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Introduction

Dark matter
@ rotation curves
CMB fluctuations = MOND.

gravitational lensing
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source: http://sci.esa.int/planck

Collider search for dark matter (DM)

DM/v
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DM detection at future et e

o Experimental approach: missing-energy analysis
@ Signal more clear at ete™ than at hadron colliders

< o Near-future plans: ILC (Japan), CLIC (Europe),
FCC-ee (Europe), CEPC (China)...

colliders



http://sci.esa.int/planck/51555-planck-power-spectrum-of-temperature-fluctuations-in-the-cosmic-microwave-background/

Simple vector-DM and fermion-DM models
DM production at eTe™ colliders
Determination of mass and spin

Current experimental limits and constraints

AR A

Maximizing the cross section, detectability
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Theoretical models

VECTOR DM MODEL FERMION DM MODEL
gauge group G = Gsm x U(1)x G =Gsm X Z4
LH fermion (g — 1
new states gauge vector X, ezzn:nxx_i_ X(Cq )
(Gsw-even) complex scalar S (g =1) real scalar S (’q =2)
Lagrangian L=Lsv+ Lom— V(H,S)

V(H,S) = —puy|H? + Xu[H* | V(H,S) = —py|H]> + AulH|*

scalar potential 2
—p2|S12 + As|S|* + | k|H2|S12| | —52S% + 255% +| £|H|?S?

H— (xt v+ir®+ h)T /2 H— (xt,v+ir® + hT /2

SSB
S—(vs+o+io)/V2 S—vit+o
Higgs sector h=cosa-h; —sina- hy ¢ =sina - hy +cosa - hy
mixing V(H,S) — m?h? + 1m3hZ + const + O ([field]?)

X h; X P

Dark matter { < <
hi----- 2imx g.Roi ) 217ng;,722, hi----- —iy: Rai

interactions

X hy X [

. . (m}—m3)sin2a
Input parameters: v, my, mp, sino, mpm, Vs —> K = e Tva—
N—— s

assumed to be SM-like
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Considered process

The differential cross-section:

Q> =s5—2Ez\/s+m%

2

= My

DM = X,,, ¢

note: in principle
[(VOM) ”) [(FOM)

1

do 7USM(mrec) .2 2 Myec * (m% - m%)Q b(mrec-, mDM)

2 — - cihacosar s 212 2 2 2)2 2’ 2
dmrec ™ [(mrec - ml) + (mlrl) ] [(mrec - m2) + (m2|—2) ] Vs
where

2
_gv+ai( g 1 N2(s, mpee, m3) [125 mg + A(s, Mpee, m3)]
USM(mrec) =
241 \cos?, s — m2 8s?

Roai

4 (%) } (FDM)

2
Mrec

5 2
1 3 4 2 2 {Z@M -
b(Myee, Mpm) = { 3 } I(hi — DM) = m; \/W‘ vecz . g,
% 32w Miec 1-— 4% +12 (mDM) (VDM)
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Considered process

do/d (m?ec) [pb-GeVv-2]

— VDM —FDM
al o]
1074} my = 140 GeV
mpy = 40 GeV . . .
sina=03 : Spin and mass of DM possible to determine
Vs = 500 GeV i
10 . o total o as a function of /s (easy)
o shape fitting (not easy)
10712,
2:mpm E my my
10716 -
80 90 100 110 120 130 140
Mrec [GeV]

After integration

o0y ]]'2 mDM<m1<\/§7mz + 02 - ]]'2mom<m2<ﬁfmz

o1 = osm(my) - cos® o - BR(h; — DM) o2 = osm(m) - sin o - BR(h, — DM)
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Current experimental limits and constraints

1. |sina| £0.3 Robens, Stefaniak 1601.07880
. h | observed observed
experiment channe signal rate  mass [GeV]
ATLAS  h— WW — fvlv  1.0873% -
ATLAS  h—ZZ -4 1.44154% 12451 +0.52
ATLAS  h— vy 1.174337 125.98 4 0.50
ATLAS  h—77 1.4270% -
ATLAS  Vh — V(bb) 0.51+349 -
CMS h— WW — tvly  0.7278:29 -
CMS h— 2Z — 4 093702 125.63+£0.45
CMS h—~yy 1.14152%  124.70 £ 0.34
CMS h—Tr 0.7819:37 -
CMS Vh — V(bb) 1.0019:39 -
source: Robens, Stefaniak 1501.02234
2. LHC = BR(hl — DM) < 19% CMS 1809.05937
: - DD DD
3. DD experiments and v telescopes = limits on og” , ogp T oo aooe?
4. 1D experiments = limit on <UV>ann Fermi-LAT 1611.03184
. = VU. . constraint on {(ov ann Planck 1807.06209
5 h2QODM 0.12£0.0012 = traint
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https://arxiv.org/abs/1601.07880
https://arxiv.org/abs/1501.02234
https://arxiv.org/abs/1809.05937
https://arxiv.org/abs/1805.12562
https://arxiv.org/abs/1601.00653
https://arxiv.org/abs/1611.03184
https://arxiv.org/abs/1807.06209

Limits on the invisible branching ratio

CcMS 35.9 fb™ (13 Tev)
T T T

sM

10

o=o1- ]]‘2 mpm<mi<+/s—myz to2- ]]‘2 mpm<ma<+/s—myz
o1 = ospm(my) - cos® a - BR(hy — DM)

05 = osm(my) - sin® a - BR(hy — DM)

95% CL upper limit on o x B(H- inv)/o
=

,a
2

I I I I I I I I
200 300 400 500 600 700 800 900 1000

m, [GeV]
Conditions:
(].) o1 < 0.1905M(m1)
02 my
2 | _ .0011 - —0. =13 TeV
(2) og [Usm(mz)} < 0.00 TCav 0.63 (v/s =13 TeV)

For sin v < 0.3 condition (2) always satisfied:
my

1 GeV

02

—0.63
osm(mz)

—sin®a - BR(h; — DM) < 107! < 10" [0.0011 -
V3=13 TeV
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Limits on the invisible branching ratio

CcMS 35.9 fb™ (13 Tev)
T T T

sM

10

o=o1- ]]‘2 mpm<mi<+/s—myz to2- ]]‘2 mpm<ma<+/s—myz
o1 = ospm(my) - cos® a - BR(hy — DM)

05 = osm(my) - sin® a - BR(hy — DM)

95% CL upper limit on o x B(H- inv)/o
=

,a
2

I I I I I I I I
200 300 400 500 600 700 800 900 1000

m, [GeV]
Conditions:
(1) | o1 < 0.1905M(m1) |
02 my
2 | _ .0011 - —0. =13 TeV
(2) og [USM(,@)} < 0.00 TCav 0.63 (v/s =13 TeV)

For sin v < 0.3 condition (2) always satisfied:
my

1 GeV

02

—0.63
osm(mz)

—sin®a - BR(h; — DM) < 107! < 10" [0.0011 -
V3=13 TeV
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WIMP-nucleon oy [cmz]

Direct detection limit

DM DM
osp =0 (no axial couplings in our models)
2,2 2 212 2
wem mi{ —m ) m
os| = BM : (m3 5 22) -sin? acos? v - —Q’ f7 ‘
TV mi ms % |
| hi
where !
mpyMpm
p=——"——=~my~ 094 GeV , fy ~0.3
my + Mpwm
N N
0 ]
10-+43 é - as| mpm _
F\\ 7 E ﬁgi.lo 48.05
; ] 1cm 1 GeV
1074 3 WIMP mass '[gew:il 5 U,
3 1. > 5 2
. 11 sin® v cos® v m _ _
107405 (> —m3)? < —2.15-107° GeV !
E 3 2
E ’@ﬁo“ E Ve mpm
1047, 01 R -
10! 10% 10°

WIMP mass [GeV/c?]
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https://arxiv.org/abs/1805.12562

Relic density constraint on indirect detection

1 mpym? sin® o cos?

s

2 2
V2 (m —m3)

Steigman et al. 1204.3622

X

(mhyy — )"

>,h< " (m?
| y {1
| q

] <O’V>|D :00~(mD|\/|/T)7n+

= (To/T¢)"

now

e correct PQEM «— (ov)|

o Tf ~ mDM/25, hence

MpMm

— 4mdy,)? + mirz3] [(m3 —

VDM
ou) ! FDM

. — hPOM ~ (n+1)

X
4’”%M)2 + msl3]

+ [higher orders in (mpm/T) 7]

m? factor = bb contribution dominates.

(mom/ Te)™ /oo

(n+1)-1.9-107° GeV 2

(ov)|

freeze out

sin? o cos® 2 212
N S (mi—m3)" =
VS

=21-107° GeV 2 I

ms —4md,)* + mir3] [(m3

—4mdy\,)? + m3l3]

mDM(szM - mb)

3/2 -k

(k =1 for VDM, k =

Scalars 2019
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https://arxiv.org/abs/1204.3622

Fermi-LAT 1611.03184

Indirect detecion limit

107 : : ,
— Ackermann et al. (2015)
— Nominal sample value of <(T V> |
1024 Median Expected d . freeze out
BN 68% Containment corresponding to
,:"\ 95% Containment correct Q(I)DM
@ o] ] 1
”E 10 :
N2 ——— (e mmm
S = i —
L 107} 0
10727 i
bb
! 1 1
10! 10? 10° 10

DM Mass (GeV)

VDM: mx = 30 GeV

FDM: thermal relic cross section orders of magnitude lower than the ID limit

colliders
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https://arxiv.org/abs/1611.03184

Results: methodology

o Constraints:

perturbativity: “2% < 47
|sinal $0.3

o BR(h; — DM) < 19%
o QDM . sinZacos’a, o 2\2 [(mf —4mpy)® + mfrﬂ [(m% —4mpy)® + mgrﬂ
0 —a —(m-—m)" = 3 332 X
% mpm(mpy — mp)*
%21-107° Gev 2. (VDM)
44 (FDM)
_sinacos’a, o . m) 6 .
e DD:=———(mi—m)° < -1.5-107° GeV
Vs mpwm

@ Free parameters: m,, mpw, sina, Vs

o Value of vs calculated from Q0M = 3 parameters left

@ Cross section maximized with respect to sin o = free parameters: mo, mpy
@ Low +/s gives high cross section (CEPC: /s = 240 GeV)
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Results: maximal cross section for VD

parameters of %

my = 118.4 GeV
mpm = 58.5 GeV
sina = 0.30

vs = 561 GeV

Mpm— %"72

(eev M =74-1073 GeV

M, =6.4-10"3 GeV
BR(h; — DM) = 18%
BR(hy — DM) = 92%

-10 -5 0 5 10
1
Mpm=5 M [GeV]
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Results: maximal cross section for FD

parameters of X

my = 124.4 GeV
mpm = 61.7 GeV
sina = 0.30
vs = 57 GeV

M =7.1-1073 GeV
M, =6.5-10"3 GeV
BR(h; — DM) = 15%
BR(hy — DM) = 92%

Mpm-— %’771 [GeV]
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Results: detectability CEPC 1811.105

@ Number of events:

# =0 X Lot Lios ~ 5.6 ab~ ! (7-years period)
* = VDM: 3.4 -10° events
FDM: 2.9 - 10° events
expected SM background (ete™ — Zvi): 2.8 - 10° events
= [signal] ~ 10% x [background] (before cuts!)

e 01: BR(hy — DM) detectable at the level of 0.3% (current CMS limit: 19%)
e oy: sin’a - BR(hy — DM)

O2/0sm_[%] o2/0sm_[%]

50| current CMS limit (1809.05937) 1 50| current CMS limit (1809.05937) 1

10 VDM model along the red line B 10 FDM model along the red line B
5| q 5| q

1 expected CLIC sensitivity (K. Mekata) ] 1 expected CLIC sensitivity (K. Mekata) |

05 (CEPC sensitivity should be comparable) 05 (CEPC sensitivity should be comparable)
0.1 k! 0.1 !
130 135 140 145 130 135 140 145
my [GeV] my [GeV]

colliders
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https://arxiv.org/abs/1811.10545

Optimistic part

@ Current experimental limits still allow DM to be detectable

@ Signal-to-background ratio can be ~ 10%

@ Mass and spin in principle can be determined (but possibly not easily)
Pessimistic part

o If parameters far from optimal, DM hard (if possible) to be detected
Conclusion

o Let's build an eTe™ collider and check!
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Vector DM model

e Gauge group: G = SU(3). x SU(2), x U(1)y xU(1)x.

Standard Model gauge group
e Vector X, (U(1)x g. f.) and complex scalar S introduced, U(1): S — —S
@ Dark particle: X,

o Lagrangian L= Loy + Loy — V(H,S)

1 i
Lom = —Z]-"H,,]-"“” + (D*S)'(D,.S)
V(H,S) = =y HI> + AulHI* = 12|S1 + As|S|* + w|H[?|S?
—_———
Higgs portal coupling
e SSB H— (xt,v+ir®+ h)T/v2 S—(vs+o+io)/V2
@ We introduce hy, ho:
(h) B {cosa —sin a} (h1> m2 = Agv?(1 + sec2a) + AsvZ(1 — sec2a)
¢ sina cosar| \ o m% = )\Hv2(1 —sec2a) + )\svsz(l + sec2a)

2,2 2
BEEXIX + SXIX,0 + gLV XH X0

1 1
V(H,S) — §m%h% + Emgh% + const + O ([field]?)

1 NN
Lom — =3 FuwF + 50" 0,6 +
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Fermion DM model

e Gauge group: G = SU(3). x SU(2)L x U(1)y XZ4

Standard Model gauge group
o Left-handed fermion x and real scalar S introduced, Z4 : x — ix, S — =S
@ Dark particle: Majorana fermion ) = x + x¢

o Lagrangian L= »CSM + Loy — (H,S)
Lom = ixdx + 6)“5 9uS — (xcx +Xx€)S

)\s

V(H,S) = —p3y|H? + Al HI* - %52 SIHPS?

Higgs portal coupling

e SSB H— (xt,v+h+in®DT/vV2 S—vi+¢
@ We introduce hy, hy

(h) B {cosa —sin a} (h1> m? = Apv?(1 + sec2a) + AsvZ(1 — sec20)
¢ sina cosa] \h m3 = Ayv3(1 —sec2a) + AsvZ(1 + sec2a)

}/xs

| - 1
Lom — éwaw + 50”05 O — Pnp — fw’@

1 1
V(H,S) — Em%hf+§m§h§+const+(9([ﬁeld] )
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Input parameters

V(H,S) = — 12 |HR + AulHI* — ”552 428 |H| 252
@ Input parameters: v, my, mo, sinq, mDM, Vs
N——

assumed to be SM-like
@ Other parameters of the models in terms of the input parameters:

mx mx

& = (VDM) Yx = (FDM)
Vs Vs
Ny — m? cos® a + m3 sin® o Ne — m? sin® o + m3 cos® a
" 2v? s 2v?2
1 1 1 .
ui = Em% cos® a + 2m§ sin?a + Z%(m% — m3)sin2a

1 1 1v
3 Emf sin®a 4 ~m2 cos® a + =~ —(m? — m3)sin 2a

2 4 v
. (m? — m3)sin2a
l 2vvs

@ my =m = k=0 = no Higgs portal = DM completely decoupled
@ Tree-level stability condition always satisfied

H . 2
k> —2\/ne o (M= m3)sin2a [(m%mﬁ)smza m2 m3

2V VA v2y2

colliders
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IceCube and DD limits Wikstrém, Edsjé 0903.2986

@ DM annihilation rate in the Sun: 4
o Capture rate: C¢
@ Change of ammount of DM in the Sun
N = Cc — CaN?
where CA =2 FA/N2
@ Solution
N(t) =/ Cc/Ca-tanh(t\/ CcCp)
o For large t

1
N(t) — \/Cc/CA = I'A = ECC

Cc expressible in terms of DM-nucleon cross section
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