. Masina, D. Meloni, L. Merlo, H. Murayama, ...

FN: Benchmarks

* Free parameters: singlet vev, the fermion charges and the phases

—> we can trade the right-field charges to the masses but we are still left with quite some freedom!

- The conclusions are fairly independent of the charges € = <¢>/AF — (.23
assignation, while phases can play a mayor role!
/ / /
» We consider a specific scenario for quarks and three Quarks Qr Ur dR
possibilities for leptons

(2,1,0) | (5,2,0) | (5,4,2)

ATTENTION! meptons Lr r

_ Anarchy (A) | (0,0,0) | (10,5, 3)

The phases are no_t fixed at all and ut-Anarchy (A,,) | (1,0,0) | (9,5,3)

can have major impact on the Hierarchy (H) | (2,1,0) | (8,4,3)
constraints!




Flavour Symmetry at Work

 Deviations in each sector are related!

2 2

diag(ReCYy), Y;K; = %

U

YiK; =Y+ 4

diag(ImC')



Flavour Symmetry at Work

 Deviations in each sector are related!

2 2

diag(ReC'f) . Yfkf — %

U

YiK; =Y+ 4

diag(ImCY)

Minimal Flavour Violation

L v
Cy = Y5

’ﬁfl:’ih:’if:a:lI

’02

kfl — E”fz — ’%f3 — FImCIf
f

2 v /12 Ug /
Tf:1+A_;|Cf| +2A—?RQC]L‘




Flavour Symmetry at Work

 Deviations in each sector are related!

>, ~ 22

A2 dlag(ReCf) Yfo — A2

Y;K; =Y} —diag(ImC/)

Minimal Flavour Violation Froggatt-Nielsen
C = Y} Crij ~ O(1) i i g5

2

5> Rec) v?
—diag (O(1)cos b 11, O(1) cos oz, O(1)cosbyss)

()

A

"3101:"‘72:"7’]"3:1I

F‘:f1 — ’%fz _ ’%f3 _ diag (O(1)sinfs 11, O(1)sinffaq, O(1)sinbyss3) ,

’02

AZ

cos 0

2 (= 2




Data from:

Higgs Physics (1/2) ATLAS (200707650
CMS (1809.10733)
CMS (2009.04363)

. Global »? fit 4 T

95% C.L.:

11 pmmTTI 1 Legend
2 #T o TTTTTTS oy
09 ¢ |3l
9 == ATLAS: Combined
/rc 5 236 - . == CMS: Combined
< 0 s : ATLAS: h->pu
Uris 5 Tg 5 1.08 — CMS: h>puu
— CMS: n
2 . :
0.56 5 1 5 1.40 -1 _1! == Collider Data
— =B
P
0.36 < 72 < 1.85
-2 -2
-3 -2 1 0 1 -3 i, i 0 1
Ki—1 K:—1

. Strong bounds only for third generations

- Relatively weak bounds for second generations
. Null bounds for the first generations!




Higgs Physics (2/2)

Deviations: NP Scale:

0.82 5 TtQ,c,u 5 1.61 sin 9%33 =0 Aq Z 0.8 TeV
19 o

~Y 7',,u,,e Y

0.67 5 Tg,s,d 5 1.52 sSin 96,11 = (0 = sin 96,33 Ag Z 0.5 TeV




Higgs Physics (2/2)

Jeviz
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Higgs Physics (2/2)

Jevis

< 1.61

Y

0.82 < ’rf’qu

0.67 Sy g S 1.52

049 <7

2

s 1

T,UL,E NV

ol

1.5

0.5

2.0

10 15 20

I'v

0 05

F -

Sin eu,gg =0

1N 96’11 — 1] — ihil 96,33

Ay 2> 0.8 TeV

1.5
S 1.0'

0.5

T T T T T T T T T
20+

CORRELATIONS!

0 0.5 15 20

1.5
~ 1.0

0.5

Ag Z 0.5 TeV

T T T T T T T T T
20

0 05 15 20




Electron Dipole Moment (EDM) (1/2)

* CP-odd process

Experimentally: Bl (e at 90% C.L.

M. Pospelov, and A. Ritz (1311.5537)

de €1 ~ )
* FV-NP through Bar-Zee diagram: — =4 N¢ pr (Z )3 V2Gr Mme [’fe"&zpfl(??w/h) T “e’%fZ(ﬁEWh)]
e 7

J. Brod, U. Haisch, and J. Zupan (1310.1385)

90% C.L.
s ey e g
e > 0// > .
A

J. Alonso-Gonzalez, L. Merlo, and S. Pokorski (2103.16569)
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de
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(47)
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J. Alonso-Gonzalez, L. Merlo, and S. Pokorski (2103.16569)

Electron Dipole Moment (EDM) (2/2)

» Stronger bounds on other generations!

Deviations: NP Scale:

0.998 < r2 < 1.002 Sin @, 33 = 1 e

~ ' q ~v

0997 S T? 5 1003 Sin 96,11 — | — Sil’l 96,33 Ag Z 60 TeV




J. Alonso-Gonzalez, L. Merlo, and S. Pokorski (2103.16569)

Electron Dipole Moment (EDM) (2/2)

» Stronger bounds on other generations!

*EW-Baryogenesis full explanation requires |k| 2= 0.08 !

Elina Fuchs, M. Losada, Y. Nir, and Y. Viernik (2003.00099)

Deviations: NP Scale:
0.998 < 7y < 1.002 Sin 0,33 = 1 Ay 2 7.4 TeV
0997 5 T? 5 1003 S1n 96,11 — 1l — ) 96,33 Ag Z 6.0 TeV

* provided the 1st order phase transition is strong enough



J. Alonso-Gonzalez, L. Merlo, and S. Pokorski (2103.16569)

Electron Dipole Moment (EDM) (2/2)

» Stronger bounds on other generations!

Reew 00012,  |Rosdl $0.24 N\ |Rren| <0.0017

*EW-Baryogenesis full explanation requires |k| 2= 0.08 !

Elina Fuchs, M. Losada, Y. Nir, and Y. Viernik (2003.00099)

pevigtions: NP Scale:

0.998 < r2 < 1.002 Sin @, 33 = 1 e e

~ g N~

0.997 < r; < 1.003

SIn 96,11 — L — 300 96,33 Ag Z 6.0 TeV

* provided the 1st order phase transition is strong enough
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Electron Dipole Moment (EDM) (2/2)

» Stronger bounds on other generations!

*EW-Baryogenesis full explanation requires |k| 2= 0.08 !

Elina Fuchs, M. Losada, Y. Nir, and Y. Viernik (2003.00099)

DT ffons: NP Scale:
0.998 < 7y < 1.002 Sin 0y, 33 = Ay 2 7.4 TeV
0997 SJ Tﬂ? SJ 1003 Sin 96,11 — ] = s1TNg. 33 Ag Z 6.0 TeV

* provided the 1st order phase transition is strong enough



Flavour Observables (1/2)

Higgs Flavour Violating couplings:

» Data from flavour-violating processes:

po—e
107, s 3 107 ’/ :
s N § i f — —> > >
6 = 1106
5105 | @S § | R 1 5 10°
= 10 S £ A g 10
B ol . % S K-mixing
S 10°. = = NI S 10°
2 2: = - N N )
1 = 3 i 101 '
= SIS SIS = " 0 ' 0
100 X NS N 10° K | K
N R NS |
<+———<
Observable

Input for the European Strategy for Particle Physics Update 2020 - 1910.11775

- without flavour symmetry: |[Y|°~ — = A, ~ (60 — 300) TeV



CP-Conserving

Flavour Observables (2/2)
A, 2 1 TeV
N, =4TeV B d eff. A A T H
ol cundlrell AN 4.0 HE A, > 4 TeV
107°|
§ 1079
107" 10°
| + Np=4TeV Bound |yes.| Ml Bound |[Re(yer)l FNIH
107"°] q I
10718 " g &
\\’” NV X 0 ¥ \\“” \\“” \\‘ \\" \\" '\\" N8
ST P e g g g e

G. Blankenburga, J. Ellisc, G. Isidori (1202.5704)




Flavour Observables (2/2)

- Np=4TeV Bound |yes.| I AB A" HBE

107

Upper Bound

l

vy 9 4P el gt et el e g

R A
<

Yo V< Ve Vo
RN S G S G T

G. Blankenburga, J. Ellisc, G. Isidori (1202.5704)

10°

Upper Bound

CP-Conserving

A, 2 1 TeV
Ay > 4 TeV

Several orders of
magnitude stronger!

Np=4TeV

Bound |yes. | Bound |[Re(yess)|| FNH




CP-Conserving

Flavour Observables (2/2)

A, 2 1 TeV
Ay > 4 TeV

l e l BB l o o
Bound |Yeff.| . FN -

Ag=1TeV

1076

1078

—

|
—
o

Upper Bound

10—12

1074

G. Blankenburga, J. Ellisc, G. Isidori (1202.5704)



CP-Conserving

Flavour Observables (2/2)

A, 2 1 TeV
Ay > 4 TeV

l e l BB l o o
Bound |Yeff.| . FN -

Ag=1TeV

1076

Experimental searches not
that far away!

1078

Upper Bound

—

|
—
o

10712

1074

G. Blankenburga, J. Ellisc, G. Isidori (1202.5704)



What can we learn?

Flavour Observables +

CP-Violating “[aemey

Bound |Im(yes.)| FNH

/\q = 7 4 TeV Bound |Im(y . )| . FN .

rv
o ®

'»
o (’v v“' b° 6

Flavour Observables

107"

Ay 2 3 TeV A, = 7.4 TeV

Upper Bound

Ag Z 1 TeV Ag > 6.0 TeV 10-122

10-17 L

" Vv
9 'o;‘ A 69 96




What can we learn?

Avoiding all current experimental
Flavour Observables + bounds!
CP-Vio|ating 103_ Ap=6TeV Bound [Im(yew)| I FN _ Ng=74TeV

" Bound ||m(yf,)|- FN. |

rp
o ®

'\«
0 (’v v% 60 6

Flavour Observables

1077

A, 2 3 TeV A, > 7.4 TeV

Upper Bound

Ae>1TeV | | A,>60TeV |

10-17 L

o 2
9 'o;‘ % 6" 96




What can we learn?

Avoiding all current experimental
* Flavour Observables + bounds!
CP-VioIating 103f A¢=6TeV Bound [Im(yen)| 1 FNE y A=T4TV " BoundlImyer)® FNE

Flavour Observables

10—8,

Ag>3TeV | [AZ74TeV | 17 o

10—10 !

Upper Bound

Upper Bound

Ay>1TeV | |A,>60TeV| ™

10—12 |

10-14- J
10-16 L |
¢

10—17v

—
> —
R

- Flavour Observables + Higgs Physics

— Bounds are of the same order!
A, 2 1TeV Ay 2 0.8 TeV
j VS o> — Future LHC searches could
Az 4 TeV ¢ 0 TGXSQ T become more sensitive to NP than
2 o2
4, 08I liz A : flavour observables!
0.99 <r; <1.01 0.67 S 1pea S 1.52

P19 = |5

~Y " T,U,e N




Prediction Higgs & Top Decays

- We can make predictions on processes
that have not been measured yet!

—> Higgs flavour-violating decays!

—> Top-decay into higgs+quark!

BR Experimental Bound 95%C.L. FIN Prediction
h — uc — 6 x 107°
h — ds — 6 x 10710
h — db — 4 x 1078
h — sb — 8 x 1077
BR Experimental Bound 95%C.L. A A, H
h — eu 6.1 x 107° 3x1072 | 10719 |1x 10719
h— er 2.2 x 1073 8x 1077 | 4x107® | 2x107°
h — ur 1.5 x 1073 8x 1077 | 8x 1077 | 9 x 1078
BR | Experimental Bound 95%C.L. | FN Prediction
t = hu 4.5 x 1073 2 x 107°
t — hc 4.6 x 1073 5.6 x 107° 4 x107°




Prediction Higgs & Top Decays

- We can make predictions on processes
that have not been measured yet!

—> Higgs flavour-violating decays!

—> Top-decay into higgs+quark!

Experimental sensitivity still far

away :(

BR Experimental Bound 95%C.L. FIN Prediction
h — uc — 6 x 107°
h — ds — 6 x 10710
h — db — 4 x 1078
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BR Experimental Bound 95%C.L. A A, H
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t — hc 4.6 x 1073 5.6 x 107° 4 x107°




Wa|t|ng for HL-LHC - Run il ATLAS Collaboration, ATL-PHYS-PUB-2014-016

T iEERET RS e e Flavour Observables + Higgs Physics
1.255 —— 300 b, w/theory —— 3000 fb™", w/theory -
1.2 ------- 300 fb™', w/o theory ------- 3000 fb', w/o theory —
& . Ay 2 1 TeV Ay 2 0.8 TeV
= Standard Model - q VS
- - A¢ 2 4 TeV A¢ 2 0.5 TeV
1.5 = ‘ 0.88 <72 < 1.12 0.82 < 2., < 1.61
1.05F - 0.99 < r} < 1.01 o s
B | gdo o I
. .
0.95/ =
0.9 . Ak Ak
s ATLAS Simulation Preliminary- el 00/ = (5
0.851 s =14 TeV = Rq R
:[ | | | | | | | | | | | | | | | | | | | | | :
0.9 0.95 1 1.05 1.1
Ky
Coupling 300 fb~! 3000 fb~! Coupling 300 fb ! 3000 fb !
Theory unc.: Theory unc.: Theory unc.: Theory unc..
All Halt None All Half None All Half None | All Half None
Ky 43% 31% 25% |33% 22% 1.7%
Ky = K7 = Kw 495% 0% 25% | 5% 22% 1.7% Kq 11% 87% 78% | 6.6% 4.5% 3.6%
KF =K =Kp =Kr =Ky, | 88% 135% T7.1% | 51% 3.8% 3.2% K 10% 96% 93% | 60% 53% 5.1%
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Waiting for HL-LHC - Run Il

O e Flavour Observables + Higgs Physics
1.255 —— 300 b, w/theory —— 3000 fb™", w/theory -
1.2 ------ 300 fb™', w/o theory ------- 3000 fb', w/o theory —
& = Ay = 1 TeV Ay 2 0.8 TeV
115 Standard Model = q VS
= - Ay > 4 TeV Ay Z 0.5 TeV
1 .15— _E ‘ 0.88 <72 < 1.12 0.82 <72, < 1.61
1.06F = 0.99 <r; <1.01 ¥ 067 < i~ L
B : 049 <72, <151
. .
0.95\ ~
0.95— e _ | - —f AK AK
: ATLAS Simulation Preliminary- el 00/ = (5
0.851 s =14 TeV = Rq R
:[ | | | | | | | | | | | | | | | | | | | | | :
0.9 0.95 1 1.05 1.1
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Coupling 300 fb~! 3000 fb~! Coupling 300 fb ! 3000 fb !
Theory unc.: Theory unc.: Theory unc.: Theory unc.:
{ O aYa. 0 z waYar. 0 Ky a0 70— % | 3.3%—22% 17%
s I e e Kq 11% 87% 7.8%(66% 4.5% 36%
KF =K = Kp = Kr =Ky N8.8%  1.5% T1%A9.1% 3.8% 3.2% K 10% 9.6% 93%AN6.0% 53% 5.1%,
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1.9 ------- 300 fb', w/o theory ------- 3000 fb', w/o theory —
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1 15E Standard Model - q VS
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Take Home Messages

Flavour symmetries:

- are well motivated both to explore BSM physics and to understand the SM Yukawa structure!

- allow to connect and correlate very different experimental searches and constraints and can lower
considerably the NP scale to 1-10 TeV!!

» CP violating — unless the phases of the diagonal couplings are zero, the EDM put the strongest bounds,
followed by flavour observables.

» CP conserving — most constrained by flavour observables, but Higgs physics’ bounds are of the same

order of magnitude — optimistic for the quark scale!

Bounds from Collider Searches could become competitive with
Flavour Observables!




Thank
|

contact at: arturo.degiorgi@uam.es
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Higgs Physics - Parametrization

- Data on signal strength from CMS and ATLAS.:
h - Branching Fractions

BR;," | BR)M | BR>Y | BR2Y | BRYY | BR;)!

pu

0.08 | 0.082 | 0.062 | 0.029 | 0.002 | 0.0002

* Each ratio can be parametrised as a function of the deviation parameters:

I'h tot.
s =1+ BRE! () — 1) + (BRg" + BRZY) (7 — 1) + BRS)' (0.639 — 0.7187}) + BRY (r? — 1)

h,tot.

1, for F=VV*,
1.639 — 0.718 r, for F' = v,
for F = bb,

for F' =717,

for P = VBF, VH

for P = ggF, ttH + tH. .

for F' = .

*full expression with extra + 0.079r?



Toy-Model UV Completion

. Vector-like exotic fermions: ¥, »
. MFV-inspired symmetry: F;, ¥, , ~ 3 C SU(3); and fr ~ 3 C SUQ3);
. New bi-triplet scalar: ¢ ~ (3,3)




Waiting for HL-LHC - Run lil: ATLAS

Prospects of LHC Higgs Physics
at the end of Run Ill (1703.07689)

éTLAS i Total | Stat. = Syst. ' SM . ATLAS Collaboration, ATL-PHYS-PUB-2014-016
s=13TeV,245-79.8 fb .
m,, =125.09 GeV, y | <2.5 ATLAS (2007.07830) ; : . -
H
pg,=71% i ; ATLAS Simulation Preliminary
| | | | | | | | | | | | | | | | | | | | | | | | : ’F— . [ —_ -1 - — -1
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= 130 0% (oSt 026 : ee P
?Z* —==— 2.68 t§§§ (t§;§$ t§é§) ggF O-jet categories —&+— -04 16 ( 1.5, £0.3) ' |
Www* ==+ 0.59 t0:36 (1229 io021) . H— WW (comb.) :
VBF T I-lE—I 1.16 t§;§§ (tg;zg 920 ggF 1-jet categories o 24 124 =12 3208) «f» .. . . . WS |
bb 3.01 M (1% %) : .
______________ comb, | fmm 77Ty Sow o) ggF 24t categories |—8— 0.6 £1.2 (1.2, £0.3) : H—Zy  (incl)
vy —e—— 1,09 *058 (4088 4025, - e me A | L
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_f_gm_b_ _'?_EI'_ ________________ (1) ;Zf;’_ _Eggé_ b i ignal strengt Houp (comb.)
. . -0.24 ( +0.17 -0.18 ) . l [ l L1 1
I 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I

—2 0 2 4 6 8 . A/

ATLAS (1909.02845)




Waiting for HL-LHC - Run lll: CMS

35.9 fb™' (13 TeV)
CMS ® Observed
B == 1o interval
KZ - -
E — 20 interval
Kyl o L k<t
| —o—
i, | el
g e
IKHI —o—r——
Binv -
B o—
ndet
u Illl|Ill||Il|IIIIII|IIllllllllllllllllllllll
-15 -1 -05 0 05 1 15 2 25 3
Parameter value

Uncertainty

Parameter Best fit stat syst
0.08 0.07 0.04
OV m
(To12)  (Co10)  (Toge)

0.09 0.07 0.05

L ERRE e
(To12)  (Tooe)  (Coor)

+0.19 +0.13 +0.13
£
(Tos) (Zooo) (Tg12)
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S ek b
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CMS Projection

Prospects of LHC Higgs Physics
at the end of Run Ill (1703.07689)
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