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New phenomenology group
at the Vrije U. Brussel

° A 5-year GOA (Geconcentreerde Onderzoeksactie) project
on “Supersymmetric models and their signatures at the LHC”

° Ben Craps, Alexander Sevrin,Alberto Mariotti (theory)
- F 9th floor

° Catherine De Clercq, Jorgen D’Hondt (experiment)
- G.0th and Ist floor

° Fabio Maltoni (pheno) - UCL/CP3
° The main goal of the project is

° to establish a complete chain from fundamental theory to
experiment.

° to use this chain to study possible signatures of SUSY
models at the LHC.

° New phenomenology members since last fall
° Kentarou Mawatari (from U. Heidelberg) -Project leader
° Phillip Grajek (from KEK, Japan) -PD
° Bettina Oexl| (from U.Tuebingen) -PhD

° Contact to
° http://we.vub.ac.be/dntk/onderzoek/ GOAindex.htm

®  pheno@vub.ac.be
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VUB pheno activities

® Phenomenological tool oriented:
MadGraph 2010 : BSM and more

from Monday 04 October 2010 at 08:00 to Friday 08 October 2010 at 18:00 (Europe/Brussels)
atvuB

Description MadGraph team meeting of Fall 2010 for core developers and collaborators. The main focus will be on BSM lools and physics
projects (SUSY in particular).

® Theory oriented:

Vi Gauge Mediated Supersymmetry Breaking

Universitei workshop
Vv Brussel

Europe/Brussals U meaone

~ 2-3 December 2010 VUB

Supersymmetry is @ compelling candidate for beyond the Standard Model physics. With the start of the

Overview Large Hadron Collider at CERN it is crucial to study phenomenological signatures of supersymmetry
breaking at low scale. In this context gauge mediated supersymmetry breaking has recently been the

Timetable subject of renewed interest and important developments.

Registration This workshop will bring together experts in the field, with the aim of stimulating discussions and ideas in

. is f a.
.. Registration Form this fast developing area

List of registrants

List of confirmed speakers:
Accommodation

Steven Abel, Matthew Buican, Matthew Dolan, Emilian Dudas, Gabriele Ferretti, Mark Goodsell, Zohar
How to reach the VUB Komargodski, Kentarou Mawatari, Moritz McGarrie, Andrea Romanino.
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Qutlines

® Gravitino

- What is a gravitino!?
- Mass of the gravitino
® Phenomenology with MG/ME

- HELAS and MadGraph/MadEvent
with gravitino/goldstinos

- The gravitino-goldstino equivalence

® at Colliders

- Collider signatures for a gravitino LSP
with gluino NLSP, neutralino NLSP, slepton NLSP, ...
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Gravitinos

® spin-3/2 superpartners of gravitons in local
supersymmetric extensions to the Standard
Model (Supergravity).

e |f SUSY breaks spontaneously, gravitinos
absorb massless spin-1/2 goldstinos and
by the super-Higgs
mechanism.
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Massive gravitinos

SU2)xU(I) gauge symmetry

B spontaneously broken

(spin)

-+

-- 0 (Goldstone boson)

Higgs mechanism
(W, Z bosons)

B discovered in 1983

B cstablished the EVV theory

® |ocal supersymmetry

B spontaneously broken
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1. +3/2
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(Goldstino)

- - 1/2

super-Higgs mechanism

t-- -3/2 (Massive gravitinos)

= discover in 2017 (2?)
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® Local supersymmetry

B spontaneously broken
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Massive gravitinos
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Mass of the gravitino

® related to the SUSY breaking scale as well
as the Planck scale

'7713/2 ~ (ﬂ'[SUSY)Q/A[PI

® This implies that the gravitino can take a
wide range of mass, depending on the SUSY
breaking scale, from eV up to scales beyond
TeV, and provide in
particle physics as well as in cosmology.




Cosmological constrains
for the LSP gravitino

® The next-to-lightest SUSY particles (NLSP) may affect the big-ban
nucleosynthesis (BBN) if their lifetimes are longer than ~0.1 sec.

® The lifetime of the NLSP is approximately proportional to (msn2)2.

Kawasaki, Kohri, Moroi, Yotsunagi, PRD(2008)
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Collider phenomenology
for a gravitino LSP

® The low-scale SUSY breaking can naturally happen in gauge-
mediated SUSY breaking scenarios, where
and can play an important role even for
collider signatures.

= In the minimal model of gauge mediation, the lightest
neutralino and the lighter stau are often the NLSP.

- A chargino, sneutrino, gluino, and squark can also be
NLSP in, e.g., general gauge mediation models, split SUSY
models, ...
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HELAS and MadGraph/MadEvent
with gravitinos/goldstinos

® Although the gravitino can play an important role even in collider

sighatures when it is the LSP, there is few Monte Carlo event generators
which can treat them.

® “HELAS and MadGraph with spin-3/2 particles (gravitinos)”

K. Hagiwara (KEK), K. Mawatari (VUB), Y. Takaesu (KEK); EPJC71(201 I) [arXiv:
1010.4255]

® “HELAS and MadGraph with goldstinos”

K. Mawatari (VUB),Y. Takaesu (KEK); appear in EPJC [arXiv:1 101.1289]

P We added new HELAS fortran subroutines for massive spin-3/2
gravitinos and goldstinos and their interactions, and implemented them
into MadGraph/MadEvent (MG/ME) so that arbitrary amplitudes with
external gravitinos/goldstinos can be generated automatically.

p MG/ME v4,5 supports spin-0, 1/2, |, and 2.
[HELAS and MG/ME w/ spin-2 particles by Hagiwara, Kanzaki, Q.Li, KM, EPJC(2008)]

|0
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The effective interaction Lagrangian
relevant to the gravitino phenomenology

® The effective interaction Lagrangian:
2 TV i (7| *
Yy Y P (Dy o
— fiPrY"y ¢y (D, ¢1) |
; B

_ b WY APIAR )\ (@a p(a)a

/
- | he covariant derivative:

D, =0, +igT3 A, +igTa Wy +ig'Y By

Cint —

- The field-strength tensors for each gauge group:

F)* = 0,A% — 9,A% — g, f§*° AL AS,

F2*=0,W} —0,W¢ — gfs"WoWg,

l)a __ £ £
F{)*=08,B,—0,B,,
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The effective interaction Lagrangian
relevant to the gravitino phenomenology

® The effective interaction Lagrangian:
r : A
7} — . .

L — _ d’ V ,.upoz D Oz *

Int ﬂﬂjpl[‘u’) 8 ( 1 L)
- fz'Pm'“v'”di’u (D, 1))

B AP A F(a)ﬂ

- The covariant derivative:
D, =0, +igT3 A, +igTa Wy +ig'Y By

- The field-strength tensors for each gauge group:

3)a a a a a abe 4b sc
F{)* = 0,A% — 9,A% — go f§" A} A

F2* = 0,W —0,W¢ — gfs"WoWy,

Fé},ﬂ =0,B, —9,B,.
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The effective interaction Lagrangian
for a goldstino

® |In the high energy limit E>>m3, the spin-3/2 gravitino field
can be replaced by the spin-1/2 goldstino as

"l‘,:".-’l_t ~ 2/3 0/_511,:".’/772;3/2
® The effective interaction Lagrangian in non-derivative form:

C i(mg: —m7:) pPpfH(0%)* — fiPri ¢}

int = VPLf (o) — [*PRr ¢

e \/§A[P] 77'2,-3/2 [ L L L ]
m) _

_ - DlAH. Y /\(a)aF(g)a
4\/6 ﬂ'[P] 7’713/2 | [ . ] a3

- The - f-¢-A,, vertex is absent.

- The couplings are proportional to the mass splitting
inside the supermultiplet.

- The couplings are inversely proportional to the SUSY-
breaking scale through the gravitino mass

mge = (F)/ V3 Mp
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The effective interaction Lagrangian
for a goldstino

® |In the high energy limit E>>m3, the spin-3/2 gravitino field
can be replaced by the spin-1/2 goldstino as

Vp ~ \/2/30,0/ms ), s ™

® The effective interaction Lagrangian in non-derivative form: N

o _fimg —mi) fi(d)" — fiPri) ] /
int VPLf (oL)" — [*PrY &) 4
' WI\[PI 772,3/2 [ L L R L ] L )

m ) Tk vy (a)a pn(a)a
S NN CLT A
4\/6 l\’[P] 7’72..3/2 | [ it ] a

- The ¥-f-¢-A, vertex is absent.

B

- The couplings are proportional to the mass splitting
inside the supermultiplet.

- The couplings are inversely proportional to the SUSY-
breaking scale through the gravitino mass

mg/e = (F)/ V3 Mp
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The effective interaction Lagrangian

for a goldstino

® |In the high energy limit E>>m3, the spin-3/2 gravitino field
can be replaced by the spin-1/2 goldstino as

’lr."'.?ﬂ ~ 2/_)) f)uulv/'n'z;;/g

® The effective interaction Lagrangian in non-derivative form:

_p( mii - 77’2%,;)

Lime =727 YPLf (L) — fiPrY ¢

' L\/gf\f[pl '7723/2 [ L L ]
- =~ DYy AN,
[ 4/6 M p; ms /o Jehl L j

- The ¥-f-¢-A, vertex is absent.

- The couplings are proportional to the mass splitting
inside the supermultiplet.

- The couplings are inversely proportional to the SUSY-
breaking scale through the gravitino mass

mayy = (F)/V3 Mpi

gid
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Checking our codes
by the goldstino equivalence theorem

® MG/ME w/ gravitinos e MG/ME w/ goldstinos
[arXiv:1010.4255] [arXiv:1 101.1289]
Diagrams by MadGraph ug->ulgro Diagrams by MadGraph ug->ulgid

graph 1 graph 2 graph 1 graph 2

graph 3 graph 4 graph 3
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The gravitino-goldstino equivalence

10° T T T | T T T [ T L | T T T | T T 3
. o 10 o [T [ [T 3
q+g > gluino+gravitino :
107 B 107 E
g —— gravitino -
- —---—- longitudinal gravitino 10 -
29 g0
10 E - fransverse gravitino E
F\ ———-- goldstino 24 ;
L - 10~ .
R 30
g 107 F =
- - 230 3
. 10 -
10! = 10° 3
10-32 E— _g
: B
1 | | | 1
= ST SO
2k .
= SO boseee OO .
i - -
O : 1 [ | | 1 q-
0 200 400 600 800 1000

gravitino mass [GeV]

at V3 = 2 TeV and cosf = 0.5 as a function of the gravitino
mass, where the squark and gluino masses are fixed at 1 TeV.

The ratios of the squared matrix elements are also shown.

| 4

In the region of the small
gravitino mass, or in the
high energy region, both
amplitudes agree well each
other.

The longitudinal modes (or
the goldstino) become
dominant in the high energy
region, while the
contributions from the
transverse modes do not
depend on the energy.

The squared matrix
elements are proportional
to (msn)™.
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Collider signatures
for a gravitino LSP

|. Gluino NLSP

2. Neutralino NLSP
3. Slepton NLSP

4. Stau NLSP

5. ...




Olagrams by MaoGeaph gg->gogd

_ 3

-

1
r - L. -
-~ - 5?\? el
?’(8}&' ~ ga N ’h}b ~ 0

|.Gluino NLSP | |

® |f gluinos are the NLSP and light
enough, those productions can be
explored in the early LHC data as
well as in the Tevatron.

® Associated gravitino productions
with a gluino (or a squark) lead to
characteristic signals of monojet
plus missing energy when a
produced gluino (squark) promptly
decays into a gluon (quark) and a
LSP gravitino.

pp — GG — gGG = jet +F

*The associated productions for SPS7 and 8

studied by Klasen and Pignor (2007)

|6
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Associated gravitino productions with a gluino

10” = ! T T T | T T T T T T T I -

- KM, Takaesu [1101.1289] my, = 102 Gev 7

L s — 88 |

ol SN e 4 g = 15 TeV)

CONL N, e qq(m_ = 2mghmo) .

10 E

= - ' -

& B —

© T (.. LHC-7TeV .

10" E - .

107 ~
10°

0 500 1000 1500
gluino mass [GeV]

Fig. 3. Total cross sections of each subprocess of associ-
ated gravitino productions with a gluino, pp/pp — §G, at
the Tevatron-1.96TeV/LHC-7TTeV for mas; = 107'° GeV as
a function of the gluino mass. The squark masses are fixed at
1.5 TeV (dashed) and 2mj; (dotted) for the gg subprocesses,
where the cross section in the I'; | -~ > mg/2 region is shown
with a thin dotted line.

Friday 6 May 2011



Associated gravitino productions with a gluino

lo- E I I I I I I I I 1 I 1 I I I E
F KM, Takaesu [1101.1289] my, =102 Gev ® The cross sections of all the
! ” . subprocesses scale with (ms;)~.
N e QG (m =15 TeV)
: . coeeee QIO =2m ) B The lighter gravitinos enhance the
R N - monojet signals, which can be
o’ — : :
10" £ 8 interpreted as the direct lower bound
=) - - . .
e ’ for the gravitino mass.
° T Vo LHCGTTeV ] (Note that the dijet signals produced
107E E through gluino-pair productions do not
5 . depend on the gravitino mass.)
10-2 = =
l0-3 A
0 500 1000 1500

gluino mass [GeV]

Fig. 3. 'Total cross sections of each subprocess of associ-
ated gravitino productions with a gluino, pp/pp — §G, at
the Tevatron-1.96TeV /LHC-7TTeV for mg/y = 107" GeV as
a function of the gluino mass. The squark masses are fixed at
1.5 TeV (dashed) and 2mj; (dotted) for the gg subprocesses,
where the cross section in the I'; | -~ > mg/2 region is shown
with a thin dotted line.
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Associated gravitino productions with a gluino

I I I I l 1 1 1 1 ] 1 ] ] ]

KM, Takaesu [ 101.1289] my, = 102 Gev

® The cross sections of all the
subprocesses scale with (msz/)~.

T TTThT
L L L1l

RS — 88
AN ———— qq (msqwk: 15TeV)

. oeeee QG Om = 2m ) B The lighter gravitinos enhance the

N monojet signals, which can be
interpreted as the direct lower bound
for the gravitino mass.

(Note that the dijet signals produced
through gluino-pair productions do not
depend on the gravitino mass.)

T Illllll
7/
|- lllllll

T llllllll
1 llllllll

o [pb]
T 171 llllll

. lllllll

|

10”
® The t- and u- channel squark masses are

quite sensitive to the cross section, and
' the heavier squark exchange increases
500 1000 1500 :

> > the cross section because

gluino mass [GeV] 5
xXm g

T lllIll
L4

Fig. 3. Total cross sections of each subprocess of associ- g Gqq
ated gravitino productions with a gluino, pp/pp — ¢G, at

the Tevatron-1.96TeV/LHC-7TTeV for mas; = 107'° GeV as B The cross section of the quar channel

a function of the gluino mass. The squark masses are fixed at
1.5 TeV (dashed) and 2mj; (dotted) for the gg subprocesses, can be Iarger than that of the &8 channel

where the cross section in the I's .6 > mg/2 region is shown even for the LHC.
with a thin dotted line.
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Associated gravitino productions with a squark
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Fig. 4. Total cross sections of associated gravitino productions
with a squark, pp/pp — GG, at the Tevatron-1.96TeV/LHC-
7TeV for mg/p = 107 GeV as a function of the squark mass.
The gluino masses are fixed at 1.5 TeV (dashed) and 2mg (dot-
ted), where the cross section in the I';_, 5 > mg/2 region is
shown with a thin dotted line.
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Diagrams by MadGraph ug->ulgld

graph 2

graph 3

Similar to the gluino
productions, the heavy
gluino increases the cross
section.

Friday 6 May 2011



Fayet (1986)
Lopez, Nanopoulos, Zichichi (1996)

2.1 Neutralino NLSP (mono-photon)

Dsagrams by MadGraph e-e+->nl gro

_ A1 A2 . A3 ~ A\
1 3 1 3 M + M I 2 =
\/m/ \"\/'m/ € (p1’2)+e (p2’2) X‘(m’2)+G(p4’2)
éel éer Mx\,)\a)w = M5 + M + MU with A = A1 = — X9
M EOTE L g, —Apuen, N
= — — v s u )
Adsra T N Tpima s S 2 T u\P1
X @(pa, M) [Py + P Yulv(p3, A3),
_ V2e Cf:* mgA 1
V3 Mpymgo t — mz,
x @(p3, Az)u(p1, A) 0(p2, —A)v(pa, Ad),
- QeCfEmg,\ 1
ﬁﬁplma/z U= ""%A
X @(pa, Aa)u(p1, A) 0(p2, —A)v(ps, As),

S

Eel %er Cs ZCY CZ
§ § A T s—mzz-l—z'mzl“zg'\
- N1 - N1 C7 = Uy cos Oy + Uaq sin Oy,
2 3 2 3
oraen 9 geen C% = —Uyy sin Oy + Usj cos O,
+ _— ~0 ~0~0 i i i
ete” — xX1G —vxixi > v +F Cf=Ti—2 Lyl
sin Gy cos Ow
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Relicity amplitudes

—e
Maiaaan, = 3SMAAA
AzAg \/g]\f[plmg/g \/— 34 KM, Oexl, Takaesu
A A3\ M? Mt MY
2 m2
e ¥al €+ é
+ xF (1 + cosf) o Ot — Cs
2 2
+ F+ | —(1—cosé) X0y +—2-C%
' s — % t—"m% +
2
my . 'S €+ Ye
+ ++ iT’S‘ sin @ 1 +- gi il
2
- mé ~
+ FF =X sin # i = _C%
Vs - u—m?, +

Table 1. The reduced helicity amplitudes M A Az), fOT €y TeT Ty {-? Aa Gy "

The overall angular dependence is dictated by the |J=1 d-function as

1
M aarg X dy (x,—x,)/2(0)
The t- and u-amplitudes become dominant as the selectron mass increases.

The cross sections for A3=A4 are very small.

20
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Total cross sections (the collision energy)

m 1 | I I | I 1 I I ] | I ] | I
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© ] oun 1 l
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Fig. 2. Total cross sections of associated gravitino produc-
tions with a_ bino-/wino-like neutralino in e*e™ collisions,
ete” — )2(1)(7, for mg;e = 10~!* GeV as a function of the
collision energy. The neutralino and selectron masses are fixed
at 300 GeV and 800 GeV, respectively. The threshold region is
enlarged and the hypothetical dependence o ~ 8 and 3° with
the same cofficient is also shown.

21

The initial-helicity (A\)
dependent cross section

A3 .4
| he cross section scales with

(m3p)2.

The threshold excitation is
o~

The ratio of the polarized and

unpolarized cross sections is

roughly given by
0+

2Uunpol |Ci |2 +

— neutralino mixing

22
CE P2
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Total cross sections (the neutralino mass)
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Fig. 3. Total cross sections of e"e” — )2(1)(3' at /s = 500
GeV and 1 TeV for mg/n = 10~!® GeV as a function of the

neutralino mass. The selectron masses are fixed at 400 (solid),

800 (dashed) and 1200 (dotted) GeV, respectively.
22

® The cross sections are
strongly suppressed as
the neutralino mass is
approaching the collider
energy.

® The cross sections are
quite sensitive to the
selectron masses, even
if the collider energy
cannot reach them.
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Angular distributions
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Fig. 4. Normalized angular distributions of neutralinos in
ete” — Y1G at /s = 500 GeV (left) and 1 TeV (right) for
Mgo = 300 GeV, where the selectron masses are taken to be

400, 800 and 1200 GeV.
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® Not only the
cross section but
also the angular
distribution is
sensitive to the
selectron masses.
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Single-photon + missing energy

o [fb] (P.-,FP.+)= (0,0) (0.9,0) (0.9,-0.6)

Vs =500 GeV  m; = 400 GeV 15 23 37
800 GeV 48 75 119

1200 GeV 64 100 159

SM background 1592 178 94

vs=1TeV mz = 400 GeV 72 112 177
800 GeV 320 494 785

1200 GeV 642 1002 1582

SM background 1443 149 65

Table 2. Cross sections in fb for the signal ete™ — ¥1G — vGG, assuming B(x; — +G) = 1, with mg = 10 13 GeV and
mgo = 300 GeV and for the SM background ete” — vy at /s = 500 GeV and 1 TeV, with different beam polarizations. The
minimal cuts in (19) and the Z-peak cut in (20) are taken into account.

® The kinematical cuts:

S — 7712Z

25

E, >003s |p]<2 (19 E, < — 51"y, (20)

® The cross section with beam polarizations:

1+ P X1 — P\
O'(Pe-,Pe+)=22( 5 )( 2+ )UA
A

® VVith beam polarizations, the signal is enhanced, while the background
coming from the t-channel W-exchange can be reduced.

24
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Mono-photon distributions (energy)
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i " i ® The neutralino decays
i —— m;=400GeV | B il .
I S m_=800GeV | N i into a photon and a
| e M= 1200 GeV | .. . .

001 ! - rid ) gravitino Is Isotropic In

i the neutralino rest frame.

Liniwemcrmer="

® The range of the energy is
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v Y X < F o< X2
Fig. 5. Normalized photon energy distributions in e"e”™ — 2\/§ 2
XiG — YGG at /s = 500 GeV (left) and 1 TeV (right) for
mgo = 300 GeV, where mz = 400 (solid), 800 (dashed) and — neutralino mass

1200 (dotted) GeV, respectively, with all the kinematical cuts
and the beam polarizations as table 2. Those of the SM back-
ground are also shown by dot-dashed lines.
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2. | Neutralino NLSP (mono-photon)

® Single photon + missing energy at LEP

) The cross section proportional to (m3n)2. EP|C38(2005)395

2 14[ DELPHI I DELPHI
; 0 HPC+FEMC acceptance : % 4 Bmo, Vs=180-209 GeV
8 12 Vs = 180-209 GeV 2 10 ——— Obtained limit (m, =150 GeVic)
o0 [ . == Obtained limit g £ e Expected limit (m, = 150 GeVic?)
= F \ ........ Expected limit ; * e Obtained limit (m, =75 GeVie)
o : : N
[ B E‘ _5 .......
2 osf 1o}
& o
S 10l Excluded

T T |~|\":‘-‘1"1-L ~__ 1 10 .7. PO TR G SRS U TRRS NN AN SRS TR AR SRS TR TR SO DN N DR DU U SRR W S O 1

- 80 100 120 140 160 180 200

0 [ 4
80 100 120 140 160 180 200
%0 mass (GeV/c?)

Flgure 9: a) Upper limit at 95% C.L. on the cross-sectlon at /s =208 GeV of the process
ete” — G — GGy as a function of the x; mass. The predicted cross-sections under
the assumptlon that the neutralino is a Bino or as described by the LNZ-model are also
shown for mz = 1 x 107 eV/c?. b), ¢) Exclusion plots in the M =M mass plane.
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%2 mass (GeV/c?)
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2. | Neutralino NLSP (mono-photon)

® Single photon + missing energy at LEP

) The cross section proportional to (m3n)2. EP|C38(2005)395
£ 14f? DELPHI 1 S ) ~ DELPHI
> i HPC+FEMC acceptance : @ A Bino, Vs=180-209 GeV
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Flgure 9: a) Upper limit at 95% C.L. on the cross—sectlon at /s =208 GeV of the process ~ #7 Lo
1.09- 107 eV /c?)
ete — GY) — GG~ as a function of the ) mass. The predicted cross-sections under 3 mG > ev/Cc g

the assurnptlon that the neutralino is a Bino or as described by the LNZ-model are also Fl > 9214 GeV -

~5 eV/c?. b), ¢) Exclusion plots in the M -G Mass plane.
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2.2 Neutralino NLSP (di-photon)

® Two-photon + missing energy at LEP

100:, T T [ T T T T [ T T T T 2 0 ErT—r-T 1 ———————— T
- - : :
- Hagiwara, KM, Takaesu — m =75GeV 1 . Ambrosanio, Kane, Kribs, -|_ ]
[ arXiv:10104255 m —90GeV Martin, Mrenna, PRD(1996) 1
. .
= 100 F
e -
O -
0 L
§ -
3 10” =
ol ..nAl‘l..l..l'.:..‘ i
- &0 &80 100 120 140
i M, e [GEV]
3
10 - -
0 50 100 150 S S : :
M, .. [GeV] FIG. 16. Distibution of the mussing invariant mass i yyE
mwvisi

events at LEP with \s=190 GeV. Angular and photon energy cuts
Fig. 4. Missing invariant mass distributions for ete™ — have been applied as described 1n the text. The lighter solid line 1s
YIx) = GG at /s = 190 GeV. The cases for the neutralino the remamning total background (56 fb) for all three neutrino spe-
mass my, = 75 and 90 GeV are shown as a solid and dashed cies. The signals for m§1=75 and 90 GeV are the solid and dashed
line, respectively, with the normalized cross section after kine- lines, respectively, with an arbitrary choice of 50 fb for the signal
matical cuts of (121). before cuts m each case.
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2.2 Neutralino NLSP (di-photon)

® Two-photon + missing energy at LEP

Hagiwara, KM, Takaesu
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2.2 Neutralino NLSP (di-photon)

® Two-photon + missing energy at LEP

p The cross section does not depend on ms2.
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2.3 Neutralino NLSP (di-photon) at LHC

Search for Supersymmetry in pp Collisions at /s =7 TeV in
Events with Two Photons and Missing Transverse Energy

The CMS Collaboration*

Abstract

A search for supersymmetry in the context of general gauge-mediated (GGM)
breaking with the lightest neutralino as the next-to-lightest supersymmetric particle
and the gravitino as the hghtest is presented. The data sample corresponds to an
integrated luminosity of 36 pb~! recorded by the CMS experiment at the LHC. The
search is performed using events containing two or more isolated photons, at least
one hadronic jet, and significant missing transverse energy. No excess of events
at high missing transverse energy is observed. Upper limits on the signal cross
section for GGM supersymmetry between 0.3 and 1.1 pb at the 95% confidence level
are determined for a range of squark, gluino, and neutralino masses, excluding
supersymmetry parameter space that was inaccessible to previous experiments.

1103.0953v1 [hep-ex] 4 Mar 2011
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2.3 Neutralino NLSP

2 U T T T T T - -
Qc) 10° CMS . Data - yy >
> 36 pb1 ) 8
- 0 s=7Tev /% TotalBG(QCDshapefromz) o
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@ .
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£ 10° " -
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%
107k ///
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Figure 1: ET"* distribution for 7y data compared with backgrounds and a possible GGM SUSY
signal. The solid circles with error bars represent the data. The double-hatched blue band
represents the contribution of the electroweak background. The single-hatched red band shows
the sum of the electroweak background with the QCD ET"™* prediction obtained from the Z —
ee sample. The widths of the bands correspond to the sum of the statistical and systematic
uncertainties on the backgrounds. The prediction of the GGM SUSY sample point described in
the text is shown in the plot as the solid line histogram.

32

(di-photon) at LHC
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Figure 4: Lower 95% CL exclusion limits on the squark (§) and gluino () masses in the GGM
benchmark model for 50, 150, and 500 GeV neutralino (x‘l’) masses. The areas below and to
the left of the lines are excluded. The expected exclusion limit for 150 GeV neutralino mass is
shown by the dashed line. The shaded band represents 1 standard deviation of theoretical
uncertainty on the GGM cross section.
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3.1 Selectron NLSP (mono-electron)

graph 3

graph 5
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Total cross sections

with P(hoton)DF

ole Y— ¢ G) [fb]

mz=10" GeV
m_= 300 GeV
mi =800 GeV

ole y— ¢ G) [fb]
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Fig. 8. The distribution functions of the Compton backward
scattered photons for different electron beam polarizations.

] 1 1 1 I I I I I I ] I ] ] 1 1

mz=10""GeV i
mi =400 GeV -
——— mi = 800 GeV —

ms = 1200 GeV =

Friday 6 May 2011



Single-electron + missing energy

d [fb] (Pe-,Py)=_(0,0) (0.9,0)
VSee = 500 GeV  my = 400 GeV 5 9
800 GeV 9 16

1200 GeV 10 18

SM background 2594 284

VSee =1 TeV my = 400 GeV 58 110
800 GeV 152 289

1200 GeV 220 416

SM background 2796 290

Table 4. Cross sections in fb for the signal e”y — (3_}"2(:,' — e~ GG, assuming B(ér — eG) = 1, with mga = 107" GeV
and mgz, = 300 GeV and for the SM background e” v — e vv at (/see = 500 GeV and 1 TeV, with different electron beam
polarizations. The minimal cuts in (29) and the Z-peak cut in (30) are taken into account.
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Mono-electron distributions (angle)
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Fig. 13. The same as fig. 12, but for the electron angular

Fig. 11. Angular distributions of selectrons for the process .7 .~ . . -
ey — e at /5 = 455 (left) and 910 (right) GeV in the distributions in the e” e~ laboratory frame.
CM frame of the e« collisions, with ma;e = 107 GeV and

mz,, = 300 GeV. The neutralino masses are taken to be 400

(top), 800 (middle) and 1200 (bottom) GeV, respectively.
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4. Stau NLSP

Buchmuller; Hamaguchi,
Ratz, Yanagida, PLB(2004)

® Radiative stau decays to study the spin-3/2 nature
of the gravitino
Tp — T é”y VS. Tp =T {? 9

® Photon polarization by means of Stokes
parameters

dpx 1 > dl
, / _ = l pl 2 . £ suim
dE~ dcost 2 ( " ; 7 ) A/\’ dE. dcosf

® The photon density matrix

1
dpn = ZM)\MK, dds

2ms
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* Generated by MG/ME with gravitinos.
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Stokes parameters

P3: the right-left asymmetry
of circular polarizations;
P3=1: right-handed
P3=-1: left-handed

Hagiwara, KM, Takaesu’
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Fig. 3. Angular dependence of the Stokes parameters of the
radiated photon for the 7 decay process, 7 — TGy (a) and
TR — TXY (b), where 8 is the decay angle between the photon
and the tau-lepton. We set ms = 150 GeV, mrsp = 75 GeV
and E, = 40 GeV.

39

'spin-3/2 vs. spin-1/2

cosB0>0: the photon
bremsstrahlung is dominant,
and only 1/2 helicities of the
gravitino are allowed.

cos0<0: the neutralino
propagating amplitudes and
the 4-point interaction
amplitude become important.

cosO~-1:The left-handed
photon is only allowed for

spin-3/2 LSP, i.e. gravitino.
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P3=-1: left-handed

Hagiwara, KM, Takaesu’
arXivi 1010.425

| 1 | l 1 | 1 | l 1 1 1 |

(a) gravitino LSP
———- (b) neutralino LSP

1 1 1

-1 1

05 0
cosB

05

1

Fig. 3. Angular dependence of the Stokes parameters of the
radiated photon for the 7 decay process, 7 — TGy (a) and
TR — TXY (b), where 8 is the decay angle between the photon
and the tau-lepton. We set ms = 150 GeV, mrsp = 75 GeV
and E, = 40 GeV.
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'spin-3/2 vs. spin-1/2

cosB0>0: the photon
bremsstrahlung is dominant,
and only 1/2 helicities of the
gravitino are allowed.

cos0<0: the neutralino
propagating amplitudes and
the 4-point interaction
amplitude become important.

cosO~-1:The left-handed
photon is only allowed for

spin-3/2 LSP, i.e. gravitino.
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Summary

® Gravitinos can provide rich phenomenology in particle physics as well as in
cosmology, and especially play an important role in collider signatures when
it is the LSP. The phenomenology really depends on what is the NLSP.

® We (Hagiwara, KM, Takaesu [1010.4255], KM, Takaesu [ 101.1289])

- added new HELAS fortran subroutines to calculate helicity amplitudes
with massive gravitinos/goldstinos.

- coded them in such a way that arbitrary amplitudes with external

gravitinos/goldstinos can be generated automatically by MadGraph.
(Our implementation was officially supported by MG/MEv4.5, and will be available in
MGS5 soon.)

- tested our codes carefully by using the goldstino equivalence theorem
as well as the gauge invariance.

® We just started to enjoy “gravitino phenomenology at the LHC” !
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Wavefunction of
a spin-3/2 particle

Yy (p, +3/2) = €(p, +) u(p, +),
® Rarita-Schwinger

. 2
wavefunction vy (p,+1/2) = \E ¢ (p,0) u(p, +)
1 g
. _ H{( il — Q@
® expressed by using the +\[3€ (P, +) ulp, —) €,
vector boson 1/ \F )
wavefunctions and the ulp, —1/2) =/ 3 €' (P, —) ulp, 1)

spinor wavefunctions: 2
P + \/;Gu(pa O) 'U(p,—) elcp’

i (p, —3/2) = e(p, —) u(p, —) €',
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HELAS

® HELicity Amplitude Subroutines
- by H. Murayama, |.Watanabe, K. Hagiwara (1992)

- a set of FORTRANY77 subroutines which enable us
to compute the helicity amplitudes of an arbitrary

tree-level Feynman diagram with a simple
sequence of CALL SUBROUTINE statements.

® e.g,stau_R- > tau- + gravitino

iMalag — Zga(pla Ul) PL/VMVV w,u(p% 0-2) kl/
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HELAS

® HELicity Amplitude Subroutine
® e.g.,staul- > tau- + gravitino

LI

tat CALL SXXXXX(P1, -1, W)
™ CALL OXXXXX(P2, MST1, HELZ, +1, W2)
~ 3 CALL IRXXXX(P3, MGRO, HEL3, -1, W3)

ta CALL IROSXX(W3, W2, W1, GFRS, AMP)
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MadGraph/MadEvent

® A software that allows you to generate amplitudes and events for any
process in any model.

- MG by T. Stelzer and W.E. Long (1994)
- ME by F. Maltoni and T. Stelzer (2003)

® Put your process, e.g.,p p > go gro (proton+proton > gluino+gravitino)
.Ibin/newprocess

® MG automatically draws all possible Feynman diagrams and writes
corresponding HELAS codes.

® Set your parameters, e.g., masses, couplings, collider energy, kinematical
cuts, ...
.Ibin/generate_events

® [ME gives you cross sections and distributions.
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