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Introduction

The strong CP problem

&s = -10
— <
Locp D 0327T2 GG 0] <10

why is 6 so small?

!

Peccei, Quinn, Wilczek, Weinberg ('70s)
promote 6 to a dynamical field
that relaxes to zero
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Introduction

The strong CP problem

8s =
ﬁQCD D) 9327T2 GG

why is 6 so small?

!

9] < 10710

The hierarchy problem
Ly D mH?  Ame ~Ap

Why is m%, < Ap
1

Peccei, Quinn, Wilczek, Weinberg ('70s)
promote 6 to a dynamical field
that relaxes to zero

Composite Higgs Models
The Higgs is a pseudo-Nambu-Goldstone-Boson
(pPNGB) and its mass is protected by symmetry
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What and why?

What?

Solve both problems in a composite
Higgs scenario:

o Both the axion and the Higgs arise as
pNGBs

. 202 A4
o The usual mass rglat|on msfy = Noep
needs to be modified to make the axion

heavier

Why?

o Tackle multiple problems simultane-
ously: strong CP problem, hierarchy
problem

o Good learning opportunity for me
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Model Setup

Gauge group and breaking pattern

GHe X 5U(2NGC + 3) X SU(Q)L X U(].)y/

fec 4 (®), (=)
QHC X 5p(2/Vgc) X SU(3)C XSU(2)L X U(l)y
g - Y
G su(i2)  SUB)XSUB)R
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The hypercolor gauge group

Constraints
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o Gr/HF D Higgs, axion — SU(4)/Sp(4) composite Higgs model
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The hypercolor gauge group

Constraints

Requirements Constraints
o Gr/HF D Higgs, axion — SU(4)/Sp(4) composite Higgs model
o asymptotic freedom — bounds on Nyc and Ngc
o the existence of top partners — at least some HC-fermions charged under GC

SO(11)nc, SO(13)nc
3< Ngc <6
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The different global symmetries

Aqcp

SU(4).,

X

X

SU(4Ngc + 6)y

l (xx)
SO(4Ngc + 6)

5U(3)|_ X 5U(3)R

l <QLCIR>
SUB3)v
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The meson resonances

SU(4) Sp(4) names
1 ow
6
5
SU(4Ngc + 6) | SO(4Ngc +6) | names
(xx) o1 1 oy
SU(12) Sp(12) names
1
1 66 7
65 T

5[3(4) D) SU(2)L X 5U(2)R
—(2,2)®(1,1)
M~ M~~~

Additional Higgs-like pions contained in

Addition singlets like o, o,.
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Partial Compositeness

Linear couplings between SM and HC  We need to study the baryonic resonances
fermions

Lint ~ GO, O = (WTPf o X) Baryon | SU(4) x SU(4Ngc + 6)

wwy | (4x4,0) — (6510,0)

Jr - _
L 0 . wwx | (4x4,0) — (6610,0)
Y = p owx | (4x4,0) — (1915,0)
o
fr — not enough partners for all three gen-

erations

9/14



The chiral approach

o Dynamics of the Goldstone bosons: broken generators and X-matrix
o Explicit breaking sources: gauge fields and Yukawa interactions
— we assign them transformation properties under the global symmetries

We systematically write a Lagrangian by putting all terms that respect the full
symmetry of the model, for example

f2
Liin = 5 Tr (DuZew)" (DuZew) Vgauge = Cogf;' Tr [SgZSgTZT}
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(Partial) conclusions

From symmetry reasons, the potential of 7
reads

Cud =
;\’IfspTr[Y LY ZR] +hee. 5
my, z2%y
N u df2

L L
10° 10° 10° 10" 10" 10"

mg [eV]

[Valenti et al. 2206.04077]
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(Partial) conclusions

From symmetry reasons, the potential of 7

reads
c
_K/d fl Tr |V, T
2 oGl
mn ~ 2—’

Study of the complete potential

and masses, including mixing
effects, under investigation.

o B

N

o
S

VN

A
072 100 10

A
0% 10° 10°

g [eV]

10°

[Valenti et al. 2206.04077]
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Internship

Topic

3-month internship before the start of the
master's thesis to get acquainted with EFT
and in particular HEFT in the context of
singlet scalar extension, 2HDM and MCHM

Purpose

Collaboration with a research group of CMS:

o ldentify theoretical limits on the Wil-

son’s coefficients

o Understand an apparent mismatch be-
tween different EFT parametrization

for 2HDM
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About me

o | am interested in BSM theories, model building and their phenomenology, but
| am open to other approaches and challenges
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About me

o | am interested in BSM theories, model building and their phenomenology, but
| am open to other approaches and challenges

o Why? Particle physics is far from being complete, many unanswered questions
remain, among others:

o strong CP problem
o hierarchy problem

o A lot can be learned from both the fundamental approach and the EFT one

Thanks for the attention!
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The field content
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The HC gauge group

8¢ = 2 Gy(Ad) 3ZNR T(Ri)

33 B0>0 OZ*>ac
4 TV
1
Bhe =3 C3(Ad) _7C2 Ad) ZNRT !
_ QZ G(Ri)Ngr, T(R;) SO(11)He — Ngec <3

Sp(4)Hc — Ngc <2

S S S .
c 3 max,-[Cg(R,-)] 51
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The hypercolor gauge group

Asymptotic freedom

Evolution of as

1.0 T
— asylu)
0.8 — asp(u)
——f
0.6 - fac
3
5
0.4 1
0.2 1
0.0 T T T T
10t 103 10° 107 10° 10t

u(Tev]

myf2 = Nocp + /15, Asp > Agep
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The hypercolor gauge group

Asymptotic freedom

Evolution of as

()]

1.0 .
asu(p)

0.8 — asp(u)

- f
0.6 1 =y foe . .

Including all constraints from before
0.4 1
021 S0(11)nc, SO(13)nc
0.0 | | , ; 3< Ngc <6
10t 10° 10° 107 10° 10

K [Tev]

maf7 =Ngep + /e, Nsp > Aqep
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The hypercolor gauge group

Constraints

Requirements Constraints

o Gg/Hr D Higgs, axion — SU(4)/Sp(4) composite Higgs model
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The hypercolor gauge group

Constraints

Requirements Constraints
o Gg/Hf D Higgs, axion — composite Higgs model
o asymptotic freedom — bounds on Ny¢ and Ngc
o the existence of top partners — at least some HC-fermions charged under GC
Gne w X Ge/HF
Sp(2Nyc) 4xF (4NGc +6) X Ay SU(4) x SU(4Ngc +6) x U(1)
SO(Nyc) | 4 x Spin (4Ngc + 6) x F 5p(4) X SO(4Ngc + 6)
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The chiral approach

Taking the EW coset as an example:

[0 0
Yo = < 0 —i02>

2\/2i
U[I'I]:exp{ *f[’n}, =Y mX
a u

Yew = U[N]Zo, ¥ —g¥g’, geSU®).

Lin =

2

f
?Tr (DT ew)! (D Tew)
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Kinetic term

1 (h9h + ndun)?
2 1-—R2— 72

1 ~\2 1 5
Lyin = 5 <8Mh) + 5 ((9”7]) +

2
8w 72 +ia/—
—I—Twh [WM W+ + z, 7"

2 cos 9‘2/\/
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Partial Compositeness

Due to the lack of enough top partners for all three generations, we are forced to
choose a mixed scenario for the mass mechanism

Aoy = Ay — Ap. —
Lmix[Auv] = T%ZQ? @ + =0 UsOu, + —5-D30p,+
/\UV Ay /\UV

+Z

l,_/l

YA
(QUS)! of + TP (QiDF)! 0F 4y + hec.
UV
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Partial Compositeness

Due to the lack of enough top partners for all three generations, we are forced to
choose a mixed scenario for the mass mechanism

A
Lmix[Auv] = 7QQ33
Ayv

3.\

A
+ZA

ij=1

>\D3 003

oAb o e
(Q’UC) /gj,/ : (Q/D ) Db,/+h.C.
uv
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Partial Compositeness

Due to the lack of enough top partners for all three generations, we are forced to
choose a mixed scenario for the mass mechanism

A(Q D
L] = 220505, + 22 @% 5 (0500,+
/\UV

5
Y o
* Z /\”Uv (Qinc)‘”‘ Aoy (Q’DC) D,bit + h-c.
ij=1
3
Lyuk = Z Yi(a'w + vl B+ Y0 VI (d'd + wil) Bt he.
ij=1 ij=1
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Yukawa interaction

A3 Ap
Lint[Aec] =—L 08 +

tROt bROb
NG Nec R /\Z;bc al
A3 A3
V3 3, vy 3
’quq wq QO% + ’sz ¢3Ow ’sz‘j, wdow?j
AYers Aec s

Ar (Auc) = Af (Aec) (Nee /AHc)™

9/18



pNGBs potential

EW coset (ww)

o Gauge contribution

Vigauge = gg [5 ZSTZT} o Other quarks
o Top contribution Viguarks = f4 2 Z‘Tr [ZP“]\Q
Ay At fa
Viep = G~ (2t) Tr [PéZTPtZT}
T

= / gets a potential
n does not!
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pNGBs potential

EW coset (ww)

Gauge and top contribution Other quarks
o Leading corrections for h o subleading contribution to the h poten-
o h develops a vev tial

o 1) could acquire a vev
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pNGBs potential

GC coset (/1))
Gauge contribution Yukawa contribution
o 51 pNGBs are charged o Charged pNGBs
— m3 ~ g2f52p — m3 ~ y3f52p
o 14 pNGBs are neutral o Neutral pNGBs

2 2
— mp, ~ )/u}/dfsp
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Spurion analysis

Vtop = -

Viauge = Cof3 (Tr [SAE(SH) =] + Tr [S5x(55) 7= ). (1)
C{Z;? (X4 Tr [PextPY!| Te [£Ph, =P, | + X2, [Pt Pst| Tr [2PIP]| +

X2 Tr [Paxt Pt Tr [£PL, P ).
(2)

2 2
Vauarks = —Caf? <y3 SITIEPLR 3 YT [P |2> . 3)

a=1 a=1
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GC pion mixing

We need to suppress the yukawas for the GC
Lyuk D y33z‘,f2v3/~7 + h.c fermions, otherwise a big mixing between h
o and [T occurs
— we assume a different anomalous dimen-
sion for the SM and GC top-partners

2
/\SDI'I

2 3372 7
~ Mz Yu /\5 h

VD (h I‘I> ( h P) < >
y33/\?5p mé M
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The axion mass

The mixing between the 7 and the neutral
pions [y can be described in term of a dif-
ferent symmetry breaking pattern contained
in SU(12)/5p(12). The potential and the
axion mass read

C_K7f4 Tr [YL,):L YJ):R} +he

&
Cud Sp
m N2W u df2

1/fa |GV

16‘ 10°
mg [eV]

Figure: A.Valenti et al. [3]
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Operators

£5 ey, Tr [EM + MISF] 4 oA, Te[EM] Tr [ MIET |+

esNg, { T [EMP + hc} + and, (Tr[EMEM)] + hc .
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Fermion masses

)\tL)\tRf;a — 1 Ct)‘Q3)‘U3 “2 + 772 .M
[p P T} _ Y 1
Cy 1 (tLtR) Ir QZ 2| = 7 f; + If,—,, t tr
)\bL/\be Cb)\Q3)\D3 H? + 172 n
[p Tp T] 1
Cy 2 (b bR) Ir QZ b2 7 faz +Ifa b; br

3 3
Ly = > VI + il B+ 30 I (ad + vl bt he.

ij=1 ij=1
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ky=1-
A 2)\5MmH
=1 Zev?
! tan(B)m?,
2 _ 4
Zs =~ _%fa) ~ O(1) cos’(f—a)=0 <V4>
v m

ky, ki — 1 for m,2_, > V2.
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