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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

• Reach at LHC substantial and now partially exploited

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

• 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)w quantum numbers 
(more on this later)
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Why “Vector-Like” matters
• 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: 
 
 
 
For SM chiral quarks only L weak charged currents are present:  
 
 

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

• 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 γγh one loop vertices 
are not modified (when you mix the top with T, the state in the loop is just a 
rotation of t,T with the usual couplings)

• A gauge invariant mass term is present: 

What are vector-like fermions?
and where do they appear?

The left-handed and right-handed chiralities of a vector-like fermion ψ
transform in the same way under the SM gauge groups SU(3)c × SU(2)L × U(1)Y

Why are they called “vector-like”?

LW =
g√
2

(

Jµ+W+
µ + Jµ−W−

µ

)

Charged current Lagrangian

SM chiral quarks: ONLY left-handed charged currents

Jµ+ = J
µ+
L + J

µ+
R with

{

J
µ+
L = ūLγµdL = ūγµ(1− γ5)d = V − A

J
µ+
R = 0

vector-like quarks: BOTH left-handed and right-handed charged currents

Jµ+ = J
µ+
L + J

µ+
R = ūLγµdL + ūRγµdR = ūγµd = V

What are vector-like fermions?
and where do they appear?

The left-handed and right-handed chiralities of a vector-like fermion ψ
transform in the same way under the SM gauge groups SU(3)c × SU(2)L × U(1)Y

Why are they called “vector-like”?

LW =
g√
2

(

Jµ+W+
µ + Jµ−W−

µ

)

Charged current Lagrangian

SM chiral quarks: ONLY left-handed charged currents

Jµ+ = J
µ+
L + J

µ+
R with

{

J
µ+
L = ūLγµdL = ūγµ(1− γ5)d = V − A

J
µ+
R = 0

vector-like quarks: BOTH left-handed and right-handed charged currents

Jµ+ = J
µ+
L + J

µ+
R = ūLγµdL + ūRγµdR = ūγµd = V

SM and a vector-like quark

LM = −Mψ̄ψ Gauge invariant mass term without the Higgs
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and vs Chiral 4th generation New fermions: the chiral hypothesis
aka adding a fourth chiral family to the SM
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pp → H → γγ

pp → H → WW

pp → H → ZZ

pp̄ → H → bb̄

pp → H → bb̄

pp → H → ττ

−2 −1 +1 +2 +3 +4 ∆χ
2

SM
SM4 before ICHEP’12
SM4 after ICHEP’12

(Oexp −Ofit)/∆Oexp

O. Eberhardt, et al.
Impact of a Higgs boson at a mass of 126 GeV on the standard

model with three and four fermion generations

Phys.Rev.Lett. 109 (2012) 241802, arXiv:1209.1101

400 GeV < mt′,b′ < 800 GeV

ml′ > 100 GeV and mν′ > MZ/2

A chiral 4th generation is excluded at 4.8σ
(or 5.3σ including H → bb̄ at Tevatron)

in the context of a simplified model where only the new family is added to the SM

Let’s go for vector-like fermions

Luca Panizzi Characterising signals of new physics at the LHC 32 / 55

4th generation excluded 
at more than 4 σ 

from 1209.1101

New fermions: the chiral hypothesis
aka adding a fourth chiral family to the SM
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anomaly cancellation

Tr[Q] = 3( 2
3
− 1

3
) + (0 − 1) = 0

Modifications to observed processes
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Vector-Like Quarks
• For VLQs single production dominant with present mass bound at LHC (∼1 

TeV) but precise value model dependent

• Pair production almost model independent (mainly QCD) 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Sample recent bounds 
• For VLQs assumptions on the decay channels and the couplings to the 

different SM generations may affect considerably the LHC bounds! 
 

T mass (GeV)
800 1000 1200 1400 1600 1800

)[p
b]

T
 (T

σ

2−10

1−10

1
(tH,tZ) = 0.5Β(bW) = 2Β

1+2+3 leptons

 (13 TeV)-135.9 fb

CMS 95% CL upper limits
Observed
Expected
68% expected
95% expected

 (theo.)T T→pp 

T mass (GeV)
800 1000 1200 1400 1600 1800

)[p
b]

T
 (T

σ

2−10

1−10

1
(tZ) = 0.5Β(tH) = Β

1+2+3 leptons

 (13 TeV)-135.9 fb

CMS 95% CL upper limits
Observed
Expected
68% expected
95% expected

 (theo.)T T→pp 

B mass (GeV)
800 1000 1200 1400 1600 1800

)[p
b]

B
 (B

σ

2−10

1−10

1

10 (bH,bZ) = 0.5Β(tW) = 2Β
1+2+3 leptons

 (13 TeV)-135.9 fb

CMS 95% CL upper limits
Observed
Expected
68% expected
95% expected

 (theo.)B B→pp 

B mass (GeV)
800 1000 1200 1400 1600 1800

)[p
b]

B
 (B

σ

2−10

1−10

1

10 (bZ) = 0.5Β(bH) = Β
1+2+3 leptons

 (13 TeV)-135.9 fb

CMS 95% CL upper limits
Observed
Expected
68% expected
95% expected

 (theo.)B B→pp 

from CMS 1805.04758from ATLAS twiki
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Simplest multiplets (and SM quantum numbers)
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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 

• Singlet ψ = (1, 2/3 ) = U : only a top partner is present 

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

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

 8A.Deandrea - IRN Terascale



Simplified Mixing effects (t-T sector only)

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

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

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

• non-SM doublets  ψ = (2, -5/ 6 ) = {D,Y} , the vector-like fermions are a bottom 
partner and a fermion Y with charge -4/3
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Mixing 1VLQ (doublet) with the 3 SM 
generations
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Mixing with more VL multiplets

leading to the mass matrix

Md =

0

B@
m̃

kl

d
0 0

y
l

1d m1 !

0 !
0
m2

1

CA . (3.21)

3.3 Mixed multiplets

Other multiplets contain both a VL top partner and a VL bottom partner. This is a large

class of multiplets which have simultaneously mixing e↵ects for the same multiplet both

in the up and in the down sector. We shall not discuss in the present paper these cases

explicitly, however their mixing structure with the SM and the other VL multiplets can be

easily extracted. In order to show as this can be done we consider the general structure in

the following.

3.4 General case

In the general case of N � 3 VL quarks mixing via Yukawa interactions to SM quarks, and

among themselves, we can consider the general mixing matrix assuming the SM Yukawa

matrices already diagonal. The VL masses are also diagonal in our representation. Consid-

ering nd semi-integer isospin states (doublets, quadruplets, etc.) with possible mixings with

the SM right-handed singlets, and ns = N � 3�nd integer isospin states (singlets, triplets,

etc.) with possible mixings with the SM left-handed doublets, we obtain the following

block-diagonal matrix [11]:

Lmass = q̄L ·

0

BBBBBBBBBBBBBBBB@

µ1 0 0 0 . . . 0 x1,nd+4 . . . x1,N

0 µ2 0 0 . . . 0 x2,nd+4 . . . x2,N

0 0 µ3 0 . . . 0 x3,nd+4 . . . x3,N

y4,1 y4,2 y4,3 M4 0 0
...

...
... 0

. . . 0 !↵�

ynd+3,1 ynd+3,2 ynd+3,3 0 0 Mnd+3

0 0 0 Mnd+4 0 0
...

...
... !

0
↵�

0
. . . 0

0 0 0 0 0 MN

1

CCCCCCCCCCCCCCCCA

·qR+h.c. (3.22)

We can isolate in the previous structure the nd⇥3 matrix y↵d,j of the Yukawa couplings of

the VL doublets (semi- integer isospin) and the 3⇥ns matrix xi,�s of the Yukawa couplings

of the VL singlets/triplets (integer isospin). M↵ are the VL masses of the new represen-

tations, while the nd ⇥ ns matrix !↵d,�s and ns ⇥ nd matrix !
0
↵s,�d

contain the Yukawa

couplings among VL representations (not all the terms are necessarily non-zero as this

depends on the possible terms which can be built from the corresponding representations).

In general the Yukawa couplings between VL quarks distinguish between the chiral com-

ponents of the VL quarks, therefore !0
6= !

T . Note that the !0 couplings correspond to the

opposite chirality configuration with respect to SM Yukawa couplings (which we shall call

the “wrong” Yukawa couplings), in the sense that they connect left-handed singlets (integer

isospin) with right-handed doublets (semi-integer isospin). Even if the mixing matrix is

– 6 –

integer isospin multiplets

semi-integer isospin multiplets

1305.4172 M.Buchkremer et al.
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Pair production

 12

Pair production for t’  
of the non-SM doublet 
pp → t' t @ LHC
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Single production
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Single production

Non-SM doublet single t' production cross section  
as function of the t' mass
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General parameterisation (example with a t')
• T' will in general couple with Wq, Zq, hq 

• it is more physical to consider observables (BRs, cross-sections) rather than Lagrangian parameters 

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

• Only 5 independent parameters, M, ξW , ξZ , ζjet , κ 

• Choosing multiplet selects ξW , ξZ
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General parameterisation
• Complete Lagrangian  
 
 
 
 
 
 

• Parameters: Mass + 4 (for T and B) or + 2 (for X 
and Y)

3.2 The e↵ective Lagrangian

The discussion in the previous section for the T top partner, can be generalised to the other 3 kinds of VL
quarks we are interested in this work. Therefore, the most complete e↵ective model apt to describe their
phenomenology would contain the following 4 sets of interactions:

L = T

(s
⇣i⇠

T

W

�0
W

g
p
2
[T̄LW

+
µ
�
µ
d
i

L
] +

s
⇣i⇠

T

Z

�0
Z

g

2cW
[T̄LZµ�

µ
u
i

L
]

�

s
⇣i⇠

T

H

�0
H

M

v
[T̄RHu

i

L
]�

s
⇣3⇠

T

H

�0
H

mt

v
[T̄LHtR]

)

+ B

(s
⇣i⇠

B

W

�0
W

g
p
2
[B̄LW

�
µ
�
µ
u
i

L
] +

s
⇣i⇠

B

Z

�0
Z

g

2cW
[B̄LZµ�

µ
d
i

L
]�

s
⇣i⇠

B

H

�0
H

M

v
[B̄RHd

i

L
]

)

+ X

(s
⇣i

�0
W

g
p
2
[X̄LW

+
µ
�
µ
u
i

L
]

)
+ Y

(s
⇣i

�0
W

g
p
2
[ȲLW

�
µ
�
µ
d
i

L
]

)
+ h.c. , (3.2)

for leading left-handed mixing, while it su�ces to exchange the chiralities L $ R for leading right-handed
coupling. Note that ⇠T

V
and ⇠

B

V
are in general di↵erent, also in models where the two VL quarks belong to

the same representation. In principle, the rates in the 3 generations may also be di↵erent, however this is
not the case in the simplest cases. As mentioned before, in typical models only one of the two mixings is
large, and the other suppressed. This e↵ective Lagrangian has been implemented in FeynRules [52] for our
analysis, and is described in more detail in Appendix C. The complete FeynRules files, together with the
CalcHEP and MadGraph outputs, are available on the FeynRules website for the general model [53] and
also for specific cases of a T singlet, a SM-like doublet and a doublet with a T and an exotic VL quark X

of charge 5/3 [54]. See also the website of the HEP model database project [55].
The Lagrangian in Eq.(3.2) allows to express the decay rates in a simple and intuitive form:

BR(T ! W
+
j) =

⇣jet⇠
T

W

1 + ⇣3⇠H�H
, BR(T ! W

+
b) =

(1� ⇣jet)⇠TW
1 + ⇣3⇠H�H

,

BR(T ! Zj) =
⇣jet⇠

T

Z

1 + ⇣3⇠H�H
, BR(T ! Zt) =

(1� ⇣jet)⇠TZ
1 + ⇣3⇠H�H

, (3.3)

BR(T ! Hj) =
⇣jet(1� ⇠

T

Z
� ⇠

T

W
)

1 + ⇣3⇠H�H
, BR(T ! Ht) =

(1� ⇣jet)(1� ⇠
T

Z
� ⇠

T

W
)(1 + �H)

1 + ⇣3⇠H�H
,

BR(B ! W
�
j) = ⇣jet⇠

B

W
, BR(B ! W

�
t) = (1� ⇣jet)⇠

B

W
,

BR(B ! Zj) = ⇣jet⇠
B

Z
, BR(B ! Zb) = (1� ⇣jet)⇠

B

Z
, (3.4)

BR(B ! Hj) = ⇣jet(1� ⇠
B

Z
� ⇠

B

W
) , BR(B ! Hb) = (1� ⇣jet)(1� ⇠

B

Z
� ⇠

B

W
) ,

so that the BR of the top and bottom partner only depend on 3 parameters each (⇣jet, ⇠
B/T

W
and ⇠

B/T

Z
),

while �H is a known function of M given in Eq. (2.24). For the exotic-charge VL quarks:

BR(X ! W
+
j) = ⇣jet , BR(X ! W

+
t) = (1� ⇣jet) , (3.5)

BR(Y ! W
�
j) = ⇣jet , BR(Y ! W

�
b) = (1� ⇣jet) , (3.6)

so that they depend on a single parameter each, ⇣jet. As we already discussed, in the formulas above we
neglected the top mass, except for the channel T ! Ht where large model-independent corrections are
expected. In the other potentially a↵ected channel, i.e. T ! Wb, Zt, B ! Wt and X ! Wt, this
approximation is numerically sensible for the range of masses LHC will be probing, and more details on the

9
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NLO extension
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A general vector-like quark model
[ BF & Shao (EPJC’17); Cacciapaglia, Cai, Carvalho, Deandrea, Flacke, BF, Majumder & Shao (in prep.) ]

★ Quark partners decay into an electroweak boson and a jet/top
★ Pair, single and QV/QH associated production can be simulated

✦ Illustrative process
T/B/X/Y

T/B/X/Y

t/j

t/j

W/Z/H

W/Z/H

✦ An effective Lagrangian (with four partners: T, B, X and Y)

LVLQ = iȲ /DY �mY Ȳ Y + iB̄ /DB �mBB̄B + iT̄ /DT �mT T̄ T + iX̄ /DX �mXX̄X

� h


B̄
⇣
̂B

LPL + ̂B
RPR

⌘
qd + T̄

⇣
̂T

LPL + ̂T
RPR

⌘
qu + h.c.

�

+
g

2cW


B̄ /Z

⇣
̃B

LPL + ̃B
RPR

⌘
qd + T̄ /Z

⇣
̃T

LPL + ̃T
RPR

⌘
qu + h.c.

�

+

p
2g

2


Ȳ /̄W

⇣
Y

LPL+Y
RPR

⌘
qd + B̄ /̄W

⇣
B

LPL+B
RPR

⌘
qu + h.c.

�

+

p
2g

2


T̄ /W

⇣
T

LPL+T
RPR

⌘
qd + X̄ /W

⇣
X

LPL+X
RPR

⌘
qu + h.c.

�

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

Example with T, B, X, Y  VLQs

see Fuks & Shao (EPJC’17); Cacciapaglia, Cai, Carvalho, AD, Flacke, Fuks, Majumder & Shao (in prep.)
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Pair production at 13 TeV
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Total cross sections for pair production
✦ Total rates for pair production at 13 TeV

★ NNPDF 3.0 densities

★ Central scale: average MT

mT [GeV] Scenario �LO [pb] �NLO [pb]

400
QCD (7.069 100)+32.0%

�22.6%
+2.7%
�2.7% (1.004 101)+9.4%

�11.3%
+2.5%
�2.5%

TH1 (7.022 100)+30.2%
�23.8%

+1.2%
�4.1% (9.980 100)+8.0%

�12.5%
+1.2%
�3.8%

800
QCD (1.261 10�1)+33.2%

�23.2%
+3.8%
�3.8% (1.733 10�1)+8.5%

�11.1%
+4.4%
�4.4%

TH1 (1.244 10�1)+18.8%
�31.2%

+7.3%
�14.0% (1.702 10�1)+2.3%

�20.0%
+6.0%
�13.9%

1200
QCD (7.685 10�3)+34.0%

�23.7%
+5.8%
�5.8% (1.061 10�2)+8.8%

�11.4%
+5.8%
�5.8%

TH1 (1.053 10�2)+1.7%
�36.7%

+18.4%
�25.8% (1.372 10�2)+16.6%

�29.0%
+18.2%
�25.8%

1600
QCD (7.477 10�4)+34.9%

�24.2%
+8.5%
�8.5% (1.030 10�3)+9.0%

�11.6%
+8.6%
�8.6%

TH1 (3.395 10�3)+3.3%
�27.0%

+13.3%
�19.9% (4.117 10�3)+14.6%

�21.8%
+14.4%
�20.9%

2000
QCD (8.980 10�5)+35.5%

�24.5%
+18.3%
�18.3% (1.260 10�4)+8.7%

�11.7%
+17.8%
�17.8%

TH1 (1.563 10�3)+4.2%
�20.0%

+5.4%
�13.0% (1.960 10�3)+6.3%

�14.0%
+6.0%
�13.6%

★ QCD: QCD diagrams only

g

Q̄

Q

g

Q

g

g Q̄g

Q q

q̄ Q̄g

Q

★ TH1: all diagrams 
    (with Higgs exchanges)

q

q

Q

h/V

Q

q

Q̄

Q

h/V

q̄

Q̄

Q̄

q̄

h/V

q̄

✤ NLO effects
★ 50% increase of the rate
★ Reduction of the scale uncertainties

✤ Higgs-exchange diagrams
★ Dominate for large masses
★ Impac the size of the uncertainties 
  (plus valence quark enhancement)

[ BF & Shao (EPJC’17) ]

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

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

�19

Fuks & Shao (EPJC’17) 

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

Beyond the Standard Model phenomenology at the NLO in QCD Benjamin Fuks -  01.03.2017 - 
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Single vector-like quark production with jets
✦ Vector-like quark single production (via electroweak diagrams)

q

q̄q̄

h/V

Q
q

q̄

q̄

H/V

Q

✤ Production in association with jets in setups with 
 first and second quark generation mixings

✤ Other processes are possible too (QV, QH)

[ BF & Shao (EPJC’17) ]

✦ Total rates for proton-proton collisions at 13 TeV

✤ NLO effects
★ K-factors increase with mT

★ Reduction of the scale unc.
➢ large mass only

mT [GeV] Scenario �LO [pb] �NLO [pb]

400

TZ1 (1.995 100)+2.6%
�2.7%

+1.6%
�1.6% (1.987 100)+0.8%

�0.6%
+1.7%
�1.7%

TZ2 (2.613 100)+0.1%
�1.0%

+1.2%
�1.2% (2.685 100)+1.1%

�0.6%
+1.2%
�1.2%

TW1 (1.541 100)+3.4%
�3.3%

+2.4%
�2.4% (1.575 100)+0.9%

�0.2%
+2.4%
�2.4%

TW2 (4.229 100)+1.1%
�1.5%

+4.5%
�4.5% (4.392 100)+1.1%

�0.3%
+4.4%
�4.4%

1200

TZ1 (2.214 10�1)+8.2%
�7.1%

+1.9%
�1.9% (2.483 10�1)+1.4%

�1.9%
+2.0%
�2.0%

TZ2 (1.168 10�1)+5.6%
�5.3%

+3.2%
�3.2% (1.348 10�1)+1.6%

�1.6%
+2.9%
�2.9%

TW1 (1.572 10�1)+8.9%
�7.6%

+3.5%
�3.5% (1.812 10�1)+1.9%

�2.4%
+3.5%
�3.5%

TW2 (2.476 10�1)+7.3%
�6.5%

+12.0%
�12.0% (2.878 10�1)+2.0%

�2.2%
+11.3%
�11.3%

2000

TZ1 (4.721 10�2)+10.9%
�9.2%

+2.4%
�2.4% (5.771 10�2)+2.9%

�3.5%
+2.4%
�2.4%

TZ2 (1.277 10�2)+8.7%
�7.8%

+7.0%
�7.0% (1.600 10�2)+3.0%

�3.1%
+6.6%
�6.6%

TW1 (3.105 10�2)+11.5%
�9.7%

+5.0%
�5.0% (3.899 10�2)+3.5%

�4.0%
+4.7%
�4.7%

TW2 (3.725 10�2)+10.1%
�8.7%

+24.7%
�24.7% (4.653 10�2)+3.2%

�3.6%
+23.1%
�23.1%

✤ Setup
★ Central scale: average MT

★ NNPDF 3.0 densities

✤ 1st and 2nd generation mixing
★ !1 = 0.07 and !2 = 0.2 and 
★ No effects on the rates 

(interplay with the PDFs)
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Single vector-like quark production with jets
✦ Vector-like quark single production (via electroweak diagrams)

q

q̄q̄

h/V

Q
q

q̄

q̄

H/V

Q

✤ Production in association with jets in setups with 
 first and second quark generation mixings

✤ Other processes are possible too (QV, QH)

[ BF & Shao (EPJC’17) ]

✦ Total rates for proton-proton collisions at 13 TeV

✤ NLO effects
★ K-factors increase with mT

★ Reduction of the scale unc.
➢ large mass only

mT [GeV] Scenario �LO [pb] �NLO [pb]

400

TZ1 (1.995 100)+2.6%
�2.7%

+1.6%
�1.6% (1.987 100)+0.8%

�0.6%
+1.7%
�1.7%

TZ2 (2.613 100)+0.1%
�1.0%

+1.2%
�1.2% (2.685 100)+1.1%

�0.6%
+1.2%
�1.2%

TW1 (1.541 100)+3.4%
�3.3%

+2.4%
�2.4% (1.575 100)+0.9%

�0.2%
+2.4%
�2.4%

TW2 (4.229 100)+1.1%
�1.5%

+4.5%
�4.5% (4.392 100)+1.1%

�0.3%
+4.4%
�4.4%

1200

TZ1 (2.214 10�1)+8.2%
�7.1%

+1.9%
�1.9% (2.483 10�1)+1.4%

�1.9%
+2.0%
�2.0%

TZ2 (1.168 10�1)+5.6%
�5.3%

+3.2%
�3.2% (1.348 10�1)+1.6%

�1.6%
+2.9%
�2.9%

TW1 (1.572 10�1)+8.9%
�7.6%

+3.5%
�3.5% (1.812 10�1)+1.9%

�2.4%
+3.5%
�3.5%

TW2 (2.476 10�1)+7.3%
�6.5%

+12.0%
�12.0% (2.878 10�1)+2.0%

�2.2%
+11.3%
�11.3%

2000

TZ1 (4.721 10�2)+10.9%
�9.2%

+2.4%
�2.4% (5.771 10�2)+2.9%

�3.5%
+2.4%
�2.4%

TZ2 (1.277 10�2)+8.7%
�7.8%

+7.0%
�7.0% (1.600 10�2)+3.0%

�3.1%
+6.6%
�6.6%

TW1 (3.105 10�2)+11.5%
�9.7%

+5.0%
�5.0% (3.899 10�2)+3.5%

�4.0%
+4.7%
�4.7%

TW2 (3.725 10�2)+10.1%
�8.7%

+24.7%
�24.7% (4.653 10�2)+3.2%

�3.6%
+23.1%
�23.1%

✤ Setup
★ Central scale: average MT

★ NNPDF 3.0 densities

✤ 1st and 2nd generation mixing
★ !1 = 0.07 and !2 = 0.2 and 
★ No effects on the rates 

(interplay with the PDFs)

Rate almost unchanged 
here due to interplay 
with the PDFs.

1st and 2nd generation 
mixings with 𝜅1 =0.07 
and 𝜅2 =0.2
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Interplay of VLQ multiplets
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Figure 1. Tree level (yellow area is excluded at 3�), EWPT (blue continuous line corresponds to
the 3� bound, green dashed to 2�, red dotted to 1�, 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 multiplets with the first (top panels) or second (bottom panels) SM quark generation.
Plots on the left column correspond to benchmark masses M1 = 1000 GeV and M2 = 1100 GeV, while
on the right to M1 = 1000 GeV and M2 = 1400 GeV.

considered. For earlier discussion of the degenerate case, we refer the reader to Refs [28, 55].

In the cases we cover here, with less degenerate masses, we see that the allowed region shifts in

the parameter space of the two Yukawa couplings, while the approximate overlap between tree
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Figure 1. Tree level (yellow area is excluded at 3�), EWPT (blue continuous line corresponds to
the 3� bound, green dashed to 2�, red dotted to 1�, 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 multiplets with the first (top panels) or second (bottom panels) SM quark generation.
Plots on the left column correspond to benchmark masses M1 = 1000 GeV and M2 = 1100 GeV, while
on the right to M1 = 1000 GeV and M2 = 1400 GeV.

considered. For earlier discussion of the degenerate case, we refer the reader to Refs [28, 55].

In the cases we cover here, with less degenerate masses, we see that the allowed region shifts in

the parameter space of the two Yukawa couplings, while the approximate overlap between tree
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Figure 2. EWPT bounds (blue line is the 3� bound, green dashed 2�, red dotted 1�, the strip
between the lines is allowed) in the case of mixing of the two VLQ multiplets with the third SM quark
generation.

Figure 3. First generation mixing bounds from Higgs couplings data, Blue dotted line is 68% CL
and Red line corresponds to 95% CL. Values of the Yukawa couplings below the corresponding curve
are allowed.

– 7 –

Tree level (yellow area is excluded at 3σ), EWPT (blue continuous line corresponds to the 3σ bound, green 
dashed to 2σ, red dotted to 1σ, 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
• VL-Leptons are present both in model building (GUT, Xdim…) and in simplified 

approaches for Dark matter

• A VL-Lepton family coupled to the SM leptons is constrained mainly by:

• muon anomalous magnetic moment

• electron, muon and tau left-right (and forward-backward) asymmetry in Z decay

• Lepton flavour violation, lepton non-universality in B decays

• Electroweak precision tests

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

• 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
in the following

�21
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VLL and DM singlet

• VLL can be singlet or doublet of SU(2)w 

• DM and VLL are both odd under a Z2 parity

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

Lagrangians

Interactions between the new lepton and a singlet dark matter

LS
1 =

∑

f=e,µ,τ

[

λf
11ĒPRef + λf

21 (N̄ Ē)PL

(νf

ef

)

]

S0
DM + h.c.

LV
1 =

∑

f=e,µ,τ

[

g
f
11ĒγµPRef + g

f
21 (N̄ Ē) γµPL

(νf

ef

)

]

V
0µ
DM + h.c.

The new lepton can be either singlet or doublet

Since the new lepton is vector-like, its couplings are either purely left or purely right

Interactions between the new lepton and the SM gauge bosons

LAXL = −eAµĒγµE

LZXL = ZµĒγµ
(

gZEE
L PL + gZEE

R PR

)

E + ZµN̄γµ
(

gZNN
L PL + gZNN

R PR

)

N

LWXL = W+µN̄γµ
(

gWLN
L PL + gWLN

R PR

)

E + h.c

The couplings with the Z and W boson depend on the VLL representation
(in simplified scenarios)

focus on charged leptons

Luca Panizzi Characterising signals of new physics at the LHC 46 / 55
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VLL and DM doublet

• Gauge couplings of VLL depend on the representation 
(ex. coupling to W only for VLL doublet)

terms of simplified models in which the lightest odd-tier partner of SM leptons is the mediator and the lightest
odd-tier partner of the photon is the DM candidate.

In this analysis we will first provide the necessary formalism for the description of the simplified scenario,
discussing the Lagrangian terms and the BPs we will consider. Furthermore, in the subsequent sections, the
constraints from collider, relic density, dipole moments of electron and muon and flavour observables will be
dealt with. Then we shall combine such constraints to find which parameter configurations of our simplified
scenario are excluded and which ones are still allowed, with the purpose of testing hypotheses on the spin
properties of DM. We will then summarise and give our conclusions.

2 Notation and Parametrisation

The most general Lagrangian terms for a minimal SM extension with one XL and one DM candidate (scalar or
vector) depend on the representations of the XL and the DM states and SM lepton(s) involved in the interaction.
Minimal extensions of the SM involve only singlet or doublet representations for both XL and DM.

If the DM candidate transforms as a singlet under SU(2), the most general interaction terms between XL,
DM and SM leptons are:

L
S
1 =

X

f=e,µ,⌧


�
f
11ĒPRef + �

f
21 ̄�1/2PL

✓
⌫f

ef

◆�
S
0
DM + h.c. (1)

L
V
1 =

X

f=e,µ,⌧


g
f
11Ē�µPRef + g

f
21 ̄�1/2�µPL

✓
⌫f

ef

◆�
V

0µ
DM + h.c. (2)

If the DM candidate transforms as a doublet under SU(2), the most general Lagrangian terms are:

L
S
2 =

X

f=e,µ,⌧


�
f
12ĒPL

✓
⌫f

ef

◆
+ �

f
22 ̄�1/2PRef

�
⌃DM +

h
(�f

22)
0 ̄�3/2PRef

i
⌃c

DM + h.c. (3)

L
V
2 =

X

f=e,µ,⌧


g
f
12Ē�

µ
PL

✓
⌫f

ef

◆
+ g

f
22 ̄�1/2�µPRef

�
V
µ
DM +

h
(gf22)

0 ̄�3/2�µPRef

i
V
c,µ
DM + h.c. (4)

In the equations above, XLs are denoted as E (or E
±) if charged and as N (or N

0) if neutral. If XLs belong

to non-trivial representations of SU(2), they are denoted according to their weak hypercharge1:  �1/2 =
�N0

E�

�

and  �3/2 =
� E�

E��

�
. The DM candidate is denoted as S

(⇤)
DM (or S

0(⇤)
DM ) if scalar, real (or complex), and V

(⇤)
DM

(or V
0(⇤)
DM ) if vector. If the DM candidate is part of a non-trivial SU(2) representation, the full multiplet is

denoted as ⌃DM =
� S+

S0
DM

�
(with its charge-conjugate ⌃c

DM =
�S0(⇤)

DM
�S�

�
) if scalar or as VDM =

� V +

V 0
DM

�
(with its

charge-conjugate V
c
DM =

�V 0(⇤)
DM
V �

�
) if vector.

The notation for the generic coupling between XL, DM and SM states shows explicitly the representation
of the new particles. If the DM is scalar, Yukawa couplings are labelled as �

f
ij , where i and j indicate the

representation of the XL and DM respectively (1 for singlet, 2 for doublet and so on), and f is a flavour index.
If the DM is vectorial, the notation is analogous, but the coupling are labelled as gfij . The flavour index has been
explicitly written to show that the couplings between XL, DM and SM leptons of di↵erent flavours are considered
as independent parameters, which can be individually set to specific values, including zero, to allow for flavour-
specific interactions. The e↵ective Lagrangian parametrisation we use allows therefore to discuss quite di↵erent
situations, including both flavour blind DM interactions as well as flavour specific DM interactions, which may
arise for example in models with specific parities or in composite models. In the following we shall consider
only the e↵ective approach using benchmark points which are useful for the phenomenological study without
entering in the details of specific models.

Scenarios with a DM doublet representation imply the presence of further new states, a charged scalar S± or
vector V ±, and an exotic doubly-charged XL is also allowed. These non-minimal scenarios will not be considered
in the following analysis.

The interactions between XLs and the SM gauge bosons is parametrised as:

LAXL = �eA
µ
Ē�µE (5)

LZXL = Z
µ
Ē�µ

�
g
ZEE
L PL + g

ZEE
R PR

�
E + Z

µ
N̄�µ

�
g
ZNN
L PL + g

ZNN
R PR

�
N (6)

LWXL = W
+µ

N̄�µ

�
g
WLN
L PL + g

WLN
R PR

�
E + h.c (7)

1We adopt the convention Q = T3 + Y .

3

Lagrangians

Interactions between the new lepton and a singlet dark matter

LS
1 =

∑

f=e,µ,τ

[
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11ĒPRef + λf
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]
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DM + h.c.
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1 =
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]

V
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DM + h.c.

The new lepton can be either singlet or doublet

Since the new lepton is vector-like, its couplings are either purely left or purely right

Interactions between the new lepton and the SM gauge bosons

LAXL = −eAµĒγµE

LZXL = ZµĒγµ
(

gZEE
L PL + gZEE

R PR

)

E + ZµN̄γµ
(

gZNN
L PL + gZNN

R PR

)

N

LWXL = W+µN̄γµ
(

gWLN
L PL + gWLN

R PR

)

E + h.c

The couplings with the Z and W boson depend on the VLL representation
(in simplified scenarios)

focus on charged leptons

Luca Panizzi Characterising signals of new physics at the LHC 46 / 55
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Collider signatures

Figure 3: Collider signatures at tree- and loop-level.

supersymmetric stau pair production cross section obtained by the ATLAS collaboration with 20.3 fb�1 of data
at 8 TeV [27]. With this procedure we are neglecting the di↵erences in the signal acceptances that can arise
due to the di↵erent spin of the VLLs and the staus. This di↵erence has however been shown to be negligible in
the case of coloured scalar and fermionic top partners decaying to DM [28]. We are moreover assuming that the
signal selection e�ciency remains constant for scalar and vector DM (both real and complex), an assumption
which is verified for the other considered BPs, see Fig. 4.

We stress here that, as the purpose of this study is to discriminate between di↵erent DM candidates, our
interest is twofold: 1) we are looking at the possibility of observing di↵erences in the exclusion contours, and 2)
we want to broadly identify the region in the (ME ,MDM) parameter space, which is allowed by collider data,
in order to compare and correlate with observables from di↵erent areas (discussed in the next sections). Our
results are shown as contours in the (ME ,MDM) plane in Fig. 4 and Fig. 5. Both the 8 and 13 TeV bounds are
shown in in Fig. 4 due to the fact that the 8 TeV searches implemented in CheckMATE appear to be more
sensitive in the small mass region, while for the BP3 case the 13 TeV limits on the stau production cross section
released by the CMS collaboration [29] are consistent with the 8 TeV ones and thus not considered here.

Figure 4: LHC bounds at 8 TeV (top row) and 13 TeV (bottom row). Contours for all DM scenarios are shown
only for BP1, while for the other BPs the complex scalar scenario has been shown for the sake of simplicity.

We are not assuming here that the heavy lepton can decay in states other than DM and SM leptons: as

8
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supersymmetric stau pair production cross section obtained by the ATLAS collaboration with 20.3 fb�1 of data
at 8 TeV [27]. With this procedure we are neglecting the di↵erences in the signal acceptances that can arise
due to the di↵erent spin of the VLLs and the staus. This di↵erence has however been shown to be negligible in
the case of coloured scalar and fermionic top partners decaying to DM [28]. We are moreover assuming that the
signal selection e�ciency remains constant for scalar and vector DM (both real and complex), an assumption
which is verified for the other considered BPs, see Fig. 4.

We stress here that, as the purpose of this study is to discriminate between di↵erent DM candidates, our
interest is twofold: 1) we are looking at the possibility of observing di↵erences in the exclusion contours, and 2)
we want to broadly identify the region in the (ME ,MDM) parameter space, which is allowed by collider data,
in order to compare and correlate with observables from di↵erent areas (discussed in the next sections). Our
results are shown as contours in the (ME ,MDM) plane in Fig. 4 and Fig. 5. Both the 8 and 13 TeV bounds are
shown in in Fig. 4 due to the fact that the 8 TeV searches implemented in CheckMATE appear to be more
sensitive in the small mass region, while for the BP3 case the 13 TeV limits on the stau production cross section
released by the CMS collaboration [29] are consistent with the 8 TeV ones and thus not considered here.
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Figure 4: LHC bounds at 8 TeV (top row) and 13 TeV (bottom row). Contours for all DM scenarios are shown
only for BP1, while for the other BPs the complex scalar scenario has been shown for the sake of simplicity.

We are not assuming here that the heavy lepton can decay in states other than DM and SM leptons: as

8

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

Sample relic density limit 
(excluded on the right of the 
thick line)

4.2 Cosmological Data

4.2.1 Relic Density

The relic density of DM, ⌦DM, represents the relative quantity of DM in the Universe and in our scenario
is determined by the annihilation cross section of the two Z2 odd particles, VLL or DM candidate, into SM
particles.

If the mass gap between VLL and DM is not too small, the dominant topology is represented by a t-channel
annihilation of two DM candidates into two SM leptons. When the masses of the VLL and DM approach
the degenerate region, topologies with the annihilation of two VLLs or annihilation of VLL and DM become
dominant. The dominant topologies in the two parameter space regions are represented in Fig. 7.

Figure 7: Left: topology for the annihilation of two DM particle into two SM leptons. Centre: topology for
the annihilation of two VLL into two SM leptons. Right: topology for the annihilation of VLL and DM into
SM lepton and gauge boson. Notice the absence of neutrino + W final state, due to the right-handed chirality
of the coupling between singlet VLL and SM leptons.

We have numerically computed the value of the relic density through the code micrOMEGAs [30,31]. The
obtained results depend on three parameters: the masses of the particles (VLL and DM) and the coupling
strength. By doing a scan over these parameters for each BP and by comparing the results to the experimental
value ⌦DM = 0.1198± 0.0026 [32] we can determine excluded regions in the parameter space, shown in Figs. 8
and 9.

We observe that the results for a separate coupling to electron (BP1), muon (BP2) and tau (BP3) are
always qualitatively analogous. The di↵erent combinatorics associated with the real or complex DM scenarios,
however, produces a factor 2 larger annihilation cross section in the complex DM case; for this reason the
couplings needed to satisfy the relic density constraint are lower for complex DM, regardless of DM spin. In
the light DM region the cross section becomes independent of the DM mass: the point at which this regime is
achieved depends on the BP and on the DM spin and reality condition. Within the range of the plots, however,
the region where the relic density bound becomes independent of the DM mass can only be seen in the real
scalar DM scenarios of BP3 and 4.

The almost degenerate region is the hardest to exclude while the region of low DM mass and high VLL mass
can only be allowed by increasing the value of the coupling; for scenarios with real scalar DM, models with a
su�ciently large mass splitting are excluded even for couplings as large as 10. This is due to the fact that, if
the VLL mass is much larger than the DM one, it will require a very energetic collision to annihilate two DM
particles into two leptons with a VLL in t-channel, so the quantity of DM will easily become over-abundant.

It is interesting to notice that, for large parts of the parameter space, a relic density which determines at
least an under-abundance of DM requires large values of the couplings, which in turn a↵ect the width of the
VLL. However, due to the fact that the VLL propagates in the t-channel and therefore has negative squared
momentum, the imaginary part of the propagator is identically zero: for this reason the width of the VLL has
no e↵ect in the determination of the relic density bound.

Looking at the influence of the DM spin we see that for a same value of the coupling the exclusion is much
larger in the scalar case with respect to the vector one: for a VLL decaying to real scalar DM almost all the
parameter space is excluded for any value of the coupling below 1, and a very high value of the coupling is
needed to open a larger part of the parameter space. In comparison in the case of real vector DM a coupling
of 0.5 already allows VLL with mass up to 800 GeV and a coupling g11 &2 does not exclude anything in the
mass region we consider in Figs. 9. This di↵erence can be explained considering the amplitude of the t-channel
process with propagation of the VLL, which is dominant for large mass splitting:

A
t,E
SDM

= ū(lj)(i�
j
11PR)

�kE +ME

k
2
E �M

2
E

(i�j
11PL)u(li) and A

t,E
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= ū(lj)(ig
j
11�µPR)

�kE +ME

k
2
E �M

2
E

(igj11�⌫PR)u(li)✏
µ
VDM

✏
⌫
VDM

(13)
When squaring such amplitudes to obtain the cross section one obtains

|A
t,E
SDM

|
2
/ 2M2

Em
2
l and |A

t,E
VDM

|
2
/ 32M2

Em
2
l (14)

Such result, explains why larger couplings are needed to reach the observed bound for scalar DM.
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Figure 8: Relic density constraints for scalar DM (real in the first row, complex in the second row) for the
four BPs (when BP1, BP2 or BP3 have a qualitatively analogous behaviour only BP1 is shown). The di↵erent
colour lines correspond to di↵erent values of the coupling. Thick lines represent the upper limit, thin lines the
lower limit. The excluded region is for values of ⌦DM above the upper limits, i.e. on the right of the thick line.

4.3 Flavour Data

4.3.1 g � 2 of Electron and Muon

A stringent bound on the couplings of the DM particle and on the heavy vector-like fermions is given by the
measurement of the electron and muon anomalous magnetic moments. The diagrammatic contribution to the
anomalous magnetic moment is given in Fig. 10. In the following we shall use the present experimental values to
estimate the bounds on the Scalar and Vector singlet DM particle and on the heavy vector-like lepton mediator.
These limits should be taken as an indication for the simplified models we are considering, but one should keep
in mind that in a complete model extra contributions from other new particles can contribute too and even with
opposite sign giving rise to cancellations. Note also that allowing at the same time couplings to the electron
and the muon can induce extra bounds, for example from charged LFV processes which is studied in Sec. 4.3.2
In the following the limits coming from the electron and the muon anomalous magnetic moment are considered
independently. We shall see that the limits are typically quite strong.

Considering firstly the case of a scalar DM singlet from Eq. (1) the extra contribution to (g � 2)/2 can
be obtained from [33] or [34]:

�al =
m

2
l

32⇡2

Z 1

0
dx

(�f
11 + �

f
21)

2(x2(1 +ME/ml)� x
3) + (�f

11 � �
f
21)

2(x2(1�ME/ml)� x
3)

m
2
l x

2 + (M2
E �m

2
l )x+M

2
DM(1� x)

(15)

where ml is the mass of the light lepton (electron or muon), ME the mass of the VLL, and MDM the one
of the DM scalar particle. As the electron and muon are light, at first order in ml one obtains (we assume
ME > MDM � ml):

�al '

mlME�
f
11�

f
21

⇣
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2
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2
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3 (16)
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g-2 of the muon, electron

Allowed bands from g-2 for 
different coupling values in 
the ME,MDM plane.

Figure 9: Same as Fig. 8, but for vector DM.

Figure 10: Topology for g�2 of electron and muon with the contribution of the VLL and DM candidate states.

In the limiting case in which ME ! MDM the previous formula reduces to

�al '
1

24⇡2

ml

MDM
�
f
11�

f
21 (17)

which shows more clearly that the suppression factor is ml/MDM in the small gap limit.
In the VLL scenario, however, only one of the two couplings of Eq.(1) can be allowed as the left and right

handed components of the VLL belong to the same representation and can not simultaneously couple to the
SM singlets and doublets. One has therefore to consider the next term in the expansion for small ml:
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(18)
which, in the limiting case ME ! MDM, reduces to
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(g � 2)e (g � 2)µ

VLL and DM masses above ⇠100 GeV

allowed for couplings . O(10)
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Bands of allowed VLL and DM masses are in the 100 GeV to TeV range for O(1)

couplings and in the 1 GeV to 100 GeV range for O(0.1) couplings

Figure 11: (g � 2)f constraints for scalar DM. When only the +3� or the �3� limits apply, the direction of
the excluded region is indicated by an arrow.

(g � 2)e (g � 2)µ

Couplings & O(0.01) exclude the whole space in the considered range

|�aµ| > 3� for all values
of couplings and masses

Figure 12: Same as Fig. 11, but for vector DM.

rates of such processes pose constraints on the interactions between the new particles and SM leptons. It is
important to notice that LFV limits apply only to scenarios where the VLL and the DM couple to more than
one SM lepton, and therefore, considering our BPs, LFV results apply only to BP4. The analytical treatment
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Combined bounds
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Figure 16: Excluded region (in light blue) for a fixed value of the VLL coupling �
f
11 = g

f
11 = 2 for BP1, 2 and

3.

leptophilic DM interacting with the SM electron or muon is observed, it has to be interpreted in terms of a
scalar DM. In such scenario, for the smallest values of the interaction coupling VLL DM-lepton compatible
with relic density, only the region with small mass gap between VLL and DM is allowed, while a larger
region of parameter space becomes available as the coupling increases.
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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
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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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