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The Baryon--Dark-Matter Connection



 A primary goal of modern physics:  

Theory of Particle Interactions
+

Big Bang based on GR

Introduction & Motivation

 Contents of Universe

=⇒

compute

Composition is complex &
surprising!

Mario Livio, HSTSI

Introduction & Motivation



Reality is hard to understand

Introduction & Motivation

ΩB

ΩDM

ΩDE

{many ideas - can they be tested?

remarkable surprise - no good idea (anthropic?)

Introduction & Motivation



Matter genesis - leading ideas

Introduction & Motivation

• Dark matter

• Baryons

WIMPs:  Thermal freeze-out with scale v 

Axions:  Mis-alignment or thermal production

GUT baryogenesis - problems with cosmo

Affleck-Dine - impossible to test?

Leptogenesis - hard to test, disfavored by cosmo?

Electroweak baryogenesis - hard to implement b/c CP

Introduction & Motivation

...but see “Axion-Assisted Electroweak Baryogenesis,”  Nathaniel Craig & JMR, arXiv:1007.0019



ΩDM/ΩB � 4.86

Introduction & Motivation

Are we being misled?

Freeze-out dominates thinking about DM candidates, 
detection, and collider phenomenology 

★  

★  

Introduction & Motivation

Unrelated origin, involving very different physics, of 
baryons & DM, make it hard to understand



Introduction & Motivation

Alternative view:

similar physics underlies both       andΩB ΩDM

Baryons: U(1)B u, d, s... p stable ΩB ∝ mBηB

U(1)X X0, X1, X2... X0 stable ΩX ∝ mXηXDM:

Introduction & Motivation

(Nussinov ’85; Gelmini, Hall, Lin ’87; Barr ’91; Kaplan ‘92; Thomas ’95; Hooper, JMR, 
West ’04; explosion in last 2 yrs with work by many people, esp Zurek etal...)



Introduction & Motivation

Alternative view:

similar physics underlies both       andΩB ΩDM

Baryons: U(1)B u, d, s... p stable ΩB ∝ mBηB

U(1)X X0, X1, X2... X0 stable ΩX ∝ mXηXDM:

At some era Interactions violate B and X to yield
related values for      and ηXηB

ΩX

ΩB
=

ηX

ηB

mX

mB

Introduction & Motivation

(Nussinov ’85; Gelmini, Hall, Lin ’87; Barr ’91; Kaplan ‘92; Thomas ’95; Hooper, JMR, 
West ’04; explosion in last 2 yrs...)



!onclusion"

! Common View

WIMP DM LHC, Direct & Indirect detection

High scale leptogenesis Consistency checks; no direct probe

! Alternative View Related B and X asymmetries LOSP decays at LHC

TR

v

T

Sharing

Unspecified primordial generation

Vis Dark

T

byηX ∼ ηB Co-generationbyηX ∼ ηB

Vis Dark

T T �

Negligible primordial generation

ηX ∼ ηB by sharing ηX ∼ ηB by co-generation

Co-generation is more ambitious: attempts to explain simultaneous 
origin of B & X asymmetries (at scale ~ TeV allowing test at LHC...)

• Two general categories of theories:  “sharing” & “co-generation”

Introduction & Motivation



Introduction & Motivation

• incompatible with SUSY neutralino DM 

• alters expected LHC signals of new physics

• changes one or both direct/indirect DM detection

co-generation appears hard as requires B, X violation & 
out-of-equilibrium condition at TeV scale

Alternative view (either sharing or co-generation):

requires a new theory of calculable thermal DM production....



“Freeze-In” Production
Hall, Jedamzik, JMR, West, arXiv:0911.1120

Hall, JMR, West, arXiv:1010.0245

• X only feebly coupled to visible-sector thermal bath particles

• X never in thermal equilibrium with SM

Suppose

Vi

!o-Genera"on at #e Weak Scal$
%ia &Freeze-In'

!

Hall, Jedamzik, March-Russell, West
   arXiv:0911.1120

Hall, March-Russell, West
   arXiv:1010.0245Thermal “Freeze-In”

X never in thermal equilibrium with visible sector

Suppose

! X has a small dimensionless coupling to visible states

Visible sector 
thermal bath

λ X
T

As the universe evolves, 
a small abundance of X is produced

V

V

VV

V

YX(t) ∼ ΓV t

X X

as universe evolves, a tiny
X abundance is produced  

YX(t) ∼ ΓV t
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“Freeze-In” Production
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Comments

• FI yield is IR-dominated for renormalizable interactions

• The lightest ordinary-sector particle (LOSP) transforming 
under the X-stabilising symmetry is automatically long-lived

Y FI
X (T ) ∼ λ2 m2MPl

T 3

∆L = λXV1V2

dominant production occurs at                  
(heaviest particle in vertex)

T ∼ m

“Freeze-In” Production



Asymmetric “Freeze-In”

!haring Via A "Connec#r In$rac%on&

!

Kaplan, Luty, Zurek  arXiv:0901.4117

T

Arbitrary initial
ηXηB , ηL

1012 GeV

102 GeV

B + L

EW anomaly
breaks

Three relevant global symmetries

B, L X (no EW anomaly)

ηXηB , ηLIf unbroken, 3 asymmetries

! Problem:             no longer yields DM stability        U(1)X

supersymmetry X̃ LSP

! A “connector interaction” 
breaks a combination of B/L 

and X, such that

There is an era when only conserved U(1) is

B − L + X ηB : ηL : ηX = N1 : N2 : N3

!onclusion"

! Common View

WIMP DM LHC, Direct & Indirect detection

High scale leptogenesis Consistency checks; no direct probe

! Alternative View Related B and X asymmetries LOSP decays at LHC

TR

v

T

Sharing

Unspecified primordial generation

Vis Dark

T

byηX ∼ ηB Co-generationbyηX ∼ ηB

Vis Dark

T T �

Negligible primordial generation

A feeble “connector interaction” breaks a 
combination of B/L & X, such that

There is an era when only conserved U(1) is

ηB : ηL : ηX = N1 : N2 : N3B − L + X =⇒

Hall, JMR, West, arXiv:1010.0245



Asymmetric “Freeze-In”

• temperatures of visible and dark sectors differ (out-of-
equilibrium condition) 

• CP-violation occurs in decays (and/or scatterings) from 
visible to dark sectors 

ηB , ηL, ηX �= 0
Freeze-in production between the sectors via connector 
interaction leads to related

if



Asymmetric “Freeze-In”

One more condition:

either proton or DM not stable 

X0

If                     only relevant symmetry then depending 
on relative proton and       masses

U(1)B−L+X

Need additional (discrete) symmetry to stabilise lightest X 
- take to be R-parity in SUSY case



Asymmetric “Freeze-In”

!e LHC Signa"
!

Superpartner 
masses

observable 
sector

dark 
sector

LSP

LOSP

All susy events have two LOSP decays

LOSP LSP

Supersymmetric example

connector interaction λ� 1
W = λLHuXeg                        with chargino LOSP



Asymmetric “Freeze-In”

!e LHC Signa"
!

Superpartner 
masses

observable 
sector

dark 
sector

LSP

LOSP

All susy events have two LOSP decays

LOSP LSP

Supersymmetric example

connector interaction λ� 1
W = λLHuXeg                        with chargino LOSP{

R-parity-odd ops are precisely those that carry B/L - any will do



Asymmetric “Freeze-In”

!e LHC Signa"
!

Superpartner 
masses

observable 
sector

dark 
sector

LSP

LOSP

All susy events have two LOSP decays

LOSP LSP

Supersymmetric example

connector interaction λ� 1
W = λLHuXeg                        with chargino LOSP

linearity in X is not necessary - other choices change collider & especially DM detection signals 



Asymmetric “Freeze-In”

!symme"ic Freeze-I#

Hidden sector 
thermal bath

T �

Visible sector 
thermal bath

! Out of equilibrium because T � �= T

! B/L and X violation via connector interaction

W = λLHX

X
λ

T

eg with chargino LOSP

χ̃−

W−

χ̃0λ

λ

+

x̃ x̃
χ̃0

ν
l−

ν
! Freeze-In has an asymmetric component

ηL = ηX = εYX = εΓχ0
MPl

m2
χ0

! τLOSP ∼ ε 10−3s r
susy spectrum

EDMs

Decays of NLOSP via on shell LOSP then generate 
simultaneous L (and thus B) and X asymmetries

ηL = ηX = �YX = �Γχ0
MPl

m2
χ0

� = (loop factor)× sin φ gives fractional CP asymm in decay



Consequences

DM state can no longer be a real scalar or Majorana fermion

=⇒ if DM is the LSP it must be in the dark sector

=⇒ must append MSSM with new states and interactions
both very natural from a higher-theory perspective

Observable sector LSP (the LOSP) can be any one of 

chargino, squark, slepton, neutralino, sneutrino,...

Subject of study at Les Houches, “Physics at TeV Colliders”, summer 2011



Consequences

�   is an important parameter 

• can be correlated with/deduced from EDM and SUSY-
spectrum measurements 
• determines LOSP lifetime measurable at LHC

τLOSP ∼ 10−3� r sec!omparing "Sharing# and "Genera$on#

Prompt

Hidden sector 
X ...

Visible sector 
L,H...

λLHX

U(1)B−L U(1)B−L+X U(1)X

τLOSP

Displaced vertices

Single sector: Sharing Two sectors: Co-generation

mX =
3.2 GeV
1+NX

mX = 1.6 GeV

τLOSP ∼ ε 10−3s r

In both schemes dark sector has efficient freeze-out to remove the 
symmetric component of X

t(T ∼ v)∼ 10−11s

Note that                            so sectors don’t thermalise10−2 � � � 10−8

(work in progress, Hall, JMR, Unwin, West,...)



Consequences

Observable sector LSP (the LOSP) will decay in a B/L-violating way 

eg, chargino LOSP

χ̃−
�−

x̃

eg, slepton LOSP

x̃

�̃−
h−(∗)

eg, neutralino LOSP

x̃

ν
χ̃0

but
χ̃0
1

q

q̄

�−

νL

φX

W+

Figure 5: Sub-leading contribution to neutralino LOSP decay allowing measurement of inter-sector
coupling λ in the case of λLHX interactions.

in the detector as a R hadron. However, the spectator quarks are irrelevant to the decay,

which would amount to q̃ → jj. Statistically the jets would be identified as originating

from a high energy quark and, furthermore, interpreting one as a gluon jet would violate

angular momentum, and interpreting both as gluons would violate color.

4.3 EDMs and CP violation at a linear collider

Once the low-lying supersymmetric spectrum is known and the inter-sector coupling λ and

the DM mass mX are measured (via, respectively, measurements of the LOSP lifetime, and

dedicated studies at a precision collider experiment), then the master formulae eqns.(1.4)

and (1.1) lead to a prediction for the CP-violating asymmetry factor �. Since we assume

the low-energy SUSY spectrum to be known, this in turn leads to a prediction for the CP

phases, eg, φ1 and φ2, and therefore, baring fine-tuned cancellations, to predictions for CP

violating EDM’s and collider observables which can further confirm the asymmetric FIMP

mechanism. Even if the first two generations of squarks and sleptons are superheavy, thus

ameliorating the SUSY CP problem there are, at two loops, irreducible contributions to

EDMs arising from chargino and neutralino loops which are accessible to current and future

EDM experiments. A linear collider running on the neutralino or chargino resonances also

has the capability to measure the gaugino-higgsino sector CP-violating angles φ1,2 if they

are not too small [16], and thus completely confirm the asymmetric freeze-in mechanism.

4.4 Signatures from the X sector

As discussed in the introduction, a crucial part of our theory of matter genesis is that

the symmetric part of the DM density be efficiently annihilated away, leaving just the

irreducible asymmetric contribution. This can lead to distinctive signatures in its own

right.

For example, consider adding to the SUSY model outlined in Section 2 the superpo-

tential terms

WX−sector = λ
�
XX

c
Y +mXXX

c + λ
��
Y HuHd +mY Y

2 (4.6)

where X
c
, Y are SM-singlet chiral superfields with, respectively, Rp = −1, QX = −1 and

Rp = +1, QX = 0, and λ
�� ∼ λ � λ

�. Corresponding soft terms, including (mass)2, A

– 15 –

χ̃0

�−

x̃

q

q̄

(where we ID the quantum #s of the decaying state by earlier part of cascade chain)



Consequences

Observable sector LSP (the LOSP) will decay in a B/L-violating way 

similarly for other connector operators

eg, 

!e LHC Signa"
!

Superpartner 
masses

observable 
sector

dark 
sector

LSP

LOSP

All susy events have two LOSP decays

LOSP LSP

W =
1
M

LLEX

! LOSP could be neutral, colored, charged

! With

eg

l̃+
l+

ν

x̃

l+

x̃

ν̃

χ̃+

l+

l−
q̃

q

χ̃+ → l+l+l− x̃

! A crucial, but difficult, challenge: measure mx̃

! τLOSP largely unconstrained

τLOSP /sec

BBNwashoutηX

110−610−12

displaced vertexprompt

W =
1
M

LLEcX

W =
1
M

U cDcDcXeg, 

(χ̃±, χ̃0)→ jjj (�̃±, ν̃)→ �±jjj

much harder as involves jets in final state and must
distinguish             from             jqjq̄jgjqjqjq

by measuring LOSP mass and lifetime can determine  λ



Consequences

Crucial challenge - can we measure       ?mx̃

Since                            and ΩDM/ΩB � 4.86 ΩX

ΩB
=

ηX

ηB

mX

mB

mx̃ � 4.86mp
ηX

ηB
∼ 0.5÷ 5 GeV

depending on the computable asymmetry ratio which is SUSY-spectrum-
dependent if connector interaction involves leptons

LHC can bound, but precision of LC likely needed to confirm  



Consequences

Consequences for DM searches

• light DM ~ few GeV is strongly favoured

• “sharing” allows normal direct detection, but “co-generation” 
by asymmetric FI kills direct detection signals (but see JMR+McCullough) 

• indirect detection strongly modified - DM can’t annihilate to 
photons but can give rise to anti-B/L final states (see Hall, JMR, Unwin, West,...)



Consequences

Other generic astro signals

both sharing and co-generation generate an initially dominant 
symmetric              component(X + X̄)

must be efficiently removed - most simply by late annihilation/
decay to SM states via light X-sector states

YX + YX̄ ∼ YX − YX̄

�

=⇒ late-time energy injection (neutrinos, 
photons, hadronic all possible)

=⇒ large-scale structure, CMBR, big-bang 
nucleosynthesis signals

eg

(work in progress, Ferreira, Hall, Jedamzik, JMR, Marsh, Unwin, West,...)

Hall, JMR, West, arXiv:1010.0245
& cf Buckley arXiv:1104.1429



Conclusions

There exists an equally motivated, calculable, and 
testable mechanism of DM genesis: ‘freeze-in’

Asymmetric DM, & especially frozen-in ADM leads to 
striking collider signals and astro search opportunities

Related baryonic & DM asymmetries, either in sharing 
or co-generation regime, provides route to understand

ΩDM/ΩB � 4.86


