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Evidence of Dark Matter
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Figure 1: Rotation Curve of Galaxies
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Evidence of Dark Matter

Motivation

thermal freeze-out (early Univ.)
indirect detection (now)
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Evidence of Dark Matter

Motivation

» Non-observation of DM in

thermal freeze-out (early Univ.) direct detection (DD) puts

indirect detection (now)

> stronger limits on opp.
c DM SM
=)
S
2
Q
© ! Is Coming
5
= » Significant region of
bM SM parameter space of single
- component scalar and
production at colliders fermionic framework has

been killed by DD.
» We are typically interested in
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Non-Abelian VBDM: Model A Introduction

Model A:

» We have considered : SM ® SU(2)n ® U(1) p(Diaz-Cruz, Ma, arXiv:
1007.2631).

» Global U(1)p symmetry is imposed such that (—1)* is conserved
(L =P+ T3N>.

» Stability of the DM is ensured by: (—1)38+5+2s,

» SU(2)y charges do not contribute to the hypercharge:
Q=T5.+Y

» Lightest gauge boson under SU(2)xy with odd discrete symmetry
is the DM X;.
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Non-Abelian VBDM: Model A Introduction

Particle Content
Under SU(2);, @ SU(2)y @ U(1)y @ SU(3)c @ U(1)p
» The fermion sector:
(1) = 121.2/6.3000 w = L1, 273,30 (5 @) =
[1,2,1/3,3;—1/2], h, = [1,1,—1/3,3;1],
(g Z) =[2,2,-1/2,1;1/2], (E° N°) =[2,1,1/2,1;0], e =
[1,1,1,1; 1], (v¢ n°) =[1,2,0,1;-1/2],

» The scalar sector:

o =12,2,-1/2,1;1/2], (6 x%) =[1,2,0,1; —1/2]
Qbf ng I A ’ y X1 X2) = 1,4, 15 y
5 AY/V2 A9
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Non-Abelian VBDM: Model A (co-)Annihilation

(co-)Annihilation of X}

i = 7 = 1: Annihilation; i = 1, j = 2: Co-annihilation
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Non-Abelian VBDM: Model A Relic Abundance

Relic Density Allowed Parameter Space: mx, — my,
BP1, BP2, BP3 are the Benchmark Points for collider analysis.

(Bhattacharya, Chakrabortty, Patra, BB: JCAP12 (2017) 021)
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Non-Abelian VBDM: Model A Direct Search

Direct Detection of X;

The vector boson DM can scatter off the nucleus:

X1 X
W ' *1 X1 “ ‘

1
1
1 hq
ih hq
1
1

d d d d X

Spin-independent (SI) cross-section can be estimated as:

pr+(A_Z)fn 2
A

1 2
O.SI _ Mpy
DD T \Mx,; + Mnpy

Z = Atomic number ; A = Mass number.
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Non-Abelian VBDM: Model A Direct Search

Direct search parameter space

(Bhattacharya, Chakrabortty, Patra, BB: JCAP)
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A huge parameter space lies below LUX as well as that of XENON 1T exclusion limits.
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Non-Abelian VBDM: Model A Co-annihilation

Effect of Co-annihilation

(Bhattacharya, Chakrabortty, Patra, BB: JCAP)
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Non-Abelian VBDM: Model A Collider Phenomenology

The Benchmarks

Satisfy relic density, direct search and VEV constraints:

BPs [ov [mx [mx [mw |m |

BP1 | 0.59 | 480 1000 | 1200 | 600

BP2 | 0.63 | 700 1000 | 1160 | 860

BP3 | 0.70 | 900 1000 | 1740 | 920

The values chosen here follow: my, > mx, > m > mx;.
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Non-Abelian VBDM: Model A Collider Phenomenology

Collider signature

» Opposite sign dilepton (OSD) plus a single jet and missing energy
((H + 15+ Br)

» Hadronically quiet four lepton (HQ4l) and missing energy
(20120~ + Br).

All events have been generated at /s = 14 T'eV with the following
tools:

Model implemented — CalcHEP
Showering and hadronization — Pythia
Backgrounds — MadGRAPH
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Non-Abelian VBDM: Model A OSD+j+E+

Opposite Sign Di-lepton Channel
OSD+j+Ef signature: pp — h,X1,pp — hqh,

< I
NSO,

hq a hq
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Non-Abelian VBDM: Model A OSD+j+E+

Decay of h,

mp, >mx, > MmM=mg=1mnN >1Mmx,

N/ET
V/E:F V/l:t
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Non-Abelian VBDM: Model A OSD+j+E+

Signal Events for OSD+1j+Ef at /s = 14 TeV

Benchmark Tpp—hqX) Tpp—hghg EAf ngthxl ngthﬁq N
Points (in pb) (in pb) (in GeV) (in pb) (in pb) (100 fbfl)

> 100 1.77 x 105 | 837 x 10 % 260

BP1 0.331 1.13 > 200 1.53 x 1073 | 7.26 x 10~4 225

>300 | 9.70x 1074 | 595 x 1074 156

> 100 1.62 x 105 | 1.58 x 10~ 9 320

BP2 0.172 0.758 >200 | 1.04x1073 | 1.23x 1073 227

>300 | 5.45x10~% | 7.81 x 10~% 132

>100 | 2.73x 10~ % | 1.42x 10~ ° 28

BP3 0.0199 0.102 >200 | 2.47x107% | 1.36 x 10~° 25

>300 | 2.10x10"% | 1.20 x 1072 22

Process [ op (in pb) [ H(in GeV) [ 95D (in pb) [ N (100 fb— 1) ]

> 100 137.66 x 10~ ° 13766
tt+ 4 809.79 > 200 < 8.09 x 1073 <1
> 300 < 8.09 x 1073 <1
> 100 64.82 6482
WW + j 60.58 > 200 5.45 x 1072 545
> 300 1.81 x 102 181
> 100 2.16 x 10~ 7% 21
WZ+j 0.15 > 200 5.55 x 1077 5
> 300 2.40 x 10~° 2
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Non-Abelian VBDM: Model A OSD+j+EA

Ejp distribution for OSD+1j+Ejfr

(Bhattacharya, Chakrabortty, Patra, BB: JCAP)
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Ef >200 GeV Kkills all the background!
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Non-Abelian VBDM: Model A HQ4l+EA

HQ4l+ Fr
20720~ + P signature: pp — X2 Xo, pp — hghy

d Xq
hq
a s
9 hg g hq 4 hg
g
q
9 hq g hg q h
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Non-Abelian VBDM: Model A HQ4l+EA

Signal Events for 2¢72¢~ + Frat /s = 14 TeV

Benchmark Tpp—sXoXo Tpp—rhqhq aﬁfﬁlﬁ(g X afiff}_&thq N
Points (in pb) (in pb) BIviss (in pb) (in pb) (1006 1)
> 100 | 1.88x 10 3 | 3.32 x 10 2 221
BP1 0.0193 1.13 >200 | 1.53x 1073 | 2.82 x 10~% 181
>300 | 1.07x 1073 | 2.01 x 10~% 127
> 100 | 2.27x 102 | 5.99 x 10~ % 286
BP2 0.0264 0.758 >200 | 1.36 x 1073 | 4.11 x 10~% 177
>300 | 5.43x10~% | 2.15 x 10~% 75
> 100 1.73x 10~ % [ 2.61 x 1072 43
BP3 0.0205 0.102 >200 | 3.93x 1075 | 247 x 1074 27
> 300 1.56 x 10°° | 2.23 x 10~* 23
Process Tproduction (inpb) [ EF™° [ ouga(inpb) [ N(100f6~1) |
> 100 1.68 x 10~ ° 1
zz 0.024 > 200 <1.2x1076 <1
> 300 <1.2x10°° <1
> 100 <7.8x 1012 <1
wtrw-wtw— 1.17 x 1076 >200 | <7.8x10712 <1
> 300 <7.8x10712 <1
> 100 1.8 x 10~ % 18
Ztt 0.90 > 200 4.5 x 1075 4
> 300 < 4.5 x 107° <1
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Non-Abelian VBDM: Model A HQ4l+EA

Signal Events for 2¢72¢~ + Frat /s = 14 TeV

HQT HQT

Benchmark Tpp—sXoXo Tpp—rhqhq T P X Xo app%hthq N
Points (in pb) (in pb) BIviss (in pb) (in pb) (1006 1)
> 100 | 1.88x 10 3 | 3.32 x 10 2 221
BP1 0.0193 1.13 >200 | 1.53x 1073 | 2.82 x 10~% 181
>300 | 1.07x 1073 | 2.01 x 10~% 127
> 100 | 2.27x 102 | 5.99 x 10~ % 286
BP2 0.0264 0.758 >200 | 1.36 x 1073 | 4.11 x 10~% 177
>300 | 5.43x10~% | 2.15 x 10~% 75
> 100 1.73x 10~ % [ 2.61 x 1072 43
BP3 0.0205 0.102 >200 | 3.93x 1075 | 247 x 1074 27
> 300 1.56 x 10°° | 2.23 x 10~* 23
_g—
Process Tproduction(inpb) [ EF™° [ ougu(inp) [ N0~ |
> 100 1.68 x 10~ ° 1
zz 0.024 > 200 <1.2x1076 <1
> 300 <1.2x10°° <1
> 100 <7.8x 10712 <1
wtrw-wtw— 1.17 x 1076 >200 | <7.8x10712 <1
> 300 <7.8x10712 <
> 100 1.8 x 10~ % 18
Ztt 0.90 > 200 4.5 x 1075 4
> 300 < 4.5 x 107° <1

The SM background is lesser in this case!
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Non-Abelian VBDM: Model A Significance

Significance

(Bhattacharya, Chakrabortty, Patra, BB: JCAP)
Signal Significance: o = —2— = —_9sX£
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As the significance plots suggest, the HQ4L+Z 1 channel provides a smoking gun signal for this
model.
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Non-Abelian VBDM: Model A unification of gauge coupling

Unified framework under E(6)
(Bhattacharya, Chakrabortty, Patra, BB: JCAP)
E(6) MUy SU(3), ® SU3)r ® SU(3)c 1 SU2)L @ U(1) @ SUR)r @ U(1)r @ SU3).
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Non-Abelian VBDM: Model A What's left?

LD
. S
Finally...
(Bhattacharya, Chakrabortty, Patra, BB: JCAP)
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Non-Abelian VBDM: Model B

Model B: Particle Content

(Fraser,Ma,Zakeri,arXiv: 1409.1162)

The Model

Under: SU(3)c @ SU(2)1 ® U(1)y® SU2)y ® S’

Three SU(2) v gauge bosons:

Three Dirac fermion doublets:

One scalar doublet:

One scalar bi-doublet:

X1,2,3 ~ (17 17 0737 0)

1
n = (n1,n2)rL,r ~ (1,1,0,2, 5)

1
X = (X17X2) ~ (171707 2, 5)

(Y cS)N 1,1
<7(q &)~ 2520,

One scalar triplet:

C(AV2 A
A_< 2Al —A;\/Q

Basabendu Barman (SUSY’17, TIFR)
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Non-Abelian VBDM: Model B The Model

Features
» All SM fermions are singlet under SU(2) y.
» A global U(1) symmetry S is imposed.
» As the SU(2)y is completely broken, S = Tz + S remains exact.

» The SU(2)y vector gauge bosons are: X (X) = \% (X7 +iX5)
and X3(= 2').

» Lightest SU(2)x gauge boson with non-zero S is the DM: X (X).

» As all of the three SU(2) xy gauge bosons are degenerate, hence
co-annihilation plays the lead role.
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Non-Abelian VBDM: Model B (co-)Annihilation of X

(co-)Annihilation of the DM

Condition: 3 (m¢, +me,) < mx < (m¢, +me,)

1
1
1< ’
! N
! ~
1 N
<. «
~. ¥ N
b'e i T
<5 C2
_ - X
X -7t
PAAENY
- 2
1,]4/"]’!( SM
|
|
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e e oo
1 h
|
X3 <1 X SM
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Non-Abelian VBDM: Model B Direct Detection

Bounds from PandaX and XENON 1T

(Bhattacharya, Chakrabortty, Zakeri, BB: in preparation)
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! S " = ﬁi
! -47.0
/\ ) 475
q q
Possibility to be found in the very next direct search experiment!
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Non-Abelian VBDM: Model B

Collider Signature

(Bhattacharya, Chakrabortty, Zakeri, BB: in preparation)
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Non-Abelian VBDM: Model B Collider Search

Signal Events at /s = 14 TeV
’ Benchmark Point ‘ N ‘ mx (GeV) ‘ me, (GeV) ‘ me, (GeV) ‘

BP1 0.50 340 70 600
BP2 0.63 440 110 560
BP3 0.71 540 170 780

All these points satisfy relic density and direct search constraints!

Benchmark Point GCiCO (tb) | E£(GeV) | oL o (fo) | Nesp(100f6~1)
1 S

1

>100 0. 09 9
BP1 0.44 >200 0.04 4
>300 0.01 1
>100 1.86 186
BP2 10.13 >200 0.60 60
>300 0.16 16
>100 0.40 40
BP3 1.55 >200 0.29 29
>300 0.20 20
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Non-Abelian VBDM: Model B Collider Search

Missing Energy Distributions

(Bhattacharya, Chakrabortty, Zakeri, BB: in preparation)
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Conclusion

Conclusion

» The t-channel annihilation and s-channel direct search, together
with co-annihilation helps model ‘A’ to survive direct search
guillotine.

» For model ‘B’, only possible direct search channel being ¢t-channel
higgs exchange, it is vulnerable from future direct search
experiments.

» Both the models have very prominent signatures at the collider for
higher luminosity.
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Conclusion

Conclusion

» The t-channel annihilation and s-channel direct search, together
with co-annihilation helps model ‘A’ to survive direct search
guillotine.

» For model ‘B’, only possible direct search channel being ¢t-channel
higgs exchange, it is vulnerable from future direct search
experiments.

» Both the models have very prominent signatures at the collider for
higher luminosity.

Thank you for your attention! ———————
J / q " ) Questions
- are
guaranteed in
= life;
) Answers
/'  aren't.
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Backup Slides
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Backup Slides: Model A

Backup Slide: The Potential

V =u? Tr (¢I3¢13> + u3 (¢£¢2> + 12 (xx) + p& Tr (ATA) + (43 detA + h.c.)
~ 2
+ (;t22>~<¢13¢'2 + p12X AT+ pasxAxT + h-C-) +in (TT‘ (¢13¢13))
2
+ 3% (6162) " + $ho Tr (¢ls016lans ) + $As (xx1)”
+ 105 [Tr (ATA)]? + D Tr (ATA — AATY? 4
Xix0l313xT + Aaxdlso1sx’ + Xsdbpraolsde + Nagbdiaolsde +
X5 (¢£¢z) (XFx) + X6 (xxT) Tr (ATA) + Xrx (ATA — AAT) !
+ s (82) Tr (AA) + XoTr (ol61s) Tr (A1A) +
+Xio T (¢13 (ATA — AAT) ¢’13) )

_ ¢+) ~:(q‘>8) _ (¢? <z>8)
$2 (qu , ¢2 —é5 , $13 o b))

y £+
d1s = (j’gg f?l),x:u? Q) X = —x0).

2 and o3 terms break L to (—1)~
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Backup Slides: Model A

Backup Slide: Higgs
» The SU(2)y and electro-weak symmetries are spontaneously
broken through the VEV of x§ (r2) and ¢ , (v1,2) respectively.
» The model behaves similar to a two Higgs doublet model of

0
type-Il, where part of the bi doublet <Zfl> couples to up type
1

+
quarks and (?}%) couples to down type quarks.
2
» The physical Higgs field (h):
h = % (’Ul h1 + vg hg),

where v = \/v{ + v3 = 246 GeV.
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Backup Slides: Model A

Backup Slide: The Yukawa

The allowed Yukawa couplings for quarks :

(d9) — uor ) d° — (A9} — uoy ) A, (e — dof) ue, (hixS

- ch(l)) h‘Q7
For leptons:

(No3 —voy — Ed3 + edl) €, (Epy — No3) n® — (e¢g — vgd) v°,

(BE® = NN) x5 = (eB° = vN°) X},
(E°¢y — N°GY) n® — (E°¢y — N°¢9) v°,

nn°AY + (n°v° + v°n) AY /V2 — vUEAY.
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Backup Slides: Model A

Backup Slide: The Annihilation Cross Section

(0V)x, %1 —5M so=dmg = o

4m§(1 (47”%(1 —mp)2+ Ihmj
1 m%/v (1 _ m%‘/
2

4mx (4mx —m;)? + Lhmj

7
L (_>
)

L mh {1 K(vl)“ 3 gxmi, (2)2
3 v
R, 3 (47”)(1 - mh) +Limj MY

2g}ymj, (4m3, — mj) (171)*
(4mx —mp)2 +Thmp \ v .

All digrams are computed for s-wave.

35/30
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Backup Slides: Model A

Backup Slide: Masses of gauge bosons

» The VEV of the triplet components causes mass splitting between
two lighter dark gauge bosons:

1
mg(m = 5912\[ [Iig + U% + 2(61 + 62)2] .

» X3 mixes with the usual SM gauge boson Z through

1 (gt +g3) (v +v3) —gn /9% + 93 vf

Mz xs = 5
2\ —gn /TR [+ +4(82+8)]

» The Z — X3 mixing is very much constrained from electroweak
precision measurement data.
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Backup Slides: Model A

Backup Slide: Masses of gauge bosons

» The mass term for X3 can be approximated as:
1
mk, ~ 5912\, (k3 + 0] +4(61 + 03)] -

» The maximum splitting between X;, X» can be achieved for
01 = 02 = 6 where

1 1 2 2 2
mg(l = 5912\/ [n§+vﬂ ; m§(2 zmg(3 = 5912\, [/@24—1)1 + &4 ] .

» We can put some lower limits on m x, depending on the choice of
01 from heavy neutral gauge boson search.

(Typically this is: m(Z') < 1.8 TeV @ 1000£b—!, 13 TeV LHC)
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Backup Slides: Model A

Backup Slide: Allowed VEVs

All the points below these lines are ruled out as they predict X3 lighter

than TeV.
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Backup Slides: Model A

Backup Slide: Neutrino mass

5 neutral fermions per family: v, v have odd L parity. 2 x 2 mass

matrix:
0 mp
mp M3

mp comes from (¢9) = vy and M; comes from (A9) = us.
Other three with even L parity: { N, N¢, n°} they form 3 x 3 mass
matrix:

0 mg mp
mg 0 m
mp ma M1

mpg comes from (x3) = uz, M; from (A?) = u; and m; from (¢}) = v;.
v, v¢ do not mix with N, N¢, n¢ as (—1)* is conserved.
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Backup Slides: Model A

Relic Density Allowed Parameter Space:

ME = MN = Mg, = M (Bhattacharya, Chakrabortty, Patra, BB)

2000 m =550 GeV 2000 m = 1050 GeV
1500 1500

3 3

= 1000, =

g g

500
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my, [GeV) my, [GeV]
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Backup Slides: Model A

Backup Slide: Region discarded by LUX

(Bhattacharya, Chakrabortty, Patra, BB)

2000 o’ =04
1500
3
== 1000 gove® | 7 o0
§ «00? [ 100
M 500
® LUX Disallowed [ 600
500 o
[ 1000
[ 1500
0
0 200 400 600 800 1000 1200

mx, [GeV]

s-channel plays the key role!
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Backup Slide: Relic Density of X;

Relic density after freeze out:

2 mMx, 504/ 9x
O = S 0,260, Y (Fo0):
0 mpl -20Gxs

y(z~) is obtained by solving the BEQ.

In terms of annihilation cross-section:

a2~ 24X 10710GeV 2

(o V)X1X1~>SJV[ SM
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N

Backup Slide: Pattern of thermal freeze out of X;

with y = AY = A n/s with A = (0.264 mpl%),
dy _  mx 2 EQ?
ﬁ——x—zl [UO(Z/ —y"o7)
1016 — my,=380 GeV, gN2=0.28 H
— my, =740 GeV, gN2= 0.58
10MF
> 10'2}
o
1
> 100t
108}
108} !
1 5 10 50 100
my,
X=—
T
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Backup Slide: Degenerate DM Case

Nothing survives!
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Backup Slides: Model A

Backup Slide: Simulation Details

» Lepton ({ = e, u):
» Minimum transverse momentum (pr) of 20 GeV, pseudorapidity
|n| < 2.5 to identify them in the central region of the detector.
» Two leptons are are treated as isolated objects if their mutual

separation satisfy AR = /(An)2 + (A¢)? > 0.2

> Jet (jet):
» All the partons within AR = 0.4 from the jet initiator cell are included
in the formation of the jet.
» Minimum Er > 20 GeV is to be considered as a jet.
» Isolation of the jets from those unclustered objects: AR > 0.4.

» Missing energy (Ef):

Ej": (pT)mis = _(pT)m's; pT vis — \/ me (Zpy)z
Ly
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Backup Slide: MET

Normalized Number of Events
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Backup Slide: Model B

Backup Slide: Scalar Potential and Masses

V = pdTr(¢T¢) + p3 @ @ + pixTx + pATr(ATA) + (u1 T ¢x + pax'Ax + Hec.)
1 1 1 1 1
+ 5,\1[Tr(gfc)]2 + 5A2(<1>T<1>)2 + 5,\3,:Fq~(<f<g*c) + 5A4(x*x)2 + §A5[TT(ATA)]2
1 - -
+ A Tr(ATA = AATY? 4+ fix IO+ o CTOx + fs@TCCT 0 + frT (T
+ f5(@T0)(xTx) + fe (X IX)Tr(ATA) + frxT(AAT — ATA)x + fs(@T®)Tr(ATA)
+ foTr(CTOTr(ATA) + froTr[¢(ATA — AAT)CT],
Gauge boson masses:
% = 2ok [ +oF + 2u3]
under small mixing consideration, the mass of X3(= Z') is approximately given by:

1919 2 2
mi, ~ 591\, [u2 + vj +4u3] .
m2 = 1 (gf + 93) (v% + v%) —gny/9? + g3 v3
42" 7 9\ —gny[Jo? + g2 02 9% (u§ + 03 + 4u§) ’
as both the VEVs u3 (provides neutrino mass) and v (Z — z mixing) are small, hence:

mx = mxs.
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Backup Slide: Neutrino Mass

fe [(”LC? + ELCI) nip + (MS + ELCQ‘) an]

fa [n1n1A1 + (ning + nany) Ag /2 — n2n2A3]
neutrino mass matrix in the (v, nog, nar ) basis is given by:

0 mp 0
M,=|mp ml M
0 M mo

with mp = f va, mb = fRus, ma = fk us, and M is a free Dirac mass term in
M (2 n2R + M2rnar).
Light neutrino mass:

2
my, me

-
=

_ 2 v2)2
= fg Ia <M) us.
(AY) breaks L to (—1)* without breaking S.
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Backup Slide: Higgs

The 125 GeV higgs is a linear combination of v2Re¢?, v2Re(S and v/2Rexy:

fsv1 0 2f52v1 0
2~ 75 62
Aquz fadrqve

h=—¢5+
Mass eigenstate for higgs:

20 (i — f2)

2
m
h A1
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Backup Slide: Choice of Yukawa
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— u3=0.0005

0.1

200 600 800 1000 1200 1400
M [GeV]

Each of the contours satisfy m, ~ 0.1 eV’
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Backup Slide: Model B

Backup Slide: SM Backgrounds

(Bhattacharya, Chakrabortty, Zakeri, BB)

[ Process [ oproduction (Pb) | E#(GeV) | o'l (i) [ Negy

>100 <2272 <1
Drell-Yan 2272.80 >200 <2272 <1
>300 <2272 <1
>100 97.75 9775
tt 814.64 >200 <814 <1
>300 < 8.14 <1
>100 89.98 8998
wtw— 99.98 >200 3.99 399
>300 0.99 99
>100 0.31 31
wtz 0.15 >200 0.04 4
>300 < 0.0015 <1
>100 8.40 840
z7z 14.01 >200 0.42 42
>300 0.28 28

With E4 > 200 GeV it is possible to see the signal over background!
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