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* Composite Higgs models
» reasons and features
» fermion masses
» possible approaches

* Flavor structure and CLFV
» overview on the flavor structure
» anarchic scenarios
» scenarios with flavor symmetries

* Insights using the simplified approach
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why Composite Higgs?

Hierarchy Problem: Huge mass gap between Planck scale (~1018
GeV) and EW scale (~100 GeV).

Possible solutions:

* New Physics at the TeV scale
» Weak interaction (Supersymmetry)
» Strong interaction (Composite Higgs)

e “Cosmological” explanation
» Multiverse scenario (anthropic selection, SM likelihood)
» Relaxion mechanism

* Disregard for naturalness argumentations
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the first Technicolor theories

i - Weinberg, '76
» Tecnicolor (TC) theories Syt A
Et QCD Strong TC sector
MpL - : 5
confinement
~TeV 4 v restore
EW scale + @te resonances— W-W scattering

Nacb

: confinement
\ 4

Garyons and mesor

unitarity
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enter the Composite Higgs

TORNT Dimopoulos, Susskind, 79
» Composite Higgs (CH) models 7 forotal Sussne: 71

=1 QCD Strong TC sector
MPL— : E

. confinement
~TeV ¢

: v
: . Higgs
EW scale 4 composite resonances —»{ EVQ\?gB

: confinement
\ 4
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why the Higgs is lighter?

[Kaplan, Georgi, '84]

* Higgs as a pseudo-Nambu-Goldstone (pNG)  [Kaplan, Georgi, Dimopoulos '84]
[Dugan, Kaplan, Georgi, '85]

=1 QCD Strong TC sector
MPL— : E

. confinement

~TeVd § composite resonances

v
|SSB
Higgs - EWSB
confinement
v
Nocn +
pions
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fermion masses through bilinears

Elementary Sector r Composite Sector
int
B W, Gy [ o U (resonances)
sz YR @(Composite Higgs)
L
massless
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fermion masses through bilinears

Elementary Sector r Composite Sector
int
B W, Gy [ o U (resonances)
sz YR @(Composite Higgs)
L
massless

1 n T inberg, !
e old TC models: Lint = (1)) (W) [Weinberg, 76, "79]

A2 [Dimopoulos, Susskind, '79]
TC
(0 ] _
1, (T) - |
v (Vo) (PT) — ¥ P ¥ SM fermion masses
W U TC -TC
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fermion masses through bilinears

Elementary Sector r Composite Sector
int
B W, Gy [ o U (resonances)
sz YR @(Composite Higgs)
L
massless

1 /s T inberg, '76,°
* old TC models: Lint = ——(¥¢) (V) [Weinberg, '76, 79]

A2 [Dimopoulos, Susskind, '79]
TC
(0 ] _
1, (T) - |
v (Vo) (PT) — ¥ P ¥ SM fermion masses
W U TC -TC

|

(0 W 1 _ _
M NA—TC(ww)(?W) » FCNC —— |Incompatible
" (%
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fermion masses through partial compositeness

Elementary Sector r Composite Sector
int
B, W, Gy [ o T (resonances)
Y, YR @(Composite Higgs)
[Kaplan, ‘91] different fields A
e Partial Compositeness: Lint = A V%, + Ar[Uinbr + h.c. =<
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fermion masses through partial compositeness

Elementary Sector

B,,W,,G,
¢L»¢R

[Kaplan, ‘91]

di

Composite Sector

o, W (resonances)

@(Composite Higgs)

fferent fields

e Partial Compositeness: Lin = AL 0%

SM sector: admixture
elementary/composite

Uy

= A
wL"‘AR\pin-I-h.C. — ek 1

my
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fermion masses through partial compositeness

Elementary Sector

B,,W,,G,
Y, VR

[Kaplan, ‘91]

Composite Sector

o, W (resonances)

@(Composite Higgs)

different fields

* Partial Compositeness: Lint = Ar|[¥%

SM sector: admixture
elementary/composite

Y, UF Pr

i+ Ar PR + hec.

A
— =K1
mh\y

SM fields massless
before EWSB

\112 \Ij2
Vo, g VI ?

o ‘I’_ll% " 53 YR
f h=.—>—
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fermion masses through partial compositeness

Elementary Sector r Composite Sector
int
B, W,.G, L .............. k ....................................... { 5. (resonances)
yu
wLa lDR<|-E 5-@(composite Higgs)
Lo =Y IU2HUL HY|[U%HUL 4+ h
yuk = LHAYE + r{IVYT +h.c.
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fermion masses through partial compositeness

Elementary Sector r Composite Sector
int
B, W,.G, L yUk ....................................... { o, (resonances
Y, lDR<|-E 5-@(composite Higgs)

~

Lowe =\Y|VIHUEL +HY[UEHY] + h.c.

H, (H)
: * mass term
b, o VP e U o vr xep-Y-ep * SM Yukawa interactions
A A :
Aligned at

leading order

Andrea Pattori, UniPD & UZH CLFV 2016, 06.20.2016 8/28




fermion masses through partial compositeness

Elementary Sector r Composite Sector
int
B'LL’ Wﬂ) G/JI ....................... £yUk ................... O" w (resonanceS)
Y, @DRTE i-Q—D(oomposite Higgs)
Lok =Y VZ2HUEL HY|U2HYT +h
yuk = LAAVYER + rHAYT + h.c.
H, (H)
: * mass term
b, o VP e U o vr xep-Y-ep * SM Yukawa interactions
A A ¢
Aligned at

leading order

* Yukawa interaction only with W (Vector Meson Dominance, VMD)

» Two different Yukawa couplings Y, Y (“right” and “wrong” Yukawa)
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is Partial Compositeness better?

Advantages of PC:

e Under Vector Meson Dominance

-> effective suppression of NP effects (RS-GIM mechanism)

[Gherghetta, Pomarol, '00]
W Y 0 Y [Huber, ‘03]

VS X € e K1

TC PC
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is Partial Compositeness better?

Advantages of PC:

e Under Vector Meson Dominance

-> effective suppression of NP effects (RS-GIM mechanism)

[Gherghetta, Pomarol, '00]
W Y 0 Y [Huber, ‘03]

VS X € e 1
TC PC

* Addressing the SM flavor puzzle
hierarchical A = hierarchical masses and flavor mixing
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is Partial Compositeness better?

Advantages of PC:

e Under|Vector Meson Dominance

-> effective suppression of NP effects (RS-GIM mechanism)

[Gherghetta, Pomarol, '00]
W Y 0 Y [Huber, ‘03]

VS X € e K1

TC PC

* Addressing the SM flavor puzzle
hierarchical 4| = hierarchical masses and flavor mixing

Naturally arise in some concrete realisations

[Contino, Pomarol, '04]
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different model building approaches

starting point: Approach:
implement explicitly -
the Higgs as a pNG CH models in 4.D
G N (CCWZ construction)

model independence
AlAnoipeid
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different model building approaches

starting point: Approach:
the Higgs as a pNG —— |
G N (CCW/Z construction)
)
@)
-
)
2l s
build a Lagrangian simplified approach o o
. 1) G) 9"
Lel + Leomp + Lint (“two-site model”) I =z
% <
O
@
-
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different model building approaches

starting point: Approach:
implement explicitly CH models in 4D
the Higgs as a pNG —— |
G— H (CCWZ construction)
O
@)
o
e 9
build a Lagrangian simplified approach o o
- . ) G) 9"
Lel + Leomp + Lint (“two-site model”) I <
S <
O
@)
=
4D 5D Holographic CH Models
+—> —_— . .
strong weak (warped 5t dimension)
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flavor structure in Partial Compositeness

Realistic 3-generation description:

~ ~

* Bulk Yukawas Y, Y } R { Yij, Yi;  3x3 flavor matrices
* Mass mixings €r, €r suitable €L, €R,i compositeness degree
basis choice
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flavor structure in Partial Compositeness

Realistic 3-generation description:

~

* Bulk Yukawas Y, Y } . { Yi;, Yij  3x3 flavor matrices
* Mass mixings €r, €r suitable €Li, €R; compositeness degree
basis choice
SM Yukawa > fermion masses:
. X - (V)
i (H) j Mass
Vi . Vg m; ~ — €1, €r; (Y _
— > ——B——9 L \/§ L RZ< > h|erarchy7
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flavor structure in Partial Compositeness

Realistic 3-generation description:

~

* Bulk Yukawas Y, Y } R { Yij, Yi;  3x3flavor matrices
* Mass mixings e€r, €r suitable €L, €R,i compositeness degree
basis choice
SM Yukawa > fermion masses:
. X : ()
i (H) ] Mass
VL . Vg m; ~ — €1, €r; (Y |
- ——n——— > — v \/5 v RZ< > hierarchy?

e Anarchic scenario:
» Y~ ©(1)and anarchic
» €1 and eri hierarchical

* Flavor symmetries for Yj; (discrete or continuous)
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Partial Compositeness and lepton flavor

Flavor structure of the lepton sector:

* Requirements with massless neutrinos:

€Li €Ri g

4 me <<mlu<<m7' ~

J
. €L €R; m; m;
+ democratic: = ~ =2 N«/# — &~ :
J

€Lj €ERy m;

ELJ' ERJ' <Y>U

- likely configuration in anarchic scenarios
- configuration that minimise LFV

+ LH compositeness: €L x1 & €eri = m;
+ RH compositeness: eg x 1 & €r; = m;

- scenarios with flavor symmetries
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Partial Compositeness and lepton flavor

Flavor structure of the lepton sector:

* Requirements with massive neutrinos:
» Me <My, K< My

y My, << M

+ Majorana v + see-saw mechanism
+ Dirac v + composite vi

» Upvins 1S NOt hierarchical

+ discrete flavor symmetries (AaxZo, SaxZs, ...)
- troubles with 81320
+ possible also in anarchical scenarios [Agashe, ‘09]
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LFV experimental situation

Present bounds and future sensitivity for LFV processes:

LEFV Process | Present Bound | Future Sensitivity
[ —> ey 5.7 x 10719 ~6x 10714
o — 3e 1.0 x 10712 ~ 10716
" Au— e Au | 7.0 x 10713 ?
pwTi— e Ti | 4.3 x 10712 ?
1Al — e” Al - ~ 10716
T — e 3.3 x 1078 ~107% —107°
T — WY 4.4 %1078 ~ 1078 — 1077
T — 3e 2.7 %1078 ~ 107 — 1071
T — 33U 2.1 x 1078 ~ 1072 — 1071
Lepton EDM | Present Bound | Future Sensitivity
d.(e cm) 8.7 x 1072 ?
d,(e cm) 1.9 x 1071 ?

strongest present
challenges for CH
scenarios

T LFV is dangerous in PC
scenarios, but present
bounds are too mild

interesting and important
correlations with LFV
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CLFV: tree vs one loop contributions

e Tree level LFV: B(u — 3e), B(u N — e N)

1
/’l' > > 6 % mee 6/11
74 > 3 41013 1 1/92 Tev\*? B(u — 3e) < 1.0-10712
poe E ( A ) B(p~ — e )au <4.2-1077
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CLFV: tree vs one loop contributions

e Tree level LFV: B(u — 3e), B(u N — e N)

H € N ———

> > GFA2€e €u
? ‘ B, .. ~4.10713. 1 (2 Tev)4 B(p— 3e) <1.0-107"
e Y21\ A B(p~ = e )an < 4.2-10713
* One loop LFV: B(x — e®)
D o e v 3
H 4 )l( \ e MN\/;GFA2Y Ce Cu
20 TeV '\ *
% Bisey 510713 .[y4 ( ’ A6V> B(p—ey) <5.7-107"
" X1y ; tension
= ' B oc|(Ysm )i

diagonal in mass eigenstate basis

Andrea Pattori, UniPD & UZH CLFV 2016, 06.20.2016 15/28




tension in the anarchic scenario

“Tension” between one loop and tree level bounds:

10% ¢

103

10°

M—e conv X 10

10! E

1000 F—T—T— T

' MEG

L &2
E I Q| NS
------ -8 302, 5 S
- Q

Sindrum

BR(u-ey) x 10!

ML—e conv X 10

10—

500 Y=1, My=5 TeV

100 |

50

Y=2, M=H

Y=2, Mgg=10 E

1 1 1 1 1 1 1 1
5 10 15 20

103

BR(u-ey) x 10!

scan of anarchic configurations
in a 5D RS model

+ A=) TeV
1
+ Y —.4
- 5’

Y=2, My=5 TeV

1 1 1 1 1 1 I
5 10 15 20

[Agashe, Blechman, Petriello, PRD 74 (2006) 053011]
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deeper insights in the anarchic scenario

Spoiling the tension “tree-level vs one-loop™:

0.4 ' ]
- gauge contribution * There are contributions with different
f 29 Ceeee, . ' Y-dependence in considered processes
=02 e .,
é 0.1 * Such contributions are quantitative
" important for an evaluation of the bounds
00 0.5 1.0 15 2.0
Y. « p—ey + uN —eN provides the most
05 cobulk,T-gTy | stringent constraints
10-8;- |
I’glo""é— e Anarchic scenarios are strongly constrained
S107%) by present experimental bounds
= o)
10710 -mmmm oo N
R e
Br(u=ey) [Beneke, Moch, Rohrwild, Nucl.Phys. BO06 (2016) 561-614]
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CLFV vs other bounds

Are there strongest challenges for CH models?

e Direct searches: =1 1TeV X
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CLFV vs other bounds

Are there strongest challenges for CH models?

e Direct searches: =1 1TeV X

e Quark sector: exk » =7 TeV

.

+ close to future LFV sensitivity
+ limited theoretical predictions
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CLFV vs other bounds

Are there strongest challenges for CH models?

e Direct searches: =1 1TeV X

e Quark sector: exk » =7 TeV

.

+ close to future LFV sensitivity
+ limited theoretical predictions

* Precision observables: Sand T parameter » z41TeV =

with custodial M
gauge symmetry | — =2 TeV
iIn 5t dimension
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CLFV vs other bounds

Are there strongest challenges for CH models?

e Direct searches: =1 1TeV X

e Quark sector: exk » =7 TeV

.

+ close to future LFV sensitivity
+ limited theoretical predictions

* Precision observables: Sand T parameter » z41TeV =

new dangerous with custodial v
contributionsto <«—— |gauge symmetry| — =2 [eV
LFV processes in 5t dimension

- Some kind of “tension” between LFV and EWPT
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summary of anarchic scenarios

Conclusions for CH models with anarchic bulk Yukawas:

* Extensively studied for their appealing features, such as
dynamical generation of hierarchies

* Despite RG-GIM suppression, bounds from EWPT and CLFV
grew bigger in last ~10 years

* Not as appealing as in the past, 4z 8 TeV (> mkk = 20 TeV)

e These difficulties has increased the interest in models with flavor
symmetries
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Partial Compositeness with discrete flavor symmetries

Introduce discrete flavor symmetry:

* Originally motivated by conjectures about the Upuns structure:
+ explanation of the (nearly) tri-bimaximal lepton mixing

+ extra-suppression of LFV
Aguila, Carmona, Santiago, JHEP 1008 (2010) 127

Hagedorn, Serone, JHEP 1110 (2011) 083
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Partial Compositeness with discrete flavor symmetries

Introduce discrete flavor symmetry:

 Originally motivated by conjectures about the Upuns structure:
+ explanation of the (nearly) tri-bimaximal lepton mixing

+ extra-suppression of LFV
Aguila, Carmona, Santiago, JHEP 1008 (2010) 127

Hagedorn, Serone, JHEP 1110 (2011) 083

* After 813~ 0.1, too large for old models:
+ still exist flavor groups that “predict” Upnins
+ still suppression of LFV
+ arguably less appealing models

- Mgk = 3.5 TeV

Hagedorn, Serone, JHEP 1202 (2012) 077
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Partial Compositeness with Minimal Flavor Violation

. L : A Redi, EPJC 72 (2012) 2030
Composite Minimal Flavor Violation: Rodi, JUEP 1309 (2013) 060

* Only one LFV source in charged lepton sector: ye

+ Left-handed compositeness: er, <1, |lep x yeb Y ox 1
+ Right-handed compositeness: |er X yef er x 1, Y x 1

+ Intermediate scenario: ep X1, eg o< 1,|Y o<y,
//;\\\
B di K igenstate basi
lagonal in mass eigenstate basis
b, xerY"ep 9 J

NO CLFV
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Partial Compositeness with Minimal Flavor Violation

. . - S Redi, EPJC 72 (2012) 2030
Composite Minimal Flavor Violation: Rodi, JUEP 1309 (2013) 060

* Only one LFV source in charged lepton sector: ye

+ Left-handed compositeness: er, <1, |lep x yeb Y ox 1
+ Right-handed compositeness: |er X yef er x 1, Y x 1

+ Intermediate scenario: ep X1, eg o< 1,|Y o<y,
// ’%\\\
T i di K igenstate basi
L)/L lagonal in mass eigenstate basis
xer Ye
L R NO CLFV

 Neutrino sector introduce CLFV

-> effective suppression of CLFV
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Partial Compositeness with Minimal Flavor Violation

Composite Minimal Flavor Violation:

« Greater troubles in the quark sector (yu, Vo)

+ Left-Handed compositeness: |€r, < 1}, €p X Yy, 66}3 X Yd

+ Right-Handed compositeness: €1, X Yu, G'L X Yd, G%’d x 1
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Partial Compositeness with Minimal Flavor Violation

Composite Minimal Flavor Violation:

« Greater troubles in the quark sector (yu, Vo)

+ Left-Handed compositeness: |€r o 1|, €g o< Yy, €

+ Right-Handed compositeness: €1 X Y, €7, X Yd,

d

R X Yd

u,d
€R

ox 1

Due to top mass, in LH (RH) compositeness, all LH (RH)

up-quarks have high degree of compositeness.

+ LH compositeness: troubles with precision tests

+ RH compositeness: troubles with quark flavor physics
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Partial Compositeness with Minimal Flavor Violation

Composite Minimal Flavor Violation:

« Greater troubles in the quark sector (yu, Vo)

+ Left-Handed compositeness: |€r, < 1}, €p X Yy, 661{3 X Yd

+ Right-Handed compositeness: €1, X Yu, E/L X Yd, Gzﬁd x 1

Due to top mass, in LH (RH) compositeness, all LH (RH)
up-quarks have high degree of compositeness.

+ LH compositeness: troubles with precision tests

+ RH compositeness: troubles with quark flavor physics

-> way out: different flavor symmetries, e.g. SU(2)
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an example of two-site model

Simplified approach starting from an effective Lagrangian:
Contino, Sundrum, JHEP 0705 (2007) 074

The Lagrangian of the heavy resonances
The SM Lagrangian (a “massive version” of the SM Lagrangian)

T~ —

2
L= (FL 4+ BBY — (o) + 2 () + WD —m)

2
*

— M2A% pP O 4 (A2 — (AQW + hc.) + Dyl — Vi) — Y UpW

2
I ‘\
Mass mixing terms The Higgs Lagrangian
(for fermions and bosons) (with VMD assumption)

» Partial Compositeness implemented for fermions and bosons
» Vector Meson Dominance assumption
» Focus on the lepton sector
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flavor structure of the two site model

SU(2)L SU(2)L

Lepton content: doublets  singlets
I I I I

» SM leptons: ‘L, ER. chiral fermions

» Heavy leptons: L., Lr,  EL, Er. Dirac fermions

Flavor parameters:

» Mass terms: mLL +mEFE + h.c.
» Yukawas: A; Lpl; + Ap Rrer + h.c.
» Mass mixings: Y L;pdEr + Y LrdE; + h.c.

/»/
N

/ X

p ' e

o
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flavor structure of the two site model

SU(2)L SU(2)L

Lepton content: doublets  singlets
I I I I

» SM leptons: ‘L, ER. chiral fermions

» Heavy leptons: L., Lr,  EL, Er. Dirac fermions

Flavor parameters:

» Mlass terms: mLL + mEE + h.c.
» Yukawas: A; Lply + Ar Rrer, + h.c.

» Mass mixings: vV Lp¢Er +TEraEL + h.c.

——P\\ //’-’\\\
) XX x>
6 i I | | 6
JY/LL

suppression of leading
LFV one loop contributions

vanishing wrong Yukawa —

Andrea Pattori, UniPD & UZH CLFV 2016, 06.20.2016 24/28




effects of a vanishing wrong Yukawa

About dipole contributions:

_exp. bound

LY, &Yl 1

|d,| (e cm)

10

-0
o

10 ¢
o

o

31
10
g 10 1 2 3 4 5

m(TeV)

» In this setup LO contributions decouples as «1/48

» EDM is an important complementary observable

» Tensions can be reduced

Feruglio, Paradisi, Pattori, EPJC 75 (2015) no.12, 579
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effects of a vanishing wrong Yukawa

About tree level LFV:

» Is crucial to consider all kind of contributions
» In this setup the naive «1/Y2 dependence is spoiled by this

m(TeV)

10

BR (1 Au — e Au)

10 "r

10

Feruglio, Paradisi, Pattori, EPJC 75 (2015) no.12, 579
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correlations for a vanishing wrong Yukawa

Correlations tree level - one loop:

AIO .,E 3'0

® <
@

T -

T LY. =0 "

~— -13

CI:'O : é% 10

o8 =
oC
(a1]

—
o

10 | 10

i dipole dominanée o L=0 dipole dominande
10 ) A s 2223 A b 3 anasaa 10 aaaaaal " A aaaa A A 2 anasaa
-1é -15 -14 -13 -12 -1€ -15 -14 -13 -12
10 10 10 10 10 10 10 10 10 10
BR (1 — ey) BR (1 — ey)

» Remarkable deviations from the “dipole dominance” case

» distinctive pattern tor NP effects correlation

Feruglio, Paradisi, Pattori, EPJC 75 (2015) no.12, 579
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* Composite Higgs models are appealing proposals
» natural solution to the hierarchy problem
» Partial Compositeness address the flavor puzzle(s)

e At present days RS-GIM mechanism is challenged by CLFV
» Anarchic scenarios gets serious bounds
» Flavor symmetries are a not-so-easy way out

* The simplified approach gives a different perspective
» Interesting insights in the flavor structure of these scenarios
» Viable models have specific LFV patterns
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