PRODUCTION OF
SUPERSYMMETRIC PARTICLES

AT HiGH-ENERGY COLLIDERS

Tilman Plehn

— Search for the MSSM

— Production of Neutralinos/Charginos
— Stop Mixing

— Production of Stops

— R Parity violating Squarks

— Conclusions and Outlook



INTRODUCTION TO THE MSSMI

Supersymmetric extension of Standard Model:

* fermion—boson mapping
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— stable scalar masses + ¢° log

* unification of gauge couplings

— prediction of weak mixing angle

* possible extension to supergravity and string models

Particle Content:

spin charge d.o.f.
light quark 9L, qn 1/2 12/3,-1/3 | 1+1
squark Jr,qr 0 |2/3,-1/3| 141 | 5 flavors
top quark tr,tr 1/2 2/3 1+1
top squark ty, tr 0 2/3 1+1 mixing
gluon G, 1 0 n—2|—2do.t
gluino g 1/2 0 2 Majorana
gauge bosons v, 72 1 0 2+3
Higgs bosons h°%, H°,; A° | 0 0 3
neutralinos — x? 1/2 0 4 -2 | Majorana
gauge bosons W* 1 +1 2-3
Higgs bosons H* 0 +1 2
charginos X 1/2 +1 2.4 Dirac
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MASS SPECTRUMI
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Typical features:

* light gauginos [mg, my < |p|; m, inducing mixing]

mg 0 —MzSyCa MZSySa
0 My MzCyCg  —MCywSg
—Mz8,Ca  MzCyuCa 0 —
MySywSg  —MyzCySa — I 0
* heavy gluino [gauge coupling unification] mg ~ 0.4 my

My, ~ 0.8 my/2

mg ~ 2.6 mi/2

* light mixing stop [m; in off-diagonal terms]

mg +mi + (5 — 2s2) mycop —my (Ay 4 pcot f)

—my (A + pcot 3) mg 4+ mi + 2s,m%cas

* heavy squark [approximate solution] mg 2 0.85m;



TEVATRON SEARCHESI

squarks /gluinos

§— qX’ ¢ —jets + Br [+9] + -

CDF Preliminary

~ _~0 _~ . o
§— qaxj, ¢qX; — jets + Br [+y]+ - &
gluinos

150

qg— q'cj)z;r—>jets-l-ET—l-€i—l-“-

— like-sign leptons

s

T T T T T T T T
CDF Preliminary JL dt=107 pb*

neutralinos/charginos

Baer et al., PRD 47, 2739 (1993)
ten B =2, ju = -400 Gev/c”

OBr(yKg- 31 +X) (ph,

XXy — ) Ry — 00+ By A - -

— trileptons TP AR

I L L L
50 55 60 65 70 75 80 8

M (5)%) ggGeii/czl) ’

stops

95% Exclusion Limit ont, - cx}

e

— mixing angle in BR

3 920 100 110 120
t, (Gev)

* all limits strongly dependent on cascade decays
complete set of possible decays necessary

supergravity or gauge mediation scenarios only for first guess



NEUTRALINO/CHARGINO PRODUCTIONI

Leading order cross section:

— AR
vz i % ?
. 1
q . i
—aAAAn

do , ~0.~0 1 tit: + uju; F 2sm;m;
— Y Yl I 4 Css () vty (AR
- (40 = X)) N (s —ml )
g Ot titj + sm;m; g Ot UiUj; + SM;Mm;

(s = mz)(t —mg)

g (s = m%)(u—mg)

q

+4Cw< P smim; ))]

(t—m2)?  (u—m2)?  (t—m2)(u—m]

Neutralino production mechanism
— s channel [Drell-Yan like] Zxx coupling to higgsinos

— t,u channel ggx coupling to gauginos

Next-to-leading order cross section:

* Real /virtual SUSY-QCD corrections >>W }W +W
— LO factorization scale dependence QW j/w e

bad measure for theoretical error

— improvement of error bars E :

— K = onxwo/oLo Py

— improvement of central value M ' I




REGULARIZATION AND SUPERSYMMETRYI

Dimensional regularization breaks supersymmetry

e.g. non-abelian gauge theory [Jack & Jones]:
SsL[We A, D] "5 0
— preserved Ward identity contains dg.L
0= (/ d"z[J" oW, + j dsA+ jp gD + 05L])

— Dimensional Regularization can be
rendered consistent with SUSY

Yukawa coupling in supersymmetric limit:

2 2

332€r2 C(r)]

Y (qgh) = Y (4gh) [1+ 2

2500 = veaih) |14

different behavior of scalar and fermion masses Y = myg

92 q ol {>

gws = glagh) = g(ddh) = g(adh) [1+ A cm]

3272

* difference removed by finite 'renormalization’
[Martin & Vaughn]

* check by comparison of Green’s functions

with dimensional reduction



ON-SHELL SINGULARITIES I

NLO yyx production includes ~ G%.a:

99 = G Xi — X Xi pair production
9q9 — Gxi - BR(§ — qx;) associated production

via

(1) Possible inclusion of finite widths:
— double counting of pair and associated production
— breaking of gauge invariance of o without I
— dependence on unknown physical widths

(2) Splitting into on-shell and off-shell squark:

do (90 = dxi) mgls/m
anz ~ OV e et

M? —m?

q

BR (¢ — gqx;) + O (;)

) i 1
— o (9q = Gxi) BR(q — qx;) 0(M* —mZ) + O (M2 _m%)

q

— cross section in narrow widths approximation

% divergences removed from o,

* treatment compatible with experimental Monte-Carlos



PropucTtioN CROSS SECTIONSI

Only ¥9¥: and Y, X; visible at the Tevatron
Whole set of processes at the LHC

[ higgsino cross sections suppressed |

NLO scale dependence good measure

for theoretical uncertainty

10

ofpb]: pp - REKi+X
V=14 TeV

General [mass independent]| K factor for all LHC processes,

but huge effects due to destructive interference

T I L3 B S S TP TR e
X1X2 X1X4 X2X3 X3X3 XaXa X1 X2
3 -
Kruc
2 |
A A 4L A A LA, 4 AaA,
1
eI S A I E AN TR U R < OO
X2X1 XaX1 X2X2 XaX2 X2X1 XaX1 X2X2 XaXa2
3F A
Kruc A
2+ A A
A A A A A A A A A A A A
1

W me

163 mGY
318 mY

a7 mE)

163 m(x)
38 mEY



STOP PRODUCTIONI

Leading order cross section:

QQ/99—>751?51 t2t2 [tity 1t

— diagonal cross section function of final state mass

— factor 1/(2ns) compared to light-flavor squarks

— t,u channel gluino exchange missing compared to light-flavor squarks

— non-diagonal production via one loop amplitude; e A s
calculated for decoupled gluinos — suppressed R \ 1 \

. o3 sin?(46) 37 o
T T 2567s 54 |m?100(5; my,) — (t1 — t2)|

Next-to-leading order cross section

* LO cross section strongly dependent on
renormalization /factorization scale

— large theoretical uncertainty

* NLO dependence on additional mixing and mass parameters?



MSSM STOP MIXINGI

LO stop mass matrix diagonalized by 6,

. . . t o
NLO contribution Y;; = Y ¢ - "t @ P
b I B (\ |
W ~ g:‘,:‘_:::/:b ,,,,,
g

Mixing absorbed into wave function renormalization:
tio = Z712 t~(1),2
= Z-Y? R(-66) [R(éo) E‘H with & = ST [CP]
= 75 R0y — 60) 1,
written as propagator diagonalization:

DM@ ~ 25 R(By — 86) 71 [Q% 1 — Mk — Re 2(Q%)|R(6, — 66) z;*"

ren

> 8B(QY) = —Re S1(Q?)/(m2, — m2)

~ ~ 6
— 0(@/2) —6(Q%) x %Re Q ,mg, my) — B(Q?, mg,mt)]
to t1

Virtual stop state — complex continuation § {

Running mixing angle:

x symmetry ¢, <> ¢y restored

* possible measurements in decays i
-0.005

* numerical difference between schemes small £B(Q)/B(M,)

Bartl et al., Djouadi et al. 001 = a0 600 oo ic])oo
Q[GeV




PropucTtioN CROSS SECTIONI

NLO cross section almost independent of

.75 100 125 150 175 200 225 250 275 300
T T T T T

— m@y (6]

10

additional parameters

pp - TT+X 15

— t; and ty the same o

— no dependence on SUSY scenario

— Gev,
| 1 1 1 1 1 m@\[ " 1
300 325 350 375 400 425 450 475 500 525

475 100 125 150 175 200 225 250 275 300
T T T T T T

[however: cascade decays|

NLO : p=m()
= p=[m(D)/2, 2m(o)
- L0 cpEm®)

—— m(L) [GeV]

Bl
I I I I I I I
300 325 30 375 400 425 450 475 500 525

Tevatron K factor strongly mass dependent

due to fraction of incoming quarks/gluons o7 \””p"// L

\
/N

o agtany.
£ ofpb]: pp - Gi+X %
Scale dependence strongly reduced in NLO

— improvement of mass bounds not only for K > 1 30

E 100 xofpb]: pp — TE+X
E \/FZTe‘V

02 04 1

O lpbl:pp — LE+X ]

Vs=2Tev

= NLQ p=[m()/2, 2m()]

5 LO :p=[m(D/2, 2m(D)]

2

10 1 1 1 1 1 1 1 1 1
75 100 125 150 175 200 225 250 275 300

m(t,) [Gev]




ADDENDUM: R PARITY VIOLATING SQUARKSI

Soft SUSY breaking — three-scalar interaction
— leptoquark-like superfield couplings X' - LQD

— R = (—1)38+L+25 conservation

Broken R parity:

eq — q HERA production

q3/99 — q4q Tevatron production

[ Klea- a#x]

— soft breaking coupling parameter \’ free [running]

— SU(3) gauge couplings fixed as for stop

m(@) [Gev]

— QCD corrections to HERA process

and Tevatron cross section fixed R
Combined analysis of BR(q — eq): TEEEETT e
mg = 200 GeV etd — ¢ etd — ¢ ets — 1
HERA: NVVBR | ~0.017---0025 ~0.025---0.033  ~0.15---0.25
APV: X N < 0.055 N < 0.055
LEP: X N <0.6

BR>02---04 BR>02---04 BR2>0.05---0.2
Tevatron: BR BR<05---07 BR<05---07 BR<05---0.7

— heavy gauginos — heavy gauginos




CONCLUSIONS AND OUTLOOKI

Processes in next-to-leading order SUSY QCD:
e Stop cross sections at hadron colliders

e Neutralino/Chargino cross sections at hadron colliders

Results:

* QCD corrections to stop cross sections
between —10% and +50%

* QCD corrections to neutralino/chargino cross sections

around +30% [up to interference effects]

* Scale dependence small in NLO

Conclusions & Outlook:

* NLO stop cross sections only mildly dependent on

mixing angle and internal masses

* Corrections to neutralino/chargino cross section

non-negligiable and dependent on scenario

—> NLO analyses at upgraded Tevatron and LHC
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Supergravity Inspired MSSM
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oBr(x;Xa— 3+ X) (pb).

o

- CDF Préliminary

Baer et d., PRD 47, 2739 (1993)
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Search for Scalar Top

[] 0
BR (f, - c+X5) =100%

i , CDF Preliminar

- . B 88 pb™* ’
© Og4,=0 for LEP

- &

n LEP2 CDF 95% CL

r (ALEPH) excluded

- PN

r p X

i §§

i / L

i /2

L // Q’_'\’

L DO R

B /\ | ‘ | | / | ‘ | | ‘ | | ‘ |
0 20 40 60 80 100 120 140

2
M stop (GeV/cY)



57 100 145 189 232 274 317 m(Xy)

Gtot[pb]: pF_) - X|XJ
VS=2TeV

— NLO
LO

| m [GeV]

L
31 55 78 100 121 142 163 m(X?
62 103 147 190 233 275 318 m(X5
57 100 145 189 232 274 317 m(Xy)

Otot[pb]: pp - XlXJ
VS=14TeV

10

— NLO
--- Lo

m [GeV]
L]
31 55 78 100 121 142 163 m(X?
62 103 147 190 233 275 318 m(X3
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NLO -

>>>>>>>>> LO |

o[pb]: pp - XX +X 1
Vs=14 TeV

- NO]

i ofpb]: pp - KSKI+X LO 1
- Vs=2 TeV |
-1
10 | | | | ‘
0.2 0.4 1 2 4

W/m(x)
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