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Abstract: When a pair of particlesis produced close to threshold, they may form a bound state if the potential between them is attractive. Can we use
such bound states to obtain information about new colored particles at the LHC? | will discuss the relevant issues using examples from the MSSM
and other beyond the standard model scenarios.
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Bound states of pair-produced colored particles.

Examples from the MSSM.

Using signals from bound state annihilation
for getting information about the new physics

(and in which kind of scenarios this is possible].

A detailed analysis: gluinonium at the LHC

Bound states in other theories
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Pair production of colored particles in the MSSM
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Why care about bound states?

Usual signature of a pair SM particle/jet

of MSSM particles

e MISSING ENETEY

\I/_\Y_, - SM particle/jet
K_/ﬁ““u,_ SM particle/jet
- e !

T missing energy

SM particle/jet
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Usual signature of a pair SM particle/jet

of MSSM particles e MISSING ENETEY

SM particle/jet

SM particle/jet

" missing energy

SM particle/jet
Bound state annihilation

\,r" _____ < SM particle/jet
K ______
/ :

SM particle/jet
However, the following may also happen: SM particle/jet
. missing energy
\f/ﬁ\ L ______________....-- SM particle/jet
/‘\ _______ H"""‘“*-—-—-- SM particle/jet
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How to compute bound state processes

Matrix elements for bound state production or annihilation:
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Bound states
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les 1n the MSSM
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Why care about bound states?

Usual signature of a pair SM particle/jet

of MSSM particles

e MISSING ENETEY

\/—\ T.—-"” SM particle/jet
/\aﬂ_ﬂf’f:“m SM particle/jet

T missing energy

SM particle/jet

Bound state annihilation
SM particle/jet

SM particle/fjet
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How to compute bound state processes

Matrix elements for bound state production or annihilation:

><}::::: — E\/(%) k >O- )
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How to compute bound state processes

Matrix elements for bound state production or annihilation:
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A more general formalism 2 E,
|i———*—][{!|—£-jl G(x. E}—!‘} X) Err:_-}
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T = i it — 7 = :
GoE) =" |/ £ cam ('C'&* ) — = e SR
4 \1 m 2 \4 E v — v —E —genl Oy E,

For fimte width: F 3 E -

For T — 0, below threshold: Im G(0. E) = Z M| (0)]2 ®,

where &, = 2x§(5 — M2) » M, =2m — Ey/n*
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For the seneral case. see toponium [(#£) demcmstratmn.




How to compute bound state processes

Matrix elements for bound state production or annihilation:

\
S

o

A more generj

\/FZ . E—bxwll{C)\/E

T

For finite width: EF s E T

For I — 0, below threshold: Im G(0. E) Z M, |¢(0)* @

where b, =27 6(s — ‘u’ “) s M, =2m — E,/n?
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For the general case. see toponium (+f) demonstration.
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Scales 1n the problem

Binding energy: E, ~ ﬁf m
Bound state o> S S

r S e 2 2—3
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Binding fraction

In the case when narrow bound states do exist,
what fraction of all the pairs forms bound states?

Very roughly (ignoring the luminosity fall-off with energy etc.}):

bound bounel
T a (3)dv/5 o .
~ Ja — = 7w~ few %
G-r.-unt J G-Fﬂnt{ } ([\/ g L

where we used
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R

- bound/ 2\ a; vizel o dE e = 2
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2
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' X
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Gluinonium

Keung, Khare 3¢
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Kartvelisheili, Tkabladze, Chikovam. 8a

Chikovani, Kartvelishaah, Shanidze, Shaw
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Binding fraction

In the case when narrow bound states do exist,
what fraction of all the pairs forms bound states?

Very roughly (ignoring the luminosity fall-off with energy etc.}):

bound ~hound ¢ 2y 3. /2
o faetigtdys -

where we used

G4 (3) ~ == [1(0)[7 6 (v”;— En?) w(0)) = ———
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Gluinonium
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Gluino at benchmark points

mSUGRA focus pomt :D

GMSB w/ neutralino NLSP :}
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Model | m; | m; | Ep | Ey| 2T; || 2> | I
SPS 1la| 607 |400| 18 (5.3 11 0.46 | 0.018 | 0.0005
SPS 1b| 938 |[660| 25 |[T.4( 20 |0.53]0.021 | 0.0006

SPS 2 | 782 |950| 22 |6.5(0.0052 | 0.50 | 0.020 | 0.0032

SPS3 | 935 |648|125 |74 23 |[0.53/0.021 | 0.0006

SPS 4| 733 |545| 21 | 6.1 42 0.49 | 0.019 | 0.0003

SPS 5 | 722 |262| 20 | 6.1 23 10.4910.019 ] 0.0016

SPS 6 | 720 |503| 20 | 6.1 11 0.49 | 0.019 | 0.0005

SPST | 950 |807| 25|75 84 [0.53(0.021|0.0002

SPS 8 | 839 |978| 23 [6.8| 0.034 |0.51(0.020| 0.001T7

SPS 9 |1182|930| 30 |[8.8| 9.1 |0.57[0.0230.0003

300 [300] 11 | 3.1 () 0.37 | 0.015 0
Tov S0 | @a | 1L |31 0 0.35 [ 0.014| 0.019
models | 800 | 800 | 22 | 6.6 0 0.50 | 0.020 0
| 800 | oc | 22 | 6.6 0 0.50 {0.020 | 0.027
All the units in the table are GsV,

1 —> Vel

HLN
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Gluinonium signals at the LHC
mgz | m; |1.8s —gg|1.85 — tt|8s — G7 | 84 — it ||any — gg.qq | any — ¢
GeV | GeV th b fh | th b ih
300 | 300 13000 70 0 0 13000 780
300 | x 14000 0 1200 | 240 15000 240
00 | 800 38 0.28 0 | o0 38 0.28
300 | ~ 33 0 13 | 26 51 2.6
| I — ) my _ =
Lygp, X € WJ(DIG::.yG:H L ggd, X - Py iq77q
,r,r;rf} Mg
E L f:#ib‘pﬂ'duhr' {E’H “th e £ 'r'”'!' {Dn Tﬂ. J =i 5
:’}H"t’ﬁs X 1 - : Bg T;MJ T,rn_'r ffﬁ‘bgs X m - g ( }.-F bq {fj
q g

Loavg, > (Vay) (T7); T

Pythia 8: pseudoscalar Higgs and 2’ with modified couplings (ignoring color]
with 14 TeV LHC, LO MSTW2008 pdfs, SISCone jet algorithm.




Dyet channel
Signal: 1 — g9, 8s — g9, 8a — qq
Background: 99 — 99, 49 — 49, etc.
Gluino mass: 300 GeV

b, > 200 GeV & — scalar
0.14— a2

&

robabili

npp
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Gluinonium signals at the LHC
mz | m; |1.8s —gg|1.8s — tt|8a — g7 | 8a — 1T [|any — gg.q7 | any —
GeV | GeV b 19 fb th th th
300 | 300 | 13000 730 0 0 13000 T80
300 | ~ 14000 0 1200 | 240 15000 240
00 | 800 33 0.28 0o | 0 38 0.28
200 | ~c 38 0 13 | 26 51 2.6
1 _ ) m D
Logp, X — 7 0,G2, G2, Lo, X — P1iq7q
: m; el m;
prpo jabe Fa th e ”""!‘ a a\] =i 5
L::’HJ"I’HE X }”__F f[ {DHS TIH,JG‘.-_}J Crfq‘bgs X F{DEE {T }i ”? f q;’
g L |

Pythia 8: pseudoscalar Higgs and Z° with modified couplings (ignoring color]
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with 14 TeV LHC, LO MSTW2008 pdfs, SISCone jet algorithm. e




Dyet channel
Signal: 1 — g9, 8s — g9, 8a — qq
Background: 99 — 99, 49 — 49, etc.
Gluino mass: 300 GeV

0.16—

C pr> 200 GeV ¥ — scalar
u.14;3:— t | <ee- yeCtor
012 |- background |
= 0.1
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£0.08
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=
S
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R gk e
TTTI'TIH'TT’JTT'TTITTIT T

§=r 1

700 750 800 850 900

M. (GeV)
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Dijet channel
Signal: 1 — g9, 8s — 99, 8 — qq
Background: 99 — 99, 49 — 449, etc.
Gluino mass: 300 GeV

016

E pr> 200 GeV — scalar 0.09
0.14— - yector 0.08
112::?— 7] background 0.07

3 foos
3 -
ﬂ.mi—E 003
0.04— : :

&
§
g
g
8
g
g
g
g
g
g
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Dijet channel
Signal: 1 — g9, 8s — gg, 8a — qq
Background: 99 — 99, 49 — 44, etc.

Gluino mass: 800 GeV

02t pr> S00 GeV e — scalar
11.1!:L ---=- yectar
016 ] background
014
Z0.12-
E 0.1;r‘—
D.08—

8

0.04 —
0.02—

‘I%BB 1200 1400 1600 1800 2000 2200 2400
M (GeV)

3o at 10710
o _
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Will ATLAS and CMS look for our dijjets?

100 ;
- CMS NOTE 2006/070
10:
' h 95% CL
= 1' exclusion
= : 100 pb! with 1032 cm?2 s
il 1 bt with 10 cm? s
- pp — (gg) — dijets 10 fbt wath 107* cm*Z st
.01
500 1000 1500 2000 2300 3000
M (GeV)

By default, the dijet signal from light gluinonium
will suffer from prescaling at ATLAS and CMS.
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Will ATLAS and CMS look for our dyjets?

“3”:_ e S e S e rae

- CMS NOTE 2006/070

10 | :
| T~ | 95% CL
= ; " | exclusion
= B ~ i e SNEEE 100 pb! with 10°2 ecmZ ¢!
0.1 1 bl wath 107 cm?Zs?
| pp —+ (gg) — dijets 10 tbt wath 10°7* cm®? st
0.01 - : y
500 1 M) 15300 2000 2500 SO0
M (GeV)

By detfault, the dijet signal from light gluinonmuim
will suffer from prescaling at ATLAS and CMS.

Prescaling can be reduced by adjusting the triggers,
especially if the expected mass 1s known in advance.
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tft channel
Signal: 1 — tt. 8g —tt. 8 — tt Background: g9 — tt. gg — tt. ..
Top decaychannels: t =W "b—jjj, t>Wb—=("T,j

The twice-leptonic channel has 2 or more missing particles.
The twice-hadronic channel has large OCD background.

: : . M e i ATL-PHYS-PUB-2006-033
We use the semileptonic channel with £ =€ O [l G 5p:sTOP 00000

Gluino mass: 300 GeV

— scalar

--- vector
[ background
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tft channel
Signal: 1 — tf. 85 — tt. 84 — t1 Background: gg — tt., qg — tt. .
Top decaychannels: t =W b—jjj, t=>Wb—=("7,j

The twice-leptonic channel has 2 or more missing particles.

The twice-hadronic channel has large OCD background.

- - - — ATL-PHYS-PUB-2006-033
We use the semileptonic channel with ¢ =€ O [l 5pasTOP-00-000

Gluino mass: 300 GeV a.18/— scalar ‘

®
E R

robabiiny
& |
8

P
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Gluinonium vs. squarkonium

Mz = M- / - — =
______ / g—>qW qg—qx
[
- — GEW " :
9 — X449 ”EN ff; ~ (YN~ (l_ffr;r
r O ; m; 4
g~ 167 sin® By \ m; Problem 1: Squarks decay too fast.

: 4
EFTECG == ’é}\ i
| I v
T = -
L ‘{ﬁ,:
i ~
I 'u “,
AT AT mmmemm = ‘ -
18-}1—(}.2 -‘:l' 2'1: 3 1} o 1':""‘ -] - J ) =% l
I'(I — g9) = ——|v(0)|" = —aa. m; [(1 — gg)= S (@) = —aa .M
m; 4 ;-m- 31
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A second chance for the squarkonium

The lightest stop might be sufficiently long-lived.
Not generic in mSUGRA.
Yes in “compressed supersymmetry models

or models with electroweak-scale barvogenesis.

In these models, narrow stoponium will exist. el

Martm of
hartin, Younkm oo

Squarks are charged and can annihilate into V:

_______ e e T - 5
i F[ff],_;.‘,.a, S -
: = —— =~ 0.005
| Liiysge 905

_______ _:-"'m..-"""\

Stoponium signal is viable at a sufficiently large luminosity.
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No second chance for di-squarks
or squark-gluino bound states

¢;+q; — G; +4q;

3 36

2@
v 0O

)

\

® The squarks decay too fast, like we discussed for

the squarkonium.

® Di-stops and stop-gluino bound states cannot be
produced because this would require having top

Pirsa: 09120110

quarks in the proton pdis.
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Bound states with new forces

boarnd

g

For QCD bound states:

: ~ {( )
'FT{I(”-IT

Vi) =%
:

Suppose the new colored particles are charged also under
representation I of a new SU(N) with coupling constant a..
Then Ca, — Ca,+ Cray.

Example: “gluinos” that are charged also under a new group:

10% e
: CMS 100 pbt
1000 =
3 SU(4) adjomt :
I Ty = Jv 1
_ 100% E
= : SU(4) adjoint . ;
o3 ]
= N =0
s L
10E 4
E - :‘;:T
L a5
i .. 3
F luinmonnm §
SU(3) fuondamental
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Conclusions —- MSSM

Gluinonium

O Exists, if the gluino is not too heavy compared to the
lightest squark.

© The annihilation into dijets and/or tf can probably be
detected if the gluino 1s not much heavier than 300 GeV,
once the systematics of the background are under control.

Stoponium

O Can exist if the lighter stop 1s very light.

O Cannot be seen in dijet or {f channels, but can be seen in .

Other flavors D cupmnchs Squark-glhuino
of squarkonia bound states

Sdoldmlikely to exist for any MSSM spectrum (like the toponiunems
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Mass

Spectrum of the model

{EW PHYSICS Color, spin,
MODEL new forces (?)
Possible
bound states
Do bound

states exist?

Invariant mass

Cross-sections for the
various anmihilation channels.
peak
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EXPERIMENT
Angular distributions.
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Hope we'll find vou, guys ;]
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Will ATLAS and CMS look for our dijjets?

[ E :
- CMS NOTE 2006/070
10
: i 95% CL
= 1' exclusion
= : 100 pb! with 10%2 cm2 g1
il 1fb? with 105 cm?s?
: pp — (gg) — dijets 10 tb! with 107* emZ st
0.01
500 1000 1500 2000 2500 3000
M (GeV)

By default, the dijet signal from light gluinonium
will suffer from prescaling at ATLAS and CMS.
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Will ATLAS and CMS look for our dijjets?

W e e e o o e e oooe e
| CMS NOTE 2006/070
10:

T~ | 95% CL
h ' exclusion

(r (ph)

. 100 pht with 1092 cm2 st

ol 1 bt with 105 cm2st

pp — (gg) — dijets ~~ . 10 fb! with 10°* cm?2 s

0.01
500 1000 1500 2000 2500 3000

M (GeV)

By default, the dijet signal from light gluinonmum
will suffer from prescaling at ATLAS and CMS.

Prescaling can be reduced by adjusting the triggers,
especially if the expected mass 1s known in advance.
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