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Dark matter is needed!

need DM to grow structure

ACDM fit to CMB + BAO

69% Dark Energy Qph? = 0.02230 £ 0.00014
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Challenge for particle physics

® within the Standard Model there is no
suitable particle to provide the DM

— need new particle(s)

Why is it so abundant!?
Why is it (quasi) stable?
s it elementary or composite?

Is there a ,,dark sector*?

® many possible candidates
® this talk focus on WIMP candidates



The WIMP hypothesis: thermal freeze-out
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“typical” annihilation cross section:

4

anni ~ ~ 6 X 10
(annih¥) ~ o 01/ \100GeV

® “Weakly Interacting Massive Particle” (WIMP)

® relation with new physics at the TeV scale



WIMP searches
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WIMP searches

indirect detection
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WIMP searches

indirect detection
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WIMP searches

indirect detection accelerators

DM DM

SM SM
PAMELA, FERMI, AMS-2, HESS,
IceCube direct detection

XENON, LUX, PANDA-X,
CDMS, Edelweiss, CRESST,
PICASSO, COUPP....




WIMP searches
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® 'WIMP hypothesis gets squeezed from all sides

® typically one'needs to break the link to the
thermal freeze-out cross section somehow
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Indirect detection of DM

@ freeze-out

DM DM

increasing {o,jv])




Indirect detection of DM

today DM DM @ freeze-out

30 100 300 1000

x=m/T

Decay process =1 S M S M

® annihilation cross section today corresponds to the
“thermal” one only for s-wave processes (v-independent)

Ll )
® p-wave annihilations: Ov ~v® =

@ freeze-out: v* ~ T/m ~ 0.05 ¢’
today: v ~ 107



FERMI dwarf spheroidals

FERMI & MAGIC, 1601.06590
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“thermal Xsec” excluded for DM mass < 100 GeV
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DM direct detection
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Direct detection and the WIMP hypothesis
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® testing cross sections
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Direct detection and the WIMP hypothesis

Higgs-portal with fermionic DM y
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Direct detection and the WIMP hypothesis
Higgs-portal with fermionic DM y
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Higgs portal

Effective field theory

A= 1
At/Ag= 10
A4/Ag=100
XENON 100 225 days

Lopez-Honorez, TS, Zupan, |2

® excluded by

XENON, LUX

A%(Xx)(HTH)



Higgs portal

® excluded by
Effective field theory X E N O N 9 LUX
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Higgs portal

® excluded by
Effective field theory X E N O N 9 LUX

1/4d5=

AjAg= 1 1
A/As= 10 |

Ay/As=100 - A_ (YX) (HTH>
XENON 100 225 days 1

® s-channel resonance at

® pseudo-scalar

Higgs-Portal
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Example for LHC constraints

Dirac DM, axial-vector couplings to quarks (not leptons)
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Example for LHC constraints

Dirac DM, axial-vector couplings to quarks (not leptons)

DM Simplified Model Exclusions ATLAS Preliminary March 2017
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Phys. Rev. D. 91 052007 (2015)
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Can we make generic statements
about the WIMP hypothesis?
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The comparison is necessarily model dependent

DM DM

indirect det.
freeze-out

collider

SM SM

direct detection
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UV-complete
models (SUSY)

“simplified” models
DM particle + mediator(s)
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Minimal requirements on a ,,model*

® SM gauge invariance

® perturbative unitarity
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Minimal requirements on a ,,model*

® SM gauge invariance

® perturbative unitarity

example for ,,consistent” model

2-mediator DM )
(2MDM) 2
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Example for a ,,consistent simplified* model

Kahlhofer, Schmidt-Hoberg, Schwetz,Vogl, 1510.02110
SM + Diirr, Kahlhéfer, Schmidt-Hoberg, Schwetz,Vogl, 1606.07609

DM fermion + U(l)’ gauge symmetry with Z’ mediator

L== 2, Z"[lggpvu+97wy’] f=Z" 0 [gpnm + gommy’] ¢
f=q,l,v




Example for a ,,consistent simplified* model

Kahlhofer, Schmidt-Hoberg, Schwetz,Vogl, 1510.02110
SM + Diirr, Kahlhéfer, Schmidt-Hoberg, Schwetz,Vogl, 1606.07609

DM fermion + U(l)’ gauge symmetry with Z’ mediator

L== 2, Z"[lggpvu+97wy’] f=Z" 0 [gpnm + gommy’] ¢
f=q,l,v

need ,,dark Higgs" S to give mass to Z’ and DM
Ls=[(0"+igs Z")S] [(8, +igs Z.,)S] + 2 S'S — A, (STS)Q Ly Sy




Example for a ,,consistent simplified* model

Kahlhofer, Schmidt-Hoberg, Schwetz,Vogl, 1510.02110
SM + Diirr, Kahlhéfer, Schmidt-Hoberg, Schwetz,Vogl, 1606.07609

DM fermion + U(l)’ gauge symmetry with Z’ mediator

L== 2, Z"[lggpvu+97wy’] f=Z" 0 [gpnm + gommy’] ¢
f=q,l,v

need ,,dark Higgs" S to give mass to Z’ and DM
Ls=[(0"+igs Z")S] [(8, +igs Z.,)S] + 2 S'S — A, (STS)Q Ly Sy

Higgs mixing and kinetic mixing open new portals to SM
+AS*SHYH + xF,,, F"




Z’ mediated interaction & gauge invariance

L== 3 Z"flogru+97wy’] £ = 2" ¢ [gommu + gomrmy’] ¥
f=a,lv

1 1
9 =59+ a). 9 =59 (qr— au)

gauge invariance of SM Yukawa terms
Lyvuk = —AaGrHqr — M@ Har — Ml HUg + h.c.

requires:

(assumes one Higgs doublet)




Z’ mediated interaction & gauge invariance

L= > Z"Flggm+apnw’] £ = 2" [gpmm + gbmman’] ¥

1 / 1 /
9 =59+ ), 9 =59 — )

for non-zero g*

» Z' interacts with all generations of quarks and with leptons
= stringent constraints from searches for dilepton resonances




Z’ mediated interaction & gauge invariance

= Y Z"flgf v+ 95w’ f = 24 [gome + 9bmny’] ¢
f=q,l,v

1 / 1 /
=59 +a), 97 =590 -

for non-zero g*

» Z' interacts with all generations of quarks and with leptons
= stringent constraints from searches for dilepton resonances

> off-diagonal mass term 6m°Z*Z), with

> 1eQClH 2
ZSWCW

om

= constraints from electroweak precision tests




A-A couplings for consistent” model

i ' ' L
E gSM=1’ g(;\,1=025

Electroweak precision tests

Lol L L L PR T R
103 T
mpy [GeV] mpy [GeV]

» stringent constraints from EWPTs and dilepton resonance
» substantial part of parameter space inconsistent
» modified thermal expectation




Example for a ,,consistent simplified* model

DM fermion + U(l)’ gauge symmetry with Z’ mediator

L=— > Z"[lof m+ 98] = 2" [98uru + 9Dmn’] ¥

J=q,l,v

need ,,dark Higgs" S to give mass to Z’ and DM
Lo =[(0"+igs 2™8] (8, +igs Z/)S] + uz STS — A, (STS)Q +y S

Higgs mixing and kinetic mixing open new portals to SM
+AS*SHYH + xF,,, F"




Example for a ,,consistent simplified* model

assume no coupl. to leptons and equal couplings to all
quarks — U(Il)’ corresponds to baryon number

DM fermion + U(l)’ gauge symmetry with Z’ mediator

L=— > Z"[lof m+ 98] = 2" [98uru + 9Dmn’] ¥

J=q,l,v

need ,,dark Higgs" S to give mass to Z’ and DM
Lo =[(0"+igs 2™8] (8, +igs Z/)S] + uz STS — A, (STS)Q +y S

Higgs mixing and kinetic mixing open new portals to SM
+AS*SHYH + xF,,, F"




Example for a ,,consistent simplified* model

not independent for given masses:
only one dark-sector coupling

DM fermion + U(l)’ gauge symmetry Wwith™ mediator

L=- Z z"f [9}‘/% Q%MVﬂ f=Z" % (9 + 9ommar’] ¥
f=q,l,v

need ,,dark Higgs"” S to give mass to Z’ and DM
2 _
Ls=[(0"+igsZ2™S] [0, +igs Z,)S] + u2 STS — A, (S‘f S) +y.S)

Higgs mixing and kinetic mixing open new portals to SM
+AS*SHYH + xF,,, F"




Example for a ,,consistent simplified* model

assume only loop-induced kinetic mixing

DM fermion + U(l)’ gaiuge symmetry with Z’ mediator

Tian QXYuV5] J = Z' TL [QX/I%L T QSM’W&VS} Y

need ,,dark Higgs" S‘ to give mass to Z’ and DM
Ls=[(0"+igs 2™ S|[(8, +igs Z/)S] + uz STS — A, (STS)Q +y S

Higgs mixing and d(inetic mixing open new portals to SM
+AS*SHYH + xF,,, F"




Example for a ,,consistent simplified* model

Comment on anomalies:

® additional states are needed to cancel
anomalies

® gauge symmetries & vectorial Z’ coupling
imply that there is no color anomaly —

® no colored states needed
small impact on phenomenology

e.g., Diirr, Fileviez Perez, 1309.3970; Ekstedt et al., 1605.04855;
Ellis, Fairbairn, Tunney, 1 704.03850

27


http://de.arxiv.org/abs/1704.03850

Example for a ,,consistent simplified* model

® parameters of the 2MDM model:
3 masses
3 couplings

® fix one coupling by relic density

particle masses coupling constants

DM mass My dark-sector coupling ¢, or y,

7! mass m oy quark—Z" coupling dq

dark Higgs mass my Higgs mixing angle 0

28



Example for a ,,consistent simplified* model

® parameters of the 2MDM model:
3 masses
3 couplings

® fix one coupling by relic density

® impose constraints from:
- direct and indirect DM searches
- monojets, dijets, dileptons at colliders
- Higgs observables
- electroweak precision tests
- perturbative unitarity

Diirr, Kahlhofer, Schmidt-Hoberg, TS, Vogl, 1606.07609

29



global parameter scan

Dtirr, Kahlhofer, Schmidt-Hoberg, TS, Vogl, 1606.07609

m, = 100 GeV _ _ _
Red: All coupling combinations are

excluded by at least one constraint.




global parameter scan

WIMP hypothesis survives only in special corners:

Benchmark point 3

m, = 100 GeV

[ Perturbative unitarity

f my =100 GeV
- Mz =300 GeV
= ms =300 GeV

Direct detection




global parameter scan

WIMP hypothesis survives only in special corners:

m=10cev | ©® close to an s-channel
' resonance:
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global parameter scan

WIMP hypothesis survives only in special corners:

.;];

m=10cev | ©® close to an s-channel
' resonance:

xx — s/ — SM SM

ohe or both mediators

are lighter than DM —

DM lighter than Z° - »terminator™ or
| ,secluded DM

DM lighter than scalar mediato

Al il L . 3 3 3 aaal 1 L3 3 =i
102 10° 10*
ms [GeV]




Saving the WIMP by a light mediator:
Secluded DM Pospelov, Ritz,Voloshin, 2007

L=~ Z"flgfru+gin’] = 2" [gbmr + gommn’] ¢

f=q,l,v

34
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Saving the WIMP by a light mediator:
Secluded DM Pospelov, Ritz,Voloshin, 2007

L= > Z"Flggm+apnw’] £ = 2" [gpmm + gbmman’] ¢
f=q,l,v

34



Secluded DM - scalar terminator

example with scalar
mediator

my, =125 GeV, my; =2000 GeV and gp=0

Lopez-Honorez, TS,
Zupan, | 2
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Secluded DM - scalar terminator

example with scalar
mediator

my, =125 GeV, my; =2000 GeV and gp=0

dark terminator

Lopez-Honorez, TS,
Zupan, | 2

35



A potential signal from light mediators

m, = 100 GeV
® in some cases there is

hope for signals in
indirect detection
(s-channel annihilation)

| FERMI gamma
rays from dwarfs

101 Y T
10’ 102 10°

ms [GeV]




Remarks - 1

® thermally produced DM (,,WIMP™) links
DM to weak-scale physics

® cornered from direct, indirect, and collider
searches

® comparison necessarily model dependent

37



Remarks - 2

® request some minimal consistency properties
(SM gauge invariance, perturb. unitarity,...)

® considered 2-mediator DM (2MDM)
Majorana DM SM-singlet, U(1)" symmetry
s-channel vector and scalar mediator
gauge invariant, UV-complete (up to anomaly)

® confined to special corners:
either to s-channel resonance or to a ,,dark

terminator* (Mmed < Mpm)

38



Remarks - 3

® qualitative similar conclusions should hold for a
wide class of WIMP models

eX. alternative scenarios:

® DM (partially) gauged under SM
(e.g., minimal DM, well-tempered DM)

Cirelli, Fornengo, Strumi, 05;
Arkani-Hamed, Delgado, Giudice, 06;
Banerjee, Matsumoto, Mukaida, Tsai, 16

® co-annihilations Baker et al, 1510.03434
t-channel mediator: Y qrR X N Garny, Ibarra, Rydbeck, Vogl, 14

39



Conclusions
We have cornered the WIMP

The time has come
to discover it!

40



Conclusions
We have cornered the WIMP

The time has come
to discover it!

Thank you!
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Perturbative

[ unitarity violation
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m, =100 GeV 1
Perturbative 6=0.2, gg=0.25

[ unitarity violation
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Direct detection
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m, =100 GeV

Perturbative =02, g, =0.25 :
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Direct detection
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il 1 a3 sl

10! 102 103 104
ms [GeV]

il
m, =100 GeV
6=0.1,94=0.1

smaller coupl

i |
108
ms [GeV]

104




10!
)

10%¢

m, =100 GeV
[ unitarity violation
| Dijets

Monojets

Dileptons

Direct detection
EWPT

: Higgs signal
strength

Perturbative 6=0.2, g, = 0.25 :

1 AT | 2 R |
0’ 102 10°
ms [GeV]

il
m, =100 GeV
6=0.1,94=0.1

smaller coupl

L1 L "R 1 | 1 L1 131
102 103 104
ms [GeV]

F Perturbative unitarity violation

m, = 500 GeV

6=0.1,9,=0.1
L L raaal

S ST R T B A A |

| unitarity violation

Perturbative m, =100 GeV
6=0.01,g,=0.01

heavier DF

10! 102 103 10*

ms [GeV]

_tiny couplin:gs

PR A T R T |

103 10*
mg [GeV]




global parameter scan
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