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. . e Rotation curve of (clusters of) galaxies;
DM indeed exists:

e CMB and large scale structure formation.
It is a new/unknown particle: no SM particle (eg ~) can do the job.

A crucial hint for physics beyond the SM of particle physics!

25% of energy budget of Universe
Makes:

80% of total matter of Universe

e Neutral particle and hence dark (a charged particle will shine...).
e Cold or not too warn and hence non-relativistic (~ do not work...).
e Very weakly interacting (reason why we did not observe it yet...).
e Stable or at least very long lived particle: /oy > 1017 s.

e Possibly a relic from the early Universe: a window to the origin.

In short, a WIMP. It worths the effort searching for it!
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WIMPS appear in models for naturalness/hierarchy problems:

e LSP: lightest neutralino of SUSY with Rp conserved;
examples: ¢ LKP: lightest Kaluza-Klein state in extra-dimensions;

e LTP: lightest T-odd state in Little Higgs/composite.
All particles not been observed (also their companions) at the LHC.

We choose a different way, simply Agnosticism and Occam razor,
postulate the existence of a weakly interacting massive particle:
e a singlet particle but of any spin 1.e. a scalar, vector or fermion;
e QED neutral + isosinglet, no SU(2)xU(1) charge: no Z couplings;
e 7 parity for stability: no couplings or mixing with fermions.
Hence, only couplings with the Higgs bosons = Higgs portal DM:
e annihilates into SM particles through s-channel Higgs exchange;
e interacts with fermionic matter only through Higgs exchange;

e can be produced in pairs via Higgs boson exchange or decays.
Again Occam razor: assume only the SM-like Higgs boson.
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Effective Lagrangians:

ALy = —3M2s? — 2As* — I A PTPS?

AL, = l1\/12VMV”+1)\ (v, vH)2+ 1)\HVV(I)T(I)VMV'U
AL, = —IM,yx — 22 didyy

EWSB: & — f(v+H) with v=246 GeV and m2 =M2+ 1 \gxxv? ...
Two free parameters: DM mass m, and DM- nggs coupllng AHxx

Of course effective and even non-renormalisable models. EFT for:

e scalars: inert Higgs doublet models (comes with others states);

e vectors: may be related to a spontaneously broken U(1) symmetry;
e fermions: fourth family, singlet-doublet or vector-like leptons..

All these are renormalisable, unitary, perturbative (up to cut-off) ...
but where are all the new states gone? should have been seen?

e 75 symmetry: all new particles decay at end into the DM state;

e eventually some mass degeneracy with the invisible DM particle.
= missing energy and soft SM particle signature: very difficult!
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The Higgs portal to dark matter
Direct Detection:
DM DM Dark MaHer seavch s‘l-mh,gi%
SM >‘< SM Divect Method
scattering on nucl. target: < @
XENON = LZ,DARWIN
Indirect Detection: ’ "

DM>‘ < SM Tndivect Method

DM SM

annihilation products:~, v }\‘

HESS, Fermi—= CTA, ... Milky Wy
Detection at colliders:

SM DM
SM DM ?YoAuaHo'\

missing energy signature okt Large Hadvon Collder
LHC = HL-LHC,e"e ,pp
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For light DM states, only possible handle at colliders is Higgs decays:
2 2
Tiny (H — s8) = JHsy %

647TMH
— AI%IvazM?{BV M\zf Mé
Finw(H — vv) = T 1— 41\/1%1 + 121\/1;1{
)\2 ﬂ-VzMHB?
Liny(H — ff) = 570

Possible only for mx < My ~ 62 GeV; depends on mx, A\pxx:
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One has to check also the relic density/Planck: only one input?
maybe no, X not all DM and/or Q2h? obtained via other means...
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) Direct: measurement of total Higgs decay width via interference:
'PM=4.07 MeV = too small to be resolved experimentally.

If Mg = 200GeV, I'y > 1GeV = possible in H — ZZ — 4/.

But in pp —+H — ZZ — 4/, about 20% are for My, = 2Mz.

n fact: agg_f}}figg X gggH, Jgg_:ﬂ‘jilg X gggHFH = interf x georv/I'n
lirect measurement of I'; via interference with pp — ZZ continuum:

CMS 19.7 fb™ (8 TeV) + 5.1 fo'' (7 TeV)
2 TTTT‘ TTTTTTTTTTTT ‘TTTT‘TTT _|14 brd ------- H WW td
E 14%ATLAS _____ Ezgzzzg Stat. only E (observed) - (expected)
Al r - T _a 19| —— H . ZZ (observed) = -------
L H* - ZZ - 4l,22v - Observed-Stat. only | q 12 - (observed) H - 2Z (expected)
1 2513 TeV, 36.1 fb” — Observed ] (\fl (observed)  ------- H - ZZ+WW (expected)
[ Kg, on-shell = Kgyv, off-shell ] 10 - ;
8- s
6F -
gloswe. /S0 ]
2 .
| 689 e
0 {aerpr o i L |
0 20 40 60
SM
rirs r., (MeV)

e constraints are starting to be serious: AT'y /T3 < 1.25@95% CL!
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B) Indirectly: measurements of the Higgs decay branching ratios:
e = 0(x)/0(x)|sm = T'(xx) /T (xx)|sM = 8F1xx/Efixx|sM
['(vv)— k2, T(ff) = kE, o(VH) = k2, 0(VBF) = 0.74x2 +0.26+2
yy) — /i,zy =1.5k2 +0.1kZ2 —0.TkFw, o(ggH) — /ié —=1.06K2—0.07Tk¢ Kb

ATLAS and CMS -8- ATLAS+CMS

----------------------

LHC Run 1 -+ ATLAS .._xu_

— - OMS -ATLAS and CMS
i —iginterval 2 ~LHC Run 1
K - -4 — 2ginterval L
z - = i
*
i g 1- — 68% CL
- B
w — = L s 95% CL
B [+ Bestii
K . L % SM expected
t R
———— o

I [Ocombined [[JH-yy

: —2t[H-zz  [OH-ww
|Kl1| _— L
—it H-1t H-bb
L1 I 1111 I - | 1111 I 1111 I 11 Y S S ST S ST ST Y S IS S T S S T S S S
2 1 0 1 2 3 0 0.5

Parameter value

ki =0.57rkf +0.22k2,40.06x2+0.03%5 +0.0352 +0.0023 (k2 + K5, )
global ATLAS+CMS fit gives BR(H— invisible) < 20% @95% CL
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Invisible Higgs at the LHC
C) Even more direct: search for Higgs decaying invisibly and Efs

q \Y% q 8 ¢

13— WH — l(v+Ef qq—qqH — jj+Er gg —Hg —j+Ef
qa—ZH — (/+Ef high-mass, pt,n jets  also 2j, high rate.
Choudhury+Roy, ..., Eboli+Zeppenfeld AD,Falkowski,Mambrini...

3591 (13 TeV)
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re also ATLAS+CMS combo gives BR(H—invisible) <20% @95 % CL
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Invisible Higgs at the LHC

D) A combination of all these channels/possibilities:

< 10 T T 17T | 1T 17T | T 17T 1T 17T | 1T T T 17T :I 1T

- - ATLAS }

o\ L Vs=7TeV, 45471 .

8" Vs=8TeV,20.3 10" 7

- Obs.: ; s

6‘_ — Vis. & inv. decay channels / N

- Inv. decay channels .

I --=-Vis. decay channels |

20 -

O ! ~EmEs CE! "f-"-T-'-T-':I-:I::I:I-t:-l-'0--1--I--I--|--|--I--r-i-l--l--l--l--l—_l-
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BI:{inv

All in all at Runl+Runll LHC: BR(H — inv) < 20%
This not very constraining after all. Can all this can be improved?
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Invisible Higgs in the future
High—Luminosity LHC: /s = 14 TeV and £ = 3ab™!.

ATLAS Simulation
Vs =14 TeV: [Ldt=300 fb™ ; [Ldt=3000 fo"
[Ldt=300 b extrapolated from 7+8 TeV

=ikl T 1T 1 T T 1 | LI T

H—pu CMS Projection
1 —+ 1 1 trrtrrrrTr 1Tt rTT
ttH,H—pp Expected uncertainties on F— 3000 fo" at Vs = 14 TeV Scenario 1
] Higgs boson signal strength F— 3000 fb" at {s= 14 TeV Scenario 2
VBF,H—1t
H- ZZ Hovy
VBF,H-> WW ‘ H e WW
H—»> WW
H->2ZZ
VH,H-yy ”
ttH,H—yy H - bb
VBF,H-yy : Hortt
H-yy (+) , R R B R R
H 2 A 0.00 0.05 0.10 015
LS T P expected uncertainty
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A

o
nprove sensitivity by factor two from BRs: BR(H—invisible) <10%
ge improvement in direct searches not expected; thougher conditions?)
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Invisible Higgs in the future

igher energy pp colliders = /s = 28 —100 TeV and £ =few ab~!
100

pb —> H —II_ X ........ N tEH
My =125 GeV qq/gg :
s | .
ok aq’ — Hqq'
- bb — H
A qq — ZH
@ 10T qq — WH |
©
~~
S
Y
1 ; ! I | |
1325 o0 75 100 Baglio, ...

V's [TeV]
prove the sensitivity by another factor of two: BR(H—invisible) <5%
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est deal: an ete™ (non ILC?) machine: /s=240GeV and £L=1ab™ !
Very precise measurements

ol olee ~ HX ] | _: mostly at ﬁ ~250 GeV
and mainly inete™ — ZH
9gHzz +0.01
aguww +0.01
JHbb +0.01
| 7 | gHtt +0.05
M LA AHHH +0.2
W B W W W My, 10.0004
A CP | +0.03
'y +0.05

Improve the sensitivity very seriously: BR(H—invisible) <1%
In fact: a BR(H — inv) of 1% can be observed at the 50 level,

and a BR(H — inv) of 5% can be measured with a 10% accuracy...
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e Relic density oc 1/(c(xx — H — ff)v,) annihilation rate.

)\2 2 1 2
X Hxx ferm J—
<Oferm r> 167 (4m2—-M3%,)?2 6X’ 55 1’ 5" 5f 2 A2

In principle needs to fit the Planck value: Qppyih? = 0.119i0.001
¢ Spin-independent direct detection simple for s, v, f DM states:

) S : ;0 0 =0, =10 = &
x—IN 167'('].\/.[4 (mx+mN S Vv 9 f A2
BRI™ = BR(H — inv) = rshris = retrs

Direct detection:
BRI™ ~ (031/107pb)[dx + (0% /10 pb)] 1
s = 400 (10 GeV /mg)?, 6, =4 x 1072 (m, /10 GeV)?, 5 = 3.5
Indirect detection:
BR'™ ~ ((ov,)/10719GeV~1)[5y + ((0vy)/10"10GeV1)]-1
,=2.4%x1072,6,=1.3x10"1° (m, /GeV)*,5:=3.9x 10713 (m;/GeV)?
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Comparison with astroparticle experiments
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Comparison with astroparticle experiments

Scalar DM A
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Vector DM
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Invisible decays work only for light DM; what if mpy 2 2Mpg?
Only way: produce them in pairs in continuum. At pp colliders:

RO TE Giii =E R g
H ~X q g ¢ X
X
e Exactly same channels as before but with an off-shell Higgs boson.

e Suppressed by the Higgs virtuality and the small couplings to DM.
o Needs hlgh energles, Very hlgh luminosities and some real efforts...

10% | pp—>VV +J Lo pp—>VV +JJ 10° } pp_>vv+wi
pp—SS+j —— ] pp > SS+jj —— pp = VV +Z
pp—>FF4+j —— pp = FF +jj —— 10-1 pp — SS + W

10* PP =SS+ Z e E

pp — FF + W+
v/ = 14 TeV pp > FF 4+ Z e

0
10 3 AhXX =1

Vs = 14 TeV
Ahyy = 1

100 150 200 250 300 350 400 450 500 550 100 150 200 250 300 350 400 450 100 200 300 400 500 600
m,, [GeV] m,, [GeV] m,, [GeV]
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Invisible decays work only for light DM; what if mpy 2 2Mpg?
Only way: produce them in pairs in continuum. At pp colliders:

i

e Exactly same channels as before but with an off-shell Higgs boson.
e Suppressed by the Higgs virtuality and the small couplings to DM.
e Needs high energies, very high luminosities and some real efforts...
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Invisible decays work only for light DM; what if mpy 2 2Mpg?
Only way: produce them in pairs in continuum. At e"e™ colliders:

et
e \Y% e H
LX L
e’ H X el
X e
102 I T T T T T T T [
1 my = 125 GeV |
. Anii = 1 '
10 : Vs =3 TeV

10_4 -| 1 1 1 1 1 1
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e Dark matter exists, maybe only reachable sign of new physics?
e The Higgs portal to DM is one of the most minimal realizations.
e Even more minimal if only the SM-like Higgs state is considered.

e Scenario being tested at LHC in Higgs searches/measurements:
— measurements of total Higgs width and various visible BRs;
— direct searches for missing energy signature in VH, VBE, ggF;
— possibility of going off-shell for mpy; > %MH not that promising.

e Limits from LHC challenged by future astrophysics sensitivity
but only with some assumptions on the DM relic density, profile, etc...

e But I didn’t tell you the really interesting part of the story:
— concrete realizations of Higgs-DM and search for DM companions;
— extending the Higgs sector makes it even more interesting...

Needs further investigations at LHC and also future e"e~ and pp
colliders besides all experiments in astroparticle physics.
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