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A few MSSM conventions

SUSY-Higgs at the LHC

SUSY at the Tevatron

SUSY searches at the LHC

SUSY measurements at the LHC (and ILC)

[sorry for skipping references altogether, many reviews around]
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TEV SCALE SUPERSYMMETRY: 1

Starting from data...
— ...which seem to indicate a light Higgs
— problem of light Higgs: mass driven to cutoff of theory [remember pain to get that up]
omé o« g°(2mg, + m3 + mg — 4m¢) A?
Veltman’s condition (- --) = 0 would be fun
problem preferably solved to arbitrary loop order

4

solution: counter term for exact cancellation =- artificial, unmotivated, ugly

4

or new physics at TeV scale:  supersymmetry
extra dimensions
little Higgs (pseudo—Goldstone Higgs)
Higgsless/composite Higgs
YourFavoriteNewPhysics...

4

typically either cancellation with new particles or discussing away high scale

4

all really beautiful concepts and symmetries

4

iIn general problematic to realize at TeV scale  [data seriously in the way]

|ldea of supersymmetry:  cancellation of divergences through statistics factor (-1)
[scalars vs. SM fermions; fermions vs. SM gauge bosons; fermions vs. SM scalars]
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SUSY idea: solve hierarchy problem by just doubling particle number?!

R

TEV SCALE SUPERSYMMETRY: 2

stops (scalar) cancel top loop [couplings protected]

gauginos (neutral or charged) cancel W, Z loop

higgsinos cancel Higgs loop  mix with neutralinos]

since we are at it, let’'s postulate gluino for 2-loop, plus sleptons and squarks

(1) hierarchy problem solved

(2) rich collider and non-collider phenomenology guaranteed

(3) Lorentz algebra properly extended

Serious change in Higgs sector

4

adjoint Higgs field not allowed in £
— how to give mass to t and b?
— two Higgs doublets

SUSY Higgs sector interesting in itself
no MSSM know-how needed

spin d.o.f.
fermion fl, R 1/2 1+1
—s sfermion T, 1R 0 1+1
gluon Gpu 1 n-2
— gluino 5 1/2 2 Majorana
gauge bosons ~,Z 1 2+3
Higgs bosons hO, HO, AC 0 3
— neutralinos §|O 1/2 4.2 Majorana
gauge bosons wT 1 2-3
Higgs bosons Hj: 0 2
— charginos ;i 1/2 2.4 Dirac
graviton G 2 2
— gravitino G 3/2 2 hard to catch
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SUPERSYMMETRIC HIGGS SECTOR: 1

Required by supersymmetry: two Higgs doublet model

— one (complex) Higgs doublet: 4 degrees of freedom
—s three for longitudinal W, Z, one for scalar Higgs

— two Higgs doublets: 8 degrees of freedom
— three for longitudinal W, Z, five for Higgs particles

— scalars h°, H°, pseudoscalar A°, charged H*

— free parameters
(1) still only one free mass scale: ma
(2) two vacuum expectation values: tan 8 = vi/vy

All you need to know: plateau structure [FeynHiggs]
— ‘plateau Higgses’ coupling to W, Z
— heavy H°, A° with tan 5-enhanced coupling to b, 7

— light h® mass limited from above m,, < 135 GeV
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SUPERSYMMETRIC HIGGS SECTOR: 2

Challenge: find one Higgs at the LHC
— decoupling regime my 2 160 GeV
— h° looks like SM Higgs  [of corresponding mass]
— qq — qgh” — qqr7
— other end mp < 120 GeV
— qq — qqH° — qqrT
— In between: maybe even two bumbs

= No-lose theorem: qq — CICI{hO> HO} — qqrT
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SUPERSYMMETRIC HIGGS SECTOR: 2 ‘

Challenge: find one Higgs at the LHC tanp
: : 0 AR B
— decoupling regime ma > 160 GeV ; %:::::::::::}
— h" looks like SM HIggS [of corresponding mass] \ PeYe %% %%
NI o%e%0%0%
0 20 ( ): "’""""“ »
— g — qgqh” — qqr7 R N e
: Regelelele :
— other end my < 120 GeV 15 K focsssse! g
o | o
— qq — qqRA” — qq7T 10 ¢ ‘»\:::::/4 Z
— in between: maybe even two bumbs N AR /
ANENEENIVEN =1 ST A
= No-lose theorem: qq — qq{h°, H°} — qqrr 0B e
. . . chiz = s bH* H = 7 ATLAS
Nightmare: confirm SUSY Higgs sector S e —>yyons  /LOt=300 fb"

Wh/tth, h —>yy
= tth, h—>bb

— decoupling regime my 2 160 GeV
— Yukawa coupling for H°, A°. H*: m tan 3
— enhanced production e.g. bb — H® or gb — tH™
— decays H® — 77, pppor H- — 7

~

=

w S O O NODWOWO
T T L——

LEP2
Vs = 200 GeV

> £Ldt = 200 pb™*

LEP2
,4 ) Vs = 189 GeV

— intermediate ma ~ 120 GeV: 2N
- - : 0 140 AO 2 7
— many (light-ish) Higgses h-, H”, A" observable i )
— top quark decays t — bHT?  [Tevatron?] o e ase e

P A S/ 3\ =5
50 100 150 200 250 300 3

a

400 450 500

m, (GeV)
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TEV SCALE SUPERSYMMETRY: 3

Back to the MSSM: SUSY partner masses
— mechanism of mass generation unknown [soft breaking leaves quadratic divergences alone]
— link to flavor physics and baryogenesis/leptogenesis unknown
— SUSY breaking unknown [hidden sector, assume mediation to visible sector]

— maximally blind mediation at high scale: MSUGRA [really not the general LHC paradigm!!]
scalars: mo, fermions: m, /,, tri-scalar term: A
plUS Sign(,u) and tan B in HiggS Sector [Higgs masses let free: NUHM]

mSUGRA GMSB AMSB
800 — ‘ZL %2 ~ g A 7]
Alternatives to MSUGRA  [softsusy...] i " o i ]
.o " ' X5.4 X2 _
— gauge mediation 600 | j S
— anomaly mediation > I ;) 5]
: L. S - qr i, i
— gaugino mediation E400F T 0 g o il
- Xg —— XF X3 -0 n
- - X5 7 X 1
) B I 7 7
= none of them convince me 200} i 0 o . -
. B ER o ~(2) 1{— ~ ZR €R ;L— 7’:?1;’ 7]
= measure spectrum instead - R ErR
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TEV SCALE SUPERSYMMETRY: 4

Structures in the SUSY spectrum
— gauginos-higgsinos mixing: Mgo ~M_y OF Mgo ~M_4 In MSSM
X1 X1

mg 0 —MzSwCg MzSwSg3
0 mg, MzCwCg —MCuwSg ( mg, V2mysg )
—MzSwCs  MzCwCps 0 — 1 V2mycg —
MzSwSg3 —MzCwSg — 0

— stop and sbottom mixing in MSSM

( mg + m¢ + (% - %svzv) mZczs  —m¢ (Ac+ pcot 3) )
—my (A + pcot 8) mg + mZ + Zsim3cys

— heavy gluinos, squarks through unification: mg  5/mM1/2 ~ 0.4,0.8,2.6
mg,a/ml/z ~ 0.7, 2.5 [mg < my /5]
[mass and coupling unification independent]

~

— lightest SUSY partner 3,7 = after dark matter data ¥ ~ B, W [gravitinos?]
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TEVATRON & LHC

Conversion of beam energy into particle mass

e search for new particles easier if particle produced
— highest possible energies required

e cClean e+e_ colliders: proton - (anti)proton cross sections
LEP: Z pole 10° ey 10°
LEP2: 206 GeV for e.g. ZH 10 F o 11
ILC/CLIC: 1...4 TeV in future 0¥ Tevaron  LHC 1%
10° ¢ § j 3 10°
e powerful hadron colliders: b 1 R Dy
Tevatron: pp with 2 TeV  [valence quarks] ot b e
LHC: pp with 14 TeV [gluons] 1 | 3 1 1107k
o o (B> vsi20) 1.8
e LHC mass reach ~ 3 TeV [win by luminosity] _ 101 = 1
2 10 3 Ow 3 10t ;
o 10° - 0 (> 100 GeV) 4 10° 8
107 3 {10t g
. . S F ; 5 5]
New physics at hadron colliders 0 / 110
. . .. . 10° o, +4 103
e whatis a jet and what is inside? [o, r tag] 00 f auE > sl 10
e trigger: ‘no leptons — no data’ 10° [ Ohigas(My = 150 GeV) {10°
.- . 100 L ~ . 3 10°
e backgrounds pp — jj or pp — WZ+jets N N .
0.1 1 10
e statistics: S/+v/B > 5 we call discovery Is (TeV)
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SUPERSYMMETRY AT THE TEVATRON: 1 ‘

Inclusive: squarks and gluinos at Tevatron
— squarks, gluinos strongly interacting, o ~ pb
PP — ", 00,97 (bestif m@) ~ m(3)]
— decays to jets and LSP and
§ — §a, . — 9%2, Gr — AX1
additional jets and leptons possible
= very promising search for jets plus LSP

D@ Run Il Preliminary L=310 pb'1
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Necessary model assumptions
— assume 100% branching into inclusive jets+LSP

— for detector efficiencies m(%3), ...
— gluino decay into squark or vice versa?
= MSUGRA assumed, but effect moderate
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SUPERSYMMETRY AT THE TEVATRON: 2

More specialized: trilepton channels

generally assumed that charginos are light

largest cross section pp — X;rxg

decays g7 — ¢Tvgd and {3 — T4 %2
gaugino rate determined by t channel squark
signature plagued by W, Z background
about to pass LEP2 chargino limits

o(X:x) x BR(3I) (pb)

- LA L L e e
C 1
0.6k Search for ;X3 - 31+X D@, 320 pb~ ]
' :_ A M) = M(X9) = 2M(x3); M(slepton) > M(x9) Preliminal’y_:
’O,‘ tanf = 3, pu> 0, no slepton mixing ]

0.5_ D -]
= s Expected Limit (not)

C W, —— Observed Limit .
0.4F o S frm =
C "'.,9‘/@,4_ ------- Expected Limit ]

. e .

0.3 3
0.2F =
0.1~ =
5..“_ large-m ]
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SUPERSYMMETRY AT THE TEVATRON: 2

More specialized: trilepton channels

generally assumed that charginos are light

Iargest Cross section pp — XIFX%

decays g7 — ¢Tvgd and {3 — T4 %2
gaugino rate determined by t channel squark
signature plagued by W, Z background
about to pass LEP2 chargino limits

Even more specialized: long-lived gauginos
stable on the detector time scale of ns

like massive muons in tracker—-muon chamber
— gauginos motivated by GMSB or AMSB

= SUSY at the LHC does not come out of nowhere!

o(X:x) x BR(3I) (pb)

+
1

aPp - X

0.

X2 (pb)

6

i
TTTTTT

T
-1

Search for ;X3 - 31+X D@, 320 pb~ ]

MO = MO = 2MG): Mislepton)>Mxd  Preliminary ™

‘s
‘. tanB =3, p>0, no slepton mixing
o
‘e

Expected Limit (no 1)
N —— Observed Limit

Expected Limit

&
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.
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DO Run Il Preliminary
= L =390 pb™

~ ‘\‘ 95% CL Cross Section Limit

NLO Cross Section Prediction

L LEP Excluded
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SUPERSYMMETRY AT LHC: 1

Supersymmetry at the LHC

(1) possible discovery — signals for new physics, exclusion of parameter space

(2) measurements — masses, Cross sections, decays

(3) parameter studies — MSSM Lagrangean, SUSY breaking

SUSY signals included

[NLO: Prospino2]

QCD coupling 944, qaq, 999

jets and E1: pp — §§*, §g, g

funny tops: pp — tt:

like sign dileptons: pp — §§
-+

[0 — uu — X1 duorg — u*u — 521_6u]

tri-leptons: pp — X3X1

T \HHH‘ T \HHH‘ J7 HHH‘ T \HHH‘ ]

+ ~~ ~

o, [pbl: pp — 88, 68, 1., XK, 99, %98, XSG

VS=14TeV J
— NLO -
---- LO

m [GeV]-

100 150 200 250 300 350 400 450 500
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SUPERSYMMETRY AT LHC: 1

Supersymmetry at the LHC
(1) possible discovery — signals for new physics, exclusion of parameter space
(2) measurements — masses, Cross sections, decays
(3) parameter studies — MSSM Lagrangean, SUSY breaking

. . 10 E\ I T T ‘ T 11 ‘ T 1T ‘ T T ‘ T 17T ‘ T 17T ‘ T T ‘ T \E
SUSY S|gnals Included [NLO: Prospino2] - S
_ . O[Pb]: pPp — §8, 88, 1,1, XK1, U9, X96, X318 -
— QCD coupling gqd, qgd, 9gd JseoTey |
. o e 1 - =
— Jets and Er: pp — 44", 89, g 5 — NLO
- B ---- LO ]
— funny tops: pp — tit] 4 .
— like sign dileptons: pp — §§ 0 F 5 E
[§ — Gu — X duor§ — T*u — X du] , |
: 0 10 | _
— tri-leptons: pp — X5X; - . .
i N\ K ]
[X9 — 70 — X2¢F; X{ — X2ev] al | L] X1 [ | | | rr‘,[Ge\,]f

10 | | I L 11 | 11 | IEN | | | | 1 | | | 11 | | 11 |

100 150 200 250 300 350 400 450 500
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SUPERSYMMETRY AT LHC: 2 ‘

q H
q
Spectra from cascade decays é / H
— decay g — gq — )'quq — u*‘;qujzcl’ [better not via Z or to 7] E % E
— cross sections some 100 pb  [more than 3 x 10 events] § 6

— thresholds & edges m?, < (mi.g — m2)(mZ — mig)/m%

200
[

— detector resolution, calibration,
systematic errors, shape analysis,
Cross sections as input?

dofdm,, (Events/100fb™/5GeV)

Wb
|

!
0 E«A Ll \M"‘W"w«»ww«

0 200 400 600 800 1000
(b) My (GeV)

do/dm,, (Events/100fb™/0.375GeV)

= Q. cascade reconstruction great

S < 400 [~
[known even from Atlas TDR] 3 g “f
2 ) [
E 0
3 L S 300 7A
2 2 [
§ r g [
& f @ '4 ‘
= L = 200 H|
£ £ L |
k] k]
IS] 5 b
3 | ‘ ] [
r « % 100 :{J \
[ ] N
L N i
0 R ol 1 M I
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SUPERSYMMETRY AT LHC: 2 ‘

q
Spectra from cascade decays é / H
+ e

Example: gluino mass

~ ~— ~O —
decay § — 4g — X200 — p
cross sections some 100 pb  [more than 3 x 10° events]

—~R0 , - §
i gQqx4 [better notvia Z or to 7] ; % -

«Q
>
o

thresholds & edges m?, < (mi.g — m2)(mZ — mig)/m%

detector resolution, calibration,
systematic errors, shape analysis,
Cross sections as input?

qL cascade reconstruction great [know now: mass differences even better]

now four jets instead of two

b, instead, all jets b-tagged
most of time: cascade identifiec
gluino mass to ~ 1%

[statistical error dominant]

{l 1 I 1 1 1 1 I 1 1
0 100 200 300 400 500 600
Sparticle masses and mass differences [GeV]
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SUPERSYMMETRY AT LHC: 3

Complex final states [e.g. SUSY-Madevent]
— Majoranas and fermion number violation in tools like Madgraph

— complete set of Feynman rules [400+ processes compared with Whizard and Sherpal]

Squarks and gluinos always with many jets

B : - oo _ _ _
cascade studies sensitive to jets” o ob] | Taog T
- == o S = - 130 483 565
— matrix element gg+2j and G.§+2] [pr; > 100 GeV] 70
’ o1 073 289 274
— Phythia shower tuned at Tevatron o)) 026 109 0.85
= SUSY easier than tops
3 P (P10 T PI (pp— ) P (pp - )
Q 1L prE50GeV | prE50Gev | ° Pr250 Gev
S E InJ<5, 8R>0.4 =
= F K T
S : ..
-8 10 ¢ £ Susy-MadG\r\aph \\‘\\.i.- H I - Y 3 i 3
e e N [T TN SR T
A T g N T = E
00 o, e N s e
3 Py, (PP-0,0) PY> (pp — 0, )
% 10 3 PrE50GeV | pr2l00GeY |
2 g Inj<5, AR>0.4 F E
= E Keytnia=1-25
g 10 -4; £spssulsa;/nj?\ﬁadGraph - T~
Pythia: p2 (power) N R ~3
P ey S T
5 ---- 2 (wim —
10 3 R 8221“5‘9% . | . | . i . | . | . | . \\\7‘7; . | . | LN \\\‘i.'.}"l.! ) ~1
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 GeV
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SUPERSYMMETRY AT LHC: 3

Complex final states [e.g. SUSY-Madevent]
— Majoranas and fermion number violation in tools like Madgraph

— complete set of Feynman rules [400+ processes compared with Whizard and Sherpal]

Squarks and gluinos always with many jets

_ . .. . " _ __ _
cascade studies sensitive to jets” o ob] | Taog T
: ~ = : ~o : i 1.30 4.83 5.65
— matrix element gg+2j and G.§+2] [pr; > 100 GeV] 70
’ o1 0.73 2.89 2.74
— Phythia shower tuned at Tevatron o)) 026 109 0.85
= SUSY easier then tops
2 pr;(PP-83) PP (pp - i) P (pp - )
% ) p; 250 GeV T pr2100 GeV ] p7;2100 GeV ]
o _ <5, AR.>0.4
=10 = R E;Iymla:l.%S F E
g |
o) [ LHC:spsla
© -3 Susy-MadGraph ~——
10 F Pythia: p§ (power) e
o= Py, (Wimpy)
A Q7 (power)
Lo Q (wimpy) ,
Al Q° (tune A) ™
10 . n | n | n | L L L - L L L L - L ‘ L I I :
3 i pr; (PP-0.T) 1 PT (P — 0, G, Jj) pr;" (PP -0 0, jj);
% 10 3 l;:Tilzso Gev | pr2l00GeY | pr2l00 GeV |
=i E nj<5, AR>0.4 ¥ 3 E
g 10 -4; £spssulsa;/nj?\ﬁadGraph ~ T~
Pythia: pi (power) I R =g
P Py, (Wimpy) T
5[ i Q2 (p(_)wer) ~T Sl - E
10 ? L 82 gmlggjz\; . I . I . é? . | . | . | . \\ - 7‘75 . | . | LN k\‘:‘i.'."l. ) ~
0 100 200 300 400 O 100 200 300 400 O 100 200 300  400GeV
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SUPERSYMMETRY AT LHC: 4

How to make sure it is SUSY

assume neutralino is found in cascades ! " ’
compare with a model where gluino is a boson,...

straw man: universal extra dimensions Z % i

[mass spectra degenerate —ignore this information; cross section factor 10 larger —ignore this as well] %2

Slepton cascade

decay chain Y9 — ¢0* — 0059

compare with first excited Z and ¢
Initial-state asymmetry pp — 4§09 [§/q ~ 2]
m = m;j;/m{;'®* most promising
A=[oGT) = o()/loGT) + o (07)]

assume hierarchical SPS1a spectrum
[dashed SUSY, solid UED]

we can tell spin in cascade

0.3 T T T T

_0_3_| L1
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SUPERSYMMETRY AT LHC: 4

How to make sure it is SUSY

— assume neutralino is found in cascades ! " ’
— compare with a model where gluino is a boson,...
— Straw man: universal extra dimensions Z %2 t
[mass spectra degenerate —ignore this information; cross section factor 10 larger —ignore this as well] %2

Slepton cascade

0.3 [t 7

— decay chain {5 — ¢7* — 0053

02 -

— compare with first excited Z and ¢
— Initial-state asymmetry pp — 3 @G/q ~ 2

= m = mj,/my"®* most promising
A=[oGT) = o()/loGT) + o (07)]

— assume non-hierarchical UED spectrum : _
[dashed SUSY, solid UED] B e ¥ Ty S e

—0.1 -

—02 - ]

= we can tell spin in cascade
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SUPERSYMMETRIC PARAMETERS

SUSY parameters from observables
— parameters: weak-scale MSSM Lagrangean

— measurements: masses or edges
branching fractions
Cross sections

— errors: general correlation, statistics & systematics & theory

— problem in grid: huge phase space, local minimum?
problem in fit: domain walls, starting values, global minimum?

First go at problem 2 1
— ask a friend who knows how SUSY is broken 12 : 8‘2
= mMSUGRA S 15 o
— fit mo, my /2, Ao, tan 3, sign(mu) 'j;s 0_; 05
— no problem, include indirect constraints 8:2 8::
— who the hell believes in MSUGRA? o2 3f
— mMSUGRA just testing ground for methods 002040608 1 121.41.61.8 2 0

M1/2 (TeV)
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SUPERSYMMETRIC PARAMETERS

SUSY parameters from observables
— parameters: weak-scale MSSM Lagrangean

— measurements: masses or edges
branching fractions
Cross sections

— errors: general correlation, statistics & systematics & theory

— problem in grid: huge phase space, local minimum?
problem in fit: domain walls, starting values, global minimum?

10 T T T I T T T T T T T T T T T T T T T

First go at problem
— ask a friend who knows how SUSY is broken

e 0O
Py o Loy
L X" Jes)
6 ° fﬁ' ]

- mMSUGRA 5 S5

— fit mo, ml/Z,Ao, tan 8, sign(mu) o AL 2. .:;:33.% ;n:sfl\fou;cio ]
— no problem, include indirect constraints I : .,v“ A
= who the hell believes in mMSUGRA? e AT
— MSUGRA just testing ground for methods o N
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SUPERSYMMETRIC PARAMETERS

SUSY parameters from observables

— parameters: weak-scale MSSM Lagrangean

— measurements: masses or edges
branching fractions
Cross sections

— errors: general correlation, statistics & systematics & theory

— problem in grid: huge phase space, local minimum?
problem in fit: domain walls, starting values, global minimum

Combination of methods [stitter, Fittino]

— (1) grid for closed subset
(2) fit of remaining parameters
(3) complete fit

— more modern alternaives:
simulated annealing
Markov Chains

= LHC+ILC with no assumptions

LHC ILC LHC+ILC SPSla
tang 10.2249.1 10.264-0.3 10.064-0.2 10
Mq 102.45+5.3 102.32+0.1 102.23+0.1 102.2
M3 578.67+15 fi x 500 588.05+11 589.4
M;_— fi x 500 197.684+1.2 199.25+1.1 197.8
L
M;— 129.03+6.9 135.66+0.3 133.35+0.6 135.5
R
M;—L 198.7+5.1 198.740.5 198.740.5 198.7
L
l\/I—d'3 498.31+110 497.6+4.4 521.9439 501.3
L
M{ fix 500 420421 411.73+12 420.2
R
I\/IB- 522.26+113 fi x 500 504.35+61 525.6
R
A+ fix0 -202.4+89.5 352.1+171 -253.5
At -507.8+91 -501.954-2.7 -505.244-3.3 -504.9
Ap -784.74-35603 fix0 -977+12467 -799.4
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OUTLOOK

LHC phenomenology beyond the Standard Model
— world-wide pheno-experimental effort rolling
— many new tools/ideas on the market, waiting to be tested
— lots of more work to be done
— by now fast-growing and exciting field

We will be able to do amazing things at the LHC!
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B PHYSICS AND SUPERSYMMETRY ‘ WS

b S
Search channel: Bs — uu i ;

t
— s-channel exchanges dominant: H, Z, ~ E
suppressed in Standard Model [Brgy ~ (2.4 +0.5) x 10~9] H 5
b S s
— more Higgs bosons in 2ZHDM A
tan B enhancement of s channel Higgses [BR,ypum o tan® g/mi] o

additional Higgs loop

X
— charginos in MSSM b f“"ﬁ? s

tan 6 enhancement for Higgsinos

gluino loop for non-minimal flavor physics... Uoh
B . B
Bottom Yukawa in the MSSM W
— gluino-sbottom loops universal: y, — yp/(1 + Ap) g

— large, leading in tan 3 & resummable Ap ~ as tan 8 mgu/max®(mg )
= decoupling in MSSM, but not in MSSM+

[similar terms for chargino/neutralino exchange]

— easy to implement in MC, numerically great for tan 5 > 10
= enhancement good for SUSY signals, but pain in analyses
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