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Summary

In SUSY, Gravitino LSP and Stau NLSP with a
long lifetime T > O(1) sec (especially > 1000 sec)
IS a natural choice.

- may affect the BBN!

It can be tested at the LHC!

can precisely measure the mass,
and hence the thermal relic abundance,

and if staus can be frapped,
~wsor the |ifetime can also be precisely measured !



Introduction

As we've heard so far in this workshop,.....

Charged particle X~ with Tx > O(1) sec
(QSPQCiG“y > 1000 SQC) [Catalyzed BBN, Pospelov,06]
may affect/jeopardize/help the BBN!

I discuss such a possibility in SUSY.
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before discussing SUSY, some general comments on X~ :

In general,.....
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- before discussing SUSY, some general comments on X~ :

r/' ~
- In genera,.... 4 = 0(0.1-1) x 10 ”( e )
W : 100 GeV

S thermal relic

— O0.1-1) x 1073 ( unf;”g =
eV

t hermal relic

AAVAVAE

+ weak 1nt.

—r—|%"-—

X+ X~ for scalar l J
g -
model independent, just QED! model dependent,
bl XX~ — ) = lem ( xi for f_‘fl"miﬂﬂ- ) but only O(1) effect:
m< x 2 for scalar



- before discussing SUSY, some general comments on X~ :

- “
. n v 0% S
in general,..... X = 2(0.1—-1) x 10 “( -t )
S thermal relic 100 (_'“\'
- Ny = : 3 In x
L — 0(0.1-1) x 10 ( . S
ng thermal relic 10O Gel )
'\__ )
hard to se
at the LH«(
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before discussing SUSY, some general comments on X~ :

'/" =
i b e nx
in general' """ A = 0(0.1-1) x 107 ( _! = )
S thermal relic 100 GeV
Iy . Ly I X
= X — ©0(0.1-1) x 10~3 ( ——)
ngB t hermal relic 1“” ('H\ )

k\_ _—

On the other hand, [mx =~ 100 GeV (LEP bound) J
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before discussing SUSY, some general comments on X~ :

f_ e |
in general,..... "X . L.;( m.x )
’ = 0(0.1—-1) < 10 _ .
-~ thermal relic 1“” C:{!\'
T i . i ¥ It
—t DX = 0(0.1-1) x 1073 { —=—)
np thermal relic 100 GeV.
k%_ _—
. On the other hand, [m‘\' = 100 GeV (LEP bound) j
~ N\ -
o w —13 abundance
— ny-/5 > 0(0.1-1) x 10
1 -.-i*;arr-'r-.:_d relin
— 7y < 10'sec (°Li) | 2N T
Pos W' t S F ﬂf—-dn—
\_ M.Pospelov 06 + others Y. - | N T
avrentian ‘«,,qq_‘_‘__‘__
S PT80S I aucC TIon "W reheartin 3 : 7 Page 10/95
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now lets discuss in the framework of SUSY...
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now lets discuss in the framework of SUSY...

In SUSY, a long-lived charged particle
IS realized in models with

Gravitino LSP
+
Stau NLSP

LSP = the Lightest SUSY Particle
(NLSP = the Next-to-Lightest SUSY Particle
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now lets discuss in the framework of SUSY...

In SUSY, a long-lived charged particle
IS realized in models with

Gravitino LSP  But,..
+ Why Gravitino LSP?
Stau NLSP (What is Gravitino?)
"Why Stau NLSP?
other possibility: » Why Tstau > 1 sec (or 0(1000) sec) ?

Wil degeneraie messes: ‘How natural are those choices
i i < D from particle physics viewpdint?



now lets discuss in the framework of SUSY...

In SUSY, a long-lived charged

IS realized in models with Gravitino LSP
+Stau NLSP

Gravitino LSP  But..
E Why G

Stau NLSP  *(What
" Why Sta SUSY models

Why Tstau > 1 % v Sec) ?

jith degenerate masse How natural are those choices
i from particle physics viewpgint?



What is Gravitino?
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* What is Gravitino?

quarks g@

leptons £

gauge bosons A4,

Higgs bosons H

spin

0 | - =

1

0

Standard Model
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*What is Gravitino?

—Supersymmetry (SUSY)

l spin -

quarks gq = 0 sSqQuarks g
leptons £ ; <+ () sleptons ¢

gauge bosons A, ] —> ; gauginos A
Higgs bosons H N +————» 1 higgsinos h

(1) solves the naturalness problem
(2) leads to coupling unification
(3) has dark matter candidate
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*What i1s Gravitino?

Pirsa: 08050057

—Supersymmetry (SUSY)

I spin
quarks g - -—
leptons £ E f—

2

gauge bosons A, ] —————
Higgs bosons H 0 *——e

b = b =

squarks q

sleptons £

gauginos A

higgsinos h

; x
graviton €.
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* What is Gravitino?
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Su
o Perstp

Supergravity —
—Supersymmetry (SUSY)
: spin -
leptons £ L p—— 0 sleptons ]
2
gauge bosons A, R — ; gauginos A
Higgs bosons H () +————— ; higgsinos h
: 3 o & p—
graviton e:: 2 r— - gravitino G
T

g

extremely weakly inferacting
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*What i1s Gravitino?

Compare it with Electroweak Symmetry

Electroweak symmetry
» spontaneously broken
spin

'y
Higgs
Eri—— U mechanism
1 _l
Z.W bosons

— discovered in 1983
~omomosr — establish Standard Model age 2015



*What i1s Gravitino?

Compare it with Electroweak Symmetry

Electroweak symmetry Supergravity
— spontaneously broken — spontaneously broken
spin spin
R Y
+-1
Higgs e +1/2  super—Higgs
0 mechanism mechanism
—t— —1/2
—1
—— —3/2
Z, W bosons ‘ Gravitino |
— discovered in 1983 — discovered in 20XX (?!)
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*What i1s Gravitino?

: 08050057

Compare it with Electroweak Symmetry

Electroweak symmetry
— spontaneously broken

gauge boson mMass

my = g (¢)

i

~111 ‘al= awal ™
e Lk e L ',_.,._.--.-tP. ’_]
— -

-

1
o
"

Wy

(m

Supergravity

— spontaneously broken

gmvifino mass

W= = (F)
ﬁMP E
- ’ﬂg ™ ™ ™ ala
:u: --JH-.b «.rw..r‘-*n..-r.! I._.
.’__.r'
— | - = \
SUSY breaking VEV
~  Page 22/95



Why Gravitino LSP ?
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Why Gravitino LSP ?

UR;

dr;

sleptons : ( —

— -

gauginos and higgssinos : x?, xz-i, g

gravitino : G
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Why Gravitino LSP ?

Dark Matter in SUSY

R-parify .. fo avoid too rapid baryon/lepton number violation

" Standard Model particle: A =» A )
SUSY partner particle: B = -B

L s

Interactions

B A Ay oo Forbidden>< B A, + A,
-+ +
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Why Gravitino LSP ?

Dark Matter in SUSY

In SUSY models + R-parity,
LSP (=Lightest SUSY Particle) is stable.

R-parnity + (even) R-parity — (odd)

mirsp

me —_ : LSP cannot decay!!

Pirsa: 08050057
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Why Gravitino LSP ?

Dark Matter candidates
iIn SUSY Standard Model

In SUSY Standard Model in SUGRA,.....

— sleptons : (
dr;

- =

gauginos and higgssinos : x?, xf:, g

e

gravitino : G
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Why Gravitino LSP ?

Dark Matter candidates
in SUSY Standard Model

In SUSY Standard Model in SUGRA,.....

wR;
—~ sleptons :
dr;

g™

gauginos and higgssinos : x?, xf:,

gravitino :

e

neutral and color-singlet




Why Gravitino LSP ?

Dark Matter candidates
iIn SUSY Standard Model

In SUSY Standard Model in SUGRA,.....

sleptons :

g™

gauginos and higgssinos : x?, xf:,

gravitino :

iy

neufral and color-singlet




Why Gravitino LSP ?

Dark Matter candidates
In SUSY Standard Model

In SUSY Standard Model in SUGRA,.....

squarks : ( b - sleptons :
J; @R;

- =

gauginos and higgssinos : x?, xf:,

gravitino :

—

neufral and color-singlet

OntY” Neutralino and Gravitino are viable candiddfes!



Why Gravitino LSP ?

Other SUSY particle masses = O(100 GeV)-0O(1 TeV)

Gravitino mass..... model dependent.

Gravitino mass

eV keV

S

) ) AMSE

“g"MSB mMSE
D ——
gravity-MSB




Why Gravitino LSP 7

Other SUSY particle masses = O(100 GeV)-0O(1 TeV)

oy

Gravitino mass..... model dependent.

Gravitino mass

eV keV

e ———————————————————

) ) AMSE

‘g"MSB mMSE
D ——
gravity-MSB




Why Gravitino LSP ?

Other SUSY particle masses = O(100 GeV)-0O(1 TeV)

Gravitino mass..... model dependent.

Gravitino mass

eV keV

_———
) ) AMSE
’g"MSB mMMSE
r—
gravity-MSB




Why Gravitino LSP ?

SUSY models

neutralino

gravitino
LSP LSP

others hfty-ffty?
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NLSP (Next-to-Lightest SUSY Particle)

In Gravitino LSP scenario, the NLSP is long-lived.

Q oarity =+ |(even ) R Darity — odd )
MNLSP
1 extremely weak
inferaction
Mg _LsSP
M : NLSP can decay
m-, only to Gravitino

—
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Why Stau NLSP ?
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Why Stau NLSP ?

‘I}_tRi
dr;

e

gauginos and higgssinos : x?, xii,L g

S

gravitino: G
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Why Stau NLSP ? AN
g ‘\\\
In general, from RGE, tendency is Joc \\
* M(color singlet) < M(colored) EEI“ .
gaugino
Higgsino

slepton

squarks
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B00;

Why Stau NLSP ? oo\
In general, from RGE, tendency is JD.;
e M(color singlet) < M(colored) o S

* M(weak singlet) < M(weak charged) -

gaugino

¢
\J | Higgsino

squarks
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Why Stau NLSP ?

In general, from RGE, tendency is
* M(color singlet) < M(colored)

* M(weak singlet) < M(weak charged)

e M(3rd family) < M(Ist and 2nd family) o —Ta a
T3
€. U .
e gaugino
Higgsino

squarks
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600

Why Stau NLSP ? b\

b
:9-_'"40!2 \\“\
In general, from RGE, tendency is Ead \\
* M(color singlet) < M(colored) o Ll N "
* M(weak singlet) < M(weak charged) ool —— \ﬁ
e M(3rd family) < M(Ist and 2nd family) o . .
T
gaugino
Higgsino

squarks

F81n most cases, either Stau or Neutralino is the NLSP = 1



Why Stau NLSP ?

SUSY models

gravifino

LSP
Stau NLSP

Neutralino

NLSP
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Gravitino LSP and Stau NLS

1c n natiirnl AlhAailce



® Why Tstau > 1 secC (Of‘ O(1000) SEC) ?
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Why Tstau > 1 sec (or 0(1000) sec) ?

Lifetime of Stau

e.g., for m(stau) = 200 GeV

eV keV MeV GeV
mea B e L e | e T e T i 1
pS ns HS ms Sec day

T+ 11—



Why T Gravitino Problem (for stable gravitino)
5 m'._(\k\"?\c&

Qzh*>01 ¢
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N Bt ¥ i Ll

Lifetime / ‘
10° GeV 4 (1=h” < 0.1
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" . =
AONoTher o>ide Remark

thermal leptogenesis TR > 10°GeV = mG > O(10) GeV
* =» Tstau > 1000sec. = excluded?? (uniess diluted)




Another Side Remark

thermal leptogenesis TR > 10°GeV = mG > O(10) GeV
* =>» Tstau > 1000sec. => excluded?? (uniess diluted)

e gravitino)

A solution: a small R-parity violation can help it.

A > 10 is large enough to make Tstau < 1000 sec,
A < 107 is small enough to satisfy the constraints including baryon washout,

and to make the gravitino stable, i.e. Tgravitino > Tuniverse.

-:"| saladl | - _—H. " |__._ A dalilal A - e s
Ll i it gL —l L - -

"
= =
-




" e c ' -
ENOoTher Slde = MATK

other Side Remark e gravitino)
thermal leptogenesis TR > 10°GeV = mG > O(10) GeV

* =» Tstau > 1000sec. =» excluded?? (unless diluted)

A solution: a small R-parity violation can help it.

A > 10 is large enough to make Tstau < 1000 sec,
A < 1077 is small enough to satisfy the constraints including baryon washout,

and to make the gravitino stable, i.e. Tgravitino > Tuniverse.

=0 _—_ - 4 T = A== W S A = = a1 dal el el e L ealal s ~
; L = b bk - - g | Al - - - - 7 il = - i bals

' And the gravitino DM decay can be (or has already been?!)
seen by CRs !!!
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Long-lived Staus
in the Early Universe

Pirsa: 08050057



Long-lived Staus
In the Early Universe

... as we've heard so far in this workshop.

Stau with T> O(1) sec
(QSPQCiG“y > 1000 SQC) [Catalyzed BBN, Pospelov, 06]
may affect/jeopardize/help the BBN!
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Long-lived Staus
at the LHC

Stau with T> O(1) sec
(QSPQCia“y > 1000 SeC) [Catalyzed BBN, Pospelov, 06]
may affect/jeopardize/help the BBN!
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Long-lived Staus
at the LHC

Stau with T
(especially >
may affect/]

I8)

Log, (n.

~ = T 8
[ X 1
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Long-lived Staus
at the LHC

Stau with T

I8)

Log (n,

(especially >

may affect/]
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Long-lived Staus at the LHC

Lifetime (decay length) of Stau
e.g., for m(stau) = 200 GeV

eV keV MeV GeV
ma S S —
pS ns S ms ' SecC day
TF H—+—4+— A

—+
mm m km
CT+ |——|——+—|——+—1——|——|——1——l




Lifetime (decay length) of Stau
e.g., for m(stau) = 200 GeV

eV keVl MeV GeV
mé ] I I } 5 I ] } } } t ;
pPS NS :us ms |\ Ssec day
T= H—+—+—+—+—4+—+—+
mm m ' km
CTF —

Detector Size !



Lifetime (decay length) of Stau
e.g., for m(stau) = 200 GeV

eV keV MeV GeV
"o R S —— T —
pSs ns US ms ' SecC day
TF H+ 1+ e A
mim mkm
CT+ 1+
>

Detector Size No In-flight decay



Long-lived staus @ LHC

We will see long-lived charged particle (like muon).




® momentum measurement p

We will RaiSs (time of flight) measurement T
> velocity B = L/T
=® Mass m = p/(By)

- Am. Ap At - :
—= Byt ~ 10 — 20% in each event
m; p L
v 3 ;A.._
— Am;
; =3 T .
17 %t O(1000) + — < 1%
mm =
. AY= +100% 4,
Y= OC T — ' ‘s

— i i
}" ——'.-_.i}.l'
T

can determine the relic abundance 1!




® momentum measurement p

wWe will Ralkss (time of flight) measurement T
= velocity B = L/T

’ﬁo mass m = p/(By)
% & Ams s p 9 o't £ ~ 10 — 20% in each event
- p L
'<" /3
Bt < > G

- —50% o
‘} - 3 |

can determine the relic abundance 1!

Y= OC Th:: — =




Long-lived staus @ LHC

We would like to see the decay of stau (into gravitino).

-> We need fo stop the staus.
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Long-lived staus @ LHC

We would like to see the decay of stau (into gravitino).

-> We need fo stop the staus.




Long-lived staus @ LHC

How thick the stopping material should be?

typically g.9 — x=.x°* — 7

------
........

. |
i number of events)y/bin/Sth




Long-lived staus @ LHC

How thick the stopping material should be?
typically g.9 — x=.x° — 7
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Long-lived staus @ LHC

How thick the stopping material should be?

for-100 GeVr

L — Jtypically 9.9 — x=.x° — 7

- : |' ¥ L I r w b I L | I T

;. =stau N 2
: 5m Fe

b




Long-lived staus @ LHC

How thick the stopping material should be?

g | typically 4.4 — x=.x° — +
for-100 GeV~\

> =stau S :

- om Fe £

[number of eve

If thick enouagh. part of produced staus mav be stoppecd



Long-lived staus @ LHC

Actually, the LHC detector themselves can stop part of
staus...
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Long-lived staus @ LHC

Actually, the LHC detector themselves can stop part of
staus...

However, even if we can
precisely identify the
position where the stau is
stopped and record if,.....




Long-lived staus @ LHC

Actually, the LHC detector themselves can stop par’r_of
staus...

However, even if we can
precisely identify the
position where the stau is
stopped and record if,.....

it is difficult to identify
the stau decay, which is
out-of-time and not
originating from beam
inferaction point.




stopper-detector
Assume two stoppers next to CMS.

cMs stopper-detector 5g/cm?
(total weight 8k




stopper-detector
Assume two stoppers next to CMS.

cMs stopper-detector 5g/cm?

(total weight 8k




How many staus can be stopped?

up to O(1000) stau
may be trapped!




How many staus can be stopped?

up to O(1000) stau
may be trapped!
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stopper-detector 5g/cm?
(tfotal weight 8kt)

another
experimentalis




CMS stopper-detector 5g/cm?
(total weight 8kt)

What?!
8k ton additional detectors?!
You know how expensive it is?!!

)r_

(Theorists are always T
bringing crazy ideas.....) experimentalis




et " Planck scale measurement

) _ g
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r 1 G
g
. T

Il".r ‘I:"E-'l‘ - ™~ T

consistency gt SOTIIRD
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At -If\

.
i

e Planck scale measurement

Crucial to determine the fau energy precisely.




. T ‘."

=lsaldy

s " Planck scale measurement

Crucial fo determine the fau enerqy precisely.




* eres 9 Dlanck scale measurement

Crucial fo determine the fau enerqgy precisely.







nd ~ O(%)

Y—-_F —50%
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13;}{; o 44&11%
+100% Eilld

Y- ~_50% i O(%)

abundance

thermal relic

]
6 ? Page_90/95_ 8
Loa T I[sec] Lifetime
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Summary

In SUSY, Gravitino LSP and Stau NLSP is a
natural choice.

Long-lived Stau with T > O(1) sec
(especially > 1000 sec) may affect the BBN!

It can be tested at the LHC!

can precisely measure the mass,
and hence the thermal relic abundance,

and if staus can be trapped,
~wsrthe |Ifetime can also be precisely measured !
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