Collider Physics for String Theorists:
H2

Sally Dawson, BNL

Basics of the MSSM
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How do we know where to go?
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“At this point we notice that this equation is
beautifully simplified if we assume that
space—time has 92 dimensions.”
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Precision measurements
versus direct observation of
new particles

Much easier if we see new particles




‘ Standard Model isn’t Completely
Satistactory
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‘ Quantum Corrections and
Supersymmetry
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‘ What about fermion masses?

= Fermion mass term: g&r(bzi)ddsr(]lt;y
— — — X gauge
L=m¥Y = m(LPLLPR T LPRLPL) . invariance
= Left-handed fermions are SU(2) doublets

o)

m Scalar couplings to fermions:

L, =-1,Q,@d, +hc.
m Effective Higgs-fermion coupling

L, =4, \/,(u d )( Ohde+h.c.

m Mass term for down quark:




Fermion Masses, 2

x M, from ®=ic,d* (not allowed in SUSY); L=-4,0,®.u, +hc

S

: Vv

m Supersymmetric models always have at least two Higgs doublets
o General 2 Higgs doublet potential has 6 couplings + phase
o 5 physical Higgs particles: h, H, A, H*
o VEVS described by tan B=v,/vy
a Mw gIVes Vgue=Vi2+V,?
o Supersymmetry restricts form of scalar potential: 2 parameters
(Usually taken to be tanf3 and Ma)



‘ Particle Content

e Supersymmetric theories constructed from supermulti-
plets

e Chiral superfield, @®;, has:
Complex scalar field, ¢&;
2-component Weyl fermion field, ;

Auxiliary Field, F; (no kinetic energy term)

e Interactions described in terms of chiral superfields

®; (x) = ¢; (x) + V26¢; (x) + 80 F; (x)
[Taylor series stops at 62 since
@ is anti-commuting Grassman variable, 83 = g{ﬁ.ﬁ} ]

e Components of @ have identical quantum numbers
(except spin) and masses

e Comnstruct model with supermultiplets corresponding to
known particles

e Nore than doubles spectrum



‘ Chiral Supertields

Superfield SU(3) SU(2)p, Ul)y Particle Content
Q 3 2 8 (ug,dr), (4r,dr)
" 3 1 ~3 uR, %
D¢ 3 1 A dg, d}
L 1 2 —3 (vL,er), (Vr,€L)
E° 1 1 1 eR, €5
H, 1 2 -3 (Hlafn)
H,y 1 2 3 (Ha, ho)




Unification

e Gauge couplings evolve differently in SUSY models

o Running is slower than SM

3NV,
—2N,
52_—6+2N9+T"
bg = — 9+ 2N,

Coupling Constant Evolution
SUSY Model

0.05




“The Cynic

e Assume supersymmetric at some scale, Agrrgy (say
1 ZTeV)

e Input 2 couplings, say gi1,g92, at M~

e Evolve couplings until they meet at scale Maogrrr
e Assume unification at Mgagyr, 9:;(Maoor) = 9cuT
e FEvolve 3rd coupling, say g3, down to AZx

e If g3(M») disagrees with measured number, change
AsUsy

e Keep going until it works!

Amazing fact: consistency occurs for
ASUSY ~ 1 TeV

(Actually, «as(M:) typically a little large)




‘ Scalar Interactions

Define superpotential:
giik

T
W = SMYgig; + = —digith

e Most general SU(3) x SU(2); x U(1l)y invariant
superpotential:

(Hats denote scalar component of supermultiplet)

~ A L ~ AT A

~N A A

1,7 SU(2) indices

e Superpotential has Yukawa interactions of fermions with
scalars and quartic interactions of potential:

3 oW o 1 o*w
LW—“’%N%ﬂ *EZ{W%%+C-C-

ij




Aside on R Parity

Allowed terms in superpotential:

~ = e e

o M pp gives lepton/baryon number vwviolating interactions

L o~ AguLeLc‘f}‘{ —+ ASERERJE

o Could just make coeflicients small
o Idmits on proton decay reguire:

2
MCE:’
100 Gel”

[ }.%13—)&%11—' |< 10—27 (

Impose symmetry which forbids W p

o R parity is multiplicative guantum number: Discrete Zo
sSyImimetry

o Imposed by hand

f - (_1)3{B—L}—|—28




‘ Consequences of R Parity

e SM particles have R =1, SUSY partners have R = —1

e § > —60 does same thing

D, () = ¢; (x) + V209, (x) + 00 F; (x)

e SM dimension- 4 baryon/lepton number violating
interactions forbidden by the gauge symmetries

Consequences of IR parity:

e SUSY partners are pair produced

e Lightest SUSY particle (LSP) is stable




' Add Gauge Fields

Add:

e Massless gauge boson, Aj

e 2-component Weyl fermion gaugino, A% (adjoint
representation of group)

e Auxilliary Field, D® (adjoint representation of group;
[mass]?)

Gauge invariant interactions are:

1 1
Egauge — _ZFﬁyFuva g5 iATaEuDuAa + EDGDQ

As usual:
Fo, =8,A% — 8,A% — gfc AL AC

DyA® =9, A% — g fabe AP X




‘ Gauge Multiplets of MSSM

Swperfield | SUG) | SUQ); | Ullly | Particle Content
ey |1 ] i
ik 1 J | Wi,
B IR I




‘ Construct Gauge-Scalar Interactions

L =£gauge o o 'Cchi.;i"fll
— V2g [(¢*T) x* + Ate (pfT6) |
+ g (¢"T"¢) D*

What about terms involving D%7?
1
£ ~ 5D*D" + g (¢"T"¢) D°

Use equation of motion:

D% = —g (¢™T%¢)

Complete scalar potential:

* *7 1 * ) 1 * 2
V (¢, ¢") = F*'F; + ;DD = WiW" + STag; (6" T¢)




‘ Construct Scalar Potential

Wi =3 N g I
£

“F-Term”:

OP;
=1u? (1 HL 1?2+ | H2 ?)

“D Terms™ 4

D = — gad; T ¢;
Hi has ¥ = —%
Hs has Y = +%
- r _9 2 2
v@: o=5(l8:| _|H1|) |
SU(2): D° =g (Hi*J%H{ —+ H%*J%Hg)
(Normalization 7% — G"T"')

SU(2) identity: J%JEI = 26,61 — 6:j0k1

g° 2 2)* g
VDIE(4IHT'H2| —Q(Hf'Hl)(HE'Hz)_F(IHlI) +(|H2|)

2 2
+2- (1822 — 121 PP)




‘ Scalar Potential, #2

2 1 Al2
gty .
V=lul (18 P+ H ) + 555 (| B - B )
2

g
+5|HT'H2|2

Minimum at (V) = (H;) = (Ha) =0

No EWSB, No SUSY breaking....




‘ SUSY Breaking

= Spontaneous SUSY doesn’t work

Scalar potential:

V(6,6") = FF;+ 5D°D = WiW' + SSagd (4T
[W is superpotential, W* = %% = MY¢; + igfqi‘)jgbk]
SUSY spontaneously broken if either:

(0| F;|0) 20  O’Raifeartaigh
(0| D*|0) #0  Fayet-Iliopoulos

= Generates bad mass relations




‘Spontancously Broken SUSY = BAD

Define supertrace:
ST (Mz) =3 " (—-1)%"(2s + 1) Tr (MZ)
=3Tr (M%) + Tr (M3) — 2Tr M}
=0

e Holds for arbitrary values of scalar fields

e Holds separately for gauge and matter sector




Sofily Broken SUSY

Comnsider low scale SUSY (~ 1 TeV ) as effective theory

e Break SUSY “softly” (terms of dimension < 3)

e Add all possible terms which introduce log(A)
divergences, but not A2

Allowed terms:

e Scalar Masses ("¢, Pd)
e Gaugino masses (A9A?)

e Cubic scalar couplings (¢@;¢;dr)

Theorem: Introduction of soft terms doesn’t reintroduce
A? divergences to all orders of PT in SUSY




Parameters of the MSSM

e 5 3 x 3 Hermitian mass matrices for sguarks and
sleptons:

MIZQ*'Q + MZugpiip + Midpdr +~ MZLYL + MZERéR

(45 mew parameters)

o 2 (complex) Higgs scalar masses
(4 new parameters)

e 3 gaugino masses (complex)
Zg: 1.2 3 E'L.‘;tril_,.-z)xa o T

(6 nmew parameters)

o 1 complex Higgs mixing parameter
1o o
(2 mew parameters)

e 27 trilimear couplings for scalar fields (complex)
HQ@AH'T:ER —+ Hy @Aa'JR = Hl_.ﬁrﬂjé-R
(54 mew parameters)

111 mew parameters

SN has 17 parameters —— 128 parameters




Sott SUSY Breaking Terms Allow SSB

V=(m3+ | pl?) | H1 2+ (m3+ | n|2) | Hz |2
— m3p (es; HIHE + h.c.)

2 2 b
g &
+ T F (|mP— =) +5 |5 -mP
»Y* ) (qﬁg'
Hy — - Hag = :
. (—@1 - b9
(H{) = =1 (H3) = v2
Potential has 3 parameters. Trade 1 for tan 3 = t—f

Conditions for EWSB:
— if m%z = 0 potential positive definite

“D-flat” direction: | HY? |=| HY |
——r qguartic contributions wvanish

Quadratic term in this direction must be positive:
'.fn% 4= m% + 2| & |2> Z-m-‘lzz
Broken SU(2) x<x U(1):

(m3+ 162 1) (m3+ 1 1 12) <| maz |2




Constrained Potential in MSSM

o Tree level scalar potential has 2 free parameters

2

8
o Typically pick Ma, tan 3 as parameters
o Predict My, My, My, all couplings (at tree level)
o Attree level, My < My

o Large corrections O(Gem¢?) to predictions
= Predominantly from stop squark loop

+ + a '2+ ‘ + + 2 +
V =m2H, H +m2H, H -l (e, HAHS +he)+] 29 Y H, H—H,H3) HlHZ

auge Couplings

4 ~ 2
M,><M,"cos’ 28+ BGZFr_n‘Z In m—tz ...
V272 sin L |m

t




Theoretical Upper bound on M,

~'no mixing

m, = 178.0 £ 4.3 GeV
MA = 1000 GeV
W= M2 =200 GeV

FeynHiggs2.1 -

1 10
tanp




Limits on SUSY Higgs from LEP

Mi=169.3,174.3,
179.3, 183 GeV

Theoretically
Inaccessible

?

0 20 40 60 80 100 120 2140
. m, (GeV/c")




Bound on Charged Higgs

Fairly model independent
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Higgos Masses in MSSM

M2, = M2+ M

L | I I I I I

My [GeV] My [GeV]
X, =0 X, = BMs

a0 - 300 - ; .

tan i =3 —— an § =3 ——
tam 1 =0 «-aeun tan 4 = 30 -eee.

200 |- < Ells 7 -

150 |- pr R {10 e h
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Find Higgs Couplings

Find Higgs couplings:

AAAAA

Yukawa interactions give mass matrices:

gmg
V2 sin B My,

gmy,
V2 cos B My

mq =Apv1 AD =

My :)\U'UQ /\U —




‘ MSSM Couplings

® | gouu |G9odd |Jovv | Joza

» Couplings given in terms of

h (5:|OnS; —zlor;; Siﬂ(ﬂ—a) ;Cos(ﬂ_a) a’ B
H sna | 2| | Lans | >Can be very different from

SM

A iy;cotfg |—iy cotp O O




Higgs Couplings very different from SM
in SUSY Models

30.0 R e e 1.0 — —

— C,,, tanp=5> 7
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a |
.

10.0

L B2
- tanB=1.5 | it s s
0.0 . 1 . s L ! 800 120.0 160.0 2000
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Ratio of h coupling to b’s in
SUSY model to that of SM




Higgs Couplings different in MSSM

Lightest Neutral Higgs

50 T
tgp =30
20 -“'B
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5
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Heavier Neutral Higgs

50 100 200 500 1000
1 T
tgh=1.5
0.5 &
0.2 Huu: —sincot/sinf |
0.1 -
AY
1gp=30 %
0.05 N
<M, [GeV]
U‘(]3 11 1.1 I 1 ‘l- O
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» Couplings to d,
s, b enhanced at
large tan 3

» Couplings to u,
C, t suppressed at
large tan 3




‘ Higos Decays affected at large tan [3

*MSSM: At large tan f3, rates
to bb and t*t- stay large

= SM: Higgs branching rates to
bb and t*t" turn off as rate to
W*W-turns ?n (M;, > 160 GeV)

!

Higgs Branching Ratios

1 UE}.O i 150.0
M, (GeV)

Higgs Branching Ratios

IH]EJ.E' 150.0
M, (GeV)

Ratio (A)

Heavy H® MSSM BRs

@ 1073 =

A? MSSM BRs

___________
;

000000



New Discovery Channels in SUSY

100

50

80

D@ Run Il Preliminary

MSSM Higgs bosons
bbo(— bb), ¢ =h, H, A

o
L
-l
pmnat
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©
D
n
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Q
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100 120 140
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g o000




Gauge Coupling Constants

Ihvv2+gHvw?=0ghww?(SM)
Vector boson fusion and Wh production always
suppressed in MSSM

N Ghvy
)

0.1 E | B
(.01 E __
= tam 3 =23 ------ 3

tan = 3

(.001 | | l [
ol 10300 1500 200 I

M, [GeV]

A

I I I I
L E — \-. E
B 2
Y dmvy
0.l .. II| =
1
001 L -
F fanAd=3------ 3
L tan 4 = 30
0.001 | | -' |
3 100 150 200 300

I|-.III 4

2l



‘ LLHC can find h or H in weak boson

fusion

no mixing maximal mixing
tan[i tanf
3 P T T T : I " Y 30 . : ! : g
AR A I oA A
B3 I s
. e e ] e | S
25 !""‘!‘*‘"" d L3 - h‘*’*‘*‘"‘d i
SN % OO O e
So%e%0%2 / 1Relele%e %’ /
20 | LHCWOR ) XK / 20 R LHCADR): \N\ KK KKK K] e W, 2
VVoHo-tt NXXEXX VWS-t R VVsHon NNKRREKIVV ot 0 E--- k
15 & ielels 4 5K Jolelelele z
XA - Lo
el ] - Pededede
AN N\ 27K A
N, 3 ] - Xy ]
- SONBOC
- MY,
s BLEPZ ee —Zh /////// . SN %
NN G }\%\E&"Fz“. B i ad
&0 100 120 140 160 EQ 1040 120 140 160
M, [GeV] M, [GeV]

Decays to t*t” needed




Production of SUSY Higgs Bosons

» For large tan 3, dominant production mechanism is with b’s

» bbh can be 10x’s SM Higgs rate in SUSY for large tan 3
LHC

- H

S _ tan p =30
\1 . ”’b Maximal mixing

i gg—H (SM)

tan =3

Maximal mixing

Cross-section (pb)
Cross-section (pb)
Cross-section (pb)

Cross-section (pb)

gg—H (SM)

... Hbb

M T T < S

B he eag o | Hag
Sl Hi Heq " lgtas:

Sv, 3ae HZ s HW-.

HZ S W

. (GeV)



MSSM discovery

. 20 T L » = '
For large fraction of Ma- §o| e

30

tanf3 space, more than one
Higgs boson is observable

For Map—oc, MSSM
becomes SM-like

Plot shows regions where
Higgs particles can be
observed with > 5c

0 _0 0%

h HA

H

20

%

ﬁoMy

W & U &N ;e
I T T T T

LEP excluded

(]
T

0.+

NN
50 100 150 200 250 300 350 400 450 500

m, (GeV)

Need to observe multiple Higgs
bosons and measure their couplings




Add Scalars to MSSM

= Add Higgs singlet S, triplets Ty, T+
= Superpotential, w =AH,H,S+4 H,TH,
+H T H, + 2,H T H,

= At tree level, lightest Higgs mass bound becomes,
M,* <M,’cos?28+V3 (4" +%)Sin2 2/
+4v?(y,” cos* B+ x, sin® f5)
= Higgs mass bound depends on particle content

o Assume couplings perturbative to Mgyt and SUSY scale
~1 Tev

M, < 150 —200 GeV with singlet and triplet Higgs




‘ Looking For Gluinos

¢ ¢g,q7 — gg couplings fixed by gauge invariance
o Gluinos are Majorana

[(G-17X)=T(j=1X)

o Classic signature is same sign lepton production




‘ Search for Squark/Gluino Production
= Generic squark/gluino production = energetic jets & large
missing Et
o Difficult because of large QCD background

D@ Preliminary CDF Run Il Preliminary

Events / 50

16 - 10° £ -
L ® Data [ e —&— Data (Lum =1.1fb")
- I W— Iv + jets ) C — QCD
14 22:—} W + jets g B BER DiBoson
3 Wow,wz.zz - Bl Wev)ets
12 — ¢ =§_; ;I';i+jers g 10 = Wi v)+ets
- r*;:sg;%af w o E I iz v)ets
10— = L R zce)tets
- - L Zpp)ets
r X B Z(co)+ets
— N -
8- \\\Q 10 = © ZivviHets
C NN = .
6 — P NN \\\ -
: e | L
4 — < =
2k -
0: — <l . 10-1 P R
0 100 200 300 400 500 600 700 S0 100 150 200 250 300 350 400
Missing E; [GeV]
H, (GeV)

HT = scalar sum of Et of jets



Limits on Squark/Gluino Production

D@ Preliminary, 0.96 fb™ 600 CDF Run i Preliminary L=1.1 fb'1
;600 [ryr T rrrrrprrrrA -b erved 95% C.L.
Q tanp=3, A0=0, u<0 - obs. ISR/IFSR syst. incl. @Q
o = expected 95% C.L. %
~ 500 o 500 e
“U'.I, s 3-jets inclusive )
© E '- A,=0, tanp=5, p<f)/, -
= 400 ] 400 ‘
ﬁ R R no mSUGRA N3 ~G
& 300 G goues %
A \: 0300
DO 1B \: Eﬂ
200 \
100 \
X% 100 D \\\\\\\\\\\\\\\\
=— m(q) < m(z,)
0 L.

500 600

% 100 200 300 400 500 600
0 10 200 300 400

Gluino Mass (GeV) M. (GeVIc?)

Mgluino < 402 excluded for Mg~Mg  Mgluino < 380 excluded for Mg~ Mg
Mgluino < 309 excluded — any Mq Mgluino < 230 excluded -- any Mq




‘ Charginos

e Fermionic partners of W* mix with charged fermion
partners of Higgs
e Mass eigenstates called charginos

X7 . — My V2 My sin 3
X" = \ V2Myy cos 8 v




‘ Neutralinos

e Neutral fermions mix:

(B,w°, i, A3)

M=
Ml 0 _MZCﬁSW MZSﬁSW
0 Mg MZCﬁCW Mzsﬁcw
_MZC;S‘SW Mzcﬂcw 0 — M
—Mzsﬁsw _MZS,BCW — U 0

e Usually assume lightest SUSY particle is lightest 0




SUSY Particles

Particles R=1

= B laptons

Yo Y. Y. neutrinos

S=1/2 u ¢ 1 quarks
d s b
W= H
v IR HA
gauge
S=1 g particles
€

MSSM has 124 parameters:

R= (-1)3B+L+2S

sleptons €
sneutrinos V.

squarks i

charginos X
neutralinos ¥

gluinos G,

M,,M,, M,, Gaugino masses, Sfermion masses

tanp, p, m, Higgs(ino) mass/mixing
A A. A,

(+45 RPV)

SParticles R=-1

MSSM

S=1/2

¢t SUSY is a
broken
symmetry



Chargino-Neutralino Production

F
’ o0
W X1
= Trileptons from chargino- -—--
neutralino production: =
Classic signature
! X

F

Clear signature — 3 isolated leptons, missing Et




‘ Tevatron Limits on Tri—leptons

x,) X BR(3I) (pb)

2
1

o(x

l T I T '; ] T T T I I I I I T I I I I I ] T T T I ] T T I T

~ D@ Run Il Preliminary, 0.9-1.1 f5' 1

L MERMED=2MED); M{)>ME)
299(/. tanB=3, u>0, no slepton mixing

— Observed Limit
------ Expected Limit

|IIII|IIII|IIII|I

T
......

...il“ e 1IlH-|ill!6i|||lHrIHI'lHI

Il 1 1
00 110 120 130 140 150 160
Chargino Mass (GeV)




Too Many Unknowns...

Assume soft parameters unify:
Model specified by:

e Common scalar mass, g

e Common gaugino mass. Ndy o
- 2

e 1 Higgs mass., 177i7o

e 1 tri-limear coupling. Ag\gE

This model often called mMmSTUGRA., CMNMSSM

Evolve all masses to Adz with boundary condition at Ade:

Jf% (Ad) —=M2 (Adeg) — _113 (Adez) =

ALZ (A ) =NALZ (Adez) — 725

rn% (A=) :nz% (Ad =) — .r?z_f),

ATy (M) =N (M) — N3 (M) — M o

m3o (M) —m3s

;—'1_; I: :'lIG ::l :4’40 /1'14:




[LHC /Tevatron will find SUSY

1400

...........................

_[L dr=1, 10, 100, 300 fb
A=0, tanf=35p=>0

—-| one year
@1034

one year
@1033

.................................................

one month
A @1033

.~ cosmologically plaus
region

Fermilab reach: < 500 GeV 2

ble

0 500

1000 1500

m, (GeV)

2000

Discovery of many SUSY
particles is straightforward

Untangling spectrum is difficult

= all particles produced
together

SUSY mass differences from
complicated decay chains;eg

M, , limits extraction of other
masses




SM is incomplete

*23% of universe iIs cold dark matter:

QCDmh2:.1126 +'0161-.0181

No dark matter candidate in SM

SUSY has dark
matter candidate




‘ MSSM has dark matter candidate

= LSP: Lightest supersymmetric particle, yo Is neutral and stable
(in models with R parity)

My, (GeV)

1600

. e 0n2<0.120

1400 B ------ LEPEexcludad
1200 B - N A
1000

800
so l  — ey
400 Fc

: Tevatron
200

0 1000 2000 3000 4000 5000 6000 7000 8000

mg (GeV)




‘ Supersymmetry (MSSM version)

= Many positive aspects
Gauge coupling unification

Q

Q

Q

Q

Dark Matter candidate (LSP)

Predicts light Higgs boson
s My< 140 GeV

Agrees with EW measurements g .,

N O TR T I T

Lo L.l
108 102 108 1020
Q (GeV)

L] I T L] L] T I L T T L] 'I L] L] L] L] I T L] L] T
Tevatron/LEP 2 [
LEP1/SLD: darker region

M= 400 GeV
Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06

L L L L I L L L L I Il L L L I L L L L I L L L L
160 165 170 175 180 185
Mgop (GeV)
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