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@ LHC is doing great ! History made with Higgs boson discovery !

@ The full exploitation of the LHC is now the highest priority.

@ Strongly interacting exotic particle searches are already pushing BSM
validity thresholds; e.g. fourth generation chiral quarks, SUSY....



SM Extensions

@ Gauge symmetries:
@ GUTs

@ 7', Left-Right Models, Top flavor, Top SU(5)...

@ Little Higgs models....
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SM Extensions

@ Gauge symmetries:
@ GUTs

@ 7', Left-Right Models, Top flavor, Top SU(5)...

@ Little Higgs models....

@ Matter fields and additional scalars:

@ 4th Generation, vector like quarks/leptons, heavy singlets, Higgs
Triplet models



@ SM quarks are chiral in nature. (Left handed and right handed
components of a quark transform differently under SU(2), x U(1)y).

(Z,L> . Doublet under SU(2), but, wugr and dg : Singlet under SU(2),.
L

Y, =1 butY,, =2



@ Vector-like quarks (Left handed and right handed components of a quark
transform in the same way under SU(2), x U(1)y).

Consider

Case-| : (XUL> and (XUR> . Both Doublet under SU(2);.

xdr

Q=T3+Y = Y(xu) = Y(xur)

Case-ll : xuy, xd;, xug, xdr : Singlet under SU(2),

Y(xur) = Y(xug) = %.



@ Neutral current : L7 = 5-J7' 7,
w

@ SM quarks : J¥ =T v*(5 — Qsin®60y) uL + Tr ¥*(0 — Qsin?6y) ur

@ Vector-like quarks :

e Doublet :
JH = Xur 7“’(% — Qsin? Ow) xup + XUR 7“(% — Qsin? Ow) XUR

= (4 — Qsin®0,) XUy xu=V



Vector-like ?

Interactions with SM-gauge bosons

@ Charged current : £, = %(J“JFWM+ + W)

o SM quarks : JFT =Tytd = Uyt (1= )u=V — A

o Vector-like quarks:
JPT = XUy xd, + Xupytxdgr = XUy xu = V/



y = \/5% v ~ 246 GeV.

@ SM with heavy fourth generation chiral fermions imply large Yukawa
coupling and hence nonperturbative.

@ The contribution from fermions to the loop induced Hgg and H~~
couplings do not vanish with increasing masses.

@ Higgs production cross section via gluon fusion is enhanced by a
factor of 9 due to the additional heavy quaarks in the loop.



New Particles in Loops can modify Higgs signals in a big way:

HTM
g | 4th Generation
; S
VLQ
, o H
t SUSY
¢

4th generation quarks practically ruled out from Higgs data !!!



@ Perturbative SM with a 4th generation chiral fermions is excluded
by combined fit of EWPOs and Higgs signal strengths in the decays
to vy, WW, ZZ, bb and 71 (Eberhardt et al.).

@ The cancellation of triangle anomalies in SM requires that
leptons and quarks appear in complete multiplets

(EL,er, QL, ur, ,dR).

er[Y?) = —2(=1%) + (-1)* - 3R(2)* - (3)° - (-3’ =0

W=

@ The contribution of a vector-like fermion to the triangle
diagrams is zero, because both the left- and right- handed
components contribute in same amount with a relative sign
between them.



@ Existence of elementary fermions are allowed if they are vector
like with respect to SM gauge group.

@ Unlike SM chiral quarks mass terms for vector-like quarks are
allowed by gauge invariance.

For a SU(2), doublet : m (x—uL x—dL) (ig]g)

For a SU(2), singlet : m Xt xug

@ SM extended with vector-like quarks will generate mixings
between vector-like quarks and SM chiral quarks.

o Mixing generates tree level FCNCs including SM quarks.
Mixing parameter is strongly constrained.



Observable effects of vector-like quarks
Indirect observations

e Rare top decays : t — Zg (FCNC)

@ Meson mixings and decay.

@ Modifications to CKM matrix.
e Modification of Zce, Zbb. Zutu, Zdd couplings.
o S, T, U parameters (VLQ in the loop.)

e Higgs coupling with gluons and photons.



Observable effects of vector-like quarks

Direct observations at LHC

@ As Colored particles they will be pair produced.

@ Mixing with SM quarks opens up decay modes for VLQ :
xt— Wb, Zt, ht

xb— Wt, Zb, hb

@ Existing searches at LHC assume that a VLQ decays into
(Wt, Zb,hb)/ (Wb, Zt, ht).

@ The existing lower bounds from LHC is around 800-1000 GeV.



one of the T quarks decays via T — tZ and the other via T — bW, tZ, or tH
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one of the B quarks decays via B — bZ and the other B — tW, bZ, or bH.
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Non-minimal extensions of Standard Model with vector-like
quarks may have other possible non-standard decay modes.

Mixing of a vectorlike quark with SM quarks can be negligibly
small and it may have dominant decay modes other than the

normal searched ones.




arXiv:1607.00810 Eur. Phys. J. C78, no. 1, 35 (2018)

o U(1) gauge extension of Standard Model.

Phys. Rev. D82 055021, 2010 (arXiv:1006.5019)

e Leptophobic 221 Model.

arxXiv:1807.08160

Collider Studies of Vector-like Quarks in Some Gauge Extended Models

K. Das, SKR Phys. Rev. D 93, no. 9, 095007, (2016) K. Das, T. Li, S. Nandi, SKR arXiv:1607.00810
K. Das, T. Li, S. Nandi, SKR  Eur. Phys. J. C78, no. 1, 35 (2018) K. Das, T. Mondal, SKR arXiv:1807.08160



Vector-like quarks in a U(1) extension of Standard Model.

o BSM quarks are vector-like under

chiral under U(1)’.

vector-like underl U(1y.

5U(3)C X SU(Q)L X U(l)y




The U(1)" can be a TeV scale remnant U(1)" from :
Es — SO(10) x U(1)y — SU(B) x U(1)y x U(1)y

different versions of U(1)" from Eg have been considered in the literature

U(1) = cosOp, U(1), +sinfg, U(1)y,

Fields | SU(3)c x SU(2). x U(1)y xU(1)’
Q; (3,2,1/6,1)
Us (3,1,-2/3,1)
Ef (1,1,1,1)
D¢ (3,1,1/3,7)
L; (1,2,-1/2,7)
NEJT (1,1,0, 5)
XD; (3,1,-1/3,-2)
XLE, H, (1,2,1/2, -2
XDf (3,1,1/3,-8)
XL, Hy (1,2,-1/2,-8)
XN;, S (1,1,0,10)

Q' = cos g, Qy + sinfg, Q.

Normalize U(1)" charges by 4+/15.

popular models are :

Ul)y: Q =Qy g, =0,

Uy : @ = Q. 5 =5,

Ul),: Q,=Q (0 = arctan(—+/5/3) ~ —0.297),
U(l)s: Qs =Q (05 = arctan(v'15/9) ~ 0.13),
Ul)r: Qr=—-Q(0g = arctany/3/5 =~ 0.217),
Ul)y: Qn = Q (0, = arctanV/15 ~ 0.427).



@ Only down type vector-like quarks present (charge : —%)
— Ly 5 )
— 2 — — t
= Y QUH, + P QD Hy + yELEf Ha + y) LN H, | © < Hd == ( 0 > < Hy>= <ﬁ) <T>=0
+yVXLEXN; Hy + v XLiXN;Hy + v, P DEXD; T <S>=%
+yil EXLEL T + y° XDEXD;S + vzt XLEXL;S

CP even Higgs : hi, h, € (H,,H4) and sy, t, € (S, T),

CP odd Higgs: a1 € (Hu, Hy) and a> € (5, T),
Mass matrix in the (qi1, xq1) basis : (d, xd;) Charged Higgs : h™ € (Hu, Hy).

L (mve 0O
V2 }’1T1DVt )’151DVs

4y NENE + yP T XIENS + HLC.

For small Mixing @ For Myg, ~ 600GeV, vs ~ 1.5TeV, v; ~ 10 TeV, y;i° ~ 107°

SD
Y11 Vs

V2

D
Y11 Vd

Eigenvalues : my ~ 5 and Myq, ~

Suppression of left mixing angle :
— sinfr ~ 10_4, sinf, ~ 10719,

my

Mg sin 9R (md ~ 5 MeV)

sin@; ~



/7' searches at LHC

o(pp— Z'X = 1717 X) Z (s, M2)).
q
The coethicients are
9 _
Cq = [(qu) ngz ]37 — 71 ),

the contour denoted by Eg 1s formed by varying 6.

In Eg models the coupling ¢

— ﬁ\/ 5/3 ~ (.462.
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@ Neutral Gauge Boson mass square matrix in (W3, B, Z") basis is

M
M _ ( (MSM)ZXZ M;z )
M13 M23 M33

where
/
M13 — 88\'§-X_(2Vu - 8Vd) M23 — _88-\23:?—5(2\/3 _ 8V3) )
and
g2
Mszz = 240(4v + 64v; + 25vZ + 100v2 ) .
M [ > 2
2_13 g2+g12
_ 2 2 2\, 2 2
Q tan 292_2’ — %33_,\/,%0 1 MZO — %(g +g, )(VU + Vd)

@ gx ~05,vs~1TeV, v, ~ 30 TeV,Ogt—Z§2OO

— 60,_, <107* and M, ~ 4.8 TeV.



ror xd- F C Toxl UL Toxt T
_ _ OrSh:’Y’Y,gg,X/,'X/j,X,'j, ina ilj-
Standard Modes : hd, dZ, uW~. /

Non-standard modes : s, d, t,d, ap d,ap, d. dZ’

Constraints from LHC
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Considered the scenario where after production each of the '// - /' N ]
vector-like quark decays to the scalar s, and a SM light jet. vy vl
i.e. Br (xd — spj) ~ 1. TTay [CNS oS gy T
j o BTeV
a
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Final State : 2 + 4 200 400 600 800 1000

my (GeV)



o(pp — xdyxdy) (pb)

104

Signals

27 + 2

2y + 4y

Benchmark 1

Benchmark 2
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Masses M,q, = 640 GeV M,q, = 850 GeV
M, = 600 GeV M, = 600 GeV
Selection 27, > 2j, 0 leptons | 2v, > 4j, O leptons
Pr(j2) > 100 GeV Pr(j2) > 100 GeV
Cuts pr(71) > 200 GeV | pr(v1) > 200 GeV
Pr(v2) > 100 GeV | Pr(v2) > 100 GeV
Mes > 800 GeV Mes > 1000 GeV
Crosssection os =2 fb os = 0.35 fb
op =135 1fb og=31fb
Significance S50 20

with 100 fb~! L




Eur. Phys. J. C78, no. 1, 35 (2018)

Reconstruction of xd; from the two leading photons and
: 1 1 N dN
Jets-(WjN 2 m=1 W )

107! —

1073

Direct observations
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e Hidden U(1) : Standard Model fields are neutral under U(1)’.

@ New Weak singlet quarks: @ New EW singlet Higgs: S

D = D; + Dg

@ New gauge boson: Z,

Quantum numbers

SU(B)c SU(2). U()y UQ)

br 3 1
Dr, Dr 3 1
S 1 1

@ All SM particles are neutral under U(1)’

@ Mixing between d-type quarks and exotic D

Phys. Rev. D82 055021, 2010 (arXiv:1006.5019)



Standard Modes

pp — DD —

(¢Hb)(¢sb) = bb + ¢y s — bb + 3¢y — 4(bb)
(¢sb)(¢sb) = bb + 2¢5 — bb + 4y — 5(bb)

@ Interesting multi b-jet final states

6b+ X Phys. Rev. D82 055021, 2010 (arXiv:1006.5019)
— 4b + 2/ + X

2b+ 2/ + X

nb+1+X (n>3)



arXiv:1607.00810

Indirect
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SU(3)c x SU(2)1 x SU(2)» x U(1)x.|  Leptophobic 221 Model.
QL — (Z{) (372717% QR — (Zg) (331727%)
XQL = (ﬁf,ﬁ) (3,1,2,¢) XUR (3,1,1,2
xdR (3,1,1,—3)
L, = (’eji) (1,2,1,—1 en (1,1,1,—1)
L
¢ (1,2,2,0) H, (1,2,1,—3)
:}62 (171723_%)

Symmetry Breaking
Stage | © SU(2)2 x U(1)x 222 U(1)y

vector-like nature :  Y(xup) = % + % = % = Y(xuR)

(), (H1)

Stage Il :  SU(2); x U(1)y > U(1)em.




o - I—Yukawa — Y,J QIL ¢ Q_/R + ch QIL ¢ QjR
-+ Y;qxu XQ,'L XUjp H, + quu QIL XUj p H,

+ Y XQiL xdjg Hz + Y Qi xdjp Ha
+ Hij XQiL QjR + YL LIL ejR Hl + H.C.

(¥ 9y (X (X"
°¢= (cﬁ;? cbg) Hh = (x‘) Mo = (x")

@ Physical spectrum of the Model.
o 4 neutral scalars, 2 pseudoscalars, 2 charged scalars.  hy, ho, h3, hy, A1, Aa, hi, hy

o Gauge Bosons: Two charged(W, W’), Two neutral massive
(Z,Z"), One massless(Photon).

o Quarks : six up-type(u, c, t, xuy, Xun, xusz), six down-type
(d,s, b, xdy, xdp, xd3).



@ There is no FCNC if one vector-like quark mixes with only one linear
combination of the SM quark gauge eigen states.

ve A ER (U
(Y x| “\F 6] \xu
up =cosff | A¢ | c° + sin@f xuf, L Lot L
t°) ],

0
xXuyp = —sin@} (A\"Jr <c°> ) 1+ cosb? xu?
L L L 11
0
t 1

{u v =1 VO UR = T AYTAY 4# Uy + terms with xu

A = AyCl, Fi' = Sp', G = C{, E' = —Ay S}

= U sz ~# U + terms with xu

o Voxm = CLAY AYCY With C} = diag(cos Y, cos 0, cos 6}
and Cf = diag(cos 8§, cos 85, cosb?).

C{? is diagonal . No FCNC.



Signals at LHC s |
You =0 = sinf] = 2 sinfL, = 2 sin L ~ 0.22sin 0

Myus 800
Decay : xuz — hy b, Hyt, Ax t
h; — 7Ty, H, =177 Ay — Tt~ 0.5 — r R —
0.45 | {\ S 2
= - Pt
Pt 0.4 1 |
|| Hot
- T 035 | A A fb o
TUs3 LTUs3 2 T
™ 025 F i\ .
0.2 | n i
Hyt/Ast hib  Hyt/Ayt hy b 0.15 | IH\ ]
0.1 | 1
0.05 | i; i
0 -
. , . > ) 0.1 0.2 0.3 0.4
ti+dr th+31+ Br bb+27 + for sin0
sinOy,

o My, =800 GeV, My, = Ma, = 300 GeV, M;+ =363 GeV



Final State : > 1b+ > 27+ > 2j+ > 1/

1072

T TTTTT]

—— signal
— tt + jets

—— ttl'T + jets
— ttlv, + jets

My, = 1200 GeV

8$(1200GeV) ~ 4o

3 1
; Hn,
0 100 200 300T (Tl-i)OO(GeV) 600 700 800
Cuts Signal | Backgrounds
96 16728
Pr(j1) > 150 GeV 89 2526
Pr(m1) > 100 GeV 72 678
EF > 100 GeV 60 187
L =100 fb~*

Significance

(|
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N
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arxXiv:1807.08160




@ Vector-like quarks may have decay modes other than the normal decay
modes (xd — bZ, hb, tW™).

@ The current experimental limits for VLQ which do not decay directly to
SM particles are very weak.

@ These studies highlight an important point of caution for VLQ searches in
the standard decay channels carried out at the LHC.

@ Any new physics scenario which have additional gauge bosons and scalars
can alter the VLQ searches in a significant way.

@ Alternative channels of search should also be considered as the the VLQ
mass limits crucially depend on them.

I'HANK YOU FOR YOUR ATTENTION






Back Up Slides

Model Parameters

Particle Mass

(Br(sp — 7).
Br(s, — g9))

0(pp — Idl_’l?dl)

At = 0.2, Aa = 0.04,
A3=/\4=0, J“'!=0,

My, = 640 GeV,
M, = 500 GeV,

m, = 600 GeV,
p=0.1,;l=2,v',=
¢ my, = 2.9 TeV,
950 GeV, Ag = 0.1,
BP1 my, = 125 GeV, | (0.006, 0.994) 339 fb
Ar =3 x 1073 v =
mp, = 10 TeV,
30 TeV, Asr = 0.15,
my,- = 10 TeV,
oy =—514CeV,a =
mg, = 10 TeV,
51.17°, O = 153.43°
My, = 1.9 TeV
M;s, = 850 GeV,
A = 0.2, Ay = 0.04,
Mz, = 500 GeV,
A3=A4=0,J""I=
ms, = 600 GeV,
0, p =01, > = 2
¢ my,, = 3.1 TeV,
ve = 2.5 TeV, Asg =
BP2 my, = 125 GeV, | (0.006, 0.994) 56.4 fb
0.1, \r = 1073, v, =
My, = 10 TeV,
30 TeV, Agr = 0.06,
myp- = 10 TeV,
oy =—-27.1GeV,a=
me, = 10 TeV,
66.73°, 6 = 153.43°
m,, = 2.6 TeV

Table 3.4: Two benchmark scenarios. The cross section is evaluated at the 13 TeV LHC.
Note that y3° = V2 Mg, [vs, y£2 = 107% and we fix Myg, = Myzq, = 1.5 TeV.




