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FROM AXIONS TO
AXINOS



AXION ; STRONG CP problem = PQ symmetry [Peccei & Quinn 1977]
3 QQCD Bt axion a

Introduce a global U (1) p symmetry broken at f,, then 6 becomes the dynamical field a,
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AXINO couplings equal mostly to those of the axion

AXINO mass depends on SUSY breaking : free parameter
Possibility of mixed axino/axion DM depending on f_a !



AXION and AXINO MODELS

KSVZ DFSZ
[Kim ’79], [Shifman, Vainstein & Zakharov '80] [Dine, Fischler & Srednicki '81], [Zhitnitskii '80]
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While the axion/axino couplings to QCD are model

independent, the couplings to matter, quarks and leptons,
and also Higgses, are model-dependent.



AXINO EFFECTIVE COUPLING

But full computation of effective vertex:  [Bae, Choi & Im 11]
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Constant vertex only for heavy quarks/squarks !
OK for KSVZ with Mg ~ f, . Suppressed for DFSZ.



AXINO EFFECTIVE COUPLINGS

KSVZ axino effective vertex with matter:
[LC, L. Roszkowski M. Small 2002]
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i’ Couplings are generated

. QL/p === Y at one loop etfective
%%@(\ (two loop really...)
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Enhanced for heavy gluino/Wino/Bino !

Terms of order one difficult to estimate 1n effective theory...



The full two-loop computation of the axino couplings to

sleptons-lepton and quark-squarks in the hadronic axion
models has been done by [ Freitas, Steffen, Tajuddin & Wyler 09].

this 1s important for the stau NLSP decay:

4 4 2
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'(Tp — 7a) =

at leading log, where the e.m. charge and mass of the heavy

quarks are €Q,Yfaq respectively. It 1s suppressed by loop factors
and large powers of the coupling.

[t gives ~ 20% correction to the previous computation using an
effective one loop approximation [LC, L. Roszkowski, M. Small, 02]

This 1s important for computing the stau NLSP lifetime !



AXINO
DARK MATTER



AXINO CDM CONNECTION
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AXINO CDM CONNECTION
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Axinos as Cold Dark Matter
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Primordial abundance of stable massive species
[see e.g. Kolb & Turner '90]

The number density of a stable particle X in an expanding Universe is given by the Bolzmann equation

dZ’_tX + 3Hnx = (6(X + X — anything)v) (ngq — ng()

Hubble expansion Collision integral

The particles stay in thermal equilibrium until the interactions

are fast enough, then they freeze-out at xry = mx / T Relativistic
............................................................. e
: : Increasing <o, v >
defined by Theig <UAU>xf = H(zs) and that gives fig ¥ A ________
S l Non
1 relativistic
QX — anX (tnow) o W e e . . WS —
(0av), | CDM
Abundance <= Particle properties | N,
nx
Formx ~ 100 GeV a WEAK cross-section is needed !
Weakly Interacting Massive Particle ; \ : -
10 1/x 100

For weaker interactions need lighter masses HOT DM !



NLSP DECAY

[JE Kim, A Masiero, D Nanopoulos ‘84]
¢ For long lifetime [EC, JE Kim, & Roszkowski ‘99],

the NLSP decays after [J Feng et al ‘04]
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freeze-out and

R-parity is conserved Thermal equilibrium

¢ The LSP is not thermal

. Freeze—out c
¢ Other energetic :

particles are produce in
the decay: beware of v E
BBN... But the axino 1s :

much safer than the
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gravitino !



A MATTER OF LIFETIME...

Due to the suppressed couplings, the NLSP decays slowly

into an axino/gravitino and a SM particle.
Consider a Bino neutralino NLSP and R-parity conservation.

What 1s its lifetime for axino or gravitino LSP?

For an axino LSP: g _a f 2
[5' =025s(——L_) ( : >

100 GeV 101 GeV

For a gravitino LSP:

= —5H m, ~ 2
ol ot ( 7 ) ( G )
B % : 100 GeV EeeN

Quite different timescale, apart for large f_a or small
gravitino mass... Trouble for a gravitino heavier than 1 GeV !



UPPER BOUND oON f,

/ \ e
q 1016} / o ) -
Dﬂw : I CONS
TR NL P . f'; Bl \ _‘II[Dl.uul_-"‘
[ / ]|' ,r ]
[ ok
4 |
101E f‘}’““ - |
- 5 g!,.gj;:'—f_; §
E e fj**’_? = s
— f o . . /r_/'.-"
2 S
ER I
e.,_?; YHi
1“1,'5
e 5 mB = 1 1 m;:
[ Bt Ye=10.7x10"12 (mﬂfl TeV) |
0.1 (.2 0.5 1 2 0
(a) mz|[TeV]

More stringent bounds than for neutralino NLSP [H. Baer et al]



CAN THE AXINO BE
COLD DARK MATTER ?

YES, if the Universe was never hot enough
for axino to be in thermal equilibrium...

Very weakly interacting particles as the axino & gravitino
are produced even 1n this case, at least by two mechanisms

PLASMA g % NLSP DECAY

SCATTERINGS OUT OF EQUILIBRIUM

1y 2 ™M pm
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At high temperatures, the dominant gravitino production 1s
due to 2-to-2 scatterings with the gauge sector, mostly QCD:

1GeV Tr M, ¥
32 <m3/2 ) (1010 Ge\/> E (100 Gev>

(2

[Bolz, Brandenburg & Buchmuller 01],
[Pradler & Steffen 06, Rychkov & Strumia 07]

where M are the gaugino masses and ¢; ~ 0(1)

So 1n general there 1s always a bound on the reheat
temperature and such temperature has to take a specific value

in order to match the DM density. Note that the
smaller M3 /2, the smaller the temperature has to be.

Tension with thermal leptogenesis for small gravitino masses !
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AXINO CDM CONNECTION
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[LC, Hang Bae Kim, Jihn E. Kim, L.. Roszkowski]
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THERMAL PRODUCTION

[LC, Hang Bae Kim, Jihn E. Kim, L. Roszkowski]
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Similarly for the axino, but the couplings are not enhanced by

a small axino mass. A new computation by Strumia exploiting
the similarity between axino & gravitino gives:

A o 1011QeV )
o D
72 (rey) (o ) ()

| Strumia 10]

This includes a D-term contribution previously neglected and

the effect of (thermally massive) gluon decay.
This is a factor ~ 2-3 larger than [ Brandenberger & Steffen 04]
and nearly equal to our earlier one with a gluino thermal mass
introduced by hand [LC, HB Kim, JE Kim & Roszkowski 01].

Tension with thermal leptogenesis 1s stronger, even for

small axino masses | Non-thermal leptogenesis ? [Baer et al...]



REVISITING AXINO PRODUCTION

[K.Y. Choi, LC, J.E. Kim, L. Roszkowski 01]
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Do not worry: Perturbation series seems converging...



REVISITING AXINO PRODUCTION

|[E.J. Chun 11, Bae, Cho1 & Im 11]
[K.Y. Choi, LC, J.E. Kim, L. Roszkowski 01]
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REVISITING AXINO PRODUCTION

[K.Y. Choy, LC, J.E. Kim, L. Roszkowsk: 01

Choi, Covi, Kim, Roszkowski ’11 Choi, Covi, Kim, Roszkowski ’11
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f /N (GeV)

MIXED AXINO/AXION DM

[Baer et al 10]
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With mixed axion/axino DM high reheat temperature
is possible also in the PQ case for small axino mass.



GENERIC
FIMP/SUPERWIMP
SCENARIO



SUPERWIMP/FIMP PARADIGMS

Add to the BE a small decaying rate for the WIMP into a
much more weakly interacting (i.e. decaying 1) DM particle:

[Hall et al 10]

DM
produced
by WIMP
decay in
equilibrium

1 =

0.01

0.0001 |

me=100TeV
my=10 TeV —— 1
my=1TeV ——
m2=§00 GeV ——— T

| | | | |
1000 10000 100000 1e+06  1e+07  1e+08

[Feng et al 04]

SuperWIMP
DM
produced

by WIMP
decay after

freeze-out

Two mechanism naturally giving “right” DM density
depending on WIMP/DM mass & DM couplings



F/SWIMP CONNECTION

Early Universe: QC DM h?  Direct Detection:

o
WIMP O = NONE...
£

Colliders: LHC/ ILC/) Indirect Detection:
WIMP
e, q\ DM e, , W,Z,”
E q/@\ » SM O\e, q,WZ"Y
]
DM decaying DM |

3 different ways to check this hypothesis 11!



A SIMPLE WIMP/SWIMP MODEL

|G. Arcadi & LLC 1305.6587]

Consider a simple model where the Dark Matter, a Majorana

SM singlet fermion, 1s coupled to the colored sector via a
renormalizable interaction and a new colored scalar 2. :

ApWdRY + Agtihdr X’

Try to find a cosmologically interesting scenario where the

scalar particle 1s produced at the LHC and DM decays

with a lifetime observable by indirect detection.

Then the possibility would arise to measure the
parameters of the model in two ways !

— FIMP/SWIMP connection



A SIMPLE WIMP/SWIMP MODEL

[G. Arcadi & LC 1305.6587]

No symmetry 1s imposed to keep DM stable, but the decay
is required to be sufficiently suppressed. For 1My > My, -

Decay into 3 quarks via both couplings !

To avoid bounds from the antiproton flux require then

4
T
2 > N10288
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P 2
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A SIMPLE WIMP/SWIMP MODEL

Q,h? =0.11
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|G. Arcadi & LLC 1305.6587]

DM decay observable

1n indirect detection

& right abundance
& sizable BR in DM

o

But unfortunately

Y. decays outside
the detector @ LHC!

Perhaps visible
decays with a bit of
hierarchy...



FIMP/SWIMP AT LHC

At the LHC we expect to produce the heavy charged scalar ),

as long as the mass 1s not too large... In principle the particle
has two channels of decay with very long lifetimes.

Fixing the density by FIMP mechanism we have:

—1
_ my. \ =1 Q~parh? .\ —3/2
I> pv = 2.1 X 10°m gy ( / ) ( = ) ( J )

1'TeV 0.1l 100
; mMpn
Very long apart for small DM mass, 1.e. I = <=1
ms: .

Moreover imposing ID “around the corner” gives

., b RN s YL ) Qepah? 9x \3/2
s s >~ 55m ( s ) ( ;. ) ( D7 ) ( )
' gs \1TeV 10GeV 104"s % 100

At least one decay could be visible 11!
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FIMP/SWIMP & COLORED ),

[G. Arcadi, LC & F. Dradi 1408.1005]
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Practically pure FIMP production: both displaced vertices &
“stable” charged particle @ LHC possible...



FIMP/SWIMP & EW ),

10716 pp = %, ZF & mg, =400 GeV & L=300fb"" -
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|G. Arcadi, LC & F. Dradi1408.1005]
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Production at LHC is much more suppressed !

SWIMP at large x for “stable” charged particle @ LHC



Y, COMBINED DETECTION

Still possible to have

multiple detection of

- DM decay:
oy Fw — AN
- displaced vertices
ms FE, T =7 D
- metastable tracks
mx FE,SM e Y
with stopped tracks maybe

both
ES Picar IS pu

|G. Arcadi, LC & F. Dradi 1408.1005]

1077 |

Displaced vertex

L0 only

10°} Double

detection
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IU—IE _|
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[t 1s possible to over-constraint the model and check the

hypothesis of FIMP production !



GRAVITINO DM IN PMSSM

[Arbey et al. 1505.04595]

Let us consider gravitino DM with neutralino NLSP within

the RPC pMSSM with 19+1 parameters, 1.e. no unification
assumption, flavour & CP conserving SUSY breaking.

Impose all constraints from low energy, flavour observables,

LHC SUSY searches and monojets, as well as DM density and
BBN limits on neutralino NLSP...

Gravitino LSP

0.09 <2,h’<0.163

10°<0,h* < 0.163




GLUINO MASS IN PMSSM

In the generic pMSSM limits on the gluino mass are less

strong than in constrained models !
[Arbey et al 1505.04595]
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GRAVITINO VS NEUTRALINO

The neutralino compositions in the two scenarios 1s very

different and so also the LHC reach in the next run:
only half the neutralino DM points will be excluded,

while 75% of the gravitino DM points...

LUX (80% CL)

LZ

14TeV 300 fb—l-

500 1000 1500 2000 2500 3000
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[Arbey et al. 1505 04595]
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GRAVITINO DM IN PMSSM

[Arbey et al. 1505.04595]

Interplay between gravitino production and gaugino masses

very strong: high I R 7 region corresponds to light gauginos

and 1t 1s more easily tested as well as SuperWIMP region !
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GRAVITINO DM & GLUINO

[Arbey et al. 1505.04595]

Gluino mass 1s an important parameter in gravitino thermal

production: the next LHC run will probe the parameter space
compatible with classical (no-flavour) thermal leptogenesis.
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STOP NLSPs AT LHC

[L.C & F. Dradi 1403.4923]

We have for the lightest stop always relatively long lifetimes,
both for R-parity conservation or violation...

RPC: t1 LGS WG = bl G
Tz e m3/2 2
S 1
e Y (5OOGeV) (lGeV)
RPN &1 — Dbl

o) ( mg, )—1 € sin 6; ‘3
G S
e 500GeV 109

The usual searches looking for prompt decay do not apply !




LHC: LONG-LIVED STOP

Generate from the kinematic of production the stop/antistop the

distribution of the decay vertices within/without the detector
(here CMS) as a functlon of the stop lifetime.
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Neglect magnetic fields and Intervening matter...



LHC: LONG-LIVED STOP

Best strategy: combine searches for metastable particles (out)

and displaced decay vertices in tracker or pixel CMS detector.

Draw the lines for 10 events of any type to be conservative:
[LC & F. Dradi 1403.4923]
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Band 1s the +/- 1 sigma fluctuation for a Poisson distribution..



LEPTOGENESIS
WITH BROKEN
SU(2)



LEPTOGENESIS THROUGH
PMNS PHASES

[LC, Jihn E Kim, Bumseok Kyae, Soonkeon Nam '16]

Consider leptogenesis in an extended model where the

EW symmetry remains broken at high T and there 1s a new
contribution from a W diagram containing the PMNS matrix...

Contribution to CP asymmetry vanishing for vgp = 0



LEPTOGENESIS THROUGH
PMNS PHASES

[LC, Jihn E Kim, Bumseok Kyae, Soonkeon Nam '16]

For non-degenerate Higgs masses an imaginary part for
the loop remains and gives
2

Z [fi:.fj-{"irz[-f-::'jr'r) f; ”f 5 L ]] 2 [1 + In (T:::{%) ]

1 Ihj
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Im

er°(W) =

Enhanced by small W mass compared to RH neutrino mass,
not so suppressed by Amh X vgw X 1.

Even for a single real Yukawa, e.g. for the third generation, an
imaginary part remains from the PMNS phases as

2
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Direct connection between leptogenesis and low energy !



CONCLUSION



TO CONCLUDE

¢ As You probably noticed, the axino connection was quite
fruittul and I enjoyed very much the collaboration with

Jihn E. Kim, Leszek Roszkowski, Hang-Bae Kim and
Ki-Young Cho !

We contributed to establish an alternative to the WIMP
scenario, which can be realised not only in the axino case,
but more 1n general and that is now under study at LHC.

¢ Jihn E. Kim has been a pioneer in the field of particle
cosmology at the time when collider physics was dominating
the field. I learned a lot from him, not only about physics,
but especially to dare to have new 1deas and try new
directions !



TO CONCLUDE

¢ Dear Jihn E. Kim: happy birthday ! Live long and prosper

continuing to propose new scenarios 1n particle physics and

cosmology |




