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What is a vector-like fermion?

VL currents are vectorial (like in QED), so left and right chiralities
couple with the same strength

JM:\TJW'LLW:\TJL’V'LLWL—I—\T/R’}/MWR:JZ—I-JE

gauge invariant mass terms independent of the Higgs mechanism
are allowed and give a new scale M (L and R are in the same
representation)

M\Tf\lf — M(\TJLWR—F\TJR\UL)

Coupling to SM fermions and Higgs via Yukawa-type interactions



Where and why (VL quarks)?

top partners are expected in many extensions of the SM
(composite/Little higgs models, Xdim models)

they come in complete multiplets (not just singlets)

theoretical expectation is a not too heavy mass scale M
(~TeV) and mainly coupling to the 3@ generation

Present LHC mass bounds ~ 700 GeV

Mixings bounded by EWPT, flavour...(more on this later)



Simplest multiplets (and SM quantum numbers)
SM Singlets Doublets Triplets
(¥) X
uy /¢ t (') t t’ t' t
(d)(s)(b) (b") (b’)(b’) b’ b’
Y Y
SU(2)L 2 1 2 3
gL = 1/6
U(l)y ug = 2/3 213 -1/3 | 1/6 7/6 -5/6 2/3 -1/3
dp = —1/3
fv_i i ‘v _i fy i Vv —i
—%divlc‘;mdfe ——\/‘% LDr ——\/‘%DLdk —Aivd Dr
Lm —M'gI t» (gauge invariant since vector-like)
Free 4 4 or7 4
parameters M+3x )N | M+3X\ +3)\, M+3x X\




Embeddings in SU(2).x U(1)y

. , Y (SU2)L,U()y) | Tj QEM
Complete list of vector-like U) AR
. . . D ’ —1/2 | —1/3
multiplets forming mixed Yukawa P 12 | 153
. 2.7/6
terms with the SM quark ( U ) Y vz |
. D —
representations and a SM or SM- (Y_4/3) O Il
ike Higgs boson doublet X +3/2 | +8/3
X5/3 (4.7/6) +1/2 | +5/3
U ’ —1/2 | +2/3
D —3/2 | —1/3
(& (SUR2)L,U(N)y) | T5 | Qpum 573

U (1,2/3) 0 | 4+2/3 XU i’g Eg
D (1,—1/3) 0 | -1/3 D (4,1/6) 12| —1/3
(X2 +2 | +8/3 y—4/3 ~3/2 | —4/3
KX5/3) (3,5/3) +1 | +5/3 U 13/2 | +2/3
U 0 | +2/3 D +1/2 | —1/3
(X5/3\ +1 | +5/3 Yy —4/3 (4,-5/6) —1/2 | —4/3
(3,2/3) 0 | +2/3 y~7/3 —3/2 | =7/3

\ D ) 1| —1/3

U +1 | +2/3

D (3,—1/3) 0 | —1/3

Yy —4/3 —1 | —4/3




Sample effective Lagrangian

Lagrangian with the extra vector-like fermion ¢ = (X U)

T e Yd dr SM Yukawa for down-type quarks
Lm= — (Q}. Q%, Q:Z) Vekm Vs H SR Verm is the modified Verm
Yb

by due to the presence of
. Yu Ur
- (0, 07 07) Ye H | cg SM Yukawa for up-type quarks
Vi IR
. “R . s ) mass
— (A1 A2 As) YL H i: — M(ULUg + X, Xg) and mixing with SM quarks

Mass matrices after the Higgs develops a VEV

-\ - mMa - dR down-type quark masses
Lm = — (do 5L bL) Veru M SR — Jiv SM

iy )\ br L Ak
My _ UR mass matrix for up-type quarks
— (aL e 7 UL) Me i i: the heavy U induc}:ﬁ’s the mixing
Xy X x3 M Ur =
—M X;. Xg X mass



Simplified Mixing effects (t-T sector only)

* Yukawa coupling generates a mixing between the new state(s) and the
SM ones

* Type 1: singlet and triplets couple to SM L-doublet
e Singlet P = (1, 2/3 ) = U : only a top partner is present

e triplet = (3, 2/3)={X, U, D}, the new fermion contains a partner for
both top and bottom, plus X with charge 5/3

e tripletp = (3, =1/3) ={U, D, Y}, the new fermions are a partner for
both top and bottom, plus Y with charge -4/3

vV _ _ —
[,mass — —%uLuR—muLUR— MULUR+h.C.

cosbf —sinoL \ (Y5 = cosfE singR
sinfL  cos 6L 0 M —sin6f cos6of



Simplitied Mixing effects (t-T sector only)

* Type 2 : new doublets couple to SM R-singlet

« SM doublet case | = (2, 1/6 ) = {U, D}, the vector-like fermions are a top and
bottom partners

 non-SM doublets p = (2, 7/6 ) = {X, U}, the vector-like fermions are a top partner
and a fermion X with charge 5/3

non-SM doublets = (2, -5/ 6 ) = {D,Y} , the vector-like fermions are a bottom
partner and a fermion Y with charge -4/3

[,mass — —M’ELUR — (I)UL’U,R — MULUR-I- h.c.

V2

cos@f —singl ) (%5 O cosff  singE )
sinfL  cos 6L r M —sin6f cos6of



Mixing 1VLQ (doublet) with the 3 SM
generations

mu mu
';lc Me 'I'
M — - — V . - V
u ity L my R
X1 X x3 M M
i * ~72 ~
( mu xl mu \ mq X mq
i ritg X5 g
VL = My -M, = 2 X372 mixing is suppressed
\ X177 Xpie xaie |x1|2 + |xo|? + 2 + M2 ) by quark masses
/ M2 + |x |2 X% Xix3 XM \ mixing |tn tlhe ;lghf sect%r
’r xR+ n? xxn oM present also for m,; —
VR = M, - M, = n2 + x2 x3M '
X3X1 X3xp  my 3 43 flavour constraints for gg
\  uM xoM uM~ M) are relevant

10



Mixing expansion in x/M

2 i
(-l xfom _ X sin6g yl4
*2m§{ (mg —mlzl )Zm}( . mx R
X1Xy M X, sin @
__ g lof _ 5 smop 2
Vg = (mg mu)mx 2my, mx
(% +m?) (%1 12+ |x2|2) cos g sin® O,
0 0 cos Op + 5 ] Ve
2(mj, —mg )my )
1 2
o ' z 2
with:
2 2 2 2 2 :
Vut, B x] cos O VCt’ B x5 cos O V“, s (mt, + m)(|x1 |© + |xp|“) cos” O sin Op
R = ———, Vg = *——, Vg =sinfg — 2 73 ;
my my (’",/ — mg )my
s x1 tlc %y / (Ix1 1% + 1%212)(3m% — m2 + (m% + m?) cos 26R) sin O
Vp ' = — — Vp© " = — — Vo' = —sinfp + t t
R > VR > VR R 53
my my 4(mt, — my )my
oy (Ixq |2 + |x2|2)(m3‘, - 3m§z o (mf‘, R m?) cos 20g) sin B
Ve = cosfp —

4(m;7', — m;" )m%
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Mixing with more VL multiplets

iInteger isospin multiplets

( L1 0 0 0 ... 0 Ling+4 --- L1N
0 2 0 0 ... 0 L2ng+4 -+ L2 N
0 o 0 o 3 0 ... 0 @3,?%14-4 ce 3337]V

\/
/’M{ ya2  yas~My 0O 0
Lmass = qL < : : : 0) - 0 Wap -qr+h.c.

%d—l-:g,l Yng+3,2 ynd—|-3,3/ 0 Mnd—l—?)

% 0 My, 14 0 0
] wy, 0 0

\ 0 0 0 0 0 My )

semi-integer isospin multiplets
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Mixing structure

nd x 3 matrix y of the Yukawa couplings of the VL doublets (semi-integer
ISospin)

3xng matrix x of the Yukawa couplings of the VL singlets/triplets (integer
iIsospin)

Maq are the VL masses of the new representations

nd x ns matrix w and ng x nd matrix w’ contain the Yukawa couplings
among VL representations

w’ couplings correspond to the “wrong” (opposite) chirality configuration
with respect to SM Yukawa couplings
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Bounds

e Jree-level bounds

FCNC eftects at tree level due to mixing

W =t b, ~ +/-20% variation still allowed (TeVatron data)

= bb+1% = -0.2% in the left coupling and +20% — -5% in the right
coupling (L and R are correlated)

Atomic parity violation (weak charge affected by FCNC of Z — light quarks)
e Loop level bounds

* new particles are expected in the loops (not only the new heavy fermions)

« FCNC effects at loop level

* Precision EW tests with the T-parameter, but other new particle may affect
the result
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Tree level bounds

» Rare top decays (induced by mixing)

I'(t — Zu) + T(t — Zc) measured at
T(r — Wh) <034%  oMs @ 4.6 !

implies ;

V! /IVEX2 + |Vie ] < 0.08|Vi]

e / — cc coupling from LEP

g7 = 0.3453 0.0036
g7r =—0.1580 = 0.0051

implies ;

IVEC| < 0.2




Weak charge of nuclel

* Atomic parity violation, weak charge :

0w = 2 [(22+N) (et + gia) + (2 +2N) (. + o)

for Cesium:

Ow(1?°C8)|exp = —73.20£0.35  Qw(**’Cs)|syy = —73.15 +0.02
e at 3 sigmas this implies :

5Qw = —(2Z + N)|Vg“|? VI < 7.8 x 102



FCNC tree level (if no b’)

 D-Dbar mixingand D = [+ ;

Contribution of the right-handed couplings in the vector-like scenario
Mixing (AC = 2):

c 7 u
pf " AN N = T e ma) g5

U C

Decay (AC = 1):

c 7 It
DO{ >IV\/\< O0BR = g(mDa FD) mi, mZ)(g%ci?)z
-

u

* strongest bound from xD : xp = 472 = 0.010075:35%

T / / / / N
(g%%y:czsz IVRP*IVRE]? = |VRY||IVR| <32x10~* @30
wW°eWwW




Kaons

e t'Inthe loop :

1% u,c,t,t
d = = ) d ;- = >
KO{ u,c,t,t’mu,c,t,t’ }I_(O KO{ 1% ; §W
) < S d ) = = +
W u,c,t,t

Am|ey = (3.483 £0.006) x 1071 GeV  |ex|exp = (2.233 £0.015) x 1073

corrections to e« In the 4% range
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[%]

Parameters:  |V&% <0.078  |V6°|<0.2  |VL¥[|VEE| < 3.2 x 10~

Mt' = 350, 500, 1000 GeV
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Bs-mesons

(¢SV9C _ (DSSM)/(DSSM [o/o]

Effect on phase up to 60% as in many BSM models. To be
checked with CPV in Bs->J/V .
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=W precision tests
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=W precision tests
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EW bounds (2 VL multiplets
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x5 [GeV]
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o (fb)

Pair production

/
; : Purely QCD diagrams
: o (dominant contribution)

Purely EW diagrams

tl
“new” FCNC channel,

7 but suppressed wrt to
QCD

10000 F NN NC
s

Pair production for t’
of the non-SM doublet

op 2 tt@LHC

‘\ \ :
1000 ¢ L) ; : :
L. N\ o 3
L —

N
NN
s \

1000 1200

10 1 1
200 400 600 800
m,- (GeV)
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Single production

5 Charged current channels are
“ suppressed in (X ¢') doublet,

P4
d,s,b 14 d,5,b\ d s, b 7 non-suppressed in singlet
and triplets
8 r 8 114
W

q
u,c 7 ew ue ot FCNCs channels can be relevant
/ ’ in single production
ially in the singlet '
g i 2 7 especially in the singlet

and (X t") doublet
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o (fb)

Single production

10000 |

1000 |

100 |

10 :
200 400 600 800 1000 1200 1400

m,- (GeV)

Non-SM doublet single t' production cross section
as function of the t' mass
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{' decays

Decay modes never 100% in one channel, in the limit
of the equivalence theorem, dictated by the multiplet
representation :

Singlet, Triplet Y=2/3 50% 25% 25%

Doublet, Triplet Y=-1/3 ~0% 50% 50%




1" decays

Different possibilities for ¢ decay (sin 0 = 0.3, i.e. mixing with top dominates)

Z pp—j(tl = t2)— jt— blTv)(Z— vi) — jblTEf
t’-’-{‘

— jit—=blt V) (Z— ITI7)—= jblTIT I Ef

t — j(t— bltv)(Z— jj) —
D (' — tH)— j(t— bIt v) (H— bB)— bbbt
¢ pp— jt' — tH)— j(t— blTv)(H— bb)— bbbl" Ef
t
14

t’—’—{‘ pp— jt' = bW)— jb(W— [Tv)— jblT Ef
b

Assuming for example kK = 0.1 and RL =50% cross-sections are

~500 fb for t' in singlet or non-standard doublet and
~200 fb for t' in standard doublet

Production in association with light quarks is ~ 90%
See table 8 of ArXiv:1305.4172
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1.00

0.50 -

0.20~

Mixing mostly with top
e V41 maximal

0.10}

DS

BR;:

0.05-

0.02+

0.01+~

Mixing mostly with top ? |

Vr42 maximal s 2 04 i

ano.s} tz*{

In all cases T" = bW 0.21 vz

NOT dominant for allowed o.IA \\ cH

Masses o T ——
300 400 500 600 700 800 900
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X3 production

Pair production

InN 8 7% 5, & % 8 = X Purely QCD diagrams
_ _ _ _ (dominant contribution)
q X g X 4 X
q 0% X qi 7 X Ui X

>'\IVV\< >\I\N\< EW Purely EW diagrams
q X gj X Uj X

Single production

Charged current channels are

u,c :
e gw A >,VV{'A'<X suppressed in doublets,
_ R _ non-suppressed in singlet
u;, d; di,u; d,s,b u,c PP g

and triplets
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X>'3 production
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BR

X°Pdecays (X°°,T’) multiplet

Mixing mostly with top
e V41 maximal

\\\\\\\\\\\\\\\\

08" ]
Mixing mostly with top o "
o cW™
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General parameterisation (example with a t')

 T" will in general couple with Wq, Zqg, hg
* it is more physical to consider observables (BRs, cross-sections) rather than Lagrangian parameters

* Neglect SM quark masses here (full case in the paper)

(531 VIR (Sview,z, 63T

BR(T = Vg) = G

Gi

w
é 1 d § d
—_— N KO{ u,c,t,f u,c,t,t }KO KO{
V ? § d s

w

v

uc,t,f
5
W g gw }120
d
u,c,t,t'

* Only 5 independent parameters, M, g, €, (jet , K

 Choosing multiplet fixes ¢, , &,



General parameterisation

 Complete Lagrangian

GEW 9 1 h v i GéF 9 4 . GEEM
oW 2 B W AR BrZ,~"*db] — — [BrHd"
-I-KJB{ ro. \/5[ LWy ] + I QCW[ L Zuy"dy] ro, v [BrHdy|

+ Kx { i [XLWJW”M}J]} + Ky { F% 7 YW, v“dL]} + h.c.,

 Parameters: Mass + 4 (for T and B) or + 2 (for X
and Y)
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Parameterisation: Montecarlo simulations

* General FeynRules model and MadGraph/CalcHep implementation:

e http://feynrules.irmp.ucl.ac.be/wiki/VLQ

o Specific multiplets (3 parameters)

o http://feynrules.irmp.ucl.ac.be/wiki/VLQ tsingletvl

o http://feynrules.irmp.ucl.ac.be/wiki/VL.Q tbdoubletvl

o http://feynrules.irmp.ucl.ac.be/wiki/VLQ xtdoubletvl

« M mass of the VL quarks in the multiplet, g* coupling strength for
single production, R, fraction of decay to light quarks
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Analysis tool (data recasting

SCRIPT

MG+BRIDGE+PYTHIA+DELPHES |

( INPUT )
nx nrt np ny
%, XY INS Iy
V)?,’R V;’R VBL"R V}E,’R
K%, kY, n4 K,
or
Va 1% 1% Va;
\gL,q]J{(Xi) qu]J;:(Ti) qué(B) QL,%J{(Yi)J

MIXING OF STATES
loop mixing Q; — {V,q¢} — Q;

non-mixing {Q;, Q}}

SELECT 2-BODY
DECAYS TO SM

INTERFERENCE

2Re (9495 9.9;([ PiP;)?]
9292 ([ PiP})? + 9293 ([ PiP;)?

Yij =

SIMULATIONS
per mass, per channel

M, | M, |...| M,
root1 | rooty |...| rooty

rootgg | rootgg | .. . | rootsgg

P ——

DATABASE OF
CROSS SECTIONS
per mass

0Q(M,) |og(My) |...|oQ(M,)

Average of Pythia’s log files

» Tool to recast LHC analyses for vector-like quarks (still private as under development)

CROSS-SECTIONS

WEIGHTED WITH EFFICIENCIES AND BRs

Bin 1:

Bin 2:

per bin, per channel

For each search (ATLAS, CMS)

51 = Zz 1 UQ(MXz)El(MX )BRX —Wu
2 =30 06 (Mx,)ea(Mx, )BRx, swuBRx,swe

Uel Z:L:Xl Ué,g(MXi)el (MXL)BRg(laWu
02 = Y 1% 06 (Mx,)ea(Mx,;) BRx, swuBRx, swe

Q
=S
Il

M

i=1 UQ(MY )eso(My, )BRY —Wb

other bins. ..

The interference-corrected cross section, for each channel, is:

0n(Mi) = oq(M;)(1 + -7, vij)

\
DATABASE OF EFFICIENCIES
per bin, per mass, per channel
For each search (ATLAS, CMS)
My | My|...|M,
€1 €1 [...]| €1
Bin 1
€80 | €80 | - - - | €80
My | My|...|M,
€1 €1 [...]| €1
Bin 2
€80 | €80 |- - - | €80
other bins

NUMBER OF SIGNAL EVENTS
per bin
For each search (ATLAS CMS)
Bin1: %0 ot x L

1=1"€
. 80
Bin2: .7, 0l x L

other bins. ..

Limit code
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Analysis tool example

eCLs

500 600 700 800 900 1000
M (GeV)

Blue, purple, red correspond to RL =0, 0.5, o respectively. Obtained
combining SUSY CMS searches (o, monolepton, OS dileptons, SS dileptons)
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Conclusions

Heavy vector-like fermions are present in many extensions of the SM

Present constraints can be improved, especially for realistic cases,
beyond too simplified assumptions

Flavour results are helpful to establish the allowed range of mixings

LHC can produce or bound these particles to a level giving a real
feedback on new physics scenarios to theorists

Present bounds just start probing the interesting mass range for VL
relevant in BSM model building

A general parameterisation, useful for LHC searches is available
and an analysis tool is in preparation
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