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Multi Jet Event at 7 TeV },{,«,’?

« Extra Dimensions

« Other “conventional” BSM
signatures

* New BSM signatures




Physics case for new High Energy Mac-

» Understand the mechanism Electroweak Symmetry Breaking

# Discover physics beyond the Standard Model
Reminder: The Standard Model { [T

e M
- te”S us hOW but I"IOt Why 30 Nﬁld%\fﬁg&
3 flavour families? Mass spectra? Hierarchy? 5 s
- needs fine tuning of parameters to level of 10-30 | 0
- has no connection with gravity / o s
- no unification of the forces at high energy 0 e300
Most popular extensions these days i
e MSSM
If a Higgs field exists: — Wad v
- Supersymmetry 2
- Extra space dimensions 0 N\

If there is no Higgs below ~ 700 GeV »

- Strong electroweak symmetry breaking around 1 TeV L
Other ideas: more symmetry & gauge bosons, L-R symmetry, quark & . R

lepton substructure, Little Higgs models, Technicolor, Hidden Valleys... ' ' §GeY

D_




Theory Space

Mumﬂmq LY 2007, 2011: LHC Impact

- Sﬁ?jﬁlm‘?{tz Note that during the last 3-4

*(G  Years we —LHC experimentalists:
got more models to deal with
than we needed...

Some theorists found it a
challenge to invent a model
with signatures difficult for

the experiments:

heavy stable charged particles,
hidden valley models, Quirks...

NOW WE STRIKE BACK!

But remember that these
are still early days!!



A Light Higgs: Conseque

A light Higgs implies that the Standard Model cannot be stable up to
the GUT or Planck scale (1012 GeV)

The effective potential
blows up, due to heavy
top quark mass

g

—— Perturbativity bound
[ ] Stability bound

[] Finite-T metastability boun
I Zero-T metastability bo

Shown are 1o error bands, w/o theo

Allowed corridor
but needs strong
fine-tuning...

The electroweak vacuum
S AT | v _ -------- A A g |S UnStabl e t O C OI"I" e Ctl OI"IS
from scales A >> v= 246 GeV

Ingm{Af GeV)

New physics expected in TeV range




The Higgs

LHC exclusion at >95% CL

-—  Perturbativity bound
[ ] Stability bound
[ | Finite-T metastability bound—

B Zero-T metastability bound
Shown are 1o error bands, w/o theoretical errors —

LHC exclusion at >95% CL

Tevatron exclusion at >95% CL

18
log (A/GeV)




The Higgs
Iggs as a porta

® having discovered the Higgs!?

® Higgs boson may connect the Standard
Model to other “sectors”

SU(3)exSU2)xU(1)y

hidden quarks
sector leptons




The Higgs: 4t" Gene

= | CMSPreliminary,\s=7TeV [ CL,Observed
: _ 1
__%E 1ok Combined, L =1.11b _: i CL Expected = 1o
o - Standard model with 4 | - CLg Expected = 20
ol - generations of fermions | ..o Bayesian Observed ||
E
-

100 200 300 400 500
SM4 Higgs boson mass (GeV/c?)




The Higgs
no Higgs

not preferred by precision EW

no Higgs = a great discovery!

test unitarity cancellation at high E

qqg— ggWW, WW—->WW scattering

if strong — go higher energy to understand
the underlying theory

if weak — we had missed it! hadrophilic?
invisible?

® l[ower LHC energy? ILC!?

39




Supersymmetry: a new symmetry of Nature?

-—
.'l‘ . ~
H

ﬁ Higgsino

- S ) ™ N - '.--.
SUSY particle production at the LHC 8 - $ .
- . \

Candidate particles for Dark Matter
= Produce Dark Matter in the lab

-

)

N ———

S Assume “R-Parity” Conservation




Why weak-scale SUSY ? l

O - O

\_/

’ i

stabilises the EW scale: |[m — FﬁB | < O(1 TeV)
predicts a light Higgs m,, < 130 GeV
predicts/allows gauge unification
accomodates heavy top quark
dark matter candidate: neutralino, sneutrino, gravitino, ...

consistent with Electro-Weak precision data

Discovering SUSY — A revolution in particle physics!!

10



Detecting Supersymmet
|

Energy produced in the detector

~ simulation

zzzzz

Supersymmetric particles decay and produce a cascade of jets, leptons
and missing transverse energy (MET) due to escaping ‘dark matter’
particle candidates

Very prominent signatures in CMS and ATLAS



Missing Transverse En

Total transverse momentum imbalance

Generally appreciated to be a difficult quantity to measure
Very sensitive to fluctuations, miss-measurements, noise, backgrounds

e S ——

E“’ﬁ CMS \s=7TeV, 8 pb' ;: E - GOW cellbased IE """" |q:<4.5 | | | | .

< —«— Beforecleaning 1 ¢ 80" | DaaPbiPbyE, =276 Te"n.-’:f Ldt=1.7ub"

£10° g 8 70f Fit: 0.48\ E

i o —eo— After cleaning - ﬁ gof  °® DatapspVs=7Tev f Ldt=034nb"

5 _ _ = o B Fit: 0.48\T E, :

j: B simulation 1 T s50E =

E10° = %Lr““ - . :

2 S W 40p  miss -

107 Minimum bias events - . 5 - 3

10 \'}*w j 200 Comparing pp and PbPb

1 ﬁwm%mﬁ —; L ATLAS Prellrnlnary 3

3 P R N AT AR B ! L]

2 4 6 8 1() 12 14 16 18

350
Calo E; [Ge

ﬁ
53

S E; [TeV

In practice, rather well under control, from the start

*Good resolution using ‘particle flow’ ie maximally identifying particles
eMore Pile-up in future will NOT make this simpler




SUSY Searches

0-leptons | 1-lepton | OSDL SSDL __[23 leptons | 2-photons [ y+lepton
Jets + MET Single Opposite- | Same-sign | Multi-lepton | Di-photon + | Photon +
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
+ MET
Large SM backgrounds Low

i sensitivity to strongly produced SUSY
All Analyses (CMS)

4 jets

.
’
‘o’ rn'g =Mrg

D Sae—

sensitivity to
gauge-mediated SUSY

JET+MET (ATLAS)
| Signal Region |>2jets >3jets >4jets Highmass
Trigger EDe >130 >130 >130 > 130
requirements | | Leading jet pr | > 130 > 130 > 130 > 130
[Secondjetpr | >40 >40 > 40 > 80
o Channel definition | | Third jet pr - >4 >4 >80
(b\ | Fourth jet pr - - > 40 > 80
Reduce | |A¢Get, EF*)min | >04 > 04 > 04 >04
2 jets QCD | | E™**/meg >03 >025 >025 >0.2
Enhance signal| m.g [GeV] > 1000 > 1000 > 500/1000 > 1100

n
Mesr = Y|P ' + EF*°
=1

Note: Strong effort to get background (tail) estimates from data itself




Example: Search for SL-

Take one example to show steps involved:
Define event selection criteria

Go through ~2.000.000.000 events triggered
and stored on-line, to select candidates

Use eg kinematical cuts to suppress
background

“Predict” backgrounds in signal region
Determine efficiencies and systematics

EXcess or no excess?




Jets+Missing E; ch

Kinematic Glossary

Select events with (main cuts)

-HT=XE_ Jetswith py> 50 GeV *At least 2 jEtS with pt>50 GeV; | N I <3
*No leptons (e,M) present
- MHT=]-Zp |  Jets with p;> 50 GeV eHT> 275 GeV

. Ag* = minj Ao(jet, MﬁT computed without the jet)

Dominated by background!!

CMS Preliminary 2011 CMS Prellminary 2011
}1nd__l I | 1 1 1 1 | 1 1 1 I | 1 1 1 1I | I I I I E § I I I | | | | | I | |
g J'Ldt=1.1 ' \NE =7 TeV § det=1.1 s =7 TeV
.-" : "'\.'\"'\."'\."\"'\.'\"- mm m-lmz_ * m
E_luﬁ - S stﬂllﬂﬂﬂj _"ﬂdﬂ'l E :\:\:l:: S[ﬂl'll Inﬂ I '
e 10 —— QCD MultiJet - - —— QCD MultiJet
a0 F — 1, W, Z + Jets 10°E B — LW, Z 4+ Jets
“}EE_ """" E
- 1?5—
10L f s
F 'Iﬂg—
15_ 1
; r %
1ﬂ"§— | 1'I]-'1E




Example: Jets+Missing

Simplest topology: 2 jets + missing E;

q sauark Signal topology is different from the backgro
> topology

We define a variable a; defined as

Epret Epet
T = =
T MT

LSP  |sp \/ (22 E) — (22 P2Y) - (22 pé‘?*f)zr

We know from MC studies that a-
We will select events with a-

e

SIGNAL topology  JEL

8 [ 7 -
3"‘:2010 J'La.:upn".ui-rm A
im’r + Data

& E o Standard Madel

1n‘: — QCD MultiJet
107}

10‘;

10F

BACKGROUND
topology (QCD)

1|

107}




Data Driven Background E

AY

An illustrative example: Z—vv+jets
Irreducible background for Jets+E,™* search

Data driven strategy: 71
» define control samples and understand their

strength and weaknesses
v
'\ B
w

u W

\

Z) I
Z—ll+jets W-—lv+jets y+jets
Strength: Strength: Strength:
* very clean, easy to select * larger statistic * large stat, clean for high E,
Weaknesfs:_ Weakness: Weakness:
* low statistic: factor 6 * not so clean, SM and * not clean for E< 00 GeV,
suppressed wrt. to Z —=>vv signal contamination * possible theo. issues for

normalization (u. invest:igat:ioriI

All have been used in the data analysis



Results

Hy Bin (GeV) 275-325 | 325-375 475-575

W + tibackground | 3637 152.2 . 28.8
Z — v7 background | 2514 103.1 . 26.6
QCD background 172.4 55.1 5.0
Total Background | 787.4 310.4 60.4
Data 782 321 62
Hy Bin (GeV) 575675 | 675775 875—c0

W + tt background 10.6 3.1 . 0.6
Z — v7 background 8.7 4.3 : 2.2
QCD background 1.0 0.2 : 0.0
Total Background
Data

No excess seen in data compared to predicted background




SUSY Search: Jets + Missing‘

CMS-SUS-11-003 Using 1 fb!
CMS preliminary o det = 1 1fb! \Vs=7 TeV

— T T T T T
95% C.L. Linits:
:‘:; Observed Limit (NLO), CL - CDF 2,3, ‘“"ﬁ=5 u<t |
0] == Observed Limit (NLO), PL° DO 2,7, tanp=3, u<0
....... Median Expected Limit + 10, PL - LEP2 % .
~ == == Observed Limit (NLO), FC, 35pb! “
N 600 Gris [ Jier2 T ]
EF 50)(;‘95’
—— _
...... h""‘\ 7 (1250)Gev
..... .' \ —
) T RN tanf=10,A =0,u>0 |
]
400 o LME "," \\ 2(1000)Gev
) |
9‘(’;‘5_{? $_‘ \
)G@p 1‘-— \ ]
~ *LM4 NI AN g(750)Gev
\ .J-. S — —
Ors N N N aie e
200 D N R R g o

So far Constrained Minimal
Supersymmetric Standard
Model CMSSM is often used as
a benchmark model for
presenting the search results...

The CMSSM has 4 parameters
-My /5. universal gaugino mass
at GUT scale

- Mp: universal scalar mass at
GUT scale

-tanp: vev ratio for 2 Higgs
doublets

-Ao:  trilinear coupling

and the sign of Higgs mixing

0 500 1000 1500 2000 Parametery
m, (GeV)




SUSY Search: Jets + Missing E+

Limits in a simplified model ~ Using 1 fb™ [ imits in CMSSM

Squark-gluino-neutralino model (mLBF =0 GeV) MSUGRA/CMSSM: tarp = 10, A = 0, u>0

— 2000 TT T T[T TTT] T 7 [Py |~ P
= ! "WV i ATLAS Preliminary > ATLAS Preliminary 0 lepton 2011 combined
0] : '; i 0 lepion 2011 cambined o ] L1046 ", 1_3;? Tav — O chszrved 85% C.L limit
; 1750 I Il ol pbsaned B85 C.L {mik T‘EOU [ LEF2 ¥ ==== L, median expacied limit
7] . 1 I': ===« CL, madian expacted limit = l:l Do g, o tanp=3, p=0, 2.1 T’ ceee @XE imit B8, 9% CL
< E TR K S B GOF §§, tanp-5, <0, 210" *  Refetence point
S 1500 o e GRp I, DY CL BN Thooretically axcluded —— 2010 det PCL 35% C L limit
L4 1 Y
E 1 v, e 2010 data PCL 95% C.L limi) T
b o N
o> w . B i 500
g e L =1.0ddh | vs2=F TeV |

=k
M2
[
o

1000 40— -

750
300

500

200
250

1250 1500 1750 2000 500 1000 1500 2000 2500 3000 3500

500 750 1000

gluino mass [GeV] m, [GeV

MSUGRA/CMSSM: tanB=10, A =0, p>0
Equal mass case: m_=m_ > 980 GeV

m_>800 GeV m_>850 GeV
Equal mass case: |11b=r11[.4.:--1 .075 TeV

Up to masses of 1 TeV excluded for equal gluino-squark masses
Extends the 2010 data limits by ~ 250 GeV




SUSY Search: lepton and hadron

CMS summary of channels with new data  ysjng 1 bt

o, CMIS Preliminary \N5=7 TeV f Ldt=1.1 fo” Results of three SUSY

U 750) D SS Dilepton CMS-SUS-11-

"B o s | - ooF 7.7.ewsu0]  analyses completed on
B .._.2010 Limits Y D0 7.7, tanb=3,u<0 7 full summer 2011 data
| tanp=10, A =0, u>0 - LEPZ:§; N (or , Same Sign and
- [ Jier2 7 4 Opposite Sign
CRUGE e Jets+MHT : dileptons).
1 Lepton  (1000)Geir CMS-SUS-11-00

--------------
--------------
- *n

-------------------

-, *e g o /5 =1
Y, Leeae i a, ot Sae g£(500)GeV _|

Multi-lepton analyses
here @ Karlsuhe

0 200 400 600 800 1000
m, (GeV/c?)

Within the Constrained MSSM model we are crossing the border of
excluding gluinos up to 1TeV and squarks up to 1.25TeV




Interpretation In Simplifi-

Ranges of exclusion limits for gluinos and squarks, varying m(i“]
CMS preliminary

IIIIIIIIIIIIIIIIIII FTTryTrnrrTd L IIII|IIII
1.1 6", gluino

7 [ I
Tibbbbk: | 1.1 fb", gluing

g-uby

Ty | ]

TiLh; 0.88 fb, gluino
T

L=}
-
&
=1l

Tizz; | 0.88 b, gluino
-y

L=1]

100 200 300 400 500 600 VOO 800 9S00 1000

Mass scales (GeV/c?)
For limits on m(§), m{§) >> m{§) (and vice versa). "™ = oN-0-850,

(i}
mG), m x:]- m{m;mﬁc }_

mﬁ“} is varied from 0 GeV/c? (dark blue) to m{g)-200 GeV/c? (light blue).



Previous Benchmar

MSUGRA, tanp =10, A, =0, 1 >0
800 1000 1200 1400 1600 1800 2000

II..'II i}v // 4
es 11400

11200

oY ]
/@e- _
4 1000

m, (GeV)

m,, =120 GeV
¥HME e 800
SN K
Bri 13—=h%D > 05
3 #HME ~ — 600
! i N
// ol *> Lm0
400 | *Lme 400
*..Em%tm-:-{'-_“ﬂ-;— B s0s _
*LM3 - L - =
4 . : ~-..m, =114 GeV 1 oni™?
200 A 5 8 __—m_ =103 GeV =P % Lmo 20&
E = X
. NO EWSB
....................................... u
800 1000 1200 1400 1600 1800 2000

Example CMS

For our 2006 studies
we chose 13 benchmark
points (LMx, HMx...)

9 of these points are
already washed away
by the “tsunami” of data
this year




..S0me Interesting Events...

%EXPERIMENT
CMS Experlment CCCCCCCCCCC 304]
& jed: Tue Oct 2 4 2010 CEST
89 3 /706 2(
(1] Orbit/ Crossn‘"; 1268 SSSSSSS
.
5> - ! !
E . B --<
%: = : \{ ‘
e
= . )
= e " 7
,.',c‘-‘ ’/ >
,a 7 .

*Events with five jets and large missing transverse energy
*CMS: Total sum of transverse momentum H.= 1132 GeV and

4



Impact of LHC EPS Results

Simultaneous fit of CMSSM “Predict” on the basis of

arameters my, m tang

08 0o et ) ceir present data what the preferred

and cosmology data (e.g. M, region for SUSY is (In constrained

M, .., g-2, BR(B—Xy), reli

o 0 ety MSSM SUSY)

ol N L I e 25010 e o
3 p Including LHC @EPS ‘;; CMSSM ma@
= 2000f Before EPS S ) e
3 G 68% CL £ =l =gt

LBl

95% CL

500

—
g
lll”!.llillllll]

PRI IECEEP P P B T R
0 500 1000 1500 2000 2500 . '2500 0

2
Buchmuller et al. arXiv 1106.2529 g raevic:] m, [GeV/c?]

x2 probability: P(x?) for CMSSM
Before EPS: 16% Including EPS results: <10%

LHC direct searches significantly constrain allowed CMSSM parameter space!



What I1s Next?

« Think beyond the simplest or
most constrained models and

optimize searches A lot!!
— pMSSM

— NMSSM

— Degenerate mass spectra
— Light 3 generation

— Split SUSY

— RPV SUSY e Important to push limits up, but with more statistics
more important to systematically close windows for
light sparticles with suppressed xsec...

Missing something?

 How much of the “theory

e .8,
space” do we really cover? . \\

May have to revise our

“Flavor-Split” spectra “Squashed” spectra Low MET
. (heavy 1st-2nd gen (everything below scenarios
searches for other scenarios Shiaks cunaboiow W =soocoy bt sptitiig [ (ot secanrily

1-1.5 TeV, light 3rd gen) @ are small, O(10GeV)) RPV)

« More ideas at the LPCC
Workshop@CERN (August)




Searches for the Third G

ATLAS-CONF-201 1-130

e Extend the searches using also to o oo Diriipotmen st sk e
. . () E e CL_ Observed Ilmll -
leptons and jets coming from b-quarks 8. seo - ATLAS Preliminary g e SO
o = 1-lepton, 4 jets ——— Observed ATLAS (35 pb') :
° SenSItlve to dlﬂ:erent part Of the £ 500 - >=1btag,m >600Gev E"fpe"‘EdATLAS(“Pb') _
450 -
SUSY phase space = )=S0 GV (T ~2miT) s
p p 400 E_ m(aw‘z) >> m(g) " ‘II E
350 £~ ; -
— " 300 ; '.0' ;
= = . — -
gg(production) g—t 1f 2 :
250 - v E
-~ = i ) ! :
g- — bbl ..-l b 200 ;— “" Reference p?_:ini ) R ‘ —
-~ -0 x]. 150:“.'«‘.&....|.‘..|A.::..| N N TR A T T
— 300 350 400 450 500 550 600 650 700 750 8
ONF-2011-98 & —~bx ot
§
§-§ + b,b, production, b, b+x1 J L dt = 0.83 i5',\'s=7 TeV S0O(10) DR3 model L™= 0.83 fb ' \'s=7 TeV
1000||||I|||||||||I|||f||||i|||TIICleolbslervédlll:nllTlll'll F IIIIVI]III ITIIIIITIlIIIfI\I.IIIIIfl
- ATLAS Preliminary .- CL expected it = MO Prospino ]
Q00— T 68% and 99% C.L. [= - —&— Observed Iimit 95% C.L.
3 E  0lepton, 3jets CL expected limits 3 $-- Median expected limit
- ol ATLAS (35 pb') 5 L P .
800 |~ Pietanalyses . 2 --—- ATLAS (35 pb")
C - m()) = 60 GeV, mfi, ,)>>m(@) @
700 | 2 10
O

-
-

_________

500 ':’CDFgg abb25ib‘\o@
H;}HO"

- 0 lepton, 3jets

b-jet analyses

:': * .
Retgrence @hint

ATLAS Preliminary

_l L 1 1 Il I 1 1 Il 1 | 1 Il L 1 I 1 1 Il L | 1 1 L Il | L 1 1 L I L 1 Il I_
300 350 400 450 500 550 600 650

m, [GeV]

s ey by v b by v vy b v by v by g
200 300 400 500 600 700 800 900 1000

m; [GeV]

Gluinos have to be heavier than ~ 550 GeV from this search




Search for Gauge Me

10°

—+— Data 2010 s =7 TeV)
Il CcD

T Woev+jets, Woevy ttoev+ XS
—— GGM m, =600 GeV,

102

Events /5 GeV

= 2 photons (py>30,20GeV) 10 e UED Va0 oo
s E s> 125 GeV 1 (s

j Lt = 36 pb

| IIIILI.| | III|LI.I| L 111l

" Ngigna=0 107! e

- + =+ 2 . L e
n Nbackgmmd 0.10 £0.04(stat) £0.05(syst) 1023 - s e o 750

EF* [GeV]

} [T T I T TT I TT T I TTI I I TTTT | LI I LI | TIrorr I TTT1T I T T _I_ . . . i
3 .l ATLAS —— Data20108s5=7ToV) | o g0 (EGPI";' bino 'l'kle .”?Ll"lra."'fml' fal”!i =2 s < l‘” mm |
210" & GGM m. = 600 GeV, 3 g - ATLAS m upper lu'n.lt 1s set on the
~ B ) ¢ 1 = 750 cross section for new
o0 - -[Ldt -3 pb‘ m, = 300 GeVV — =) - .
c - ® (100 4 E 00 E physics of
) 10° 3 ".. weees UED 1/R = 900 GeV 3 det = 36pb’,\s=7TeV m 0 <0.38 —0.65pb.
i e ) - 650 | = Mass (gluinos)>560 [GeV]
10 L LT lll"llﬂ‘;' — 500 :—
g LI C
- - 550 —e
B N @ ATLAS expected CL, limit
1T Em E 500 |- —— ATLAS observed CL, limit gNLSP
o = 450 [ [+do
ij-l . - —e— CMS observed limit (35 pb™)
,10-1 wil N ST 0 Y I T Y T PR P Y | P BT AT 400_||||||||||||||||||IIII|IIII|IIII|IIII
50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800

m; [GeV]

E; [GeV]




RP Violating SUSY S

pp 2 QQ Q=g
|—
) Sparticle decays into 3 jets
o @ Use a diagonal cut to remove
2 combinatorial background as well as
= QCD background:

"7 uCorrect” triplets lie along . 4 mjjj < E IP—l{'ITiFlE'l')I - o (‘GF'FE’E'I']

horizontal line

4 T lpe arXiv:1107.30

CMS [L=351pb"

30 CMS, 35.1 pb” ] -~ s e
e I » Data (> 6 Jets) ) " — Observed
T | — Exponential Fit Function — W0
PRt -+ 250 GeV/c? Gluino Model e ~O = 20
E *ut _ = . — o"9(Gluino)
E F 4 Offset A = 130 GeV X a2l P
el + 5 107
c t = _
2 . 3 E .................
E 10 =— + - KR — :

I } H § 10

1 ol

P N P R S SR I s | K0 11 i

0 100 200 300 400 500 500

600 I?ﬂ[]m Jﬁn EDUI — I25ﬂ I .aﬂﬂl = Iﬂﬁﬂl = .Wﬂ‘ — 4
M, (GeV/ Three Jet Mass [GeV/c?]

No signal for gluino masses up to 280 GeV
High mass excursion is less than 20 taking into account look elsewhere effect




@ Extra Space Dimensions &
.' .‘~ \ G ';..‘.'.*:":' & o |

-
.

-

mpw = —— = 246 GeV
(Gpv2)2

- el

1
(tmm) /R M
1 TeV

Gravity becomes strong!



Models with Extra Dimensions e

Large Extra Dimensions Pplanck scale (M) ~ TeV

Size: » TeV!; SM-particles on brane; gravity in bulk

KK-towers (small spacing); KK-exchange; graviton prod.

Signature: e.g. X-section deviations; JeT-r-ETm'ss ADD
Arkani-Hamed Dlmopoulos DvaI| !

Warped Extra Dimensions  pg o (oo

5-dimensional spacetime with warped geometry
Graviton KK-modes (large spacing); graviton resonances
Signature: e.g. resonance in ee, py, yy-mass distributions ...

TeV-Scale Extra Dimensions look-like SUSY

SM particles allowed to propagate in ED of size TeV?
[scenarios: gauge fields only (nUED) or all SM particles (UED)] Antoniadis

o UED
nUED : KK excitations of gauge bosons Universal Extra Dimensions

UED : KK number conservation; KK states pair produced (at tree-level) ...
Signature: e.g. Z/W' resonances, dijets+Ermiss, heavy stable quarks/gluons...



Search for Extra Di

Mono-jet final state +Missing E; (ADD) & 7 wusmimmny  — 2 ]
g wk PR R
. +  ATLAS-CONF-2011-95 i F j Eap E
.-',,/ . 102§ \s=7TeV EE(—)II}-&-]EE E
,2/ ﬂ E|_.|5'|' N . e ADD (n=2, M _=2.0 TeV]
gluon Jet % 1 'E_ e
/ pr jet > 250 GeV
p * { p 10-15_
L MET > 220 GeV :
graviton,.” 102k
‘;"‘"I 200 300 400

5 | | I I I

Lower Limit on the Planck Scale

: ] det=1 fo! ATLAS Preliminary
versus number of extra dimensions

——— ATLAS 2011
\Ns=7TeV
----- CDF run Il

s LEP combined

M, lower limit [TeV]
N

|

Limits on M, between 2 and 3 TeV 155 :

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

llll||lll|||

o

N
w
N
[&)]
[¢2]

Number of Extra Dimensions



A High p+ Mono-jet event

p, = 602 GeV
F_r'“i“ =523 GeV

Run Numbe

2 EXPERIMENT
r: 180209, Event Number: 36060682

Date: 2011-04-27 02:33:15 CEST

A high-p_monojet event - SM interpretation Z = w + jet



Search for Extra Dime

Mono-photon final state +Missing E; (ADD)

m | arge Extra-D (ADD): For n = 2-6:
= Graviton escape detector

. , Mp>1.25-1.31TeV
® Similarly to monojet:

Look for a photon and ~ nothing else
CMS Preliminary __ Ns =7TeV

[ .
A I 5M + ADD |Iln=1 TaV¥, n=2) |

Ldt=1.14fb" _, puma E
EEES Total bkg uncertainty

B Zy— vy I

0 W ev E|

B Miss 1D Pheten (GCD)

QCDy, Wy B

Il EcamHalo E

CMS Preliminary _ NS =7TeV

—
T
o 1

o fm: 114107

Cross section (fb)
q’

2
%

- n=d, Theory NLO ~ —— 95% CL Obs. Limit

- —— n=4, Theory LO weasees @5% CL Exp. Limit -

| - n=B, Theory NLO [ +o Exp. Limit

- —— n=6, Theory LO . [ | +20 Exp. Limit
| | |

PR B R T L L L L
100 200 300 400 500 600 700 1 12 14 16 1.8 2
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Search for Extra Dim

Two Photons Resonances (RS)

® Randall-Sundrum KK RS graviton (k/MPI = 0.1):
graviton excitation m(G)>1.7 TeV at95% C.L.
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EXTRA-DIMENSION

A

Extra Dimensions!

-)

Graviton

>~ Planck scale W
UNIVERSUM 3-brane a feW TeV? y | ) 27
S-EXO-11-071 Evaporates in 102/ sec

= L LR A I S i )

Look for the decay producs & 1ot ™% o 13 [ CMS Preliminary
. 2 Background 94 ~ I _ .1 ]
of an evaporating black hole 8 ¢ a3 AN T (5=7TeV, 1.09 167 -
Z 10k T W sovmasorins ] = a8l AL T §
] _Eg F - Mp=25TeV My'=35TeVn=2 ] T e e = :
T Define S; t.o be the §calar 8 107 oM Pretiminary 1 5.6 0 e n=4]
sum of all high p; objects S \§ =7 TeV, 1.09 ft" 1 X -
found in the event 108 R .
Lok for deviations B = I B %
at hlgh ST ; E i —;— :g:n:il:;atins N
10" '1\5”H\H..|....|....|'

S; (GeV)

Black hole masses excluded in range ~5 TeV depending on assumptions



Search 1or MICro bl

T I T T T T I T T T T I
Theoretical Cross Sec
My =1.6 TeV, M

CMS Preliminary  f)
/s =7 TeV, 1.09 fb™ YR

String Ball (BlackMax)

—o— Mp=16TeV,M =13TeV, g =04
—o— My=13TeV,M =1.0TeV, g =0.4
—o- Mg=21TeV,M =17 TeV, g’ =0.4

T N
| L1 1 1]
T T 1T

T
<=z
om0
Soo
EgE =

wonn

N=8

— Observed g%
Expected cgjp_

String ball search

T IIII,NII
|

a(S,_ >S™) x A (pb)

Model independent results 102

10 CMS Preliminary .

Vs =7 TeV, 1.09 fb"

[ 1 A B B L S B
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2011, 1.09 i’

Cl L1
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Nice events, eg this 10 jet event

i

‘CMS Experiment at LHC, CERN
Data recorded: Sat Apr 23 08:05:38 2011 EDT
Run/Event: 163332/ 196371106




Other Searches ‘-

— New Gauge bosons

— Colored resonances

— ODbjects decaying into top quarks

— Strong EW symmetry breaking eg topcolor
— 4™ Generation of quarks and leptons

— Substructure /contact interactions

— Technicolor

— Long lived patrticles

— Dark/Hidden Sector particles

— ...and more...




Search for G, or Z’ Gau

Study of the channels Z'—»pup, ee

w B T T T T T T T T 3 — —— —— —— —— —— . : I. —— .
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Search for W’ Gauge Bosons

Study

— ——
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Searching for Tec
W'(prc) » WZ - 38v (£ = e, u)

Technicolor ~ QCD (color force);

o

CMS Preliminary 2011 £g =7 TeV
...|...|...|...|...|...

Ldt- 11547

Higgs is composite

F s

+Da1a -Wﬂers
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COW 600
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TC

First search after TeVatron; Exclusion limits on SSM
(784 GeV) and techni-color models (382-436 GeV)



Heavy Neutrinos in Wx

Left-right symmetric extension of the Standard Model

: Select events with
2 leptons and 2 jets

CMS Preliminary CMS Prelimi Muon channel: Event with M, = 331 GeV, M,,; = 881 GeV

Emnu}""‘ul*""';{ ——— 20p a7 v ] -
| Large exclusion range
1 in mass of the Wy and

1 heavy neutrino

T T T T T T T TT T ™
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Search for Dijet Resonance

Select events with 2 jets with p> 180 GeV (ATLAS)
Search for a bump in the invariant jet mass

CMS:arXiv:1107.4771: Sub. to PLB

No bump found Limits —>~1-4 TeV Range ATLAS-CONF-2011-95
;IOH l |1 IJ% O UL L T IEF- \I“I\III.‘LI\\II\_"\\Illll\-l‘lllll\
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bosons with M(W’) <1.51TeV Color Octet Scalar 1.71 1.91




Z’ — tt Search

*Search in the all hadronic decay channel for the tops

*Tops are boosted for high mass Z, jets merge

Start from Cambridge-Aachen FAT jets and apply jet pruning to find sub-jets
*QCD background estimate from data (mistag method)

CMS-EXO-11-006 Particle flow an asset for this s

[ Ee<g
| - Exclude KK-Gluons 1<M<1.5 GeV

_CMS Preliminary, 886 pb” at\s = 7 TeV

102 | i 3
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Upper Limit 6, x BR(Z' — tt) (pb)

f Invariant Mass (TeV/c?)




4t Generation: Top p‘

T —tZ 't — WbWb — Lvbggb

CMS 191 pb' \s =7 TeV
1 T T T

3cwlsi preliminary  CL: e+jets (573pb™), u+jets (821pb™)
T L] | T
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95% expected
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No t" with found in the
region of mass < 450 GeV
at 95% CL

No top-like quark with tZ decay found
with mass < 417 GeV at 95% CL

b'b! — tW-tWT — bWTW bW W™ No b’ with 255<mass< 361 GeV




Long Lived Particles

Split Supersymmetry
Assumes nature is fine tuned and SUSY — ==
IS broken at some high scale CA

The only light particles are the Higgs
and the gauginos

- Gluino can live long: sec, min, years!

- R-hadron formation (eg: gluino+ gluon):
slow, heavy particles

Unusual interactions with material

eg. with the calorimeters of the
experiments!

nnnnn

Gravitino Dark Matter and GMSB

In some models/phase space the
gravitino is the LSP

= NLSP (neutralino, stau lepton) can
live ‘long’ Voo

— non-pointing photons Sparticles stopped in the detector,walls

of the cavern, or dense ‘stopper’ detector.
—Challenge to the experiments!

They decay after hours---months...




Search for Stopped

m Qut-of-time decay of heavy particles stopped in the detector

® | ook for signal without collisions:
- When no beam in the machine CMS-EXO-11-020

- Between bunch trains Too short-lived Too long-lived to

- — — - — — — — to be out-of-time ~ Nave decayed yet
100 ns 1 month
|

q—G —
ap CMS Preliminary 2011 BE% C.L. Limits:
det:BBpr'1 - -- Expacied: Gounting Exp.
Expactad = 1a: Counting Exp.
Expactad +20: Counting Exp.
WE e T TEV — Oibsarved: Counting Exp.
mr-mi.-Eﬂﬂﬁewd‘ — Observed: Timing Profile
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Search for Stopped

Search for Heavy Stable Charged Particles that stop in the detectors
and decay a long time afterwards (nsec, sec, hrs...)

Special data taking after the beams are dumped and during beam

abort gaps CMS-EX0-11-020

LCMS Preliminary 2011 95% C.L. Limits - CMS Preliminary 2011 95% C.L. Limits
"rL dt = 886 pb’ Expected: 10 us - 1000 s Gounting Exp.
E [ Expected +10: 10 us - 1000 s Counting Exp. E

Expected =20 10 us - 1000 s Counting Exp.

| del:BBﬁ pb’ Expected: 10 s - 1000 s Gounting Exp.
3 [ Expected +10: 10 us - 1000 s Gounting Exp.

Expected +20: 10 us - 1000 s Counting Exp.

10?

C [ _ R
:L;::=1.3X1D$Cm_25_] - LE—"SK"O cm2s!

5 =7 Tev - N5 =7TeV

Obs.: 10 us - 1000 s Counting Exp. = (Obs.: 10 us - 1000 s Counting Exp.

m-m.,= 100 GeV/c? Obs.: 10 us Timing Profil m.- m., = 200 GeVic? ————— Obs.: 10 us Timing Profile
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95% CL Limits: Stopped Gluinos > 600 GeV, Stopped Stop quarks> 337 GeV




Heavy Stable Charge

Search limits using
tracker de/dx and
Muon TOF information

Result for 1 fb1;
#Events consistent with
estimated background

S-EXO-11-022
. . \ . \ . lDMBII’MlmII:uu ':.'i-?‘:w 1:91:& I‘ E - . \ . \ . lcm Il’mlml .m \I.'i-nlnv 1n|111w I‘
| Theorstical Prediction Tk + oty R ‘; | Theoratical Pradiction Tk + TOF ] .
oL W pmeomy  TIRE ol B oy ghine; 0t | Stable particles that
E stop (NLO+HLL) —t— guina; 0% 34; ch. suppe. E stop (NLO+NLL) —— gluino; 10% gg S
sy ] e - I traverse the detector,
1 . 1 5 and move slowly
" : " 1 Eg heavy stable
w02k ] 102 1 gluino or stop/stau
107 g 1000 107 g 1000
Mass (GeVi/c?) Mass (GeVic?)

s

95% C.L. mass limits are set for

Cloud model interaction scenario
— Gluino (10% ~gg): 899 GeV, Gluino (50% ~gq)

- 839 GeV
— Stop: 620 GeY  GMSB Stau:293 GeV — NEW Addition

Charge suppression interaction scenario
—  Gluino(10% ~gg): 808 GeV. Stop: 515 GeV




Search for RPV

Using events with a
“displaced vertex” ’

ATLAS

preliminary

Event from a jet-trigger data sample, where a high-
. mass vertex (circled) is the result of an apparently
random, large-angle intersection between a track
and a low-mass hadronic-interaction vertex
produced in a pixel module. The beampipe and

Run 165821
Event 1605517

Displaced vertex some pixel modules are shown
50 . s
%’ 1 | I I | | I I IE _.é ...
S 45 E C10°E
Signal Region 7 :
40 : = o
% (Extends ta == in x and y) E ¢
E 35 E § 10 '
2 ap ATLAS E § i e e 3
E EJ'," E @ ", A :
> 25 E & \‘ __
ESCIE N A oo :
20 = O C - 0 ]
] | —=— 700 GeV g, 494 GBV';(1 ] .
180 E 107 —+— 700 GeV g, 108 GeV 4 No signal found
108 : [ 1.5TeV, 494 GeV T ]
50 ¢ é 102k —° 150 GeV{, 108 GeVy, 4
okt 10 1 1 ) ST S S Y E
2 4 6 8 1012 14 16 18 20 1 10 10? 10°

g
3
3

Number of tracks in vertex

* (O * detector acceptance * ¢
<0.09pb @95% Confidence level




Summary of the Sea

L'55M I

'l

GEK Il k/M = 0.1
GKK vy k/M =0.1
GEK Il k/M =0.05
GEK vy /M =0.05
W v

W' dijet

WR, MNR < 1.0 TeV
W'— W{

pTC

Mb’, b’ = tW, +jets
Mt', ' = 17 [100%)
Mt’, 1 = bW [100%), I+jets

Mi', ' = bW [100%), I+

gluino, HSCP
gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP

Ms, vy, GRW, nED =2
Ms, pp. GRW, nED =2
Ms, vy, GRW, nED = &
Ms, pp, GRW, nED =6
MD, monojet, nED =2
MD, monojet, nED = 46
MD, mono-y, nED =2
MD, mono-y, nED = é

MEH, rotating, MD=3.5TeV, nED =2
MEBH, non-rot, MD=1.5TeV, nED = &
String Ball M, MD=2.1, Ms=1.7, gs=0.4
Sting Rescnances

Eé diguarks

Axigluon/Coloron

q*. dijet

q*. boosted

e* A=2TeV

p* A=2TeV

Cl A, dijet mass (3 pb-1)

C I A X analysis

LO1, p=0.5 {2010}
LQ1. p=1.0 [2010)

LQ2, p=1.0 {2010}




Can we miss somethi

Model independent search
*Divide events into exclusive classes
o selected CMS Study deviations from SM predictions
Fvents | in a statistical way

CMS-EXO-10-021

@
Distributions in each class
]
control plots data o] @ > pr - Most general
r

2 containe ()
SRR @ M, ' - Good for resonances
) ~— o MET - Escaping particles
AU

event classes

Ei-lnﬂE- miss .r ' =
levly] fiv+3jet] 2wy g [ oreliminary | |- oes
=]
€ ; ; i
. (kinematic) gy S
€ distributions : 5
bl 5:Iearc_|;:h 100 _'_ -
algorithm i ;
* see [ ;i
O SM expectation (kinematic) quantity 1| : —'——*— =
- T | S e - 0
Probability distribution as expected Wo~ Tos 45 2 25
L dt = 36.1/pb

for 35 pb1
Look at & watch the outliers...




summary

New signatures for new physics yet
— Simple Summary (LP11: H. Bachacou)

Gauge bosons (SSM)




How does it feel to be a (BSM) Theorist’.l
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Summary: The Searches are on! ‘.

 The LHC has entered new territory. The ATLAS and CMS
experiments are ready for searches for new physics. The most
popular example is SUSY, but many other New Physics model
searches are covered.

* No sign of new physics yet in the first 1 fb-1 at 7 TeV.

Starts to cut into the ‘preferred SUSY region’. The air for
constrained models is getting very thin. We' Il need to dig
deeper. Input from our theory colleagues welcome!

« Some analyses have been released only with 35 pb-! so far so
these have a lot of headroom left.

« The LHC did its part so far with a great run in 2011 EXxpect
between 10 and 20 fb-1 by end of 2012 (optimistic), and maybe
a higher energy in 2012,which would help for searches
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