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A charming second
generation quark.
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Top Quark's Discovery

Events/(10 GeV/c?)

‘VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRrIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

F. Abe." H. Akimoto,”> A. Akopian,”’ M. G. Albrow,” S.R. Amendolia,* D. Amidei,'” J. Antos,”® C. Anway-Wiese*
S. Aota,? G. Apollinari,”” T. Asakawa,”> W. Ashmanskas,'> M. Atac,” P. Auchincloss,®® F. Azfar,?
P. Azzi-Bacchetta,®! N. Bacchetta,?! W. Badgett,'” S. Bagdasarov,”” M. W. Bailey,'® J. Bao,”* P. de Barbaro,?
A. Barbaro-Galtieri,'"® V. E. Barnes,” B. A. Barnett,'® P. Bartalini,** G. Bauer,'® T. Baumann,” F. Bedeschi,?*
S. Behrends,® S. Belforte,* G. Bellettini,? J. Bellinger,** D. Benjamin,?! J. Benlloch,'® J. Bensinger,® D. Benton,?
A_Reretvas 7 I P_Reroe 7 § Rertalncci 8 A_Rhatti 2 K_Riery 12 M_Rinklev 7 D_Risello 2! R_F_Rlair !

7o
=N
2
0k
=1
3§ . Ea ! ) L
160 170 180 199
Top Mass (GeV/c

Miop = 176 £8 £ 10 GeV/c?

1 1 1 LT el
140 160 180 200 220 240 260 280
Reconstructed Mass (GeV/c?)



Top Quark's Coupling to the Higgs

5117 (7 Tev) + 19.7 fb™ (8 TeV) + 35.9 fb (13 TeV)

@ Observed
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A Model with Exotic Quarks



SU(3) x SU(3) x U(1): an exotic possibility
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SU(3) x SU(3) x U(1): an exotic possibility

up CL
Q= d |, Q= s |, @Q2€(33,-1/3)
D, S,

by
= tt ], Q€(3,3,2/3)

= QF — 43
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Exotic Quarks!




SU(3) x SU(3) x U(1): an exotic possibility
SU(3)L X U(].)X
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SU(3) x SU(3) x U(1): an exotic possibility
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SU(3) x SU(3) x U(1): an exotic possibility

SU3) x U(1)x Wi, ---, Ws, Bx
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Production of Doubly-Charged States

Corcella, Corianod, C., Frampton arXiv:1806.04536
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Production of Doubly-Charged States
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331 at various (3

Q™M =T34+ 8Ts+ X

TABLE 1. Electric charges of new particles for different choices of 3
particles‘ QB) ‘5 = —%‘,B = %‘ﬂ = _\/5‘5 =3

DS [4-%F| 3 -3 3 -3
1 I
E |-14+¥8] 0 -2 1
Vo |-le ¥ 0 -2 1
Yy [L1+¥8] o 1 -1 2
Hy |-1+¥38 0 —2 1
H [3+Y] o 1 -1 2
Hy 1 1 1 1 1

Cao, Liu, Xie, Yan, Zhang Phys.Rev. D93(2016) no.7, 075030
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A Model with non-Exotic Quarks



Trinification

[SUB)J® = SU(3)e x SU(3)L x SU(3)r

....maximal subgroup of Eg



Trinification: Field Content




Trinification: Field Content

Qr=(dr dr Dr) €(3,1,3)

1

QM =T2+ TR+ \fTL +f



Trinification: Field Content

D,
Qr=(dr dr Dr) €(3,1,3)

up
QL = dL S (3, 3, 1)

o = —1/3

non-Exotic Quarks!
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SU(3)3

My SUE)e x SU(2)L x SU@2)r x U(1)p—1

M
— Gsm



su3)® M sU@3)e x SU(2)L x SU2)r x U(1)s_1
M, Gsm
B SUB3)e x U(1)em



SUB)Y — ... = Gsy — SUB)e x U(1)em

1 %1 0 0 1 %) 0 0
(H)=—=[0 b1 0|, (H)=—=|0 by b3

su3)® M sU@3)e x SU(2)L x SU2)r x U(1)s_1
M, Gsm
B SUB3)e x U(1)em

(V2GE)Y2 ~ v, bj < M < M; ~ mgur

Hetzel, Stech, Phys.Rev.D91 (2015) 055026



Not-Exotic...but Heavy!

1
mp, = —=M12Yq S meut

V2

Only indirect hints!

...work in progress...



Summary

¢ Higgs mechanism give mass to heavier SM quark
(experimentally established)
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Summary

¢ Higgs mechanism give mass to heavier SM quark
(experimentally established)

¢ BSM quarks searched not only as resonances

¢ exotic models # exotic quarks
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ATLAS & CMS Top Mass

ATLAS+CMS Preliminary My, SUMmMary, fs=7-13 TeV September 2017
LHClopWG

World Comb. Mar 2014, [7]

stat total stat

total uncertainty My * total (stat + syst) fs  Ref
ATLAS, l+jets (%) ———t 172.31%1.55 (0.75 % 1.35) 7TeV (1]
ATLAS, dilepton (*) —t—— 173.09 £ 1.63 (0.64 + 1.50) 7TeV 2]
CMS, I+jets et 173.49+ 1.06 (0.43 + 0.97) 7TeV 3]
CMS, dilepton = 172.50 £ 1.52 (0.43 + 1.46) 7TeV [4)
CMS, all jets ——— 173.49 £ 1.41 (0.69 + 1.23) 77TeV [5]
LHC comb. (Sep 2013) LHctopwe = 173.29 + 0.95 (0.35 + 0.88) 7TeV [8]
World comb. (Mar 2014) HH 173.34 + 0.76 (0.36 + 0.67) 96-7 TeV [7]
ATLAS, l+jets H——+tH 172.33 £1.27 (0.75 + 1.02) 7TeV 8]
ATLAS, dilepton = 173.79 £ 1.41 (0.54 + 1.30) 7TeV (8]
ATLAS, all jets H——a—— 175118 (1.4%1.2) 7TeV (9]
ATLAS, single top —t—=i 1722£2.1(0.7+2.0) 8TeV [10]
ATLAS, dilepton H-=- 172.99 £ 0.85 (0.41+ 0.74) 8TeV [11]
ATLAS, all jets = 173.72+1.15 (0.55 + 1.01) aTeV [12]
ATLAS, l+jets = 172.08 £0.91 (0.38 £ 0.82) 8TeV [13]
ATLAS comb. (ﬁ’l::“;;) H*H 172.51 + 0.50 (0.27 + 0.42) 748 TeV [13]
CMS, I+jets HeH 172.35+0.51 (0.16 + 0.48) 8TeV [14]
CMS, dilepton —ef 172.82+1.23 (0.19+ 1.22) 8TeV [14]
CMS, all jets HeH 172.32 £ 0.64 (0.25 £ 0.59) 8TeV [14]
CMS, single top H—e 172.95+1.22(0.77 + 0.95) 8TeV [15]
CMS comb. (Sep 2015) HH 172.44 +0.48 (0.13 + 0.47) 7+8 TeV [14]
CMS, I+jets - 101 7225+ (37‘623 (‘903?; 0.62) TSy 18]

o By o7 oty 50 i P B o

{*) Superseded by results ol AT CoNE i e s paS T0m 1507
shown below the line w ;;m o=

[T IR | 1 R L1 1

1 | 1 1 1 1 I 1
165 170 175 180 185



The triplet sector

LYk e = (v Qundg + y3 Qansr + y§ Qsx bl
+yE Quxtup +yE Qaxtch +yE Qanth
+YE Qup' DR+ yE Qp*Sh+yE Qsp TE) +he,

V), > vy, = the masses of the exotic quarks are O(TeV)
whenever the relation yp ~ 1 is satisfied.



The sextet sector

Yuk oy ki
L ripler = G;b(/;aeo"g/i,ﬁ)n e’ + h.c.
= G /é’; . /{; n*kelk 4+ he.

(/- /{;)n*ke"f'k is antisymmetric, implying that even G, has to be
antisymmetric
of © of/V2 o°/V2
o=\ of/V2 ¥  o;/vV2 | €(1,60)
/2 oy /V2 oy
El’jlsl:ktet = G;blal; : I{)O'?:j

o - i
G, is symmetric in flavour space.



The potential

The (lepton-number conserving) potential of the model is given by

V=mip'p+mn'n+msx"x+M(p'p)’ + Xa(n"n)* + Ms(x"x)* + Mappn'n
+xsp’ o x X+ A x x4 Gap™n "o+ Gap"x x o+ Ganxxn
+my Tr(o'o) + Ma(Tr(670))? + Awap' p Tr(o o) + Aaan'™n Tr(o'o)
+ XX X Tr(o'0) + Ma Tr(cToolo) + Cup'o o' p+ Canlooln + GaxToolx
+ (\@fpnxeijkpi M Xk + \ﬁfpoxpT o' x
+ 4™ p* o pik + E2a€”™ €™ MO imO I + E3a€™ X Tiximk) + h.c.



Trinification’s potential

The most general potential allowed by the gauge symmetry
5U(3)C X 5U(3)L X 5U(3)R is
V = vx(H Hy) + 13 tr(HI H) + pids (tr(H{er) +h.c)+
€ emn (112 (HL) 1 (Ha Yo (H2)5s + 122 (Hh) i (Ha Y (H2) 5 + huc.) +
pra1 (det(Hr) + det(H])) + paz (det(Hz) + det(Hj)) +
A (tx(HfHL))? + Do tr(HE HUHT HY) + As (tx(HE H2))? + s tr(HI HaHE Ha) +
Xs tr(Hi Hy)tr(H] Ho) + s tr(H) HiH] Ha)+
Az tr(H) Ho)tr(HI Hi) + s tr(H) HaHl Hy) +
[No (tr(HIH2))? + Ao tr(HI HoHI Ho) + Aua tx(H Hy)er(H] Ha) +
Aatr(Hi HiH] Hz) + A3 tr(H) Ha)tr(HI He) + Aatr(Hf HoHi H) + hec.]



	February 1973 - June 2018
	A Model with Exotic Quarks
	A Model with non-Exotic Quarks

