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Vector-Like fermions

 Unique window to test models (Xdim, composite, Little Higgs,
SUSY, GUT). Both VL-Quarks and VL-Leptons are well

motivated
e Reach at LHC substantial and now partially exploited

e Mixings with all the 3 SM generations can be important for
quarks (production/decay) and “dangerous” for leptons

e VL-Fermions are not chiral but they do have chiral couplings
to the SM fermions and the Higgs boson or Dark matter
particles, L or R depending on their SU(2)y, quantum numbers
(more on this later)
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Why “Vector-Like” matters

e Vector-like means couplings of the left and right components of the Dirac
spinor to gauge bosons are the same. They have therefore both L and R
charged current:

Jiar= fﬁ +]£+ = upytdy + ugrytdr = uytd =V

For SM chiral quarks only L. weak charged currents are present:

BT m A, — B (1 — A5 — 1/
=TT with {]Iﬁ+ apytdp =ay*(1—y)d=V - A

e Contrary to SM chiral fermions they are automatically anomaly-free

e Usual bounds for a 4-th chiral generation do not apply, in particular in Higgs
physics, if you consider only one top-partner the ggh and yyh one loop vertices
are not modified (wWhen you mix the top with T, the state in the loop is just a
rotation of t,T with the usual couplings)

e A gauge invariant mass term is present: L M = —Mll;ilJ
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and vs Chiral 4th generation

pp — H — WW

pp — H — Z7

pp— H — bb

pp — H — bb

pp — H — 77

4th Gen

SM
SM4 before ICHEP’12
SM4 after ICHEP’12

19.35

0.45

0.15

7.08

0.33

10.85

-2 —1 +1 +2 +3 +4

from 1209.1101

A.Deandrea - IRN Terascale

AX2

4th generation excluded
at more than 4 o




Vector-Like Quarks

e For VLQs single production dominant with present mass bound at LHC (~1
TeV) but precise value model dependent

e Pair production almost model independent (mainly QCD)
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Sample recent bounds

e For VLQs assumptions on the decay channels and the couplings to the
different SM generations may affect considerably the LHC bounds!

m, =800 GeV T

1 ATLAS Preliminary
1 Vs=13TeV,3.2-36.1 fb’

-« Exp. limit ] Obs. limit

Wb+X - 36.1 fb™!
[EXOT-2016-14]

Ht+X - 13.2 fb™
[CONF-2016-104]
Z(vW)t+X - 36.1 fb!
[arxiv:1705.10751]
Same-sign - 3.2 fb!

] [CONF-2016-032]
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Simplest multiplets (and SM quantum numbers)

SM Singlets Doublets Triplets
(¥) X
(@) ) )| " (s) v) (s
d S b (b") b' ( b’ ) b’ b’
Y Y
SU(2)L 2 1 2 3
qrL — 1/6
U(l)y ug = 2/3 213 -1/3 | 1/6 7/6 -5/6 2/3 -1/3
dR = — 1/3
l'j&-" i ’_\iﬁ‘i i;:l i AV —i
Ly — VR lLR — 75 Uk — 3 ULtk — M Ur
— l\/‘%c_ll Vé_‘\;ﬁwd‘{ — %‘/%C&DR — %/‘%DL(I;( - /\fVCI;_DR
Lm — M1y (gauge invariant since vector-like)
Free 4 4or7 4
parameters M+3x XN | M+3)\,+3)\; M+3x )\
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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 = (1, 2/3 ) =U : only a top partner is present

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

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

vV _ _ —
Emass — —%’U,L’U,R—CB’MLUR— MULUR+h.C.

cosbl —singl\ (75 = cosOF singR
sinfL cos 6L 0 M —sin62 cosol
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Simplified Mixing effects (t-T sector only)

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

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

 non-SM doublets | = (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

Emass — —M’I_LL’U,R — :EUL’U,R — MULUR + h.c.

V2

cos@f —singL\ (%5 O cosfF singR )
sinfL cos oL r M —sin6f cosof
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Mixing 1VLQ (doublet) with the 3 SM
generations

my \ My \
M, = S =VL- T Vi

m; mg

X x x3 M ) M )

~2 ~2 ~
/ mu x’fmu \ mq X mq
t g X5 i
Vi = My -M, = 2 X372 mixing is suppressed

fe X3y %12 4 1|2 + 2 + M2 / by quark masses

mixing in the right sector

~2 2 * % -
[ 7 t 1 I ol le\ present also for i, — 0
Ve = M| -M, = nx gt et By oM :
U u — - .
X3X1 X3X2 m; +x§ x31;4 flavour constraints for gg
\  uM xoM x3M M are relevant
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Mixing with more VL multiplets

1305.4172 M.Buchkremer et al.

Integer isospin multiplets

[ m 0 0 |0
0 0 |o
0 0  ug |0 0
Ua1 Y2 yad~IMy 0 0
»Cmass — L< : : : > B 0 waﬁ
N YUng+3,1 Yng+3.2 Yng+3340 0 My 43
2\ 0—T Mp,+4a 0 0
: : : wéw 0 .0
\ 0 0 0 0 0 My )

/

semi-integer isospin multiplets

11

-qr+h.c.
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Pair production

/
s : Purely QCD diagrams

q g t g g 4 TOTO—>—
/
. > < . } < _ | ! il (dominant contribution)
t 8 i 8 t'
>’V\%\N<tl
t/

q
Purely EW diagrams
q v t’ qi di —> ¢/
>'\NV\;< W “new” FCNC channel,
q 1 g d; «—7 but suppressed wrt to
| QCD
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\

Pair production for t
of the non-SM doublet
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Single production

t,

d,s, b ’_g—b u,c
,S d, S,
d,s,bm d,s, b

EE

155 Charged current channels are
% suppressed in (X ¢') doublet,
non-suppressed in singlet
and triplets

5

, FCNCs channels can be relevant

7
In single production
especially in the singlet ¢’

and (X t') doublet
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Single production
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Non-SM doublet single t' production cross section
as function of the t' mass
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General parameterisation (example with a t')

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

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

. 1270
i%/|vff;12| I’y

BR(T — qu') — .
( ?:1 |V£}R|2) (Zvew,z,u R%/'F?/')
G Vijnl f:c-—l BR(T - Vg) =
1 3 |V4'] |2 ’ : t T 4 ( _) Qz) - <Z€V
j=11YL/R 1=1
ki Ty,
v = T Y, &v=1; Get =1+ G =1—-(3
2vi=wzu vy v wan

* Only 5 independent parameters, M, &w, &€z, (jet, K

» Choosing multiplet selects &w, &
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General parameterisation

 Complete Lagrangian

@ - - ; Gy @ o= ;

L= kT { F%);//V \/5 [TL /j_fyludL] + FO 26W [TLZ/JJ’YMUL]
G M (3€4 My -

TrHu' — |17 Ht
Y% w [TrHuy] - rYy o TrHtr)

Gl 9 m v G¢Z 9z g Gifg M

W v Ll — BrHd

+ /{B { F%/ \/§ [BL M 7 uL] + F% QCW [BLZHW/ dL] F?_I v [ R L]

+ Kx { I‘% G [XLWJW’“LUL]} + Ky { F% /2 YW, ’y“dL]} + h.c.,

 Parameters: Mass + 4 (for T and B) or + 2 (for X
and Y)
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NLO extension
Example with T, B, X, Y VLQs

Lyvrg = 1Y DY —myYY +iBPB —mzBB +iTDT — m,;TT +iXDPX —m XX
—h [B (/%fPL + /%ng) gq + T(/%fPL + %gPR> du + h.c.]
+ -2 [BZ(E:?PL + f%gPR) G +T7 (/Z;ZPL + %QPR) Gu + h.c.]

+ =2 YW (mz/PL—I—ﬁgPR) qq + BW (/ffPL—f—/igPR) gu + h.c.

+ 2 |TW (/{:LFPL—I—/%;;PR) gq + XW(KJEPL—I—/{;PR) ¢, + h.c.

similar to the previous, one more parameter to satisty the
renormalisation conditions

see Fuks & Shao (EPJC’17); Cacciapaglia, Cai, Carvalho, AD, Flacke, Fuks, Majumder & Shao (in prep.)
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Pair production at 13 TeV

mr [GeV] Scenario oo [pb] onLo [pb]
0o QOD | (7069 100)FEER RIS (1004 100K T
. THL | (T02210°) 55050 (9980 00T
300 Qep | (1261 107 )Tl ety (1733107 ) 1 Ty
_________ THU | (1244 107D TP00 T (1702 107 T 0y Moy,
1900 QCD | (7.685 1073)F3LULH0 8% (1,061 1072)T8ST +5.5%
_________ thn | (L0310 B (a0 e
1600 QCD | (7.477 10~H)F3L5%H85% (1,030 1073) 9% +867
_________ thn | (3995 107 S R (a0
5000 QCD | (8.980 107°)+35-5%+18:3% (1,960 10~4) 3% TT 8%
TH1 (1.563 10~3)T42% +54% (1 960 10—3)*+0,3% +6.0%

—20.0%—13.0%

—14.0%—13.6%

Fuks & Shao (EPJC’17): example of T-Higgs-quark interaction, NNPDF 3.0

NLO increases 0 and reduced scale uncertainty
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Single production at 13 TeV

H/V

q Q
q
q

| ee——

AN

%

/q/|\q\

T

Example of VLQ-h-q interaction.
Production in association with jets
in setups with first and second quark
generation mixings

Rate almost unchanged
here due to interplay

with the PDFs.

1st and 2nd generation
mixings with K1 =0.07

and K2 =0.2

Fuks & Shao (EPJC’17)

mr [GeV] Scenario oLo [pb] onLo [pb]
Tzi | (1995 100508 IEE (1987 100) 1S T
400 Tzz | (2613 10T 100 (2685 10°) 55T 0g
TWL | (L54L100) 5SS (1575 10°) 1550 5 0s
Tw2 | (42291005 Tig (4802 10°) 1550 Ty
- ro | A0SR s 10
oo T2z | (L168107HIREATESS (1348 107 g o
TWL | (1572 107H)FRERHEIR (1812 107 R EEoR
_________ TW2 | (2476 107) 55 Taon (2878 107500 Ty
Tz | (47201070 AL (T 0 )
sooo 22| (L2TTL07HIRIETEL (1600 107 TGy
TW1 | (3105 10775000 (3899 107 TREE NS
Tw2 | (3.725 10T SRR (4653 1072580 S
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Interplay of VLQ multiplets

first gen., M;=1000, M>=1100 GeV second gen,M;=1000 GeV, M2—1 100 GeV Third gen, M;=1000 GeV, M,=1100 GeV
oy 700" 300¢ -

6001 250}

0 50 100 150 200 250 300 0 100 200 300 400 500 600 700 0
y1(GeV) y{(GeV)

Tree level (yellow area is excluded at 30), EWPT (blue continuous line corresponds to the 30 bound, green
dashed to 20, red dotted to 10, the strip between the lines is allowed) and LHC single VLQ production bounds
(vertical black line, excluded region on the right) in the case of mixing of two VLQ doublets with the first,
second or third SM quark generation (KEK-TH-2024, paper to appear on ArXiv this week and 1502.00370).
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Vector-Like Leptons

e VL-Leptons are present both in model building (GUT, Xdim...) and in simplified

approaches for Dark matter
e A VL-Lepton family coupled to the SM leptons is constrained mainly by:
e muon anomalous magnetic moment
e electron, muon and tau left-right (and forward-backward) asymmetry in Z decay
e Lepton flavour violation, lepton non-universality in B decays
e Electroweak precision tests

e Mass bound for VL charged leptons > 100 GeV (LEP) but depends on decay modes

assumptions

e VL-Leptons are also used in connection with Dark Matter in simplified models (and

usually have the same new parity as the DM particle) %\\
¥ ™. Focus on this case

A.Deandrea - IRN Terascale n the fOHOWlng
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VLL and DM singlet

ﬁS — Z )xjilEPRef —+ )\];1 (N E) Py (Vf):| S%M + h.c.
_ L ef
f=e,pn,T

N T 0
cf = 30 [shBwpey + s (VB wpe ()] Vil + e
f=e,pu, 7 -

e VLL can be singlet or doublet of SUR)w
e DM and VLL are both odd under a Z2 parity

e VLL couplings to SM fermions and DM are only L or R
depending on the multiplet
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VLL and DM doublet

—_ - ” - -

[ e = 7,
Ly = ) |9Ev'Pr (ef

> + 952\1’ 1/2%PR€J“] VI/;M + [(922)/‘1’ 3/2'Y,uPR€f} VD + h.c.

f=e,u, 1 f
e Gauge couplings of VLL depend on the representation
(ex. coupling to W only for VLL doublet)
»CAXL — —eA“Equ

Lwxi = W""“N'yu (gLLNP -+ gWLN )E + h.c
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Collider signatures

B

{PPete”} = Z,v = Ifl; + Er {PPete”} = Z,v = Il {PP,ete”} — Z — invisible

500 -
.| Complex Scalar DM

Real Scalar DM
.| Complex Vector DM
- | Real Vector DM

400 -
-| LHC @ 8TeV BP1

Sample bound of VL pair
production with coupling to
electrons only. 13 TeV bound
is similar.

300 -
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200 -

100-
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B.P1, complex spalar DM, singlet VLL

Relic density

I [ I
s, Vioay A/ vaa—e— s B z
[E
"lf+_ tggﬂV[a‘Gghd z
SO 1, Vs o AAAG—— [ Bt It SO VO, N, 7

2000¢
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MDM [GeV]

500¢

1000¢

e _
T A11—1
e
e
A11=3
500 1000 1500 2000
Mg [GeV]

Sample relic density limit

(excluded on the right of the
thick line)
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Mpwm [GeV]

g-2 of the muon, electron

200

— A/;=0.1 (9-2), - Real scalar DM
I )\’:’120.5
— 6a,+30
----6a,-30
150}
100}
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0 \ : . L
0 50 100 150
Mg [GeV]
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Combined bounds

2000
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For coupling to electrons (BP1) a
vectorial DM is excluded by the
complementarity between (g — 2)e,
which requires a coupling g11 < 0.02,
and relic density, which requires a
coupling g11 > 0.3. Scalar DM is allowed
but constrained (white area). Similar

situation for coupling to muons only
(BP2). For details see 1801.02707



Conclusions

Current limits with LHC data are in the TeV region in mass for
VLQs (actual limit depends on the couplings and decay modes).

In the realistic (for model building) case of more than 1
multiplet cancellations are present.

VLL have mainly constraints from lower energy observables.

DM and VLL, even in simplified models, allows to limit or
exclude some cases using existing data.
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