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New physics searches
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Several things still missing from the SM: gravity, dark matter, baryogenesis, ....
Also no explanation for the SM structure and parameters
(e.g. flavor hierarchy, weak scale...)

The SM is an EFT
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Possible deviations due to
Standard Model
new heavy states

The big question: what is A?

A = High scale A\ =TeV scale
- All the SM “accidents” are natural - Weak scale can be natural
But the weak scale becomes unnatural - Needs a “clever” flavor structure to be

consistent with precision tests
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Indirect probes

Precision measurements can indirectly probe scales much higher than the energies of colliders
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However, A is NOT the scale at which we
will find new particles

The connection between A and the mass
can only be done through a concrete
model of the UV physics




UV Hypotheses

Observables

consequences

Available parameter space

What are the hypotheses that allow for physics at TeV?

This can only be answered with a concrete model
Many BSM flavor models studied these last decades

Our choice: Composite Higgs + Partial Compositeness

Given the current (and near future) indirect bound, what can be discovered by LHC / FCC?
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Composite Higgs Review

A Global symmetry
Auv 4+ 506) x U(1)x

All SM particles, except H

Approximate

Elementary
CFT

Sector

Composite
Sector

v

50(4) X U(l)X

U(3)5 global symmetry

my ==
Weak scale 4~ Tower of resonances
Two parameters \,
Mass: My The two sectors talk through:
Coupling: gsn < g« < 4w 1) Gauging
2) Fermion mixings

SO(5) = SO(4) spontaneously broken

Higgs is the lightest resonance, possibly a \"
Nambu-Goldstone boson Contain Yukawas + flavor and CP violation
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Partial compositeness

The Yukawas come from the interactions between
composite and elementary sector

Two possibilities

Bilinear (Technicolor-like) x
LD cOy +y7 b vh0m
Marginw
Irrelevant

Disfavored by CFT theorems

All Yukawa couplings become RG
suppressed

Linear mixing (Partial compositeness) /
LD NI 0,

No bounds on anomalous dimension of O

dim[Oy] = 5/2 + vy

A(m.) = AAuv) ( - )W’

Ayy
Can generate both small and large
yukawas dynamically
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SILH Lagrangian

Putting together these hypotheses, one obtains a general effective Lagrangian

B = [Eenp == m_if g H D, Ngp' g2 g2 NN
sttt = K || S L AR e e 5 |
\

Possible loop factors

/

RN CALPA

— YUY = g% ,[e*]7° g ; ib_k ld—i ik l
W = gk CanlEy,] = 25 cancasy g ey ey Ty T

*

Unknown O(1) factors

ey = Ay /gx
Fermion compositeness
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Bosonic Constraints

Before discussing flavor, main constraints from the bosonic sector

Higgs couplings

N On = 50,(H'H)0"(H'H) Less relevant
S parameter " Il ] T parameter

Ow = it (HTﬁgH) D, Wan | Op =1 (HTﬁuH) (HT%)“H)

8 95% Suppressed by custodial
SY |
Drell-Yan (W parameter) ) m Cy H — vy
Oaw = 4 (DHWV,) (D, W) m Cw+Cn () | O, = H'HB,,, B""
2 - CfW (W) B Suppressed by NGB symmetry
2 4 6 8 10

m. [TeV]
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Flavor Anarchy

Anarchic partial compositeness: structureless O(1) flavor and CP violating coefficients

Can explain flavor hierarchies dynamically, but suffers from strong bounds...

Electron EDM Lu>ey
* * Lept
My 2 22009— TeV my > 2509_ TeV eptons
4m A7
AF=2&b—2>sy D meson CP asymm Neutron EDM
Jx Jx Quarks
my = 20 — 30 TeV My 2 1204— TeV my 2 40 — 604— TeV
T U

2,,2

Even forgetting leptons, this leads to a large Higgs mass tuning gT,::; ~ 1073

*®

Are there better scenarios?
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Maximal Flavor Symmetry

Another possibility is assuming the maximal flavor symmetry structure in the strong
sector that reproduces the Standard Model (focus on the quark sector)

[:mlx — AM_LOG _}_X:: Loa —I-Aw Roa +/\deOda

/

For some models we need two different
partners for the left quarks

Two sets of mixings: Universal = real and proportional to Identity, Non-universal = contain flavor- and CP- breaking
B

gstrong X Geolem X CP — Gp x CP — U(l)B Maximal Flavor Symmetry >
Minimal Flavor Violation
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Right-Universality MFV

Lo = NOGH O+ NG5 O 4+ NOTRO8 + Ndp O3,
O(Yw / T

gstrong = U(S)U X U(S)D —  Grp = U(3)q X UB)4u X U(3)D+d

x 1

;

Yu 0 0 yae 0 0
/\(Iu ~ % 0 Ye 0 ) )\qd ~ éVCKM 0 Ys 0 )
0 0 0 O
RU: ¢ Yt Yo
g 0 0 eq 0 0
A~ge | 0 g, O ) Ad~g« | 0 €4 O
\ 0 0 ey 0 0 &4
The “elementary”
with 2 <. <1 o< i< e~l = Y ,
g Jx quarks are actually composite
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Left-Universality MFV

Alternatively, we could have Left-Universality

Lonix = N9y O + N 08 4+ N dR0O8,

gstrong — U(S)Q — G = U(g)Q+q X U(3)u X U(?’)d

( g 0 0
Ag~ [0 &g 0|9 In this case there is a single € parameter
0 0 ¢
Yu 00 g Seg S L
LU: S~ |0 g 0], &
0 0 w
ya 0 0O . .
\ 1 4 Still MFV, but a completely different
™~ = 0 ys O VCKM .
a 0 0 y phenomenology than the right-handed counterpart
b
\
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MFV Recap

W couplings+b 2> sy

ARRaras 12%, 7
RU LU
/ ] 10 ]
i s |
~  NoPigp .
M Py plings
16 18 20 810 12 14 16 18 20

m. [TeV]
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The flavor problem

Anarchy / Add more hypotheses \ Structured Models

Flavor explanation No flavor explanation

Large tuning Smaller tuning

\ Add flavor symmetries N

How close to the TeV can Composite Higgs models be?

What'’s in the middle between these two possibilities?

* Smaller global symmetry group
* Adding LR global symmetry
* Dipoles at one loop
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Partial-up Right Universality

Lonie = N2G5 0% 4 NSgh 08 4 NOGHO8 + Nifd O3,

Gstrong = URQ)u xU(L)y xU@B)p — Gr=U@B)¢ xU2)v+u X U(1)u+u X U(3) D44

~ Vekwm
( Yu 0 0 / Yd 0O O
1 i 1
Mo~z 00 we @z |0 Aa~Taz; |0 9 O], Y ~ A b/ ey Ya ~ Mg, AL/ g
b 0 O
pU.RU . < a’yC yC yt yb
gg 0O 0 eqg 0 O
A~ge | 0 e, | @gx| 0 |, M~ge| 0 4 0]. 1st,2nd generations are separated
0 0 o 0 0 &4 from the 3 in the up-sector
\
...but two real and two new
e, L<ea,Sl, L<asl, o~ b~ complex parameters appear
gx (4 *
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Partial Universality

Label Observable
A PP — jj
B AF = 2(By)
C By — ptp~
Sweet spot D WEDM
5-10% tuning E | BY = K*%*e™ (C7)
F B — Xy (C7)
G W-coupling
— 12 — ' : T T T
T T V T T
& / & LU
= puRU | - 10 ‘S-‘; pRU P :
_ 8 -
_ 9+ 6 C _
1 [ NoPrg and CL@Tree-level Bl NoPir and C7Q@Tree-level
M NoPrr h B P.x and CLGTree-level M Py and C;@Tree-level
M P ) B P.. and CG1-Loop M P and Cy@1-Loop i
5 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
m, [TeV] m, [TeV] m, [TeV]
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The future

Label Observable
A pp — Jjj , . ‘
B AF=2J(rB.1) 2 4 6 8 10 12 14 16 18
C By — pp”
« [TeV
D nEDM " [ ) }
E | BY = K*%*e™ (C) : e
F B — Xy (C7)
G W-coupling
Projected
14 16 16 18 20

m, [TeV] m, [TeV]
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The future

)|

Projected
W NoPig M NoPrg 1
[_BETY P
2 4 6 8§ 10 12 14 18 20 2 4 6 § 10 12 14 16 18 20
m. [TeV] m. [TeV]
Label Observable pLU
A PP = jj
B AF = 2(By) ]
C By — ptp”
D nEDM -
E | B" = K*%te™ (C7) : ,
0 NoPrg and Cr@Tree-level
F B - XSFY (07) M Pir and C;@Tree-level
G W-Couplillg M P and C;@1-Loop
2 4 6 8§ 10 12 14 16 18 20
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[ No Py and CL@Tree-level
M P and Ci@Tree-level
M P and C3@1-Loop

8

8

10 12

14 16 18 20
m, [TeV]
pLU|
Projected
C -
0 NoPrr and C;@Tree-level
B P r and C;GQTree-level
M P, i and C;@1-Loop
T
10 12 14 16 18 20
m. [TeV]

G«

12

10 pRU

Projected

I No Py and CLGTree-level
M P and Cj@Tree-level
M P and C;@1-Loop

T

2 4 6 8 10 12 14 16 18
m, [TeV]
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Summary

Flavor is one of the biggest hurdles for models that address the hierarchy
problem

Concrete UV hypotheses are necessary to have a complete picture of the
phenomenology. Hypotheses translate to selection rules and correlations
between observables

TeV scale new physics is still possible, especially in the puRU scenario, and will
be tested/excluded in the next decade(s)

Other models seem to live farther from the TeV and the next decades of
experiment will tell us their fate

In particular MFV is NOT the best choice in the case of a Strongly interacting
Higgs

In general, flavor observables are the ones that gives the stronger indirect
tests on possible new physics models
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BACKUP
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CP violation

There is another flavor-independent bound, seemingly missed by the literature

If the strong sector dynamics violates CP we generate a neutron EDM from

3
ﬁEFT D) C*M facha Gprc ,Lu/aﬁ
g2m?2 3!
dp, <) A
— =~ (1 GeV)gS (mz) QCD N | my 2 110/g. TeV
e g2m?2  Am

This bound is independent on the BSM flavor structure.
Physics at TeV requires that the composite dynamics is CP invariant
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Maximal Flavor Symmetry

The extreme symmetric scenario is when all flavor breaking is contained in the SM Yukawas
Usually referred as Minimal Flavor Violation

Lonix = A9GLOL + Nigh 02+ Nomh 08 + NTL08,

A total of 5 different possibilities

Name Gstrong Universal Ay Gr Non-universal Ay,
Right Univ. U(3)U X U(S)D /\u o 1,/\d x 1 U(S) ( )U+u X U(S)D+d /\qu X Yu, )\qd o Yd \
Left Univ. (QuQa) || UB)u xU@B)p | Ag, x 1, Ay, x 1 || UB)grv+p X U(3)u X U(3)a | Ay x YJ, Ad X YJ f
Mixed Univ. (QuD) || UB)y x UB)p | Agy x LA x 1 || UB)grtr X UB)u X U3)paa | Au ox Vil Ag, o ¥y We focused
Mixed Univ. (QuU) | UB)u x UB)p | A LAy, <1 || UB)gsn X UB)vau X UB)a | Agy X Yy Ag x Y] on these two
)

Left Univ. (Q) UBusp | A x 1A 1 || UB)grvin X UB)u x UB)g | Ay ox Y, Ag x V)
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Right-Universality MFV

Most important constraints come from 4-fermion operators

7 sia [ez]jb qj
_Composi’;eness (dijets) / \ AF =2 (Bd)
(fR’Y“fR) ; f — U, d o 0 gl ™ a B
. 2 (br"dr)?
my 2 (3.0 + 3.6)g.c; TeV
my 2 (4.8 =+ 7.8)g*€i TeV My 2 6'52 TeV
SmaN )Ae Eu
myx 2 5.6 + 7.2 TeV
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Right-Universality MFV

Also Z coupling corrections

AF =1 (Bs 2 pp)
— o
(HTz' D ﬁH) Dt

S 6.9 +8.3

~ Eu

TeV

e

But they can be suppressed by “PLR protection”

Accidental symmetry that happens in some embedding of SO(5)—>0(4)

1 ii . —i 1 v R 12%3.5
OP)9 = gin'q) 9By, > TR —

TeV
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Left-Universality MFV

In this model there are no flavor-violating 4 fermion operators at tree-level

Dijet b?ISV
(f_L’YMfL)z , f _ u,d . at 1-loop
@, = (q oM ) VH B y
My 2 (5.2 + 8.7) gues TeV Oasl” = (G dp)H B,

0.45 = 0.68
My = TeV

New bound: W coupling modification =q

(CKM univarity test)

(1 - 5gW)UVCKMF}/MPLdW+ \ \
>
My 2 9.3 g«eq TeV . > 7.5TeV

~

xS
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Partial-up Right Universality

Main constraints

Dijets
My > (4.8 = 7.8) gue2 TeV With PLR
my 2 (3.0 = 3.6) g2 TeV I
Tension is reduced! my 2 2.4 TeV
AF =2 (Bd)
My 2 6'2 TeV / Without PLR
g*£u3
6.5 8.3
: Ms 2 TeV > 6.5 = 8.3 TeV
AF =1 (B - pp) (if no PLR) Eus
6.5+ 8.3
My 2 TeV
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Partial-up Right Universality

Luckily the structure is such neutron EDMs are not generated at tree-level

For example, for the up dipole

(O] = (@0 uly) HE,,

Yu O 0
Cury 0 AP DT 4 7 AW ADTF = ( 0 5 O )
aye by TyYt

All the phases can be rotated to the down-sector

Uk — Uk e ~targla] Uk — u% e ~targ[t]

—iarg[a] —iarg[b]

1 1 2 2
qr, — qre€ 3 q;, — 4L €

The only physical imaginary parts involve both up and down
structures - EDMs arise at loop level

30/8/2024 Alfredo Glioti (IPhT) 27



Partial Right Universality

Extending the U(2) also to the down-sector

Yu 0O 0 Yd 0 0
A~ | 0 we [©an |0 Au~Uaz; | 0y |©Uaz [0
DRU - < aye bye Yt a'ys b'ys Yb
Eu O 0 eq 0 0
)\u ~gs| 0 €4 | D g« 0 ; )\d ~g«| 0O €d | D g« 0
L 0 O 8“3 0 O Edg
f T
New parameters Yo ~ Mg Au/gx, Ya ~ /\Qd/\d/g*
Ys Yo
7° <L < ZZ < <
ge ™~ ea S 1 g ™~ €dy 51 a, b, a’, b’ still O(1)
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Partial Left-Universality

Or similarly for the Left-Universality model

( eg 0 0

Ag ~ * %
I Rl R B Y, = )\q)\L/g*: Yo = )\q)‘:ri/g*
0 0 €gs
a0 ! With
pLU: Shu~Zf 0 g |0
Yo b*Ye Yt Ye s
< < < <
" 0 0 g*wsqwl, g*NEqawl
1 ~ 1
Ad ~ €q 0 Ys Oaq @ Za3 0
\ a*ys by Up a, b, b’ are O(1), but @’ must be
\ O(A) to reproduce the CKM, but
no constraint on their phases

O(A) matrix
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Partial Right/Left Universality

For both models nEDMs appear at loop level and give lower bound for the various €

But new observables become important

b-2>sy
at tree-level

[0ap]” = (q%0"" d)H B

But in all known holographic models, such
operators arise at loop level

pRU: m, = (4.5 + 5.2) TeV
pLU: m, = (4.9 + 7.5) TeV

g
1672

— There could be a further suppression factor
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