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What is Vector Like (VL) quark

@ They have Diract mass without the Higgs

Limass = M ("ZLwR + J’F\’wL)
@ They couple to SM quarks via Yukawa-type interactions

Av
V2

Charged current interactions :

Ly = ——= (Quvr + ¥rar)  or (PLgr + GriL)

Lw= % (W + 2w

SM Chiral quarks :
JT =gt Ukt

with S = Bytdy =0 (1—4°)d = (V—A),  JiF =0
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What is Vector Like (VL) quark

In VL quarks we have both left and right handed charged currents
= st
= Uy"Dgr+ Din*Ur
Uy*D =V

Left and right hand chiralities of VL fermion (¢) transforms in the same way in SM gauge
group SU(3)c x SU(2). x U(1)y

VL quarks appear in many new physics models :
@ Warped or universal extra dimension models
o Composite Higgs models
o Little Higgs models

Naveen Gaur Vector like Quark multiplets Dyal Singh College (University of Delhi), Lodhi Road,



Searches at LHC (t')

Bounds from pair production of VL top quark in range 600-800 GeV

CMS ATLAS
CMS [s=8TeV 19.5 fb?! 3 my =350 GeV my =400 GeV Al
BR(W) g
1 I
o

\.
g
[A2D)] yru ssew yaenb I, pasrasqQ

BR(T — Wb)

1 1
BR(tZ) BR(tH)

Assumption: Mixing with only third generation only.
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Catalogue of representations, Lagrangian ....

Top type multiplets

Multiplet ’l/J (5U(2)L, U(l)y) T3 Qem Yuk. SM
Singlet 2/3 U (1,2/3) 0 +2/3 Yes
5/3
Doublet 7/6 ( XU (2,7/6) 1—1;; igg Yes
X873 +2 +8/3
Triplet 5/3 X5/3 (3,5/3) +1 +5/3 No
U 0 +2/3

arXiv:1502.00370

Doublet 7/6

o U mixes with SM top.
o New exotic quark (X) with EM charge 5/3.

arXiv:1108.6329
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Catalogue of representations, Lagrangian ....

Bottom type multiplets

Multiplet ’l/J (SU(2)[_7 U(].)y) T3 Qem Yuk. SM
Singlet-1/3 D (1,-1/3) 0 -1/3 Yes
Doublet 5/6 ( YE‘/3 ) (2,-5/6) jig :ig Yes
D 0 -1/3
Triplet 4/3 y 43 (3,—4/3) -1 —4/3 No
( y-7/3 ) -2 -7/3

arXiv:1502.00370
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Catalogue of representations, Lagrangian ....

Mixed type multiplets

Multiplet 1/) (5U(2)L, U(].)y) T3 Qem Yuk. SM
Doublet 1/6 ( g ) (2,1/6) jg ff?g Yes*
X°/3 +1 +5/3
Triplet 2/3 U (3,2/3) 0 +2/3 Yes
D -1 ~1/3
v +1 +2/3
Triplet 1/3 D (3,-1/3) 0 -1/3 Yes
y—4/3 -1 —4/3

arXiv:1502.00370
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Catalogue of representations, Lagrangian ....

Top sector mixing (Singlet, Triplet)

Simplifying assumption (right now) : Mixing only in third generation.
Singlet, v = (1,2) = U
Lyvuk = —YuGuH ug — AGuH Ur — M U Ug + h.c.
MV AV _ -
7% uur — —=u Ugr — MULUgr + h.c..

V2
Triplet, ¢ = (3,3) = (X**,U,D)"
Lyok = —YyuqHur —Aqum?H Y% — MiZL’le + h.c.

_% uLug U Ug — AvdiDg — M (U Ug + D Dr + X, Xg) + h.c..
X
M

_ v

V2

Top sector mixing matrix :

~~
oSk

q=(u, d)T
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Catalogue of representations, Lagrangian ....

Top sector mixing (Singlet, Triplet)

VLR _ cos LR singLR
“ —sinf-R  cosgbR )0

cosf:  —sinfl s ox cosOf sin0f \ ([ m: O
sin@:  cos 6k 0o M —sindf  cosOf ) 0 my )~

with my > M > m;

N

2.2 2 2
YuV 2 X 2 2 X
=m 1—}—7>7 m/:M(l—i—i),
2 f( M2 — m? t M2 — m?
sinfh = Mx sin6f = M sin 0~ .

MR —mE MR
For M > v ~ m; ~ x:

YuV

.l X . gR mex
ﬁNmt’ my ~ M, SIHQUNM, sinf, ~

M2

Strongly constrained

sin > sindf
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Catalogue of representations, Lagrangian ....

Top sector mixing (Doublet)

Doublet 1/6, 1 = (2, %) = (U,D)"

Lyvae = —YuGiH ugr — Xy WrH ur — g ¥LHdr — M 4br + h.c.

wv AuV ~ Agv = - _
7% upur — 7;/ Urug — % D.dr — M(ULUR -+ DLDR) + h.c..

Doublet 7/6, ¢ = (2, %) = (X5/37 U)T

Lyae = —YuGuH ur — A Hug — Mapiibr + h.c.
YuV

Av - _ _
= 7$ BLURf7\%ULUR7M(ULUR+XLXR)+I7.C..

Top sector mixing matrix :
uVv 0
M

x5l
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Catalogue of representations, Lagrangian ....

Top sector mixing (Doublet)

The diagonalization can be carried out in same way to give.

. R Mx oL M R
sinf, = > , sinf; = —sinf, .
V(M2 — m?)? + M2x? M
!
Singlet, Triplet Doublet t
. R _ Mx . 0R Mt o gR il
sin 0u = m sinv, = VSIn u 0 P
H L me o R H R Mx _
sinf, = Tt sinf sinf, = ———2— = —
oM Y ! (M2 —m?)?+-M b
. . N . 200 400 600 800 1000
sin 0% > sin OF sin 0% > sin 0%

Figure 1: Plot of M as a function of m, for different values of z (from left to right: 10, 100, 200
and 500 GeV). In the limit caso z — 0, the two straight lines correspond to M = my, and M = ms
(withmy = bs%).

o Constraints on singlet and triplet multiplets are stronger

@ Doublet 1/6 is also constrained due to bottom partner that is in same multiplet.
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Generalized mixing: Doublet 7/6

Lywe = —y, QUH ul — v/ Qi Hdy — N prHuk . i,j=1,2,3, Q= (ud)’

EY Ay
Wheremxfﬁandx,f\/i.

_ . Mg dr
[«mass - _(dL, §L, bL) . VCKM . ﬁ'15 . SR
mp br
ﬁ'l,_, 0 ur
— (O, e, tr, UL) . me . 0 R — M X Xg + h.c.
my 0 tr
X1 X2 X3 M UR
M, can be diagonalised by bi-unitary matrices (V, Vr)
my
My =V, - e Vi

m;
mys

VCKM is the misalignment between left-handed ups and downs and it would correspond to the Cabibbo-Kobayashi-Maskawa matrix in the absence of the

new fermion.

Dyal Singh College (University of Delhi), Lodhi Road,
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Generalized mixing: Doublet 7/6

LH mixing : V. diagonalises following :

> 0 0 x{

0 n? 0 X5 i

M . M‘I’ — c b 2 N c
Y Y 0 0 n? X3 My

xify  xofe  xafe M2+ |xi)? + |xe)? + X3

LH mixing suppressed by light quark masses (first two generations)

RH mixing : Vg diagonalises following :

~ 2 2 * * *
g + |xa| X' X X' x3 xi M
* ~ 2 2 * *
MM — X3 x1 mz + x| X5 x3 x5 M
u u — ~ 2 2
X3X1 X3X2 m; + x5 xsM
xaM xoM xsM M?

RH mixing possibly large with suppression coming from small x’s.
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The left handed coupling of Z can be written as :

1 wy,

g =9 (ar ar tr U 1_2, 1 — I
Cz—cW (@r,eL,te, UL) (2 35w ) v ty Zy.

1 1 Uy,

In the mass eigenstate basis, the coupling becomes

] g (1 25\ & \ ey
==(z—-= 0" — =Vvrrv
8zL w (2 35W> cw L L

where I, J =1,2,3,4. Flavour violation is governed by V/* elements!
Analogously for the right-handed couplings we obtain

1J g 2 5 v 1 g sy ,a
=& (-= = Vot Vo
8ZrR cw ( 35W> 2 cw R R

Large flavour violation only in RH Z sector and results in milder flavour constraints
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Generalized mixing: Doublet 7/6 : 9

Evaluated constraints coming from :
e Z — bb, W — t — b coupling
o Precision data (S, T parameters)
o Direct bounds
@ FCNC constraints : D — D, rare D-decays, Top FCNC (t — Zc, Zu)
@ Atomic parity violation.
@ Charm Couplings at LEP

Identified parameter space consistent with all the above constraints

arXiv:1108.6329
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Generalized mixing: Doublet 7/6 :

LHC : pp — t'j — bjl* Er (7 TeV)

pp — t'], t = t(— bV Z(— vi) — bE By
t = bW(— ) — bl* Er

F 18
24 —— m, =350 GeV (bW) r —— m, =350 GeV (bW)
22F 16
200 o m =350 GeV (iZ) 14: oo m,=350GeV (12)
18;7 —— m, =500 GeV (bW) E — m, =500GeV (bW)

3 160 320

S F === m,=500 GeV (iZ) Py r - - m,=500GeV (Z)

= 14; =10

§ 12 g0

;2' 10 % r

S r s

= 8 = 6

ﬁ:* 4}

4 o

2 2

9: I ST T = 0: e

0 50 100 150 200 250 300 0 50 100 150 200 250 300 350

Er (GeV) Pk (GeV)
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Little Higgs Model with T-parity

Instances when EW production can dominate over QCD production. pp — T T

k=0.6 =1
100000 100000
S, 0ld result Old result
N\ Old+EW - 10000 b Old+EW -
10000 £\, Same sign leptons - . Same sign leptons —-=-=--
- 1000
g 1000 ~ 100
) )
© ©
100 10
1
10
0.1

£(GeV)

o (fb)

0.1
0.01
0.001
0.0001
1e-05

1
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400 600
f(GeV)

0.01
400 600 800 1000 1200 1400 1600 18002000

£(GeV)
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Exotic : (X>/3)

LHC 7 TeV
pair
10
1
~
B
~ single
5 01 g
001
0.001
200 400 600 800 1000
My
1.0 1.0
twt
0.8 0.8
tw*
206 206
> >
=4 =1
Mm 04 cw* Mm 04
02 02
uw*
uw? cW*
0.0 0.0
200 400 600 800 1000 200 400 600 800 1000
Mxs;3 Mxs/3
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Interplay of vector like quark multiplets arXiv:1502.00370

@ The two multiples are not of same hyper charge.
o there must be two VL top quarks.

@ eventual VL bottom quarks do not mix with SM bottom sector, i.e. we can take the
mixing to be zero without affecting the top sector, to ensure that the model is not
constrained too much by the stringent flavour physics and Zbb coupling bounds
from the bottom sector.

Combinations

@ Singlet (Y =2/3) + Doublet (Y =7/6);
@ Doublet (Y =7/6) + Triplet (Y =5/3);
o Singlet (Y =2/3) + Doublet (Y =1/6);
@ Doublet (Y =1/6) + Doublet (Y = 7/6).
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Interplay of vector like quark multiplets arXiv:1502.00370

Singlet Y = 2/3 and Doublet Y = 7/6

hr=(2,%)= (Xl‘r’/3 Ul)T and ¥ = (1,2) = Us.

Ly_su = =M puHug —X3QuAY2r + hoc.,
Lv_v = —&uHinr — & dirHo + h.c.,
Lomass = —yrUnuf — x5 ufUsg — wli Usg — ' UhgUsi — My Usy Usr

—M, UzLU2R — M )_<15L/3X15.‘é3 + h.c..

(M™)355  Oaxa (X2k)3><1

O VRl IV
O1x3 w' M,
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Interplay of vector like quark multiplets arXiv:1502.00370

Doublet Y = 7/6 and Triplet ¥ = 5/3

T T
vr=2,0) = (X U) and e =(3,5) = (X X )

Lv_su = =My Huk+ h.c.,
Lv_v = —&dut’Her)’ — & 9irm?H(ba)? + hoc.,
Limass = —ylk UlLU; - \@walLU2R - W)_<15LBX25,43 — \/EUJIUlRU2L — w')_(f,?X;LB

—My U Usg — My XZPXEL — My Un Usg — Mo X3PXEE — My XEPXEL + h.

(Fhup)3><3 03><1 O3><1
M= ()15 Mll V2w |, Mysys = ( Y ) Mys/s = M, .
O1x3 V2w M,
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Interplay of vector like quark multiplets arXiv:1502.00370

Singlet Y = 2/3 and Doublet Y = 1/6

h=(2,2)=(U D1)" and ¢ = (1, H=U,

Lv_sm = =N i Hug — Mg Hdg — NsQf Far + h.c.,
Ly_y = —& 1 Hyor — & gAY + h.c.,
Lomass = —ylk Uiug — xsuf Usg — wli Usr — w' Ua  Usr

—M; Uy Uig — Ma U Usg — My Dy Dig + h.c..

(ﬁ'up)3><3 O3x1 (X2k)3><1 ~ down

m 0

Mo= 1| (r)ixs M w . My = < ( 0) )axs ,:\1;3 ) .
01><3 UJ, M2 3x1 1
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Interplay of vector like quark multiplets arXiv:1502.00370

Doublet Y = 1/6 and Doublet Y = 7/6

b= (23)= (U D) and v = (2,0) = (X 1)

Ly_sm = =N @ Huf — Xy b1 Hdg — M5 o Hul + h.c.

£mass - _ylku UILU; - yldeILd}’i(’ - }’2k UZLU.‘g
—My Ui Uig — My Dy Dig — My U Usg — Mh )_(25[3)(;43 + h.c.,

(ﬁ)up)3><3 03><1 03><1 ~ down
O3x1
M, = f Mmoo |, me=( s

(y1)1x3 1 d ( (0)1X3 M,

) 5 MX5/3 = M2 .
()ixs 0 M
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Interplay of vector like quark multiplets arXiv:1502.00370

my 0 0 My X1 X
e 0 0 e X3
MA = a0 0 |, MPB = e X X3
vi yi yi My 0 0 0 0o M O
i vi v 0 M 0 0 0 0 M
My 0 x3
Me 0 X
MO = e 0 X3
i oo Mow
0 W M
2nd | 1Ist — | Singlet Y =2 | Doublet Y = ¢ | Doublet Y ={ | Triplet ¥ =3
Singlet Y = 2 case B case C case C case B
Doublet Y = % case A case A case C
Doublet Y = % case A case C
Triplet Y = § case B
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Interplay of vector like quark multiplets (Degenerate)

Doublet Y = 7/6 and Triplet Y =5/3

first gen., M=800 GeV tird gen. M-800GeV M=800 Gev
20 T 20f? § § K a0
20 o
160 150 f
w00l N\
I e— s s
8 10 & w g o
3 s 3
-to0f-
50 s
a0l
o o -0 ]
0 E 100 150 0 0 F) % wu F T T ] WA W
¥ ieen Aleon wvien
trpletnonSM doublet (frst) doublet (second) ripletsnonsM
20 £ 3
140 1
120 |
150 ]
05 1
100 1
5w | H ]
8 8 10 ]
s | 3 |
6
o | 50
20 | |
o1 001
1 o0s | 01
3 o 1|
0 = w0 w0 8 w0 20 10 o ) 00 50 20 ) F
icev) ¥itcev]

Naveen Gaur Vector like Quark multiplets i i i), Lodhi Roa



Interplay of vector like quark multiplets (Degenerate)

Singlet Y = 2/3 and Doublet Y =1/6

frstgen. M-600 GV i gen, =600 Gev
0 0o
=0
o 20
B 5
3w 5w
= =
w
sn ©
o .
S N T R R
% [GeV] %, [Gev]

singlet+SM doublet (rst)

singetSM double (third)
0
00
oor
ass
w0
H H =
8 ) g e
= = =
w
n
112 01
o
™ 0 w W % [ I R R T ]
Koo HGen )

arXiv:1502.00370
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Interplay of vector like quark multiplets

Doublet Y = 1/6 and Doublet Y = 7/6

arXiv:1502.00370

first gen., M=B0O GV

third gen., M=800 GeV.

0 0
20
)
0
8 m & =
00
0
s
o o
O 0 0 E w0 o w e wm e m wm
¥i16ev) i GeV]
bi-doublet (first) bi-doublet (second) bi-doublet (third)
7 350 250
w0
30 200
17\1
250 250
wolf— —
<
~
B Q = 20 < 20
8 ! S 8
® N = =
- 150
woll— 150
10
o \ 0 ™
20 50 50
o1
. os 0 o
0 0 O E] 80 100 120 140 o s 100 150 200 20 300 350 0 0 100 150 200 250 300 350
siteen ¥16ev] sicen)
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Interplay of vector like quark multiplets : Non-degenerate

Doublet Y = 1/6 and Doublet Y = 7/6

First generation mixing

first gen.. M, = 800, M, = 1200 GeV. first gen., M, =1000, M,=800 GeV
T T T i T S
P

250

200

150

Yi(GeV)
3
GeV)

100 4 100

0 50 100 150 200 250 300 0 50 100 150 200 250 300

W(Gev) Y(GeV)

under prep
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Interplay of vector like quark multiplets : Non-degenerate

Doublet Y = 1/6 and Doublet Y = 7/6

Second generation mixing

second gen,M, =800 GeV, M,=1200 GeV.
T T T T

second gen.M, =1000 GeV. M=800 GeV.
T i T ; T

0 50 100 150

0 50 100 150
¥(Gev) ¥(Gev)

under prep
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Non-Degenerate case (M; # M,)

Considered following doublets (

Naveen Gaur

c(pp—>Bq)fd

450

400

350

300

250

200

150

100

50

q=u
q=c
CMS ——

100

200 300 400 500 600 700
Yi
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Non-Degenerate case (M; # M,)

first gen., M;=1000, M,=1100 GeV first gen., M;=1000, M,=1400 GeV

300| 300
250
200
2 2
& 150, & 15
100[
50 50| !
0 0 H
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Yi(GeV) Vi(GeV)
second gen,M;=1000 GeV, M»=1100 GeV second gen,M;=1000 GeV, M»=1400 GeV
700 700
600 / 600
500 500
= 400 2 400
1A g
=300 =300
200 200F°
100f 7 100| ’
0f o 0 WHINE IS
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
¥i(GeV) ¥i(GeV)
Naveen Gaur Vector like Quark multiplets College iversity of Delhi), Lodhi Road




Non-Degenerate case (M; # M,)

BR[t'1—> u H|

BR[t'->uZ]
Y . T - I

80%

500

Yi(GeV)
y3(GeV)

I ' n
200 300 400 500

n { n n
100 200 300 400 500 100

¥i(GeV) ¥i(GeV)
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Exotic : (X>/3)

LHC searches : CMS /s = 8 TeV, £ = 19.3fb !

Same sign dilepton

frr ""cMs Preliminary |
19.6 fo" at /s = 8 TeV

o -BR (pb)

102

T

10°F « Observed Limit
- Expected Limit
[]Expected Limit + 1o
[ Expected Limit + 20

— Signal Cross-Section 1

T
|

o5 I NS FEETE FEET FETT FEee Preed 1 [ n
10" 550600650 700 750 800850 900 9501000
Mz (GeV)

Assuming Br(T%® — bW) = 100% mass upto 770 GeV excluded.
CMS PAS B2G-12-012
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Exotic : (X>/3)

LHC searches : ATLAS /s =7 TeV, £ = 4.7fb~*

Same sign dilepton

95% C.
Constrained parameter Expected | Observed

b’/ Tsys pair i
" mass or T's/3 mass for A < 1 [ >0.64 TeV [ > 0.67 Tev
Ts3 single and pair production
T3 mass for A= 1 >0.64TeV | > 0.68 TeV
T3 mass for 1= 3 >0.66 TeV | > 0.70 TeV

Four top quark event production
i tion | <90fb | <6l

Four top quark

ATLAS-CONF-2012-130
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Some possible extensions :

@ Have been able to develop (to a fairly good extent) a general framework for arbitrary
number of vector like quark multiples.

@ Can possibly be replicated in leptonic sector (there are already some works).
@ Can possibly be extended for more interesting case single VL quark production.

@ Needs more exploration specially exotic sector.
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