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PREDICTIONS, TESTS
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TRADITIONAL ARGUMENTS FOR
" SUSY FINE
——=SOLVE HHERPARCHY PROBLEM
==~CAN UNIFY SM FoRCes
——~L0cAL SUSY RELATED To SRAVITY

—=EXPLAIN HIGGS MECHANISM
(TF H,.,' LARGE)

»* —= COLD DARK MATTER CAVNIIPATE

—— SUGGESTED BY STRIN G THEOR)Y
}(* =SOME PNENOMENOLOGICAL SUPPORT)

AlL 8Y miP-1¥%0%s

NOTE: SuSy NOT INVENTED TO Do ANY
OF THESE —- PLL EMEAGED



WHY PHENOMENOLOGY ?

o FOR SUSY, NEVER A Z-LIKE (Z-e'e™) OR EVEN
W-LIKE (W= L) SIGNAL, WITWw ONE MISHING
PARTICLE —— HERE Q2 LSP% ESCAPE
——> CONTINWIM, NO MASS PEAKS

=§ CANNOT [(DENTIEY SICHALS WITHOVT
THE ORY

=2 ALSO, MAIN EIGNATURES MAY BE
SURPRISING

e CANNOT EXTRACT EVEN MASSES OF
PRODUCED PARTICLES, AND PARTICULARLY

AlLL PARAMETERS OF WEAK SCALE |
EFFECTIVE LAGRANG/IAN, WiTHOUT VERY
GooD VUSE OF PHE)Vomgwo 208/ M. THEORY

- 8. 3.,/00 PVBLISHED LIMITS CeNeRAL

oCAN DO MUCH BETTER J0B OF DEERMINING

EFFECTIVE L AT WEAK SCALE B8

COMBINING /INFORMATION FROM
DIFFERENT EXPERIMENTS —— THEORY

ESSENTIAL



HOW MIGHT EVIDENCE FOR SUPERFARTNERS  :
SHow VP ?

CCLEAR, £XPLICIT, WAMBIGUOVS
EFFECTS WoULP BE NICE

IS

o SOME REFLECT|ON SH#owWs THAT
OBVIOUS EFFECTS UNLIKELY

¢ COULD PPIR-PRODPUCE SUPERPARTNERS
AsS ENERGY OR LUMINOSI(TY

INCREASES AT COLLIPERS

cBUT S—>SM +LSP, AND S0 TWO

LSP’s PER EVENT, So NEVER HAVE
Mass PEAKS OR EvEN SIMPLE

TRANSVERSE mASS PEAKS

« LOULD SEE LooP EFFECTS |
~—~MO TREE LevEL Sy (e.5. b>35¥) —- |
THEN 309 EFFECT NEEDS ERROAS <107,

Feom Expr+ T _
—~TREE LEVEL S (e.5.25bb) ~= THEN
EFFECT < 1P, 5o NEED EAROSS <49



e AT FNAL HAVE DETECTED 5 |00
t-Z‘/ FEW W+2 —— |IF

SPARTICLES /W SAME MASS RANGE
FXPECT FEW

o OFTEN BACKGROUNIDS —— MAY
QEF DIFFICULT TO EXTRACT SIGNAL

~—~ OFTEN DIFFERENT CHANNELS
GIVE <AME SIGNATURE
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@ EEFECTS OF 'VIRTUAL" PARTICLES

PARTICLES /1 LOOPS, Ve
EXTERNAL PARTICLES THAT.
ENTER PDETECTORS

e ¥ O X uame smFT”, 199)

~O~ Top QUARK FIRST 08SEpvey

THIS WAY, FROM LEP IATR
-=1991 -——OKIGWAUY MEAVURED
o M, To t30% , FuwAcly AFTER
4 Lors OF PATA 1+ £, —— ABOVT

SAME AS FiWAL NoW
EFFECT OF LOOP ’65'_'7. <o NEED
VERY ACCURATE JFATA

AlL PARTICLES SPEND PART OF TIME 45

Com gyyAT/oNS OF ALL omERS SO PROPERTIES
CONVECTED ——SOMETIMES CAN DEPUCE

PROPERTIES OF VIRTUAL PARTICLES



=) SUSY NATURALLY AFFECTS
) FEW OGBSERVARBLES

*‘GENERAL AGREE MMENT OF PRECISION
DPATA WITH SM WAS A SUCCESSFU)

PREDICTION OF SU<y

eITN FACLCT
~=SOME PHysIcS BEYIND SM IS
REQUIRED, T2 BREAK £W SYMMETTSY,
AMND TO GENERATE BARYsN ASYMNETRY

—~—ABSENcE OF LARGE EFFECTS /M
PRECISTON DATA =B yrw Piysics 5 A
WEAKLY COOPLED £XTENSION OF THE S/

—_— S )SY



WHY PUSH THE SEARCH FoR SUPER PARTNERS T

o SUSY MAY APPEAR IN SUBTLE DIFFICULT-TO-
 RECOGMBE WAYS ~— ee¥Y EVENT wWAS AROLVAD
FoR ~% MONTHS WANOTICE&D —— CoNF/ RIMAT 0N

OF sUSY MAY COME FRom VERY DIFFERENT
EVENTS ——NEVER A MASS PEAK —— THEORY
/NVOLVEMENT PRo8ABLY EGENTIAL=BACKGROMND
FoR YV evaNTs

o IF LIGHT SPARTICLES &EXIST, THERE ARE MATOR
IMPLICATIONS [FoR UTILIZATION OF LEZ,
FNAL, AND FOR FUOTRE FACILITIES — —
SoFAR ALL STUPIES, PANELS ASSUME NO
DISCOVERIES For AT LEAST A DECADPE — —
IF SPARTICLES EXIST THE FRNTIER |S
LUmINOSITY NOT ENERS Y -= DETECTOR
DEVELOPMENT WouLD BE HIGHER PRIORITY
THAN ENERGY

[ __ A Ie N |

-l WY ¥ W

<ONCE WAVE DATA oN SPARTI CLES, CAN RELATE

To K ,%s, bs¥, DM e — MANY
0QSERVAGLES AFFECTED (1, Ty , RARE JeY:

seas s ey

o LIKELY MATOR IMPACT ON THEORY DEVELOPNENT
—— SINCE EARRLY 1930'c GOGD THEORISTS WORKING

IN MANY DIRECT/ONS —— (F MANY FocuvSED oN
ONE AREA, AND Took IT SERIOUSLY —» FAST
MATWR PROGRESS



WE WOULD HAVE BEEN LUCKY /F
ANY SPARTICLES OBSERVED SO FAR

o LEP

= Meuarcwo 2 65 GV JF e

(‘1}" mW Ig go 6‘/ ¢ cow ey .)

- M;clprw, SQUARK = ¥S G/ (..a -!_;_M*a_f)
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o FAAL
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—- DB -- oveE miT (T)

NOTE —— ALl MSSM PARTICLES WHOSE MASS VANISHES
IN LImIT OF MO E W S [ HAVE REEN DETECTED

X EPT JP — — SUPERPARTNE RS CAN HAVE MAL
TEELMS THAT Do ~oT BREAK CAVCE SYMMETLRIES




ASSUMPTIONS = riimns

(1) WRITE MOST GENERAL SUPERSY/UETRIC
THEORY THAT PRESERVES SEPARATION

OF TWO SCALES WHEN SUSy BROKEN

AND

(2) CONNECTION BETWEEN TWO SCALES
]S PERTURBATIVE (T areac 7 8E)
DimoPouvt oS, GEORG) ’7 93

“SoFTLY BROKEN " GRISARY, CHRIDEU!
B) AT Low ENERGIES, SPECTRUM IS
SM PARTICLES +SUPERPARTNER S
GAVGE GROVP SU(3) xSU(2) v,

(CAN CHANGE THIS SYSTEMATICALLY)

THEN — KNOWp) HOW T O EXTEND 70
INCLVUDE SUSY BREAKING N MOST
GENERAL WAY — RESULTING LAGRANGIAN
CIMPLE ENOUGH 7O BE USEFUL FoF

STUDY, PHENOMENOL ©& Y—NO RSSUMPTIONS
o MANY PARAMETERS, ONLY A FiEW FoR ANY FARTICULAR (RO CESS

——r 3 TW W AN



ABOUT 10 PARAMETERS ~- BUT ABoVT 2S5 ARE CKM-LIKE
FLAVER ROTATION ANGLES + PRASES, 3| ARE SPARTIULE MASSES

TMPORTANT PARAMETERS

¢ /‘ ”Hlag.s‘:;n “mass
' (‘-Mﬂl‘-ﬂ‘ Smux +mﬂf‘uck>
. Ma) M, U('), SU(2) gavgine
. nasses
(0 £M,m. £ Tav)
‘ 'I’M/a raho of vevs
(1% fanp < %0)
. 2‘; mass, cov'ln'ns of /c;l;f

Stop, mainly R
(M, 22 4 C*)
THESE DETERMINE NEUTRALINO,
CHARG w0 MASSES, COUPLINGS

NOTAT/ION :

/\7 = MEVUTRALINOS, SUPERPARTNER MASS £|GENSTATES
L o~ e ﬂ W ﬁ
(K/z;Hva"“’%) 2,V ¢)

C. = cHatewos (Wi —Z, &)
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LSP 1s (mixTurE OF)

! —

X, R,z S &

AND NONE OF THRESE NTERACT
STRONGER THAN WEAKLY (LIKE

NEVTRWAS OR WEAKER)

—> AL LSP’s CARRY

ENERGY + MOMENTUM OVT
OF DETEcTOR, LSCAPE
PETECTOR

-3 C(GNATURE OF Sury AT (oLt IDERS
S MISTING ENERGY, MOMENT UM

-20
ALl DECAYS OF SPARTICL £S5 RAPID, L 10  S&€ SO oNLY
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GOAL :
. USE PATA FROM Cocl IDERS, DECAYS

ETC To GETI AT ft:cmousAr
SCALE —-CALCoMTr,(-" AT

UNIFICATION $cALE -— wu‘r\-\oor

DATA TO CoNSTARAIN THPORY
Wit NOT FIND CoprECT msoﬂv

— = WITHOVT pPRENOMENOLOGY TV
INTERPRET IATAR, wILL NOT GET
f wnr ——NEED TOMEASURE 1, "Mf‘

EFF
SOFT~BREAKING TERMS

GOOP PHENOMENOLOGY 1S
SOPER M PORTANT IF NATURE

IS SUPERSYmMMETRIC



THESE LEC Tuz

Focuvs oNv l? LSP WoRLD

- CLAIM MOTIVATED By DATA
= VERY INTERESTING SPRENOMEIOLOG

OTHER WORLIDS

2.7

®LSP GLSP

. ~=CONVENTIONAL . —— MOTIVATE?D
NLSP == |F ASSUME 87 A PPRTICULAR
NO DATA 1S RELEVANT | Forr» OF SUSY
STVUIy PARAMETER | BREPK IV s,
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) TWO PERSPECTIVES HERE

\

MAIBE CORRECT OR NOT,
"CDRRECT“ LEARN How ToO DO
THE PBENOMENOLOGIHL
THEORY
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‘NONE COMPELLING INDIVIDIALLY

«EACH ABOUT AS STRONG AS IT Coul.D BE

GIVEN PRESENT EX PERINENT AL RRRORS
AND THNEORETICAL UNCERTAINTIES

cEACH ONLY EVIDENCE /F PARAMETERS
NEAT TO ARRow HAVE CERTAIN VALUOES

* IFNOT EVIDENCE Fop SUSY, EAcH MIGNT
HAVE WORKED SEPARATELY, evT
EXTREPELY UNLIKELY ALl Woap HAVE

WORKED AND GIVE SAME H.u )
m’) m‘a f'l



TLSP WoRLD CAMVOT EXPLAIN *

e CDF LARGE P TET EXCESS
*Aleph 4y EVENTS
cHERA EFFECT AS NEW PHYSICI
*Ap # Pir.

o Ab ¢-Ai“

'Rc. #'efm
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BR(b— s¥)
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SUPERSYMMETRY @R (b-»s¥)

THEOREM

o TN SUSY LIMIT CANNOT WRITE MAGNETIC

DIPOLE OPERATOR THAT IS LORENTZ IWARINT
AND SUPERSYMMET R C =>

FERRARA
LimT 197¢
e WHEN SUry BROKE/V) CANCELLATION
INCOMPLETE
= NVATURAL SUsY PREIICTION IS
£~
BR < BR,,

(BUT IF SUSY BADLy BROKEN CAN REVERSE)
| RARBIER, GIUPICE 1993

KANE, KoL A, Ra 205Kl WELLS
LOPER) NANOPOVLOS, PARK

BPER, BRHIIK



QRCD CORRECTIONS

e AT TREE (LEVEL , G/M CANCEWU ATION
*QCD CORRECTIONS POT Mg M. ooy N
LOGS , REDDCE CANCELATION —» LARGE
'Mb,'“c. NOT LARGE SO (out®» HAVE
EFFECTS ~ I/m:) o) ——
MAYRBE NON-PERTUR BATIVE
o SCALE PEPENDENCE N LO NoOT SMALL

RECENTLY CALCULATIONS COMPLETED SO
NON S/ UNCERTAWTY < [0F

«PERTURBATIVE )
CRETYRICIN, MISIAK, MUNZ
hep-ph/ 7612 313
GREVS, WURTW ./ 1703399%
«NON -PERTUR EATIVE ——AllL EFFECTS
STUDIED SOFAR X 2.5 %
LIGETI,RANDALL, WISE
hep- ph /17 023 22

| -
b BR(b-»s }H



SUSY Qo

<IN PRINCIPLE NOT SPAME AS SM SNCE
ADPITIoN AL OPERATORS

- SONME STVDY
ANLAVF , 1954
8AERY BRNLIX, 195C

« (AN PROBABLY USE SM PROCEDURES
WITHOVT WNTRODUCING MUCH ERROR
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CONSIDER R, = 8R(Z2UL)/BR(2 > 4at)
——CouLd IT DEVIATE From SM?

s
«DIAGRANS iﬁ; + 2'_%2:’: +-n-
z. b

<@t T zfg , AND i-" CouPLES 7O Z lWTH 7;;,&5::0,11

SO T WAGEAMS DOMMNATE
w
2 Z
SM +op |at'> HAS FAcroeRr mt ~W<E:
FRim Wiong

2 NEEP M, FRom SUSy DIAGRAM 1o HAVE
CIG6NIFI CANT EFFECT —— ComES FROM

— ' -— >
’{:QL l‘u{"? — 2-:’—*- LLT:*{:R

-

o £, wrEc> WAAT IS NEEDED !

AN NEED R IN CHARGwo
OOMING T Z LARSE FR ZwW —> ZEE”

o SONEED CHARGgo To RE MAXIMAL MIXTURE
oF T\I,Wt

. CANDOTHAT —— REQUIRES My 3, M <o,
g q



- IMPLIES le NOT mueH LARGER TAHAN ME,

‘a
LRESUT ro £y sl - Klex  xo Me,

X~ (X-" —
\ y "
(s b
3
So £ >0 IF mi'->m€ ~= Ry SENSITVE
To Mg“

| My, ~ M2,
ORN IT AROUND —- JF WE KNow My~ P,

M<LO, famp~1 THeN wntL HAVE A
Ry SiIGMmIFIOANT2Y >0




NEED LIGHT & FoR NOMCEABLE EFFECT
—~ WHY MIGHT STOP BE LIGHT T

() RGE RUNNING —- SAME RADIATIVE EFFECTS
THAT GIVE EWSB ALSo REDUCE My

‘lﬂ Yp % 1
F’ly -6 .ﬁ.@\. Mumir ~M_

m = {m _ 2 1 > 1
27Oy 4 Y2 (. o) i,

== suty £ ,NO6T OTHER SQUARKS
[(b)Form OF MASS MATRIX AT ew SCALE
; n‘..i-m‘fc.‘ISFg ~m (A rpcotp)
t t y X T/ CaTp
\ Mé-.—m‘*o.lfn;

So ¢AN HAVE DET ~0 —9A SMALL
E(GENVALUE —— 0NL) For &

@) Expect € =%, FROM P-PARAMERER (oNSrpawT
$p="2éw m‘—m}
P2 ~{

Avr |. NOT AFFECTED LY AROVE ARGUMENTS
(Ve Joa B VER) LARGE)
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|,’£’ WATCH FoR
- BR(b-s)< SM
104 Ry,
A
. 8P AV)
ns0 + DATA (we
2170
, DATA
: (PAST YEAR)
2160 + o
* SM _ DAiT‘A(“b) ———— (AN
' e r —er——p e
pralvseainge 1 2 3 4
KA "
w0 4 b C |~
10 BRb—> s} . ¢
.‘E‘ \Wr
Figure 3

BLSO - IN ALLOWED REG 0N, CONSISTENCY REQUIRES

A
§or, 2 o (2) ~ (B YSR, = 0.004 —0.006

PRESENTLY a
_ %5= 0.121+0.003 o =0.//2 0,003

oK '



CoNﬂS'rf
had EW of
/; = [%(H— ?ri+ )
(@
2,\,,,,66-\--..
1
IF mecose [PV

7
THEN EXTRACT SMALLER <5 (My)

S"(5 = — 4 SR, ~ -o0.005

CURRENT LY ,,(s“-' Z

(CLEANEST WAY To GET s FRoM

PINT OF ViEw OF QCD EFFECTsS) o
- Au-T NG‘%D‘*{P
> =0.1721+0.003 wiE

= 0.121%x0.002



QECENT PATA SUGGESTS SHALLER s FROM
EVENT SHAPES AT AEP

@ 0.5 : l L) nJ I L) l T ¥ L) L] l L] t L] L] I T Ll T T l L L) L) L] I b ] L) ¥ T l L)
%045 | NLO NNLO Lattice
04 [ ' (133 and 161 GeV) @
' 3 GeV) ¢
035 | ‘l ALEPH (133 GeV) *
03 |- Deep Inelastic Scattering
X e’e’ Annihilation
025 Hadron Collisions
- Heavy Quarkonia
02 | ep — jets
0.15 |
0.1 E' T
0.05 | T
- 91 GeV
0 C I ' Il L L l 'l L A L l '] A A L i '] i Nl 1 I L H L L ’ 1 1 L L X I E] i 'l i L
0 25 50 75 100 125 150 175 200

Figure 9: Values of &, as function of energy [28]. The labels NLO and NNLO refer to the
order of calculation used. NLO corresponds to O(a?) in ete™ annihilations, and NNLO
to O(a®). The label Lattice refers to a, values determined from lattice QCD calculations.
The curves show the @(ad) QCD prediction for a,(Q) using a,(Mzs) = 0.118 + 0.006;
the full line shows the central value while the dotted lines indicate the variation given by
the uncertainty.

O(S(IG‘GW) = o.zio.“l io.oos(sﬁi.):t 0.007F (uas;f')

35



as(161GeV) = 0.102 =+ 0.005 (exp) = 0.005 (thec

0017 [
S ¢
0.16 | e Event Shape (Reduced Eq,
C m  Event Shape (LEP I)
0.15 | Ao Event Shape (LEP 1.5)
X v . Event Shape (Ecy =161 GeV)
0.14 | —— QCD Evolution
0.13 F
012
0.1 :— . —~——
\ 0.1
- 160
0.09 ' - L
30 40 50 60 70 80 90100 200
E.. (GeV)

=D @) FRom HAIE VARVRES ¢z 0.[14
Experimental errors only

L3 Prelimmnary. October 8. 1996

EvevnT SHAPE .
foma)\ne LEP, PATA FRom [61+172

GV mm a (2) = 0.4 +0opC



UNFORTUNATELY -—K, CANNOT PLAY mATIR
ROLE GIVEN EXPT ERRORS ~ % 0.)2

O vceudve b —> Y, ol MeaANS THAT
THEORY ALONE ( RECARDLESS OF EXPT)
CANNOT GIVE &Ry > 0.0018, (.e. NEVER
ABLVE 1.5 d; OFTEN ~ 4 g C HaWMonrxi, PorcoRie!

CAREVA, DASNER
WEUS, KAVE

(R ALSO ExPT SR, DecREASED , NOW ~1r
ABOVE <M

BOTToM LINE —— CURRENTLY b>s¥+R+ o
—p P+ ¢ TEST OF SUSY —— SOSY
INTERPRETATIN OK oN2Y IF <o,

EA' SM;) hﬂp"’i, m]_"‘m;)

OR — IR WPOT quch 4, Bmp ote FREM
STHER DATA, TnEN £XPVECT (b s
Q.4 To pave sewsmeic AS seen
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Q@--- 1P THEOR

THEOY PREDICTS
ONE QUADRANT OF

-4 g PATA THERE AT

# o W EACH
PRECTION

' ]0"( kaﬁ-bsl')sm "Exr'j
ilt.{? IATA

Q3 -~ 1.9 THEN)
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_( Gaedde(1723) 4™
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[ 4 WE ety I N

- - s T W U W




LECTURE 7T

CDF
e etec?) ¥ By
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1 CAN THE STANDARD Modey llnaw socH
AN EVENT ?

)

BEST POSSIBILITY:

<-m Evanrs umrmm

Al OTHZAR SUCERYTZD CQCK
= BE SMALIER

R Colbortim rurrw ‘

FAKE &venT ? "'VamissirwgerLy smaL”
M wwY¥?  IMANY oe OF mAGK TV

EFFIc/tNey? DEPENIS ¢ ¥ ....,..,,;;3 ? ”;'::;E PReBLEM

== TRICERR -~ ALl PARTICLES ABevr WRAT CuTs?

—=All LEPTONS OR TUST 08cERVED FIAVORS?
HoweVeR DEFINE ANMYCIS,

susy 0":80_ ~ ,03_ loq
SMm » QR :

ONLY ONE EVENT —— RBUT NO BAKGROUND
~—~ SO0 TAKE IT CERIOUSLY




SUPERSYMMETRY [NTERPRE TATION (5)

heg-ph/502239
AMER01HN (10, KA)'E,

K& 85, kg W, MAE7 A

| :
=D 0xBR ~ ZEVENT /N IRESENT FWAL TATA

e ANl ES



(PP —>EZT+X)

: EFrcien oY 05005
OAT FIXEP mass T =2.5 0% |
® &, UsuaLy LIGHTER W /1OPELS T
| o (R 0(TF )= ThE

NEED NOT HAVE eaxsd

Fo



ALTERMATIVE SUSY INTRRPREFITION POSSIBLE :

@ X, =N, X, =3 =crmmo
=LSP

DimoPovLOS, DyNE, RABY, THOMAS
AMBROSANIO, KANE, KEI8S, MARTIN M RENMA

:D/mouvzof, THomAS LELLS
8A8Y, KOLPA, WILCZEK
LoPEz’ AANMOPIYL OS

()X, =N, X = axine=isp

H |§a:ﬂq Tobe, Yancg.ha

QUT — Lsp NoT corP DPARK mrrsz
—No EFFECT oN Ry, bos¥, -(

—ANo 3, AT FNAL ALREADY

MAINLY IGNORE THESE TODAY— Focw
ON NLSP WORLD

— W U W WE



CRUCIAL INFORMATION FROM TWE EvenT”

| ¢ QﬁE‘-" pATwE
(Denrrcanc , 1soeATED Yo (59T
H ;g &
-—> X HEAVIER THAN LSP

7-»¥+LSP
T3

/

P QASICALLY DETERMNMWES PROPERTIES
OF /varﬂmwof CHARGNOS (INCLoDME
LS P) , fan £

(D LarcE msswG TrRANSYERSE £NERGY

—PSVGCSESTIVE OF <o PERSYMMET py

@ not bacléﬁvwwk



DETERMINATION OF N; , (; MASSES
} COOPUNGS/ ‘I‘Mﬁ .

cones
v

Q) tarce BR(E »Ne) FEE
| = N, ~ 4.7-* %3 , NeT RI1GGSINO

LARGE BR (N —»N,Y) —— Rfaum:.s

“ﬁ:’m, ONE OF N, o’ Ny s 3’ oTnaER |,
»

- ToGETHER

% Na.= .."."1:

(Annm:s OF eeW (amp Ry, <4) BASED oV GEMRAL
Low ENERG) Susy — O As:ummofb' AGOUT

GRAVENO OR Smeloﬂ m&sﬂ)
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| ~
@) VEVTRALING MASS mATRIX W F '[,;"i:
BASIS 171°3 &
AL MALL

‘ / ( c:*”z s: (mi ml)sw $w o o ?
M, 55 M, <8 M, o .
| \ M sinap

C=058y

J. Sw =z SnGuy

™~
® CosaB o0 mwimzes A L MR G

D

® MASS ORDERAING => < O, I/AI < M, ‘-3"‘"’1‘32 m =My

NUMERICAL STUDY =5 No OTHER SOLUTIONS

i -/

NoN-TRIVIAL THAT IT WOR KED AT ALL



NOTE : ISOLATED, HARD ¥ s AS SIGNATURE
OF SUSY WAS PREDICTED ~ |98S
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