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The Standard Model

A rigorously tested Theory of Fundamental Interactions

From the LHC: ATLAS and CMS -8 ATLAS+CMS
LHC Run 1 = ATLAS
e a Higgs particle found in 2012 L +cms
—tlo
. . . . A2 — 420
e no significant deviation from the SM “ =
e no sign of New Physics uz S——
But no explanation for: r
pw T
e Dark Matter L B
. T —————
e neutrino masses H e
e baryon asymmetry and baryogenesis oo ——
e extra source of CP violation R TR W V- I R T Y-S

Parameter value

e vacuum stability JHEP 08 (2016) 045
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Dark Matter

Evidence for Dark Matter at diverse scales:
e galaxy scales: rotational speeds of galaxies
o cluster scales: gravitational lensing at galaxy clusters
e horizon scales: anisotropies in the CMB
= around 25 % of the Universe is:
e cold
e non-baryonic
e neutral
e very weakly interacting
= Woeakly Interacting Massive Particle
e stable due to the discrete symmetry

DM DM — SM SM, DM 4 SM, ...
—_——

pair annihilation stable

e annihilation cross-section (ov) o EW interaction

e thermal evolution of DM density — a fixed value after freeze-out



Motivation I(2+1)HDM DM LHC Conclusion

Higgs-portal DM
Simplest realisation: the SM with ®gys + Zz-odd scalar S:

S — —S, SM fields — SM fields

1
L=Lsn~+ = (35) 5m mbhaS® — ApmS* — Assn®%,,5°

Higgs
SM sector <—— DM sector
pM_ DM
DA\[\ SM N7 /DJ\[
AN s -’
V2 N
Dy /\ DM
(ow) oDM-N Ly

given by the same coupling
Strong constraints from relic density + direct detection + Higgs decays
= modified Higgs-portal-type DM candidates in multi-scalar models

in this talk: focus on DM phenomenology in the 1(2+1)HDM i.e.
SHDM with Two Inert and One Higgs doublet
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I(2+1)HDM
Zy-symmetry in I(24+1)HDM:
b1 — —b1, G2 — —pa, ¢z — ¢3, SM fields — SM fields

Zs-invariant potential:

V= 233[ 121(89:) + Nii(s] ) ]+Z[ 3 (8160(9]05) + X (6] 9,) (@)1

2 iJ

+ (—Hda(8]92) + M (]62)° + a(9h99)” + Na(6]1)” + hec:)
+ (Ma(@161)(6ha) + As(6]02) (@) + Ao (@] 62) (6] 61)
+ (8 92)(9162) + As (#h61)(¢)62) + hec.)
e 21 parameters in V'

U2, M, Az, A3 are complex

Yukawa interaction: ”Model I”-type (only ¢3 couples to fermions)

explicit Zz-symmetry
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Parameters of V'

u3 = v? X33 = m3 /2 fixed from extremum conditions
"dark democracy”: 3 = 3, Az = daz, M3 = Mg, A3z = Ao, e.g.

Ao (B53)? + As(dh)? + hee. = Ao ((¢;¢3)2 + (Bhd1)? + hlc.)

()\4(¢};¢1)(¢;¢3) + )\5(¢I¢2)(¢;¢3) + ) no new phenomenology
= X_sg=0
A1, A11,22,12, A\1o — self-interactions of inert doublets
21 parameters — 7 important parameters
13 — mass scale of inert particles
wis = |ulsle’2, Ay = |X2]e?? — mass splittings and CPv phase

A2, A2, A5 — DM-Higgs coupling

Conclusion
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DM in I(2+1)HDM

Zs-invariant vacuum state:

Hf ‘ HFf at
1= Ho+ia® |, P2=1| m9+iad |, ¥3=1| ointic®
VZ V2 vz

e ¢3 — SM-like doublet with SM-like Higgs h
e Z5-odd doublets ¢1 and ¢2 mix:

aHY + oHY — A9 + A _ —HY - HY — aAl + aAd

S1 = , S2
202 + 2 202 + 2
g, o BHY—PHY+ A+ AS o —HY+ HY + BAT + A
V28212 ’ V262 + 2
+i615/2 Fif12/2
e e
St = (St -85), Sy= (S +53)

V2 V2
e 4 neutral and 4 charged Zs-odd particles (double the IDM)

e S; — DM candidate, other dark particles heavier
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Physical Parameters

Parameters of V: u3,| Az, |uia], 23, Abs, 012, 02

Physical parameters:

DM mass:

ms,

ScenarioB1 |02+ 612=11/2

Mass splittings:

512 = m52 - mSl Scenario Al

61C = msi — msl Scenario C1 \
1 CPC limit 6 —

612=0
e = mszi — msli

Higgs-DM coupling:
9s1S1h

CPv phases:
012,02
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Benchmark scenarios

This talk: ms, < mz:
Al . 512 = 125 GeV,(51c = 50 GeV,&; = 50 GeV, 92 = 012 = 1.5

Ms, <My, Mgk (no coannihilation)

B1: (512 =125 G6V7 (516 =50 GeV, 55 =50 GeV, 02 = 912 = 0.82

ms, X mgs, < m5214,m51i2

C1: 512 =12 GGV, (516 =100 GeV, (50 = 1G6V,92 = 912 =1.57

ms, X Ms; TMs, TMg, < msli2

Checked against experimental and theoretical constraints:

details in JHEP 1612 (2016) 014
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DM Annihilation for light DM

S, f Higgs-mediated annihilation
\\ depends on mg, and gs,s,n
\\_ _ _h_ _
Sy !
Z-mediated coannihilation
S1 f
\‘\ depends on ms; —ms,:
R A1: no coannihilation

. B1: 5153 coannihilation only
= : 5183, 5254, 5154, S2S3 coann.

depends on Z5;S; couplings

10 /23
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Z-inert couplings

a+p _ af—1

z =Xz = —otr z =z = _
XZ8183 = XZS2S4 \/aTrl\/ﬂTH’ XZ85184 = XZS3253 m\/ﬁ’

2 2 _ 2 2 _
XZ8183 T X7zs18, =1y XZ8585 + XZs,8, = 1

9s;5,2
50 60 70 80 w MM CPC
02l A1.ZS:S;3
————— A1.ZS:S,
-04f
B1:28:S;
P B1:28:S,
C1:28,S;
4 C1.28,S,
R ) sintiniintntebetnbnteb ettt ettt

e mass order: mg, < ms; < ms, < ms,

e CPc value xzs,5; = —1,xz5,5, =0
e 75155 — reduced; 20 — 50% for A1, B1, ~ 0 for C1
e 7515, — close to the CPc value — dominant channel for C1
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Conclusion

Low DM mass

bounds: good relic density for A1, B1, C1

8siSih

— A1
— B1

mg, [GeV] c1

Al: mainly Higgs annihilation, large gs,s,n
B1: Higgs annihilation (smaller gs,s,r)

+ 75153 coannihilation (reduced with respect to the CPc case)
C1: mainly ZS5154 coannihilation (xzs,s, =~ —1)

+ Higgs annihilation

Tools used in calculation: LanHEP, arXiv:1412.5016 [physics.comp-ph]; CalcHEP 3.4, Comput. Phys.

Commun. 184 (2013) 1729;micrOMEGASs 4.2 arXiv:1407.6129 [hep-ph]
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Medium DM mass

Main annihilation channels into gauge bosons V = W, Z:

S1 14 Sl 14
N N
N N
N h N 2
>---- — Y9
! 9S151h; Ge 7 gvvsiS1 = 32 O
7’ 7’
4 4
51 1% Sl 1%

no dependence on the benchmarks

8siSih
03
0.2
— A1

— B1
70 75 8 3 o0 Msi [GeV] — 1

0.1p
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Filling the plot

— CPC

%0 M [GeV] B4
— Other

ms, < my/2: many new solutions:

different mass splittings + Z5;5; interaction strength

ms, > my/2: less freedom but still new solutions:

Higgs mediated coannihilation + sign of hS3S3 coupling

14 /23
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DM Detection Experiments

Direct Detection:

c1

LUX (2016)
XENON1T
v scattering

50 60 70 80 90
ms, [GeV]

1029

(vo) [cm3/s]

Indirect Detection:

L
[
L3
[
L3
(] [
)
E L) L4 3
g u
E [ od «e
Al o
[ (1]
- T = o g
[ ‘ «e L
E ° @ @Fermi-LAT (bb) 3
° I o .
40 60 70 80 90
ms, [GeV]

Case A1l: mostly excluded (large gs,s,n)

Cases B1 and C1: mostly within the limits

Access to region with very small gs, 5,1

= not excluded by DM detection limits

15 /23
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LHC constraints

Higgs invisible decays

m

_ 9%181}1”2 4m%1 1z i = D(h—5151)
T(h = $151) = 1— > , Br(h%mv)—m

32mmp,

Higgs total decay

BR(h—XX) r2M(h)

Htot = BR(hgy—XX) D2M (p)4Tinert(h)

LHC limits
ttot = 1.17+0.17 and Br(h — inv) < 0.2

8s1S1h

0.0

o Br(h-inv)=0.20

-0.1

02
\ — case Al
01
== e umin“"(h):(),GG

my, [GeV]

45 50 55 60

16 /

DM LHC Conclusion
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LHC constraints

8siS1h
02
— case Bl
0.1
o~ e — Hmin'©!(h)=0.66
o N o Br(h—inv)=0.20
-02
rs 5 5 ) m, [GeV]
8s1S1h
02
— case C1
0.1
oob=========== .Es-;—"-__< ----- Hmin"©'(h)=0.66
o b Br(h—-inv)=0.20
=02

45

‘ ‘ ‘ m;, [GeV]

50 55 60

In general: scenarios of type C are the least constrained.

Conclusion

17 /23
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Conclusions and Outlook

3HDM with Z5 symmetry: 1(2+1)HDM
viable DM candidate

large dark sector: important coannhilation effects in Qpash?
— varying strength of gauge-inert couplings
— new regions in agreement with Planck
e agreement with direct and indirect detection limits:
45GeV < mg, < 62.5GeV, 64 GeV <mg, < T74GeV, mg, 2 400 GeV

— as long as DM is practically invisible

— other detections prospects? LHC?
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Inert cascade decays at the LHC

pp — 7 — 52,37451 — Slle* — S1$16+67

e signature: missing Er and dilepton pair

Conclusion

work in progress

e dominant if there is a large mass splitting between DM and other

inert particles
e process present in the IDM (through HAZ vertex)

e note: possible differences with respect to the IDM due to varying

strength of S15;Z vertex
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Inert cascade decays at the LHC

work in progress

pp — h — 52,3’451 — 3151”)/* — 31516+e_

v
St’{\/\/\/
S2.3,4 A S2,3.4
_____ S+ : o -
’l/\/u 51

e signature: missing Er and dilepton pair

e important if there is a small mass splitting between DM and other
inert particles — scenario C is preferred anyway

e process absent in the IDM (no A — H~™ loop)

e promising preliminary results o ~ 1075 pb
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DM self-couplings

Dark self-couplings — no impact on standard DM and LHC phenomenology

o In the I(1+1)HDM — \s
e In the I(2+1)HDM — A1, A11,22,12, A2

e Possible relevant corrections to loop processes, e.g.:

O
~

o ,N\/— D S~ o I, \ h
D>~ o7 N \

St oo Fee-

- AY

D ’,/ \D\: . D,// \\D’,/
e VAV, -

f
D — DM matter, D* — charged dark scalar
o Astrophysical DM detection experiments:
DM very weakly coupled to the visible sector

= loop corrections can be important!
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Final Summary

Scalar DM models:

interesting phenomenology

strong constraints on gpasp from DM experiments

need to move away from Higgs-portal

solution: rich particle spectrum & coannihilation effects
interesting LHC signatures — a tool for testing DM models?
loop processes & role of self-couplings — can be important

Further work needed!
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Heavy DM

02 — H1
Zoms, [GeV]  — G1

500 600 700

® gs,5,n in Case G > gs,5,n Case H
e The same behaviour in both cases
e Lower mg, for Case G

e Not really different from the CPc case




Direct Detection

2
p o 95151k
DMN 2% (Mg, +My)?

Iom,n; [Pb]
0o+ 23281881108EL LUx

. MRS — XENON IT

-1
L - Vv scattering
.
1071 o case Gl
10-15 . + case H1
— ms, [GeV]
400 500 600 700 800

in agreement with LUX
within the reach of XENON-1T

case G (bigger couplings) easier to see/exclude than case H (smaller

couplings)
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Mass formulas

1
—u3 — |uia]) + 5>\23U27

1
mgsi = (=43 + |pial) + §>\23112.

m251 %()\23 + A23) — A — M§7
2 v?
ms, = ?()\23 + Xaz) + A — 13,
2
v /
m2Sg = 5()\23 + Ao3) — A" — I~L§7

N

m, = o (o + has) + A — i3,

A= \Jv4 s + |pfa]* — 202 Ao || cos(12 + 62),

A= Jot Mol + [, 2 + 202 Aol |1, cos (012 + 6).

—|p3a| cos O12 + v?|A2| cos b2

—A

|pf2| cos f12 + 1)2\/\2| cosfy — A

o =

[135] sin 012 + v2|A2| sin 62

p= |25 sin 012 — v2| 2] sin 62



Physical Basis

1
il = 22 — ),
2 2 1

2 2
2 mszi —l—msi

2p5
)\23 = UT + Uz 1 ,
1, 2 2 2
)\/23 = 1}*2(ms2 +mg, —mS; —msli)7
2 2 2 2
2_ Y 07| Az . 2 mg, +mg
p2 = 5 gsisin — 3 +a?) <4asln92 +2(a”—1) cos92> - %,

1
|A2| = 02 [|N?2| cos(b2 + 6012)+

2 2 2
Mg, — Mg
\/ il cos? (B + 0ra) + (T2 e




DM annihilation diagrams

Light DM annihilation:

S f s f
\\\_ i _h_ i \\\ V
S fos f
(a) (b)
Virtual gauge bosons:
S v,ve S v,ve
\\\_ _ _h_ _ \\\
S’ v,vr s v,ve



DM annihilation diagrams - gauge limit

Heavy DM (co)annihilation diagrams with pure gauge boson final states:

S v S vV s |4
N N - - - VWV
\\ \\ !
N N 1
> Ve > s + crossed
7 7 !
I, /, __——I/v\/v\,
S/ V// S/ V/ S” V/



DM annihilation diagrams

Heavy DM (co)annhilation channels involving the SM-like Higgs boson:

S vV S \% S 1%
\\ \\ ___—NW\/'
Y Y !
~ h ~ h 1
_2r -2t S’ ! + crossed
// // !
S/ V/ S/ V/ S” h
(a) (b) (c)
S h S h S h
\\ ’, \\ /, - -T-=--
AN h d AN e :
Se---- < :<\ s + crossed
e AN e AN !
S’ h S h S h



Relic density

QDmh2
0.30¢ :
2 S Bl:ms, =45 GeV
0.25} !
e Al:mg, = 47 GeV
0.20f i
—— Blimg, =47 GeV
0.15}
— — Blimg, =50 GeV
0100, Al:ms, = 53 GeV
0.05
~0.2
QDMh2
0.30 1
0.25 -~
'l \_‘ , \
0.20 A | \ — — Al:mg, =69 GeV
0.15 J’ K - Alimg, =75 GeV
________ \ \ e
0.10f ¢ NN
’ Y
0.05 £ - - gs,s
202  -01 00 0.1 0.2 s"




Higgs-inert couplings

s, s,n=0.001

gs;s;h

012} ——— hS$;S;

o010k — B1:hS3S3

o—/ = C1hS1 SZ
— C1Zh5232

oL - - e C1:hS3S;

004l ——_’__,_——"—’ —— C1:hS3S,

0.02: ———————— C1ZhS4S4

ms, [GeV]
50 60 70 80 920
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