Physics at Hadron Colliders

Lecture 4

Search for Physics Beyond the
Standard Model

* Supersymmetry
* Heavy particles decaying into di-leptons

 What if there are extra dimensions?
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Why do we think about extensions of the Standard Model ?
see lecture by E. Kiritsis

1. Gravity is not incorporated yet in the Standard Model

2. Many open questions in the Standard Model
- Hierarchy problem: m,, (100 GeV) — mg,. (10" GeV)
- Unification of couplings
- Flavour / family problem

All this calls for a more fundamental theory of which
the Standard Model is a low energy approximation — New Physics

Candidate theories: Supersymmetry
Extra Dimensions
Technicolor

All predict new physics at the
TeV scale !!

------- Strong motivation for LHC
mass reach ~3 TeV
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The Search for Supersymmetry
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Why do we like her so much?

1. Quadratically divergent quantum corrections to the
Higgs boson mass are avoided

.~ 7~ Korrekturen (A%) ] Amyg = f(m?g — m?c) — mSUSY ~ 1 TeV
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(Hierarchy or naturalness problem)

60 - o _l/a,

2. Unification of coupling constants of the 80.f
three interactions seems possible a0 -

3. SUSY provides a candidate for dark matter,

mit Supersymmetrie

The lightest SUSY particle 7 @ /e,
(LSP) T T

energy (GeV)

4. A SUSY extension is a small perturbation,
consistent with the electroweak precision data
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No experimental evidence for SUSY so far! (except that about half of the
l particles are already discovered)

Either SUSY does not exist

OR

Mmgysy large (>> 100 GeV) — not accessible at present machines

!

LHC should say “final word” about (low energy)
SUSY since theory predicts mg gy < a few TeV
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The Minimal Supersymmetric Standard Model (MSSM)

Symmetry between fermions (matter) and bosons (forces)

For each particle p with spin s, there exists a SUSY partner P with spin As =1/2.

EX. q(s=12) —  |d| (s0) squarks
g (s=1) —  [§]|(s=1/2) gluino

Many new particles predicted !

Here : Minimal Supersymmetric extension of the Standard Model (MSSM)
which has minimal particle content

: 1
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MSSM particle spectrum :

bosons :
quarks — squarks q
leptons —  sleptons €,,V,etc.
£ — winos Syt ad,
+ — charged higgsino 2 charginos
Y —  photino .
Z —  zino X s
- 4 neutralinos
h,H — neutral higgsino
g —  gluino i]
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SUSY phenomenology

There is a multiplicative quantum number:

+ 1 Standard Model particles
R-parit R= <
parity P -1 SUSY particles

which is conserved in most popular models (considered here).

Consequences:

» SUSY particles are produced in pairs
* Lightest Supersymmetric Particle (LSP) is stable.
In most models LSP is also weakly interacting: LSP = y°,

— LSP is a good candidate for cold dark matter
— LSP behaves likeav — it escapes detection
— E;Mss  (typical SUSY signature)
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The masses of the SUSY particles are not predicted;
Theory has many additional new parameters (on which the masses depend)

However, charginos/neutralinos are usually lighter than squarks/sleptons/gluinos.

Present mass limits : m (sleptons, charginos) > 90-103 GeV LEPII
m (squarks, gluinos) > ~ 250 GeV Tevatron Run 1
m (LSP, lightest neutralino) > ~ 45GeV LEPII

With LEP Combined results
55

m, < 1 TeV/c?

—Higgs { 2
¥ U,y = 175 Gevie®

m_ (GeVic?)

X

(large my)
50
Higgs

/Sleplons

* LEP-II limit on the mass of the

in the corridor

Lightest SUSY particle
Excluded at 95% C.L. assumption:
0 lightest neutralino = LSP
1 2 5 10 tanfp
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Search for Supersymmetry at the LHC

* If SUSY exists at the electroweak scale, a discovery
at the LHC should be easy

» Squarks and Gluinos are strongly produced

They decay through cascades to the lightest SUSY
particle (LSP)

—> combination of
Jets, Leptons, E,™miss

1. Step: Look for deviations from the Standard Model
Example: Multijet + E;™ss signature

2. Step: Establish the SUSY mass scale use inclusive variables, e.g. effective
mass distribution

3. Step: Determine model parameters  (difficult)
Strategy: select particular decay chains and use kinematics to
determine mass combinations
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Squarks and Gluinos

* Strongly produced, cross sections comparable to QCD cross sections at the same
mass scale

If R-parity conserved, cascade decays produce distinctive events:
multiple jets, leptons, and E,™miss

* Typical selection: Njet >4, E; > 100, 50, 50, 50 GeV, E, miss > 100 GeV

Define: My = EM + P} + P2 + P} + P} (effective mass)

o
]

LHC reach for Squark- and Gluino masses:

Events/50 GeV/10 b '
=
|

1 fb = M~ 1500 GeV
10 fb™ = M~ 1900 GeV
100 b = M~ 2500 GeV

05500 1000 1500 2000 2500 TeV-scale SUSY can be found quickly !

example: mSUGRA Mon (GEV)
m, =100GeV, m,, =300 GeV
tanp =10, Ay=0, n>0
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LHC reach in the my-m 4, MmSUGRA plane:

SUSY cascade decays give also rise to many

i miss qj . . . -
Multijet + E;™Ss signature other inclusive signatures: leptons, b-jets, t‘s
e : ; " oms
1400 — oy L =35>0 || 1400 [— 100 o' —
CMS n oA
1200 1200 — \
o one year
1000 N ; @1034 1000 —
2 TH
e-‘ —
S sw 3 800
g one year g
E : : /:(@1033 Eg
i o W L S s 600 —
. ) o) one month
A (@1033
400 i 400 —
one week l |
@103310_0 = cosmologically plausjble 200 |— /5, i
~ region | visibility of dilepton é
nilab reach: < 500 GeV | siructure !
1 I I
0 - 0 500 1000 1500 2000
0 500 1000 1500 2000 mg (GeV)
m, (GeV)

Expect multiple signatures for TeV-scale SUSY
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¢ |[nvisible LSP =

Determination of model parameters

no mass peaks, but kinematic endpoints

= mass combinations

* Simplest case: %, — %% ¢* /- endpoint: M, = M(x%) - M(x°)

~

(significant mode if no %% — %%2Z, x%h, ¢ ¢ decays)

* Require: 2 isolated leptons, multiple jets, and large E,™ss

250

200

150

Events /4 GeV /110"

50

Mg = 90 GeV, My, = 220 GeV
n=0 Ag=0

tanpB=2

100 200 300
M%) (GeV)

T T T
Mg = 160 GeV, m, . = 250 GeV

500} =0, Ag =0
tanp = 35
e 400
=
L&)
= 300F
2
£
=T Modes can be distinguished

using shape of //-spectrum

.
o 100 200 300
M) (GaV) Blais 20
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— bb:

CMS
tanf=2 =0 tanf=2 p=0
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'é_ 140 | é 140 ¥
80 } Y 4 }{!JH{H m}{} i+ 80 | T! . Ji!hﬁli}}{iiﬁ " p 2 1 y
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Strategy in SUSY Searches at the LHC:

» Search for multijet + E{™ss excess

« If found, select SUSY sample (simple cuts)

* Look for special features (y's , long lived sleptons)
* Look for /%, ¢* (-, (* (%, b-jets, t's

* End point analyses, global fit
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Status of SUSY Searches at the Tevatron
- a few examples-

(1) Search for Charginos and Neutralinos

*  These particles can decay via W* / Z* or
sleptons into Leptons + P miss

Example: associated y,2y,* production

~0~=+ 11+ ~0~0
X0 > T o X

»  Small background from Standard Model processes (striking signature),
but also a small signal cross section

* Leptonic branching ratios are enhanced if slepton masses are close to
gaugino masses
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w Analysis: Search for 5 () + like-sign di-muon final states

with missing transverse momentum

mMmSUGRA interpretation

||l-.'||l||l|||\|l\|\\|\‘

j

R IR I

Search for x533 — 3+X D@, 320 pb

W) - W) - 2m); Wsiepon) - ) Preliminary
1an = 3, u> 0, no slepton mixing

1

—— Expected Limit(no )
= Observed Limit
....... Expected Limit

L
.,
s,

fuy,
......
"""""

wr

Iﬂrge-m[J

Selecti | background | # obs. g E
on expected | events = 06
s F
eetl 0.21+0.12 0 ‘g 0.5}
eut 0.31+0.13 0 X F
ga 04
st 1.75+0.57 2 W= F
£03
prut 0.64+0.38 1 ©
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For specific scenarios: sensitivity / limits above LEP limits
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(2) Search for Squarks and Gluinos

. Copiously produced

(QCD production) o 600
(5]
3
S 500
0
@ 100
=
=
© 300
3
=4
. (77}
- Cascade decays into 200

multi-jet + P;™iss final states

(2,3 or 4 jets, depending on squark / gluino 100
mass relations)

Q
0

P -1
D@ Run Il Preliminary L=310 pb
I: T | LI | T 1T T 7T | L 7]
& ;
H LEP2 T
|| = ‘
ol 3
5 5 = no mSUGRA :
solution <
DO IB N
LEP 12 m(@)<mi;)

100 200 300 400 500 600
- 2
Gluino Mass (GeV/c")

Limits beyond LEP mSUGRA reach for m(squark) ~ m(gluino)
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The Reach for SUSY at the Tevatron
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Can LHC probe extra dimensions ?

* Much recent theoretical interest in models with extra dimensions
(Explain the weakness of gravity (or hierarchy problem) by extra dimensions)
* New physics can appear at the TeV-mass scale,

i.e. accessible at the LHC

Example: Search for direct Graviton production

99 > 96 ,q9 —> 46 ,qq > 69 X

_ D

99 > 6y SN
g T T

= Jets or Photons with Emiss . ,wmg%,
v/
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Search for escaping gravitons:

Jet + E{™ss search:

V8= 14 TeV
E Wie), W)

L] ey
H vy
— total background

® signal 8=2 M, =4 Tev
< slgnal 8=2 M, =8 TeV
4 slgnal 3=3 M, =5 TeV
B signal 3=4 M, =5 Tev

L “l\b%»-&l’ :

1250 1500 1750

E, miss{GoV)

Main backgrounds:
jet+Z(—>wv), jet+W—ojet+(e,pu,t)v

G&l —87R°M é+5 8 : # extra dimensions
M, = scale of gravitation
R = radius (extension)

Mmax = 91, 7.0, 6.0 TeV
for

) = 2, 3, 4

Extension: 105, 1019, 1012 m

,LHC experiments are also sensitive to
this field of physics“ — robust detectors

K. Jakobs, Universitat Freiburg

CERN Summer Student Lectures, Aug. 2005




More ideas?

. What about heavy new resonances decaying into lepton pairs
examples: W andZ"~ or Graviton resonances (extra dimensions)

use again leptonic decay mode to search for them: W™ — €v
7 —2¢e

Increased sensitivity in the Tevatron Run Il

. What about Leptoquarks ?

Particles that decay into leptons and quarks
(violate lepton and baryon number; appear in Grand Unified theories)

here: search for low mass Leptoquarks (TeV scale)
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Fermilab Search for New Resonances in
High Mass Di-leptons

> Neutral Gauge Boson Z’ > Randall-Sundrum narrow Graviton

+SM Coupling assumed resonances decaying to di-lepton

appear in Extra Dim. Scenarios

Main background from Drell-Yan pairs
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Search for New Resonances in
High Mass Di-leptons

Di-electron Invariant Mass Di-muon Invariant Mass
4 CDF Run II Preliminary (200 pb ) “ i CI".lF RUN Il Preliminary (200 pb '1]
10 T T T T ' —e— Data
= Data 5,9‘ 10, — All
D Drell - Yan g [ | g‘ég:cggmlcs
10 B oD Background ° |_C]_DYZorr WW W2 1]
P 0w 10 1
] 1. WW, WZ, u 2
2
I

Events / 5 (GeV/c 2}

100 200 300 400 500 600 700 80D

100 200 300 400 00
s Dimuoh Mass (GeV/c °)

Dielectron Mass (GeV/c 2]

Data are consistent with background from SM processes. No excess observed.

Z’ mass limits (SM couplings) ee up eetpuu 17
95% C.L. CDF : 750 735 815 394 GeV/c?
DQ: 780 680
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Search for W’ — ev

« W’: additional charged heavy vector
boson

* appears in theories based on the
extension of the gauge group

* e.g. Left-right symmetric models:
SU(2)y Wg

COF Rundl Praliminary
T

« assume: the neutrino from W’ decay J.L d= 205 pb
is i —— Total und
is light and stable. _Mi_m:w
M, = 650 GeVic’

* signature: — M= 850 GoVie’

high p; electron + high P miss

&nm per 10 Gevie :

— peak in transverse mass distribution

0 200 400 600 300 1000 1200 1400

M, (GeVic®)
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Search for W’ — ev

CDF Run Il Preliminary

e — —
10°F 1 T
g J.Ldt= 205pb~ 3
. )
o 10§ 2
= F =

(4] al
T} E =
8 10E -
1 E =
c -« DATA .
g 1 E — Total Background E
H F —Woev 3
10' & —Multijet A
E — Other backgrounds E

i2 [P A A | Ll
10
10 10 10
2,
M; (GeV/c")

Data:

consistent with one well known W
+ background

Limit: M(W’) > 842 GeV/c?

(assuming Standard Model couplings)
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Search for Scalar Leptoquarks (LQ)

« Production:
pair production via QCD processes
(qq and gg fusion)

* Decays: into a lepton and a quark

On O
LQ L i
Sl o Sk 0B
Vy

Iy

= LQ branching fraction to charged lepton
and quark

N = generation index
Leptoquarks of 1., 2., and 3. generation

q ,‘, q+“"’““ LQ gw"f--'m
ALQ 1
g L vLQ

_y B L0 _ :

q v g——te-LQ e LQ

-4 gvmtm'u-r
(a) (b) ©
;& Qg TR
4 ~ i
g If :i" ALQ
g »LQ v
g E 4 “LQ g e LQ
(d) (e) ®

Experimental Signatures:

* two high p;isolated
leptons + jets .OR.
* one isolated lepton +
P miss+ jets  .OR.

* P;Miss + jets
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generation Leptoquarks

channels: egjj, ev jj channels: uyjj, evjj, vvjj

Search For Second Generation Scalar Leptoquarks
1g 7

- g T T T
=2 E E 09
?r) 32? B s, ijj . &E 08
gosf 15Gen “ & 07
e E
oc E e 06
m 05 =
0,4:— e 05
o3ERun Il ~250pb™ E oa b Sl
02fRunl:~120pb" " E o bl
01 -. ...... -""""-‘"-“..- : 02
Q% Te0 180 200 220 240 260 i
Scalar Leptoquark Mass (GeVic *) I || | [ OPrivimeeeer
= " La::t‘:'lquarf:iassTgeWczzgu i e
95% C.L. 1. Generation 2. Generation 3. Generation
Mass Limits LQ LQ LQ
CDF (Run II) 235 GeV/c? 224 GeV/c? 129 GeV/c?
DO (Run | +11) 256 GeV/c? 200 GeV/c? (Run )
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LHC reach for other BSM Physics
(a few examples for 30 and 100 fb-")
30 fb - 100 fb -
Excited Quarks M(Q*) ~35TeV |[M(q*)~ 6TeV
Q*—qy
Leptoquarks M (LQ) ~1TeV M (LQ) ~ 1.5 TeV
Z' — W, M(Z) ~ 3 TeV M(Z) ~ 5 TeV
Ws v MW) ~4 TeV |[MW) ~6 TeVv \
Compositeness A ~25TeV A ~40 TeV [Ldt = 100 fb-1
(from Di-jet) ,
i My = 4 TeV
Z:,,—- W —> ev
.
] Background “
w fromW —> ev

Transverse mass m; (GeV )#
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1.

Conclusions

Experiments at Hadron Colliders have a huge discovery potential

- SM Higgs: full mass range, already at low luminosity
Vector boson fusion channels improve the sensitivity significantly

- MSSM Higgs: parameter space covered

- SUSY: discovery of TeV-scale SUSY should be easy,
determination of model parameters is more difficult

- Exotics: experiments seem robust enough to cope with new scenarios

2. Experiments have also a great potential for precision measurements

-m,, to ~15MeV

-m,, to ~ 1GeV

- Amy/myto 0.1% (100 - 600 GeV)

+ gauge couplings and measurements in the top
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LHC : most difficult and ambitious high-energy physics project ever realized
(human and financial resources, technical challenges, complexity, ....)

It has a crucial role in physics: can say the final word about

-- SM Higgs mechanism
-- low-energy SUSY and other TeV-scale predictions

!

It will most likely modify our understanding of Nature
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There are very exciting times ahead of us !!

We hope that many of you will join us in the discovery enterprise

* In case you have any questions:
please do not hesitate to contact me:  karl.jakobs@uni-freiburg.de

» Transparencies will be made available as .pdf files on the web
(official summer school pages)
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End of
lectures
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