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Higgs in the SM: Unitarity constraint
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Higgs in the SM: Unitarity constraint
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ATLAS CMS

T
® Data

> T CMS Vs=7TeV,L=51fb"ys=8TeV,L=531b"
& . ATLAS > T :
© 25[ [l Background 77 HozZ" a1 o Unweighted
2 [ Background Z+jets, tt [}
Ezoi\jsignal (m, =125 GeV) 1500
% SystUnc. %
Lis=7TeV:[Ldt = 4.8 fb” Z
15fie =7 Tev 1000
Vs =8TeV:[Ldt = 5.8 fb" B
10 )
2 500
o
+
e
@ 0HoTim T Ta0 M0 150
100 150 200 250
my [GeV] my, (GeV)
ATLAS Collaboration, Phys.Lett. B716 (2012) 1-29 CMS Collaboration, Phys.Lett. B716 (2012) 30-61
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Unitarity of the SM is experimentally proved!
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https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581
http://pdglive.lbl.gov/Particle.action?node=S126&init=0
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Any need for BSM?



dark matter

neutrino masses

EWPT

matter-antimatter

asimmetry

Any need for BSM?

¢ hierarchy problem
¢ strong CP problem
¢ ng,=n, =3

¢ hierarchy in fermion
masses
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Basic Ingredients
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Extended Gauge Group
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Extended Gauge Group

SURB)e x SUB)L x U(1)x

SU(3) has two diagonal generators
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Anomaly Cancellation: the SU(3); example
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Anomaly Cancellation: the SU(3); example

SUG)L
Q1 = +3 x 3¢
SUG), Q= +3 x 3,
Q3 =-3x3
L=-3x3f
SUEN

ng, =N, = 3K
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The Scalar Potential: Theoretical Constraints
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From SU3)L x U(T)x to U(1)em
SUB)L x U(T)x

18/33



From SU3)L x U(T)x to U(1)em
SU@3)L x U(1)x

(x)
J

SU2). x U(1)y



From SU3)L x U(T)x to U(1)em
SU@3)L x U(1)x

(x)
U

SU2). x U(1)y

(n), (p)
U

U(1)em



From SU(3). x U(1)x to U(1)em
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From SU(3). x U(1)x to U(1)em
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The Scalar Potential

The (Bg-invariant) potential is

V=mp'p+mnn+msx*x
+ A1(p"p)? + Ao n)? + As(xx)?
+Anp PN n+Ap p X x + Ann nxx
+ Cp' nn"p+ Qui3p X X P+ G3n"x x'n
+ \@fpnx(p nx -+ h.c.)

[m] = M?
[fpnx] =M
(A] = [G] =M
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Massive Scalar States
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#1 singly-charged (Gw),
#1 A-charged (Gya), #1 B-charged (Gys)



Massive Scalar States

XA p+ rlO
x={x2). p=| A | n={ n
XO pr I‘]iA

#3 neutral scalar, #1 neutral pseudoscalar (Gz, Gz),
#1 singly-charged (Gw),
#1 A-charged (Gya), #1 B-charged (Gys)

diagonalisation "inverse” diagonalization
- =2
mp, = o (A G fony. V) A = F(mp, my, myzo, vj, 0)
- =
ma = fa(A, G, fpﬂX: Vj) f/-7/7)( = Ffpux(mht' Ma, Mp+0, Vj, o)
Mp=0 = fr=o (A, ¢, Tony, Vi) ¢ = F¢(mp, ma, mpzo, v, ak)
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Trading the Parameter: Explicit Example
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perturbativity of the couplings requires certain degeneracy
among masses
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perturbative unitarity
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Unitarity of the 331 Models

perturbative unitarity

)

1
5 > Amax = max eig[cS’]
& matrix of all 2 — 2 bosonic amplitudes (in the s — oo limit)

to be addressed numerically, the largest matrix is 30x30
Q=0



BFB in the 331 Models

boundedness from below of the scalar potential

!

analysis of the highest powers of the fields
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BFB in the 331 Models

boundedness from below of the scalar potential

!

analysis of the highest powers of the fields

not-so-easy in multi-Higgs models, done for multi-doublets

Hadeler(1983); Klimenko(1984); lvanov(2018); Maniatis(20006);
Degee(2012); Kannike(2012); Maniatis(2015); Kannike(2016);
Faro(2019);



BFB in the 331 Models

sin a;j cos b;
P; = /rie'V e'Bi sin ajsin b;
e' % cos a;
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BFB in the 331 Models
BFB = co-positivity of Qy

V(4) = Qlj I"ll'j
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BFB in the 331 Models
BFB = co-positivity of Qy

VA = Qyriry
co-positivity of a generic rank-3 matrix A is
Ai >0, withi=1,23,
Aj = /AiA +A; >0, withi,j=1,23,
VA1ARAS + Ay Ass + Ai3v/Az + Agsy/Ary
+1/2A12A13A03 > 0
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C2 G P? Collaboration

analytical "inverse” diagonalization + scan over physical
masses, vevs and rotation angles + pheno constraint on
lightest neutral scalar + perturbative unitarity constraint + ...

in collaboration with G. Corcella, M. Ghezzi, L. Panizzi and G.M. Pruna
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in collaboration with G. Corcella, M. Ghezzi, L. Panizzi and G.M. Pruna

perturbative unitarity

{

1
5 > Amax = Max eig[é’]

& matrix of all 2 — 2 bosonic amplitudes (in the s — oo limit)
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C? G

4

P2 Collaboration Preliminary Results

T T T T 15

""" c?gp? Preliminary|-

ol c?GP? Preliminary|

0 200 400 600
My, [GeV]

400 600
my, [Gev]

800 1000

G.Corcella, AC, M.Ghezzi, L.Panizzi, G.M.Pruna, in preparation
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C? G P? Collaboration Preliminary Results
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Conclusions
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SM issues: dark matter, neutrino masses ... — needs to be
improved

331 model(s) explain the observed number of fermion
families (ng, = ni, = 3k)

331 model is phenomenologically appealing as embrace
various different scenarios

analysis of the scalar potential is Bg-independent
(theoretical constraints: unitarity, perturbativity, BFB
NEW!!)

forthcoming results on exotic quark phenomenology (C? G
P?)
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Minimization Conditions
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Scalars

CP-even neutral scalars mix

S
hi = RS H;

H = (Re p° Re n°, Re x%), h = (hy, ho, h3)

fonx = Kvy
B =tan~! VplVp, v = 1/V,% + vp2.
2 vyv(A3cos B — ksin B) )

K tan Bv)% +2A1v2cos? B Apv? cos Bsin B — KVy
m2 = Aov2 cos Bsin B — KV)% K cot Bv§ +24v2sin2 B vy v(Apzsin B — K cos B)
Vyv(A13 cos B — k'sin ) VyV(A23 sin B — k cos B) 2)\3v§ + kv? cos Bsin B
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Pseudocalar

CP-odd neutral scalars mix
P .
aj = R’JAJ

A= (Imp°, Imn%, Im x%), 3 = (ag,, G, a).

2 2 -
, KV tan B KV, KV, vsin B
m: = KVZ KvZcotB  KvyvcosP

KvyvsinfB kv, vcosf3 kv? cos Bsin B

J
2

m; = K(V§ csc Bsec B + v2 cos Bsin B)
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Singly-Charged State

Singly-charged states mix

hi = REH;

H= = ((p*)", n7), b~ = (hg,,. h7)

Kktan Bv2 + 1{1ov2sin? B Kv§ + 2122 cos Bsin B

maz. = :
- KV§ + Eflgvz cosBsin B kcot Bv)% + %Clzvz cos? B

{

1
m%li = 5512V2 + Kv)i csc Bsec B
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A-Charged State

A-charged states mix

A _ ALjA
hi" = RijH;

>

AA = (7 x ), B = (g 0 b9

3V2(Qo3 + 2K cot B) v V(2K cos B + (a3 sin B)

2
Miysa = %VXV(QKCOSB + G23sin ) %Vz sin B(2k cos B + (23 sin B)

{

1
mfhﬂ\ =1 (Ga3 + 2k cot B) (2v2 + v — v? cos 2P)

6/19



B-Charged State

B-charged states mix

B _ pBYyB
P = REH

1

B = ((p=8)", xB), h® = (g . h)

2 3v2(C13 + 2k tan B)

) %vxv(2x sin B + {13 cos B)
h? %va(2xsin B + (13 cos B) %Vz ¢

os B(2ksin B + {33 cos B)

{

1
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Yukawa Interactions: Quark Sector

et = (vd Quotdr +yg Qp*sr + y3 Qsnbi

+yl Quntuh 4+ y2 Qntch +y2 Qspth
+YE Qux*Dh+yE Qx*Sh+yE Q3x Th) +h.c.

Vy 2> Vip

J
mps.T = O(TeV) if yt ~ 1
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Yukawa Interactions: Lepton Sector

Yuk : ek ik
Ly triplet = Gfb(/;aeaB/{,B)p* e’ +h.c.

Go I F p el  +h.c.

a and b are flavour indices . .
a and B are Weyl indices (I} - K, = /;aeaB/éB)
i,j,k=1,2,3, are SU(3). indices

I-F p*Felk is antisymmetric

G’ has to be antisymmetric
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Yukawa Interactions: Lepton Sector

Yuk. _ o i ok
OCl,sext.‘et - Gabla ’ /bUi,j

with

ot o IvV2 V2
o=\ ofV2 a o;/V2 | €(16,0)
N2 oy V2 oy

o - .
G2, is symmetric

H*= — /% allowed (p P p**)
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** @ the LHC
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arXiv:1806.04536 [hep-ph]
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https://arxiv.org/abs/1806.04536

Signal & Backgrounds at 13 TeV

Benchmark Point

My=+ ~ my=+ ~ 870 GeV
Br(Y** = IFI*) = Br(H* — [*[*) = =
SIGNAL
pp— YTTYTT(HTYH™) = (ITIH) (17 17) I=ep
alpp — YY - 4l)~ 43 fb o(pp > HH — 4]) ~ 0.3 fb

BACKGROUNDS

pp — ZZ — (IT17)(IT17)
olpp — ZZ — 41)~ 6.1 fb

arXiv:1806.04536 [hep-ph]
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https://arxiv.org/abs/1806.04536

Number of Events (13 TeV and -£=300 fb™1)

Defining the significance s to discriminate a signal S from a
background B as

S

\/B+ 03

og systematic error on B (og ~ 0.1B)

gs =

N(YY) ~ 1302, N(HH) =~ 120, N(ZZ) ~ 1836
U

oyy ~ 6.9, a5 =06, g}y =0.9

arXiv:1806.04536 [hep-ph]
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https://arxiv.org/abs/1806.04536

Distributions
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Trintfication

[SUB)E = SUEB). x SU3). x SUB)r

...maximal subgroup of Eg
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Trintfication: Field Content

h(l)l hILQ hii_3
H= | hy h, h, €(1,3,3)
h3 h3, h3s

L% E- e
L= " 2 v | enss
et U Lg

D,
QR:( UR C_/R DR) 6(3,1,3)

up
QL = dL S (3, 3, ].)

1 1
em _ T3 + T3 + 7?]1‘8 + 7T8
Q L R \/g L \/g R

16/19



SUB) = ... = Gsy — SUB)e x U(1)em

1 Vi 0 0 1 Vo 0 0
(H)=—=10 b 0|, (H))=—=[0 by B3
V2 0 0 M V2 0 M M,

SUB)} =5 SUE)e x SUR)L x SUR)r x U(l)p_t

(\/EGF)U2 ~ Vi, bj <M< M; ~ meuT

Hetzel, Stech, Phys.Rev.D91 (2015) 055026
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.055026

Not-Exotic...but Heavy!

1
mp, = —=M12Yq, < meut

LV2
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(331 C [SU(3)P: Spontaneous Symmetry Breaking
Chain

SU(3) = SU((2), x U(1)p
U
322+ 19
SU(2), — U(1)a
U
2p+1 0p > 1op+15p+ 1026

Thus, when SU(3)gr breaks into U(1), ® U(1)p the following
branching rule applies:

3r = (a)(b) + (=a)(b) + (0)(—2b)

Rodriguez, Benavides, Ponce, Rojas, Phys.Rev. D95 (2017) no.1, 014009
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