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Motivation



The Waning of the WIMP?

e The WIMP miracle Qpy\ih? o< (o0) 1. ~ 0.12
g4
(0V)retic ~ 10726 cm® s71 ~ 1079 GeV ™2 ~ = rmi
7
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The Waning of the WIMP?

e The WIMP miracle Qpyh? o« (ov)j;, ~ 0.12

4
- - — = g
(TV)retic ~ 10720 em? 71 ~ 1077 GeV™2 ~ —rmipy
VA

e Higgs and Z-portal are the simplest miracles [Arcadi et al. '17]

Fermion Higgs Portal Fermion Z-portal Vuz,=0

XENON1T Excluded

10 50 100 500 1000 10 50 100 500 1000
my[GeV] my[GeV]

but almost ruled out

Mathias Pierre - LPT Orsay Flavourful Z’ portal for vector-like neutrino DM and R g~ 3/16



The Waning of the WIMP?

e The WIMP miracle Qpyh? o« (ov)j;, ~ 0.12
g4
(0V)retic ~ 10726 cm® s71 ~ 1079 GeV ™2 ~ = rmi
7

e Higgs and Z-portal are the simplest miracles [Arcadi et al. '17]

Fermion Higgs Portal Fermion Z-portal Vuz,=0

XENON1T Excluded

10 50 100 500 1000 10 50 100 500 1000
my[GeV] my[GeV]

... but almost ruled out

e Motivation for WIMP models? SUSY? Extra dimensions?
Compositeness? ...no significant excess, the Standard Model is robust!
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e Test of Lepton Flavor Universality (LFU) violation in b — s¢/¢

B(B — K®yutpu™)
B(B — K®ete™)

2
R[q?nin ‘rqmax]

K (%) A
T2 €030, Tax]
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e Test of Lepton Flavor Universality (LFU) violation in b — s¢/¢

B(B — K®yutpu™)
B(B — K®ete™)

Rlmin 9ax]
Ko

42 €[q2 1192 0x)

e Theory under control: hadronic uncertainties cancels out, below cc

[ RN =1.00(1) ]

resonance
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e Test of Lepton Flavor Universality (LFU) violation in b — s¢/

B(B — K®yutpu™)

R[qmm o]
B(B — K®ete™)

K ()

G2€1a% 50 Thax)

e Theory under control: hadronic uncertainties cancels out, below cc

resonance
SM
[ R}y = 1.00(1) ]
e LHCb results: SM disfavoured at ~ 4o [Altmannshofer et al. '17]
1.2¢ 1 1.2
[0.045,1.1] ~r+0.113 1.0 L0
R = 0.66"5 674 > 08 I 08
! 1 o i+ %
R[Il(.*l,o] 0. 685+8 (1);{2)) = 0.6 ::0.6
0.4 SM 0.4 SM
[1.6] _ =+0.097 02 LHCb 02 LHCb
Ry =0.745"5 030 - ol i B
] 1 2 3 4 5 6 ] 1 2 3 4 5 6
¢ [GeV?] ¢ [GeV?]
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e Flavor Changing Neutral Current (FCNC) loop generated in SM
— Ry sensitive to New Physics (NP) featuring FCNC!
e NP can be described as
_4Gp

Hip = ——=VaVis > (CRP 07 + CiP O
T \f th V¢ Iz’[;( )
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The Ry, anomalies

e Flavor Changing Neutral Current (FCNC) loop generated in SM
— Ry sensitive to New Physics (NP) featuring FCNC!

e NP can be described as

4G

NP F x ¢ NP gyt
A =~ Vi %:(C 0!+ Cproy)
e Ry explained for Cy = —CY7 [Capdevila et al. '17]

[ O = (EyPomb) (v,  OR = (37, Prmyb) (€ y5t) - ]

Mathias Pierre - LPT Orsay Flavourful Z’ portal for vector-like neutrino DM and R g~ 5/ 16



The Ry, anomalies

e Flavor Changing Neutral Current (FCNC) loop generated in SM
— Ry sensitive to New Physics (NP) featuring FCNC!

e NP can be described as

4G

NP F x ¢ NP gyt
HAP = ¢vgm5%2(c' 0!+ Cproy)
e Ry explained for Cy = —CY7 [Capdevila et al. '17]

[Oé”f:(swumb)(we), 0N’ = (37, Prmyb) (Er*51) - ]

o ALy D (',';,,\,,(BLA/“sL)(ﬁL’y#uL) + h.c.

1

Clap ™~ s
T30 TeV)?
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The RK(*’) anomalies

e Flavor Changing Neutral Current (FCNC) loop generated in SM
— Ry sensitive to New Physics (NP) featuring FCNC!

e NP can be described as

4G

NP F x ¢ NP gyt
A =~ Vi %é:(c 0!+ Cproy)
e Ry explained for Cy = —CY7 [Capdevila et al. '17]

[Oé’>f=<swPL<R>b><W>, 0N’ = (37, Prmyb) (Er*51) - ]

o ALy D (}';,,\,,(BLA/“sL)(ﬁL’y#uL) + h.c.

1

W ~107Y GeV™? ~ (00),.;..  Same scale!

(—"//,s/l ~
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A flavourful model for R, &
Dark Matter



A flavourful model including a 4'" generation

e Consider a 4*" vector-like (V-L) family charged under extra U(1)’
SM particle content not charged under U(1)’

Representation/charge
Field . ,
SUGB). SU@L Uy u()
Qri 3 2 1/6 0
URi 3 1 2/3 0
dr; 3 1 ~1/3 0
Li; 1 2 ~1/2 0
eRi 1 1 -1 0
VRi 1 1 0 0
7 1 2 12 0
Qr1,Qra 3 2 1/6 404
UR4, '@M 3 1 2/3 Gua
dpy,dpy 3 1 -1/3 qaa
Lra, Lra 1 2 -1/2 qra
€R1,€L4 1 1 -1 Ged
VR4, VL4 1 1 0 Qv
PQ.ud,L.e 1 1 0 —qQu us,ds,Laes
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A flavourful model including a 4'" generation

e Consider a 4*" vector-like (V-L) family charged under extra U(1)’
SM particle content not charged under U(1)’

Representation/charge
Field . ,
SUGB). SU@L Uy U
Qri 3 2 1/6
URi 3 1 2/3 0
dr; 3 1 ~1/3 0
Li; 1 2 ~1/2 0
eRi 1 1 -1 0
VRi 1 1 0 0
7 1 2 12 0
Qra,Qra 3 2 1/6 404
UR4, '@M 3 1 2/3 Gua
dpy,dpy 3 1 -1/3 qaa
Lra, Lra 1 2 -1/2 qra
€Ra, €L 1 1 -1 Ged
VR4, VL4 1 1 0 Qv
PQ.ud,L.e 1 1 0 —qQu us,ds,Laes

e The 4t V-L neutrino v, = vy + 714 is a dark matter candidate
SM singlets scalars ¢ responsible for generation mixing
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The flavourful Lagr n

e Mass and Yukawa terms in flavour basis (i = 1,2, 3)

L> x?ﬁbQQLiQRzﬁ-l'?%ﬁme-I-J\/[fQMQRzL—l-MZﬁLszH-J\ﬁ’15L41/R4
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The flavourful Lagrangian

e Mass and Yukawa terms in flavour basis (i = 1,2, 3)
LD f?ﬁbQQuQRzﬁ‘w?%ﬁmum+J\/IEQL4QR4+M’XI:LL4UR4+J\H13L41/R4

e Non-diagonal mass terms generated after the U(1)’ breaking (¢) # 0
— diagonalized with 4 x 4 unitary matrices V5 (o, 8 =1, ...,4)
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The flavourful Lagrangian

e Mass and Yukawa terms in flavour basis (i = 1,2, 3)
LD f?ﬁbQQuQsz‘i‘l’?%ﬁme+JVL?QL4QR4+M’XI:LL4UR4+J\/IX13L41/R4

e Non-diagonal mass terms generated after the U(1)’ breaking (¢) # 0
— diagonalized with 4 x 4 unitary matrices V5 (o, 8 =1, ...,4)
e After U(1)" SSB: Mixing mostly with 3¢ gen. of Q and 2" gen. of L

L =4'Z), (‘IQ4('*f;i)“)(?lﬂ“(%; + qL4(52L4)2E’L27“L’Lz)
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The flavourful Lagrangian

e Mass and Yukawa terms in flavour basis (i = 1,2, 3)
LD x?¢@@LiQR4+$?¢uﬁL4um+JVL?QL4QR4+M’XI:LL4UR4+JWX5L41/R4

e Non-diagonal mass terms generated after the U(1)’ breaking (¢) # 0
— diagonalized with 4 x 4 unitary matrices V5 (o, 8 =1, ...,4)
e After U(1)" SSB: Mixing mostly with 3¢ gen. of Q and 2" gen. of L

25 = ¢ 7, (40 (s3)°Q' 1,7 QL, + 4, (552 L',
e Expanding the primed field in mass eigenstates after EW SSB
1 =(Vah)ssbr + (Vil )sasr + .. = by + (V] )a2s1
1, :(VZITJ)zzML + . >~ pr

Assuming \(Vd/T,)32| ~ |Vis| = 0.04

[ Generation of tree-level Z;LBLfy”sL term ]
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e The relevant terms at the end are:

L£>Z, (gbb > @ antesbiy st Y ZL’Y“£L+9VI/D4’YNV4)7
q=b,t l=p,vp,
with the relations g, = g1, Vis and o = §'qua
e A dark matter candidate v = v, stable

e A heavy Z' mediator featuring tree-level FCNC

[ 3 parameters: g, Guups gvb, Mz’ and my }
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Flavour constraints

R+ relation

G _ _gbs,q;x,u, _ _‘/ts,(//)/)gu/l, ~ 1
e M2, M2, (31.5 TeV)2
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Flavour constraints

Ry relation

Iel _ _gbs.q“u, _ ‘/ts,(/l)/)gu/l, ~ 1
e M2, MZ, (31.5 TeV)?
Neutrino trident: v,v* — v,u"pu~

Y 2

G, .-
ALk D —7‘(&7“&)27 G, =

1 1

Y

- - <G, <
(390 GeV)2 ~ "~ (370 GeV)?
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Flavour constraints

Ry relation

Iel _ _gbsg,u,u, _ _‘/ts,(]l)l).(]/t/l, ~ 1
by MZ, MZ, (31.5 TeV)?

Neutrino trident: v,v* — v,u"pu~

v

G, - 9>
ALeg D =B @ )%, G, = S
off O~ (ly"er)”, “

1 1

Y

- - <G, <
(390 GeV)2 ~ "~ (370 GeV)?

Gps ,_ i g2 g5 V2
AL D — “b:)2 4+ h. : Ghs = bs _ Jbb'is
off 5 (sLy"br)” +hee W M, M,

I e A S S
(180 TeV)2 ~ " ~ (770 TeV)?
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Collider and other constraints

e pp — v*Z — 4p constrains low masses 5 < Mz < 70 GeV
e pp — Z' — 't~ constrains higher masses 200 < Mz < 1000 GeV

e Precise measurements of LFU RL/“ of Y15 and (g — 2), set weaker

constraints

1 1
B
T
0.100) N 0.100L_Bs mixing 2015
TLAS
B, mixing 2017
= s
& 0010 & o010 l,>/" k!
B, mixing 2017
0.001 0.001 4
>
Mz = 50 GeV Mgz = 500 GeV
%001 5970 6:100 1 70 1%.001 5010 5100 i T
up Gup
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Summary of the constraints

0.100

0.001

e Mz = few TeV unnatural
e Mz <50 GeV strongly constrained

e Hierarchy g,,, > gp satisfied in the natural parameter space
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Dark matter relic density

e Dark matter annihilations v — ¢, Z'Z' with ¢ = b, t, i, v,

3x10726¢m?3 57!
(ov)

with <U’U> = Z<O’U>J}w+<0’l}>z/z/.
P

e (ov) is s-wave dominated — contraints from Indirect Searches:
Fermi and HESS (bb), Planck (u* ™) and upcoming CTA (utp™)

Q,h% ~0.12 (

10 50 100 500 1000
m,[GeV]
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Dark matter direct searches

e Effective operators generated at the scale >~ My,

guvdff

Leff O — 5
MZ,

FLy* fLmav
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Dark matter direct searches

e Effective operators generated at the scale >~ My,

guvdff
. M3,

Lef O — Ly Ly

e Below y < Mz, DM couplmgs to light quarks are induced via RGE

7y qv i a guvg My
Lt D Y CON W qvar  with CF)(p) ~ = szfl ( H,>
VA

q=u,d
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Dark matter direct searches

e Effective operators generated at the scale >~ My,

guvdff

Leff O — 5
Mz,

FLy® fLvar
f=pb
e Below y < Mz, DM couplings to light quarks are induced via RGE

Yqu i a Guvg My
Legr D Z C() WGy quyay  with C’f}(u) o M%ijl < u/>

q=u,d
e Effective operator generated at nuclear scale 1 ~ 2 GeV

— 2 2 4
Eeff’NR D) Z C{VDVNN — 0pp ~ (gﬂ) (guu,) (mZ ) 10—45 sz.

0.2 0.1 My,
N=p,n
R + Q0% for Mz =50 GeV and g,,,, = 0.1 Rk + Q0% for My =500 GeV and g,,, = 0.5
LANCK \\

XENONIT

XENONIT

m, [GeV] m, [GeV]
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The surviving parameter space

e Each point satisfies Ry (-) and ©,h?, color code represents DM mass

e All the grey points are excluded

Ry + Q,h* for 2m, > Mz = 50 GeV Ry + Q02 for 2m,, < My = 50 GeV
v (i)
5 2
| = 1 &
).50) Ed 50 ®
E ;g 9 1.40
9
g : o : .
o o 3
010 010
) 136
0.0 Z - dp
131
132
oot oot
o005 0010 0100 0005 0.010 0050 0.100
Gup [
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The surviving parameter space

e Each point satisfies Ry (-) and ©,h?, color code represents DM mass

e All the grey points are excluded

Ric + Q0% for 2m,, > My = 50 GeV Ry + Qb2 for 2m, < My = 50 GeV
=l I
1 g -
)50 Ed 50 2
2 Z L0
. : o : .
«Q = v
0.10 010
.0: Z—ap Z > dp 136
134
132
001 ool
0005 0010 0050 0.100 0005
[
Ry + Qb for 2m, > My =500 GeV Ric +Q,h? for 2m,, < My = 500 GeV/
H
i o (i)
B ]
o2 ATLAS o F N
2 2
w | E . w | E .
-
0.10) T 5 10) 3
& £ 0
0.3
01

0.05 0.10 0.05 0.10 0.50
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The future parameter space

e Assuming 3000 fb~! and 2 orders of magnitude improvement on opp

Ry + Q1% for 2m,, > My = 500 GeV Ry + Qb for 2m,, < Mz = 500 GeV

=1
1 =3
]
)50 T -
X
£
v o 9w D "
£ o = £
010 2 01 5 3
& = & 238
0.05] 0.05] -
9
oot o1
005 010 050
Yun G

e The viable parameter space should be probed in the (near) future!
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Conclusion

Summary

e Considered 4" vector-like family charged under U(1)’
e Non-diagonal couplings generate mixing between generations

The 4™ right-handed neutrino is a good DM candidate

Ry and Qpnh? can be explained simultaneously

The remaining parameter space will be probed

[ Thank you for your attention! ]
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Back-up slides




The flavourful Lagrangian: Standard Model sector

Mass and Yukawa terms in flavour basis (i = 1,2, 3)

L> xiQf?QQLiQRA+$§L¢uaL4uRi+M4QQL4Q~R4+M£1:¢L4UR4+MZ1:/L41/R4

Non-diagonal mass terms generated after the U(1)" breaking (¢) # 0
— diagonalized with 4 x 4 unitary matrices V.5 (o, 5 = 1,...,4)

o VQ’;:QL , up =V 3uR — mixing between the 4 generations

LD y?jQL,;[:IuRj becomes £ D y;if 7’L,L-I:Iu’Rj with yi% = (Voo uis Vil )i
Diagonalization after EW SSB:

VTLy/uV/T = diag(Yu, Ye, y1) — | Vexkm = VuLVdIz

e Gauge sectors L and Lyy+ unchanged — GIM mechanism
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The flavourful Lagrangian: The hidden gauge sector

e Before U(1)" SSB:

L7 5¢Z,QrDv"Qr + (Q — L) with Dq = diag(0,0,0,qq4)

e After U(1)" SSB: Mixing mostly with 3'¢ gen. of @ and 2" gen. of L

0 0 0 0 0 0 0 0
00 0 0 0 (s5)? 0 chyst
Db=QQ4 0 0 (s Q)‘ ((3 $Q ) DIL:quL 0 201 0 ()1021
34534
0 0 s (c9)? 0 chsh 0 (chy)?

£5% = 47, (40,(s5)°Q' 1,7 Q1 + a2 (5)* L7 L', )
e Expanding the primed field in mass eigenstates after EW SSB

v, :(V L)ddbL + (V{fL):»zSL + ... ~ by, + (VdL)JQSL
W, =V, )azpr + ... ~

Assuming (V1 )as =(V)1 )33 ~1 and (V)] )32] ~ [Vis| ~ 0.04
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