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Introduction

The Original 3-3-1 Model: Motivation
Gauge symmetry group: SU(3)c x SU(3). x U(1)x

ur CL by
Q= d Q=1 s Q= t
Dy St T.

Quae(3,3,-1/3) Qs € (3,3,2/3)

O
(= w L€ (1,3,0) (U=e, u, 7)
Lr
Cancellation of the SU(3). anomaly:

+9(Q1) +9(Q2) —9(Qs) + (=3 x 3)(L)) =0 = Nc = Ne

P. H. Frampton, Phys.Rev.Lett. 69 (1992) 2889-2891
Singer, Valle and Schechter, Phys.Rev. D22 (1980) 738
Pisano and Pleitez, Phys.Rev. D46 (1992) 410-417
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The 3-3-1 Model
Scalars:
x? r 7°
X = XB S (1735XX) P = P S (1737XP) n= 77_ S (1737X”7)
0 —B —A
X P n
1 V3 1,3
A_ =, V2 B_ _ -, Y2
=S+ S P Q 5 T 5 Pm
n
Qem = T3 4 Bg,,, T + X BQun = N i 41,42, +3
1 IB em 1 B em
szrgc?em/‘/5 Xp = — BGe Xy = — B

T2 23 TT 2 23

V=mip*p+mn n+mx*x
+ 21 (0% p)? + Xa(nn)? + M3 (x*x)°
+ 20" o N+ Msp™ p XX+ A3 X x
+ C2p"nn o+ C13p" X X p + C23n* x X
+ V26 pn X

|
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The Particle Content

Recall:
x4 ot ( n°
X = XB p= pO n= n-
XO p_B 77_A
Charges:
1 V3 1 V3
Q=5+ 3o, @ =5+ Tl

The electromagnetic charge operator:

Qem = T3 + ﬂQest +X

Values of Bq,,,:
n
BQem = % y n= :l:]., :|:2, +3
@ quantization of the electromagnetic charge requires BQem to be fractional

!
@ positive definiteness of the mass of the extra Z gives extra constraints on n
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The Particle Content

The scalars

Recall:

1
-+t -1, =0
BQem 73 Qa Qs
Qa=0, Qg=-1
Qa=3/2, Qs=1/2
Qa=-1/2, Qg=-3/2

Bowm =+V3  Qa=2, Q=1
Qa=-1, Qe=-2
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The Sextet

@ The charged leptons acquire an antisymmetric mass matrix from the
Higgs triplet.

@ This is not sufficient to give arbitrary mass to the leptons.

@ A second, symmetric contribution comes from an additional sextet:

ot o /V2 V2
o=| oi/V2 o oV |€(160) (Ba,=+V3)
a°/V2 oy N2 oy
‘cly,ut‘;iplet = an I; : Iin*keijk + h.c. ‘Cl sextet - G 11 bdi*,j

a

P. H. Frampton, Phys.Rev.Lett. 69 (1992) 2889-2891
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The Spontaneous Symmetry Breaking Pattern

Higgs and Goldstone bosons

Repo, Reno, Rexo 3 scalars: h, H», Hs 3d.o.f.

Impo, Imng, Imxo | 1 pseudoscalar Hp, 2 Goldstones 3 d.o.f.
ptn” H*, G+ (24+2) d.o.f.
A XA 1 scalar, 1 Goldstone (complex) | (2+2) d.o.f.
% 1 scalar, 1 Goldstone (complex) | (2+2) d.o.f.

SU(3)c x SU(3). x U(1)x symmetry:

f#generators =8 + 8 + 1 =17
#Goldstone bosons = 8

#Physical scalars = 10

SU(3)c x U(1)em unbroken symmetry

| |
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The Spontaneous Symmetry Breaking Pattern
The vector bosons

SU(3)L x U(1)x symmetry = 9 gauge bosons
1 photon + 8 bosons that acquire mass: W . Z,, and 5 BSM vector bosons
Mixing among the gauge bosons:

3 8 Q

. w3+ \[W# V2Wir ﬁyéy

Wi =WiT" =2 fW’ Wi+ swWE o v2yY
\/EYH_QY \/EVIL_QV _%Wg

viixing ir the neutral sector:
f

. @ X, and W8 mix to give B, and Z),
+Qy 4 5
Y, =— (W FiW, -
" f (Wi 5 W) @ B, Z), and W3 mix to give Z,, A, and Z,
+Qv _ i 6 — /7
Vy' - \/i (W”’ ¥ IW“) In the limit of vy >> v,, vy, there is no mix of the Z’ with By,

3 8 and W3,
Wy, Wi, Xu [z

| |
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Bilepton Signatures
Corcella, Coriand, Costantini, Frampton, PLB 773 (2017) 544, arXiv:1707.01381
B = 4++/3: the 5 BSM gauge bosons in the model are:
@ aZzZ
@ 2 SU(2), doublets: (Y~=,Y~) and (Y**, Y*) (with lepton number L = +2)

Signature for the doublets: same signe leptons.
Analysis: pp — YTTY == — (£T0F)(0=£7)jj

| Benchmark Point |

my, = 125.1 GeV my, =3172GeV | my,, = 3610 GeV |
may = 3595 GeV
m 4 = 1857 GeV m 4 = 3590 GeV

hy h

mhf:i = 3734 GeV

my4y =873.3GeV | m,4 =875.7 GeV |
My = 3229 GeV
mp = 1650 GeV ms = 1660 GeV | my = 1700 GeV
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Bilepton Signatures

Corcella, Coriano, Costantini, Frampton, PLB

773 (2017) 544, arXiv:1707.01381
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(a) Lepton transverse momentum distribution; (b) Lepton pseudorapidity distribution, (c) Same-sign lepton-pair
invariant mass; (d) Angle between same-sign leptons; (e) Invariant opening angle ARjy between the hardest jet
and its closest lepton; and (f) py of the hardest jet j;. The solid histograms are the bilepton signals, the dashes
correspond to the ZZ background, the dots to ttZ processes.
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Bileptons: Scalars vs. Vectors
Corcella, Coriand, Costantini, Frampton, PLB 785 (2018) 73, arXiv:1806.04536

@ Model: 8q,, = £V3
@ Analysis: pp = YTTY =" (HTTH==) — (£F¢H)(¢=£7)
@ Assumption on the BRs: BR(Y*E — ¢*¢+) ~ BR(H*TE — ¢+¢+) ~1/3

@ Numerical analysis for a benchmark point (see next slide)

@ Total cross sections @QLHC 13 TeV:
e o(pp — YY — 40) ~ 4.3fb;
e o(pp — HH — 4¢) ~ 0.3fb
@ Differences are due to the spin of the Y/H.
@ Background: o(pp — Z — 4¢) ~ 6.1fb (after cuts)
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Bileptons: Scalars vs. Vectors
Corcella, Coriand, Costantini, Frampton, PLB 785 (2018) 73, arXiv:1806.04536

Benchmark Point

mp, = 126.3 GeV

my, = 1804.4 GeV

mpy, = 2474.0 GeV

mp, = 6499.8 GeV

mp, = 6528.1 GeV

ma,, = 1804.5 GeV

ma, = 6496.0 GeV

ma; = 6528.1 GeV

m+ = 1804.5 GeV
1

m+ = 1873.4 GeV
2

m,+ = 6498.1 GeV
3

mhlii = 878.3 GeV

mhzii = 6464.3 GeV

mhfi = 6527.7 GeV

my++ = 878.3 GeV

my+ = 881.8 GeV

myzr = 3247.6 GeV

mp = 1650.0 GeV

ms = 1660.0 GeV

mt = 1700.0 GeV

:
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Bileptons: Scalars vs. Vectors

Corcella, Coriand, Costantini, Frampton, PLB 785 (2018) 73, arXiv:1806.04536

N{pra)
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e

N(dn,)

000
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Distributions of the transverse momentum of the hardest (a) and next-to-hardest lepton (b), same-sign lepton
invariant mass (c), invariant opening angle between the two hardest leptons (d), rapidity of the leading lepton (e),
polar angle between same-sign leptons (f). The solid blue histograms are the spectra yielded by vector bileptons,
the red dots correspond to scalar doubly-charged Higgs bosons, the blue dashes to the ZZ Standard Model
background. Black solid: YY; red dotted: HH; blue dotted: ZZ (SM bkg)
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Phenomenology of the Z’

Branching ratios:

@

—vv—I*1"—uu/ctT (QE*EffDE/SéwTT
—dFsS_t—bb 0201y Hy —Hy Hy o

—VVi —I* 17 —um/cT (dl E'E —DD/SS--TT
N\ dd/ss_tt—bb O HyHy —Hy Hy

@

— V¥ —I* I —utjcT ® ee ppss.TT ©
—dd/ss—ti—bb o

_E'E _DDJSS
—Vvvi—I*I"—ug/cc / (df,
VYT Y Y 020

e TTvr
—ddss_tibb b

1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 1000 2000 3000 4000 50
Mz/(GeV) Mz/(GeV) Mz/(GeV)

BQem = —1/V3,1/V3, =V/3,V3; mg = 1 TeV, m,, . = 500 GeV.

00 “771000 2000 3000 4000 50
Mz(GeV)

Cao and Zhang, arXiv:1611.09337
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Experimental constraints

Doubly charged scalar searches

_ A
q < ATLAS 7 TeV:
,":I_H_ VAR @ Eur.Phys.J. C72 (2012) 2244
’y/Z ‘\H—— /- CMS 7 TeV:
S @ Eur.Phys.J. C72 (2012) 2189
q
=
ATLAS 13 TeV:
@ Signature: same-sign lepton @ Eur.Phys.J. C78 (2018) no.3, 199
pairs
@ Assumptions on the branching CMS 13 TeV:
ratios @ CMS-PAS-HIG-16-036

@ Narrow width approximation

| |
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Experimental constraints

Doubly charged scalar searches: CMS

S+ \/§5++

Search for a scalar triplet S = with degenerate masses.
P V280 —s* &

12.9fb~! of integrated luminosity at 13 TeV

Channels:
@ Pair production with decays STTS—~ — ¢T¢+t¢=¢~
@ Associated production with decays STEST — ¢E¢E¢Fy

CMS-PAS-HIG-16-036
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Experimental constraints

Doubly charged scalar searches: CMS

] Siti decaying at 100% to ee, up, TT, €y, €T, UT;
@ Benchmark points:

Benchmark Point ee ey et up ut 1T

BP1 0 0.01 001 030 038 030
BP2 1/2 0 0 1/8 1/4 1/8
BP3 1/3 0 0 1/3 0 1/3
BP4 1/6 1/6 1/6 1/6 1/6 1/6

Lower bounds on the mass of the Szti - observed (expected) 95% CL:

Benchmark | AP [GeV] | PP [GeV] | Combined [GeV]
100% &= — ee | 734 (720) | 652 (639) 800 (785)
100% =% — ep | 750 (729) | 665 (660) 820 (810)
100% D5 — p | 746 (774) | 712 (712) 816 (843)
100% b+ — et | 568 (582) | 481 (543) 714 (658)
100% d+* — pt | 518 (613) | 537 (591) 643 (708)
100% ®++ — 7T | 479 (483) | 396 (419) 535 (544)

Benchmark1 | 613 (649) | 519 (548) 723 (715)

Benchmark2 | 670 (671) | 465 (554) 716 (723)
chmark3 | 706 (682) | 531 (562) 761 (732)

Benchmark4 | 639 (639) | 496 (539) 722 (704)

S=% may have similar kinematic properties, but potentially very different production
R y y y
cross sections. No associate production.

CMS-PAS-HIG-16-036

| |
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Experimental constraints
Doubly charged scalar searches: ATLAS

36.1fb~! of integrated luminosity at 13 TeV.

al
T,
+/(\
o~ ~
e 3

Scenarios: AN

© 3 e, B(STF = tity) = 100%
o m(S;*) between 770 GeV and 870 GeV @ 95% C.L.
o m(Sz™) between 660 GeV and 760 GeV @ 95% C.L.

@ B(S** — 1;¢;) > 10% (decays to T and W are possible)
o m (SEE) larger than 450 GeV @ 95% C.L.
o m(S5*) larger than 320 GeV @ 95% C.L.

Eur.Phys.J. C78 (2018) no.3, 199
| |
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@ Work in progress: Study of the Parameter Space

Phenomenology of the 3-3-1 Model Margherita Ghezzi  (Universitat Tiibingen)
e




Introduction The 3-3-1 Model Collider Phenomenology Parameter Space Further Directions Summary

Physical Parameters vs. Lagrangian Parameters
The Neutral Sector — Scalars

K tan Bv,zc +2X\1v2cos?2 B AppvZcosfBsin B — /@vf( vy v(A13 cos B — Kk sin B)

M2 = A12v2 cos Bsin B — /cv)z( ncotﬁvi +2Xv2sin? B vy v(Agssin B — ki cos B)

vy V(A3 cos B — ksinB) vy v(Aassin B — kcos ) 2)\3v)2< + kv2cos Bsin B
H=(Rep®, Ren® Rex?) +— h=(hy,hy, h3): hy = RH;

COSp COS(¥3  COS (3 Sin (1 SiN(ip — COS (v SiN @3 COS (v COS (3 Sin a2 + sin ag sin a3
RS = cosapsinaz  cosag cosas + sinagsinazsinas  €osaj sin ap sin a3 — €os a3 sin g
—sinap cos ap sin a1 COS (v1 COS Orp

2 _ (pS\T 2 55
Mi=(R>)" - M5 -R
Diagonalization conditions:
S22 S22 2 2
Mipaq = mpy, Mian = my, Miz3 = my,

2 2 2
Mi10,=0 Mp13=0 M3 =0
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Physical Parameters vs. Lagrangian Parameters

The Neutral Sector — Pseudoscalars

0 0 0 P
A=(Imp’, Imn", Imyx") — a:(a(;z,ac,z,,al): ai = RijA;
kv2 tan 8 KV2 Kvyvsin 3
2 x5 2 X X
M; = KVy KV cot 3 KVy vV cos (3

Kvyvsin 8 kvyvcosf kv cosfBsinf3
It follows a relation between x and the mass of the pseudoscalar mﬁlz
2

m; = n(vf( csc Bsec 8 4 v2 cos Bsin )

+ Diagonalization conditions = \;(mp,, ma,, ai)
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Physical Parameters vs. Lagrangian Parameters
The Charged Sector

H =((p")"n) > h =(hg,, h): h =R{H
1
mili = §C12V2 +KrVicscBsecf = (o
HA= (") )Y W =(he b)) B = REH]

1
milﬂ =3 (C23 + 2k cot B) (2v>2( + v — v’ cos 2,6) = (2

HB = ((pr)*’ XB) — hB = (hng, hf);l hiB = REHJB

miiB = % (¢i3 +2ktan B) (2V§ +v2 —v%cos Zﬂ) = (3
1

| |
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Triviality and Perturbative Unitarity Constraints
Triviality:
@ Require that the couplings are perturbative
ANi < Am
Perturbative Unitarity:
It is a constraint from the scattering amplitudes.
It does not depend on fBq,,,-
One has to calculate the amplitudes of all the 2 — 2 processes;
take the s — oo limit;
arrange the amplitudes in a matrix;

project onto the J = 0 partial waves;

diagonalize and impose |Re(Amax)| < %

Lee, Quigg, Thacker, Phys.Rev. D16 (1977) 1519

Luscher and Weisas, Phys. Lett. 212B (1988) 472
| |
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Perturbative Unitarity Constraint

Partial-wave decomposition:
1 1
= — P
=g /_1 dcosfA(s, 0)P;(cosh)

P; are the Legendre Polynomials:

Px)=1 Pi(x)=x Pa(x)= gx2 - % etc.

The strongest constraint comes from the J = 0 partial wave:

1 [t
= 5o /—1 dcosf.A(s, 0)

| |
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Perturbative Unitarity Constraint

SM example

Calculate the 2 — 2 amplitudes in the s — oo limit:

WHwWo = wiw

HzZ, — WSw,
HZ, — HH
HzZ, — 2,2,
Hz, — Ww,

Project them on J = 0;
diagonalize the matrix:

1

L7

2 1 3

po ZCOFMH TG
471'\@ N 7

0 0

o b\wb\»—-é‘»—-
o oo

27— 22,
ZZ — Ww,
HH — HH

HH = Z,Z,

HH — W W,

Eigenvalues:

Lee, Quigg, Thacker, Phys.Rev. D16 (1977) 1519
-

Phenomenology of the 3-3-1 Model
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Limits from Higgs Measurements

Constraints from the observed Higgs boson h:
my, = 125GeV
Couplings with the vector bosons: cosaz x cosas > 0.8

The angle a1 remains substantially free.

Constraints on the vevs:
@ 2 light vevs: v,, v,
@ 1 heavy vev: v,
V2 + Vi = véw = (246GeV)’

while the heavy v, is free.

| |
Phenomenology of the 3-3-1 Model Margherita Ghezzi (Universitat Tiibingen)




Introduction The 3-3-1 Model Collider Phenomenology Parameter Space Further Directions Summary

The triviality constraint: results

Look at the couplings A; and ; in the large vy limit and require A;, (; < 4m
. 2Amiy —mfy )
@ From (12 we get that my, is close to my, : —2—%= < 4r
Sm

@ From (13 and (23 we only get my,,, my, < vy (mHv, mpy, almost
unconstrained)
@ From the )\; we get that the splitting between my,, my, and my;, is small (from
. 2(mjy, —miy,)
ratios of the form: —2,—3-)
Vsm
@ The requirement cos ap X cos a3 > 0.8 is translated into :—" < 0.4, or lower for
P
more stringent constraint on ag, a3.

Conclusion: the heavy scalars have a compressed spectrum:

m; ~ 1TeV = Am ~ 200GeV
m; ~ 2TeV = Am ~ 100GeV

etc.

The higher the masses, the more compressed the spectrum.

Phenomenology of the 3-3-1 Model Margherita Ghezzi  (Universitat Tiibingen)
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Triviality + perturbative unitarity: preliminary results

20r

15+

x
©
£
<
1.0F
0.5+
00F , . . . . ki
1000 1020 1040 1060 1080 1100
Myp (GeV)
: :
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Study of the Higgs Trilinear Coupling

5 —3 (Vx cos® ap (cos3 az sec B + sin® a3 csc ﬁ) — vsind az)

Ahyhyhy =1 [mh1

Vv
2 24 csc Bsec 8
L vyv (8v2 + v2(1 — cos43))

(v)zc cos? a sin?(az — B) — vZsin? ag sin? B cos? B)

X (vy cosap sin(az + B) + vsin oy sin 3 cos 5)]

Higgs canion: vx =4 TeV, may = 2.5 TeV, vx =4 TeV, ma = 2 TeV
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Collider Simulations

@ Exotic quark phenomenology
@ Benchmark points for the simulations?

@ Can we generalize? Simplified Models

Ts/3 pair production
Experimental searches for pp — Ts/3Ts/3 — WHW ™ tE
Complementary searches:

® pp— Ts3Ts/3— YY" bb

® pp— Tsy3Tsy3 > VIVt

@ Doubly and singly charged heavy scalars: Y**/V+ — §++ /5%

| |
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Simulations: Ts/3 quarks

Tsja—> Y ' t>(I"v)(I' vb) Tsia= Y t=(lFv)(IFvb)
Toa=> Y b>(I' )b Toa= Y (I )b
Mr,,=1 TeV My =800 GeV Mr,,=1TeV My+ y++=800 GeV
0.100 0.100
3 3
2 0,050 2 0,050
E E
£
2 3
~ ~
g 5
S S
© 0.010 0010
0.005' 0.005
0 100 200 300 400 500 600 0 200 400 600 800 1000
pr(b) (GeV) pr(l) (GeV)
| |
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Summary

The 331 Model is a minimal extension of the SM gauge group, that
addresses the flavour problem.

The spectrum contains BSM scalars, fermions and gauge bosons.

We have studied the parameter space in terms of the physical parameters:
masses and mixing angles.

The triviality constraint forces the spectrum of the Higgs bosons to
compressed configurations.

The perturbative unitarity constraint does not show any specific pattern,
but excludes efficiently and uniformely many points of the parameter
space.

There is a lot of room for collider studies; in particular, we are planning
to study different decay modes of the Ts,3 exotic quark.
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