y
‘9~ £ |
-~ -

. Neaby™ Y
S P - <
- .

Review on dark
. portals

o ~. “ N
Giorgio Arcadi
LPT Orsay

DEPARTEMENT ) ' X 4

°
U n |Ve rs |te Sciences de la Planéte

PARIS-SACLAY et de I'Univers

dépasser les frontiéres '
LY

-y,



PARTICLE DMV

Dark Matter is one of the building blocks of the Standard Cosmological model.
Contributes to around 27% of the energy budget of the Universe.
Evidences from astrophysics and cosmology.

Stable on cosmological scales.
Weakly or SuperWeakly interacting with ordinary matter, photons.
Cold (up to warm) as opposed to hot.

No (confirmed) detection so far.
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Three, possibly complementary, kinds of DM searches:

Indirect Detection (ID) Direct Detection (DD)
XENON, DAMA-LIBRA, COGENT, CRESST,
Fermi, Pamela, AMS-02, H.E.S.S. LUX, SuperCDMS

Chandra, XMM

Collider
LHC

Complementary information from DM relic density. Case of study WIMP mechanism:

Qh? ~0.12 » (ov) ~ 3 x 107 %°cm?s™!
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WIMP scenarios feature a strong complementarity between Dark Matter searches.

thermal freeze-out (early Univ.)

indirect detection (now)
I ——

DM

direct detection

DM SM

productmn at colliders
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DM Direct Detection

Microscopic description through interactions of DM with quarks (or gluons)

Translated as effective interaction with nucleons.

¥° Dark Matter
(mass ~ GeV —TeV)

X X X X Germanium

Aon energy
&.’3‘» (tens of keV)
n n p p ph ons
il l -

Two kinds of interactions customarily distinguished

Spin Indipendent (SI) interactions: Sum coherently among nucleons of the target

Spin Dependent (SD) interactions: Sensitive to the contributions from protons and nucleons
to the nuclear spin.
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Dark Matter Indirect Detection

. / Gamma-rays

Lo
X W/Z/q
M:ﬂgigﬁzfﬁ #_"‘jj,; . Dark Matter Indirect Searcf.\e.s rgly on the detection
Ecm~100GeV TS, Of the products of DM annihilations and decay.
X W+/Z/g e+
N v Neutrinos Typically studied:
\ Antiprotons (AMS-02, PAMELA)
VuVe )
e-f\ Electron/Positrons (PAMELA)
+afew p/p, d/d Photons (FERMI, XMM, CHANDRA, SUZAKU, HESS)

Anti-matter
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DM at colliders

Increasing interest on recent times on the possibility of DM production at colliders
(LHC)

Two possibilities

T

Production from decay of exotic Direct production at collider

particles.
Example: end of decay chains of

supersymmetric particles.
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Pair production of DM can be detected in events with missing energy and initial state radiation
(ISR)

e.g. Monojet, monophoton, mono boson

> Missing energy

In any case the DM miss direct detection at collider detectors. Complementary
information from other searches is required.
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Relic density vs Indirect sig

Away from thresolds and resonances the annihilation cross-section can be velocity expanded

2
(ov) = a+ bv
s-wave contribution. p-wave contribution.
Constant between freeze- Sizable at freeze-out
out and present times negligible at present times.

Indirect signal possible only in presence of sizable s-wave component.
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DM bilinear

SM fermaon bilinear

fermion DM

ff

A f

A f

fA"°f

XX

-:'_j
ov ~ v, ogr ~ 1

ov ~ v?, ogp ~ ¢

X" X

ov e~ 1, 051 ~ q?

ar ~ 1. agn ™ rfl

Y¥*x (Dirac only)

ov~1, ogr ~ 1

ovr~ 1l osp ~v

— a5
XvHr7x

ov ~ 02, og] ~ v

ovr~1 osp ~1

(Berlin et al. 1404.0022)
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sis in Effective Field Theory (EFT)

Name | Initial state Type Operator
C1 qq scalar %%XTX(TQ
C5 99 scalar ﬁgxixas(cﬁy)z
D1 qq scalar %?X@q
D5 qq vector ﬁg?ﬁ"“ Xqvnq
D8 qq axial-vector XY Xx@17
D9 qq tensor ﬁg-?cr‘”’ XGouvq
D11 qg scalar T Xxas(Ge,)?

(Goodman et al. 1008.1783)

The simplest way to enforce complementarity
between DM searches is through effective field
theory.
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From EFT to simplified models

EFT provide a very simple way to express
experimental limits (only one parameter)

The validity of EFT approach is controversial.
Some interesting scenarios are not described by
EFT.

EFT analysis should be complemented by the use of simplified

models.

Increased number of parameters.

It is still possible to profit of complementarity with DM
searches.
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Simplified models (Dark portals)

Dark portals are simple extensions of the SM with a DM candidate and a mediator
interacting with the DM and SM fermions.

Scalar/pseudoscalar portal

£ =5 [N+ M Ff] + a [iNTrsx + i), Frsf]

Vector/Axial portal

L =gpx7* (Vy — Ayvs) XByu + 95 Y 4" (Vs — Apys) fR,
f
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Complementarity in simplified models

q q . B
P X q
I Ja R . .
Oy 9q Relic density / ID
q q
X q
Chala et al. 1503.05916
q q
> R P Light mediators can be
q
7 Z produced on shell.
_ Additional signals X 9 X
q l (resonances) also from . rect Detect
decays into SM particles. Irect Detection
7 TN
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Concrete examples: vector portals

SM particle spectrum is enhanched with a (dirac) fermionic dark matter and a
spin one mediator.

- Both two typical components of dark Matter direct detection, Spin
Independent (SI) and Spin Dependent (SD), unsuppressed.

- Easily motivated in U(1) extensions (GUT) of the SM gauge group (DM stability
can also originate from the symmetry pattern of the theory (Mambrini et al:
1502.06929))

- Refinements of these scenarios can account for some recent collider anomalies.

Giorgio Arcadi



Eg — SO(10) x U(1)y . Extra U(1) from Grand Unified theories
SO(10) — SU(5) x U(1),

SU(2)1 x SU(2) g xU(1)p_1, — SU(2) xU(1)y xU(1)Lr

Definite theoretical frameworks provide predictions of the relevant couplings.

Comparison with current constraints. Prediction of future signals
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Dark Z° models

General implementation:

f

L= g f" (f Pu+ePr) £ 2, + 937" (X PL + €4Pr) 12,
I

fo_d p
LR — EL:R/ _ , ,
DM phenomenology relies on vectorial and axial

x | ¢ | n | LR BL SSM combinations.
D [2/10(2V/6]2y/15|\/5/3| 1 1
€fl -1 | 1 | -2 |-0.109|1/6| 3 — Zsin® Ow i gi [ g f g
el -1 | 1| -2 |-0.109]1/6 |—1 + Lsin® 0w 92Vy = > (EL + ER) goAf = Tf (% — ffR)
Rl 1 | -1 2 |0656[1/6| —Zsin®0Ow - =
¢kl -3 | -1 | -1 |-0.874[1/6| isin®6w
el 3 | 1| 1 [0.327]-1/2 3
&l 3 | 1| 1 |0327]-1/2] -1 +sin?Ow ;9 A - Ix x o x
t; T T2 Lo _1§2 g o . g2Vy = ?X (e +€5) 92 Ay = B} (€7 — €Rr)

Han et al. 1308.2738
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Correlation of DM searches

P A
(ov) = —2 |V 2 [(av + byv?) + a2 (as + bav?)] o= X
TT.H’EZ; X

DD constraints the relic
SD abundance of DM.

Possible constraints from ID Prediction _Of the value O.f
the scattering cross-section

from the requirement the
DM is thermal.
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DD for Z/Z

X %
SI Jl"’“x 2
" Typ = J— |1X| (¥gI
o 3
Z!‘
35112
_ SD __ "2 2177 12
N Oxp = S a”|Vy|["asp
il 7
q q
GXCI
2
2 _,-"" i Z o
2444 [I (1+%)+Va (2= %) Factor accounting for
gy = > . . . .
D o4 naA? isospin violation

2
2oal { W(ALSA + ABSA) + A (AL + AP)SA 4 (AF + Ag’)*‘j‘;j_-)] /

2o ana(Sph+ 532

sp =

Giorgio Arcadi
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10742 _ 10,
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| Spin independent o :
107*°F 909 CL limit G 10-43L
| — OLF Ilimit o Spin dependent
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Buchmuller et al., 1407.8257
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q _ - 5 g 7 . 5Y\ g
L= 4 cos By (\".i-"“ (Lx — Ay ) XZu+ ¥ (Lf —Afy ) fZi“)

General scenario. Need completion at high scales

Concrete examples

Effective operators Kinetic mixing
'-{.} — . ~ {SB , B’ﬁw My 2> My
E= et "D, H 7" (v — ay7s) A pr
n 2 N 2 i
H'D,H — g3t5Z, — >V = Z_h Ux Vy —ijg—DtaHQHhT;

De Simone et al. JHEP1406 (2014) 081
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X fox iz
7—portal, PLANCK +LUX+FERMI . >‘°"M< . >“ZN T

11 + Y — " Z

EFT not valid - / } s

10

0.1¢ Additional annihilation channels
}-;:
T
0.01 ¢
R " } VE =A%,
0.001: ____ 1ix ——— Zwidth
]11 *,L\](_ K """"" ] ]RI"U]I hh
1074 - - - - -
10 20 50 1060 200 500 1000
my | GeV]

The case of comparable axial and vector couplings is excluded by limits from LUX (SI) and Z-
width.
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2000

1000 |
. 500 |
> _
v
o
— 200
3 R
100 | PLANCK+LUX+FERMI excluded
S0 —
—
| 5 1I::: 50 100 if:ﬂ 1000
y = flx ) “
PX

Z-portal viable for almost pure axial couplings except for Z-pole and multi TeV
regions.
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Lower bound on SD cross-section

v

Correct relic density (dominant axial interaction) <

1D—33

Interaction of DM s
. 1077 &
with neutrons N

10~43

10743

10 20 50 100 200 500 1000 2000
m, [GeV]

Next future experiments can completely probe Z portal scenario
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ST 9a Hy

_ 712 p __
G_Xp — ﬂ'-ﬂl‘d I X (X¥s1 JSD _ 3(_}2 (xS
Z Factors depending on the oP | asy
. . . ST '
couplings with the fermions and
the detector material
sp 39 5o Ay
a — X a?|V, a'sD o =
XP ?T'T?l;l X L{r
z' X

Different Z realizations might be distinguished by measuring both components of the DM
scattering cross-section.

100 | 100 |

i N
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-
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T 2

(ov) = I—E\VX\Q [(av +bvo?) +a® (aa + bav?)]
T,

Very severe limits from direct detection (LUX) imply:

Vil <1

Correct relic density requires: a > 1

—1/2
1.1 % 10° as] (ov) S ( Tix )_1
a = 1.
V=, nd|Ve|2 +|As)2 \3 x 10726 cm3s ! 10~ cm? 100 GeV

Prediction for the SD cross-section:

SD 10—37 .2 'SD (ov) ( My )_2
ony ~ 1.6 X 10 °" cm + .
Nx nt > 1Vel? + A% (‘3 x 10726 (*111351) 100 GeV
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PICO EXCLUDED

--—---"'-—--f
-
- -
-------
- -
- -
-

-
-
-

NON THERMAL DM

200 400 600 800 1000
my [GeV]

Limit on SD cross-section can probe
thermal Dark matter up to O(150-
200) GeV.

200
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Annihilation into SM fermions final states can be expressed in terms of Sl and SD cross-sections.

Mass and velocity suppressed

N

Ap|? m? Ayl? N ﬁ
Vil2+1Af2) - m3 22 ([Vs? +[Af]?) 6

_9 )
A2 2
nf (l‘ |2 A2 (1 — X ot/ |2 A 2l "
ne It - f‘ ) I —— anl + |Ax‘ :
7 m=, mi > f(

Z

If final state kinematically allowed

Ay|? m?2

—2
2m2 4m? o>l oS0 2 Ag? 1
_ XE:,f F12 1412 oy 07xp | “xp b i
2 e (Vil” + 144 ) (1 m? ) [ ast  3asp \ my 3 ([Ve[* +[Af[?)  m3 3 ,(

2
~+ —
Vi -+ Aflz) § )

Relic density deeply tight to Sl cross-section
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« Decoupling time

Present time

10 50 100 500 1000
m,[GeV]

1{}—?;‘:! | B-L f"- .] S ] | |
E6x  Dwarfs preliminary |

s-wave component of the annihilation cross-
section is proportional to the vectorial
coupling suppressed by LUX.

Indirect signals suppressed.

<ovs[cm’s™]

10 50 100 500 1000
m,[GeV]
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Complementarity with collider searches

7\’ Dilepton-Dijet production cross-section
Tz (_) influenced by invisible branching fraction.

ST /.SI _ 1/2,SD /.SD
oon/ 4+ 1/300N gy

L=

Determined by DM relic density or from experimental limits

2 ;_I‘_J'|_| L _1
1+(995M") > s cslVE? + 1A, ] ]
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High invisible branching fraction:

monojet searches

Amount of invisible branching fraction
depends on DM phenomenology.

Low Invisible branching fraction

Resonance searches
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High DM masses. LUX limit
(courtesy of Bryan Zaldivar) ED=¢8 impIies
g, Marbii, Tytest 67, '?Q':Qz,z_'/ low invisible branching fraction.
LHC Dilepton limit
applies (indipendent from DM

'w

N
T

il

()
-
1
~
Il
o
f>§\

. .
- 9 -9 8 -0 L

.............. \
M | ‘ ..-;__.._.____;;: ............... :: mass)
B 20F ynitari =10 3
'E ------------------------ L2
= 15} .
L il o .
2 Buchmuller et al, 1407.8257 ] Weaker limits in

presence of
axial couplings

50 100 500 1000
my [GeV]

Low DM masses. Sensitive invisible branching fraction
allowed. LHC limits should be modified.
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T My In a not gauge invariant setup axial couplings lead to cross-sections which violate
M = 2 ga| A, | perturbative unitarity (Kahlhoefer et al: 1510.02110)

The bound is evaded by considering a theory with only vectorial couplings (e.g. kinetic mixing) or by explicitly
introducing a higgs mechanism in the new U(1) sector.

rr-m%;
Me <
S g3lAPmy
In presence of axial couplings, gauge invariance implies that the SM higgs is charged
) leg'qu o under . : : : :
om- = —Zmi the new U(1) and generates a Z/Z‘ mixing thus implying couplings with the gauge
o bosons.
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T R | limits strongly limits the range of viable DM
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Conclusion

Simplified dark portals are optimal benchmarks for the study of new
particles and interactions.

Combination of different DM search strategies is a powerfull tool.

Correlation with other searches of New Physics can be enforced as well.

Progress in model building is similarly relevant.
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2

'm,
(ov) = —2- |V |? [(av + byv?) + o (as + bav?)]
e
z'
2
au T
O = " [(ay +bye?) +0? (aa + bar?)]
er ;‘LX‘KT&SI
For light DM
(ov) m2 o | m? | Ap|? v
~ — 1 V A
W yost |2 |[mE T ViEHIAR T Z' s 1AL

m.i f 5
~ — 1—|—— n ZHH
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DM bilinear

SM fermaon bilinear

fermion DM

ff

A f

A f

fA"°f

XX

-:'_j
ov ~ v, ogr ~ 1

ov ~ v?, ogp ~ ¢

X" X

ov e~ 1, 051 ~ q?

ar ~ 1. agn ™ rfl

Y¥*x (Dirac only)

ov~1, ogr ~ 1

ovr~ 1l osp ~v

— a5
XvHr7x

ov ~ 02, og] ~ v

ovr~1 osp ~1

(Berlin et al. 1404.0022)
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