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(April 2012)

Luminosity expectations for the LHC 8 TeV 2012
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LHC Performance and Statistics

- Run Details Fill Summaries Supertable

Online Integrated Luminosity
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Higgs Searches 201 |

Summary

e SM-like Higgs excluded for My < 114 GeV

e SM-like Higgs excluded for 130 GeV < My < 500 GeV
e large regions excluded beyond the 99% CL limit

e large regions excluded for a Higgs with strongly reduced couplings
e observations for 122 GeV < My < 128 GeV

— ATLAS: 2.50 in ~y~y(+4¢)
— CMS: 2.80 in vy
— Tevatron: 2.70 in bb(+ (viv)

Priors

e SM fit prefers low Mg

e MSSM predicted M}, in this region for decades



(1v:1202.4083v1 [hep-

A search for neutral Higgs bosons decaying to tau pairs at a center-of-mass energy
of 7TeV is performed using a dataset corresponding to an integrated luminosity of
4.6 fb~! recorded by the CMS experiment at the LHC. The search is sensitive to both
the standard model Higgs boson and to the neutral Higgs bosons predicted by the
minimal supersymmetric extension of the standard model (MSSM). No excess of
events is observed in the tau-pair invariant-mass spectrum. For a standard model
Higgs boson in the mass range of 110-145 GeV upper limits at 95% confidence level
(CL) on the production cross section are determined. We exclude a Higgs boson with
my; = 115GeV with a production cross section 3.2 times of that predicted by the stan-
dard model. In the MSSM, upper limits on the neutral Higgs boson production cross
section times branching fraction to tau pairs, as a function of the pseudoscalar Higgs
boson mass, m,, sets stringent new bounds in the parameter space, excluding at 95%
CL values of tan  as low as 7.1 at my =160 GeV.

~| I LEP

95% CL Excluded:

—| [ ] Observed

—— Expected

~ | N +10 Expected

+20 Expected

CMS,\s=7 TeV, L =4.6 fb™

Latest CMS results in search for

heavy MSSM Higgses (77, arXiv:1202.4083)

e N.B. low M4 values get excluded
with LEP and LHC

e small deviation around M4 ~ 400 GeV



LHCDb closing the window

& SM prediction (FCNC, helicity suppressed)
a SM B(Bs—pup) = (3.2+0.2) 10  arxiv:1005.5310
arXiv:1012.1447
a SM B(B—up) = (0.1£0.01) 109

B(Bs—up) < 4.5 10 at 95% CL

«x\
B(B—pup) < 10.3 100 at 95% CL _ yy gt
pes? :

e SUSY and 2HDM can make large contributions
e For large tan SUSY you had better have large M
e Makes the lightest SUSY Higgs more like a SM Higgs




https: //twiki.cern.ch/twiki/bin/view /CMSPublic/PhysicsResultsHIG
https:/ /twiki.cern.ch /twiki/bin /view /AtlasPublic/HiggsPublicResults

CMS

Mode Mass Range  Data Used (fbl) Mass resolution Document

H— vy 110-150 4.8 1-3% arXiv:1202.1487
H— bb 110-135 4.7 10 % arXiv:1202.4195
H— T 110-145 4.6 20 % arXiv:1202.4083
H— WW — 2| 2v 110-600 4.6 20% arXiv:1202.1489
H — 77 —> 4] 110-600 4.7 1-2% arXiv:1202.1997
H— 77 — 2121 190-600 4.7 10-15% arXiv:1202.3617
H— 7z — 212j 130-165/200-600 4.6 3% arXiv: 1202.1416
H—> 77 —> 212V 250-600 4.6 7% arXiv: 1202.3478

bb B s oxclusive final states
T B 9 exclusive final states

VY W 5 exclusive final states

WY 5 exclusive finalstates
BV 3 exclusivefinalstates
s |
77-->212q | [ ] 6 exclusive final states
77-->212v | exclusive fing
100 200 300 400 500 600
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Scenarios considered given 201 | results

e A. SM-like Higgs with My ~ 125 GeV ¢ some BSM Higgs hint
e B. non-SM-like Higgs with My ~ 125 GeV @ some BSM Higgs hint
e C. something inconclusive & some BSM Higgs hint

e D. nothing : exclusion of a SM-like Higgs, no clear BSM Higgs hint



4 lepton golden mode

o DATA |

>0l r . M Low mass _ - -
S 101 gag BATA oune ATLAS | % M 8= T TV L = 47 o0
To) L |:| S!gna (mH=125 GeV) i ~ - e~ Data [~4e, ® 4y, ®2e2u] —
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e 2011 actual: 2 events in one bin when you expect 1/3,
p-value = 0.04



H-> ZZ -> 4 lepton final state: can you
determine the spin and CP of the resonance?

Use all 5 angles and the off-shell Use hypothesis testing with the full

Z mass likelihoods
Just need a handful of events

Ho | Hy =0T [0~ |17 |17

ot - (17} 12{16
0~ f 1117

1~ 11|11] - |35
1T 17118134 —

TABLE I: Minimum number of observed events such that the
median significance for rejecting Hy in favor of the hypothesis

FIG. 1: The Cabibbo-Maksymowicz angles [37] in the H — H;, (assuming H; is right) exceeds 3 o with myg=145 GeV/c2.

Z 7 decays.

A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M.S.



mSUGRA without large
mixing doesn’t like a

Higgs this heavy

For SUSY, a 125 GeV Higgs is quite heavy

log,((Mmess/GeV) for my, = 125 GeV
5.0

*> masses and messenger
scales
m, (TeV) 90 12 14 16 18
(a) my, and m, in GeV for tan 3 = 10 Ms (TeV)

J. Feng and K. Matchev
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gauge-mediated SUSY is
pushed to very large gluino

Maximal Higgs masses

140 _—
% — NUHM —— no scale
S 135 — mSUGRA
g vcmssm ~~ GMSB
= NMSSM — AMSB

SRS EEEE

A. Arbey et al
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P. Draper, P. Meade, M. Reece, D. Shih

A;=15TeV, Tan g =10

3000 ' / | : : : |
2500 : ‘ i i .ﬁ_,,,:
l‘ | li __my (GeV)
I = my(GeV)
2000 —— | SN NN

500 1000 1500 2000 2500 3000
mg, (GeV)

With large mixing, can get 125 GeV
Higgs, the lightest stop is less
than 600 GeV, and the gluino could
be just above current limits

M. Carena, S. Gori, N. Shah, C. Wagner
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CMS Experiment at LHC, CERN

Data recarded: Tue Oct 26 07:13:54 2010 CEST
Run/Event: 148953 / 70626194

Lumi section: 49

Jet pT: 393 GeV — .
CMS Experiment at LHC, CERN

Data recorded: Tue Oct 26 07:13:54 2010 CEST
Run/Event: 148953 / 70626194

Lumi section: 49

Orbit/Crossing: 12688625 / 466

[Jet pT: 468 GeV| —

RN '
[ i
Jet pT: 57 GeV II L & omutni
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1
'Io\ Jet pT: 214 GeV )

N
Jet pT: 34 GeV \ %

MHT: 693 GeV



e 2007, CMS Phvsics TDR fDreDarmg the search and discovery
Drogram]
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 2012)

I I UL IIIII I I I LI
g =g mass

MSUGRA/CMSSM : O-lep +j's + E s
MSUGRA/CMSSM : 1-lep +j's + E s
MSUGRA/CMSSM : multijets + E s

f Ldt = (0.03 - 4.7) b
Is=7TeV

g =g mass
gmass (large mg)

[0}

[}

IS Pheno model : 0-lep +j's + E 7 s gmass (M(g) <2 TeV, light i?) ATLAS
3 Pheno model : 0-lep +j's + E s gmass (m(q) <2 TeV, light 20) Preliminary
.% Gluino med. %~ (§— qGx’) : 1-lep +j's + Eq s g mass (m(%?) <200 GeV, m(¥") = J-(m )+m(Q))

§ GMSB : 2-lep OS§F + E1 miss g mass (tang < 35)

= GMSB : 1-t +]j's + ET,miss g mass (tang > 20)

GMSB : 2-t +|'s + ET,miss g mass (tang > 20)

S GeMyy HE g mass (m(x;) > 50 GeV)

- Gluino med. b (§—bbx.) : 0-lep + b-i's + E e §mass (m(x;) <300 GeV)

'(% Gluino med.t (g—>ttx )t 1-lep + bj's + E7 e § mass (m(;’Z?) <150 GeV)

% Gluino med.t (g—>ttx ) 2 -lep (SS) +j's + E7 iss ‘g mass (m(i?) <210 GeV)

,g" Gluino med.T (g—>ttx ) i multi-j's + E s g mass (m(i?) <200 GeV)

S Direct bb (6,— b¥,) : 2 b-jets + £ e b mass (m(%}) <60 GeV)

Tmass (115 <m(x o) <230 GeV)

% mass ((m(%;) <40 GeV,,, m(z;) =m(z,), mii¥) =4(m(z)) + m(z))
i: mass (m(i?) <170 GeV, and as above)

%, mass (1 <t(3;) <2 ns, 90 GeV limit in [0.2,90] ns)

‘g mass

Direct Tt (GMSB) Z(5 1l + bejet + E.

o Direct gaugino (X X — 3% X, ) 2-lep SS + E, m,ss-
Q

~+,_.

_____________ Direct gaugino (x , :%.3'.?@)....3_ 1ep + E 1 miss,
AMSB : long-lived x1

Stable massive particles (SMP) : R-hadrons
SMP : R-hadrons

SMP : R-hadrons

SMP : R-hadrons (Pixel det. only)
GMSB : stable T

. RPV:highmasseu
& Bilinear RPV : 1-lep +j's + E7 s

MSUGRA/CMSSM - BC1 RPV : 4-lepton + E e

b mass

t mass

g mass

v, mass (45,,=0.10, A,,,=0.05)

G =g mass (ct gp < 15 mm)

‘g mass

sgluon mass (excl: mgg < 100 GeV, mgg~ 140 = 3 GeV)
] 1111111 ] 1111111 ] [ I

10" 1 10
Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown



h\ ‘fé;,}_;gs ./ /twiki.cern.ch /twiki/bin /view /CMSPublic/PhysicsResultsSUS

{ Jtwiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS =5 ¢ [ (Q~ CMS Public re:

Search for supersymmetry in events with a lepton and missing energy at the LHC SUS12010

o N o
Search for new physics in events with opposite-sign leptons, jets and missing SIS11011 s
transverse energy NEW e
PAS-
Search for supersymmetry with the razor variables at \s = 7 TeV NEW SUS12005 SUS-12- 4.4/fb
005
Search for supersymmetry in events with photons and missing energy NEW SUS12001 4.7/
St A e : PAS-
Search for new physics in events with same-sign dileptons, b-tagged etsand o
i SUS11020 SUS-11- 4.7ifb
missing energy NEW RN, R e
020
Search for new physics with same-sign isolated dilepton events with jets and missing SUS11010 o
energy NEW o e
. 0 . e g
iﬁ:::ch for Anomalous Production of Multilepton Events in pp Collisions at vs =7 TeV EXO11045/SUS11013 4T
S : SEETES Sl PAS-
Search for supersymmetry in events with opposite-sign dileptons and missing oo
: SUS11018 SUS-11- 2.3/fb
energy using an ANN NEwW 018 ___________ S
i 3 2 T T —r— CMS Preliminary
o s W o o SUS11021 4.7/ Ranges of exclusion limits for gluinos and squarks, varying m(x")

missing transverse energy NEW ‘ : : :
T1: g—q¢%’ |1.1fb !, gluino _
T2: G—q¢x" 1.1 fb!, squark -

Tlbbbb: 5—bb%" 1.1 fb!, gluino

Tllnu: §—qq%™ |0.98 fb?, gluino

TiLh: §—qq%31x° [0.98 fb~!, gluino -

T52z: §—qq%s [0.98 - 2.1 fb!, gluino

Titttt: g— X} (1.1 fb !, gluino
0 200 400 600 1000
Mass scales (GeV/c*)

For limits on m(3),m(q) > >m(g) (and vice versa). g7 =gN0-QCP

(i) m(i) =1,

m(y") is varied from 0 GeV/c* (dark blue) to m(3)—200 GeV/c* (light blue).
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Efficient scattering now
(Direct detection)

The LHC search for DM

e Produce dark matter in the laboratory and study it under con-
trolled conditions.

e Study the new unstable “relatives” of dark matter particles,
giving a much broader and deeper picture of the “dark sector”
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Dark matter at the LHC?

e What can you say about dark matter candidates and the dark
sector?

e Do you have evidence for a WIMP dark matter candidate?
e What is its mass?

e What kind of particles decay into it?

e Can you see direct production or associated production?

e Does it carry electroweak charge and/or some new charge?
e What is its spin?

e What are the LHC predictions for direct DM detection, indirect
DM detection, and early universe cosmology (e.g. relic abun-
dances)?
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Pair-produced DM particles via monojets & monophotons (ISR)

e Probing the same effective operators as in direct detection

e 102 better sensitivity to spin-dependent couplings than direct DM searches

e Extends direct detection below 5 GeV for spin-independent couplings

, CMS Preliminary \s =7 TeV
SO T T T T T TS WD o e e
5 Ldt=4.7fb" e DATA ]
<10 B8 Total uncertainty on Bkg _
n L Zy—»wwy E
= I W ev
D I WMisID Photon (MJ)
> y+jets, Wy
4 [ BeamHalo
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x-Nucleon Cross Section [cm?]

CDMS v

s CMS??

10-30 T T T T T T T T T T T T T 10-30
. . . o C\l'_| T Il.ll.|||| T T ||||||| . T T 1 T T 11T
gz . PMS Preliminary CMS Moot 905 OL E  ECMS Preliminary ~ —— CMS Monojet, 90% CL
Ldt=47f atNs=7TeV  ___ yENON-100 = 10 jL dt=47f aNs=7 Tev —— CMS Monophoton, 90% CL
10 CoGeNT 2011 S . CDMSII 2011
CDMSII 2011 5 10 Picasso 2009
10736 CDMSII 2010 o) —— COUPP 2011
0 10% N
1038 — 7
A—\ o 10
10-40 —1\_/ O
S 1040
1042 o
E 1042
-44
197" Spin Independent < oM .
10% ] - Ll = Spin Dependent
1 10 102 12(13 10-46 1 1 1 |||||| 1 1 ||||||| 1
2 3
_ . x Mass [GeV/c 1 10 10 10
Oy — (X7ux)(g7"q) x Mass [GeV/c?]
A2 S. Worm Moriond EW slides
Xvursx)(qr* s _ _
Oay = ( E /zgq ) Y. Bai, P. Fox, R. Harnik

 Assuming a heavy mediator, can use effective operator analysis to
relate collider monojet and monophoton searches to direct DM searches

* Already gives strong limits
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SUSY at 7 TeV with 5 fb—1

LHC 2011 RUN (3.5 TeV/beam) 10

Prospinol. |

—o— ATLAS 5.583 fb™!
—A— CMS5.727 fb™!
]—o— LHCb 1.196 fb~!
—o— ALICE 4.891 pb™!
4 || PRELIMINARY

o, [pbl: pp — SUSY VS =7TeV

10

Delivered integrated luminosity (fb™")

1800 1700 1800 1900 2000 2100 2200 100 200 300 400  S00 600 700 SO0 900
Fill number m [ch]

dUrcTape
(genera ted 2011-10-31 01:20 including fill 2267) “ ¥

e probe high mass particle production

e search the high mass/transverse momenta/MET/HT part of the phase
space

e integrated luminosity puts the cap on how much of the phase space (and

model parameter spaces) we can explore. Trigger-rate specifications result
in pre-selecting the ps



i p— topologies rarely seen in the SM
— control /measure object fake-rates and underst
simulation of rare SM processes (Z + jets, Zv, V

R-parity violation

1%
CMS SUS-11-013 (multﬂep@n}

e kinematic features: bumps, edges ..

= - | —— Simulation ]

8 40;_@0 M:Tsxﬁt::n 4.98 b _s Flitt E

— understanding/measuring/improving 2 a5 | - sna
physics object reconstruction essential 5 ¥ o peere
CMS SUS-11-011¢ =

20F S

ng=65.2:14.8 7

S = MRS aes|® smooth excesses N e
< }— B v e R o=
gel 1= =i | reference SM essential gy -

7z CMS SUS-11-010 oot o,

- | f m, (GeV)
' e

100 200 RN S00 S0 Uy T

E, [GeV]

| = CERN 28-30 Maych 2012 Chruistophear Rogan - Cal



https://twiki.cern. ch/tW|k|/b|n/wew/CMSPubI|c/PhyS|csResuIts
rSUSY searches begin with SM candles: Z+] W+j, t+X ..

m Used to:

CMS Preliminary N's=7 TeV

select control samples of leptons, photons, b-jets,

validate our understanding of the SM

CMS e/u+jets+btag
TOP-11-003 (L=0.8-1.09/pb)

CMS dilepton (ee,uu,eu)

TOP-11-005 (L=1.14/fb)

— @9

CMS all-hadronic
TOP-11-007 (L=1.09/fb)

CMS dilepton (ut)
TOP-11-006 (L=1.09/fb)

CMS 2010 combination

arXiv:1108.3773 (L=36/pb)

CMS e/u+jets+btag
arXiv:1108.3773 (L=36/pb)

CMS dilepton (ee,uu,eu)

arXiv:1105.5661 (L=36/pb)

CMS e/u+jets
arXiv:1106.0902 (L=36/pb)

—=l-—

164+ 312+ 7

(val = stat. = syst. = lum)

170+ 4+ 5 = 8

(val = stat. + syst. = lum)

136 = 20+ :8

(val = stat. = syst + lum)

1492420 + 9

(val = stat. = syst. + lum)

154:}; + 6

(val = tot. = lum.)

150 = 9+ ;=6

(val = stat. = syst + lum)

168+18+ =7

(val = stat. = syst + lum)

17;3114123 + 7

(val = stat. = syst. = lum)

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW2008(N)NLO PDF, scale® PDF(90% C.L.) uncertainty
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Chris Rogan (LPCC, March 2012)
http://indico.cern.ch/conferenceDisplay.py?confld=162621

l | ,ig\ Searching for general excesses |

= Nearby regions of phase space are often necessary to

‘ contextualize our observations in signal sensitive
@

regions - sidebands, control regions, ...

m Many different ways to constrain our SM expectations:
» sidebands in kinematic variables

» inversion/loosening of object ID requirements

Implications of the LHC Results for TaVescale Physics - CERN 28-30 Maxch 2012 Christophar Rogan - Caltech



ATLAS-CONF-2012-041

O X 7](00 1-|ept0n:

(] &3 background determination

* Control regions split by jet =
> LI | DA B AL B BN B B B ]
. e o Q = .
multiplicity S o0 -
. - . |

(up to 9 jets) = 14055 High mr Region
120 3

* Nuisance parameters fitted 100E-2
I - _
- - I 80__8 no b-jet no b-jet =
B-tagging 602, W*'.J'".top Wsj " top =
— k.fact (Alpgen) 4073 |mtbal 21 bojel E

. ] o0F- [ Control Region
— Normalisations - E Valldatlon Reglon E
_ 0574080 120 T60 200 240 280 320" 360

* QOver-constrained system ETSS [GeV]

Control & validation
regions

Alan Barr (LPCC, March 2012)
http://indico.cern.ch/conferenceDisplay.py?confld=16262:
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Selection |

m Look for deviations from SM in
final states with 3 or 4 isolated
leptons (e, 4,7 ,)

Multi-Lepton Search

CMS-SUS-11-013
CMS-EXO-11-045

Backgrounds

s SM sources of 3 or 4 prompt,
isolated leptons:

P Y e

-}

ODY |1DY+ZV | 2DY

= Look in a ‘matrix’ of phase-space:
= low vs. high H;
= low vs. high ME;
= presence of opposite-sign (OS)
same flavor (SF) lepton pairs (DY)
= OSSF pairs in / out Z mass window

52 different regions

tt, WZ,ZZ ttZ ttW

= Contribution predicted from
simulation — control region
validations

= rate of reconstructed leptons
coming from jets inferred from data

= internal and external photon
conversions yield leptons - estimate

rate from data

(&



CMS Preliminary Vs=7 TeV, L. =47 fb' 3 leptons: 3(e/u) channels
T

[ [ [ [ [ [ [ [ [ [
o' g
i wzzz

B tiw / iz www
[ Data-driven

Events
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Multi-Lepton Search
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CMS-SUS-11-013
CMS-EXO-11-045

%) Bkg Uncertainties Yields are consistent with

SM expectations

2000

DYO DYo DYO DYO I;v DY1 l;v DY1 Dzv DY1 [;31 DY1 (S_)
. . 81900

Null result interpreted as constraint on new<
physics 1800
1700

@ Here, GMSB model:
gravitino LSP

degenerate sleptons:
@ co-NLSP

GMSB, lepton co-NLSP next in mass

1600

G neutralino is bino and 150p/-

CMS Preliminary Vs=7TeV, L =4.7 fb"

95% C.L. CLs Limits
= NLO observed

- RS NLO expected =10 ................................... .............................. _:
------ NLO expected 20 ‘ i
600 700 800 900
m_. (GeV/c?)



CMS Preliminary

SS di-lepton Search

L =4.7 fb

int
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CMS-SUS-11-010

Observed event yields consistent
with SM expectations

CMS Preliminar L, =471 {s=7TeV
int.
— 1 O T T I T T /}{I/_\ T I T T T T I T I,} T T I T T T T I T T T 1
% tan(p)=10 Zs, =) -
A,=0GeV 27 N .
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~ 800 =
™ /)/(é\) - =
£ 700 o =
////// m(g) =1500 3
600 44222 Observed Limit (NLO+NLL with errors) —]
=====- Expected Limit (NLO+NLL) E
500 9)_ #4442 NLO Obs. Limit (L =35 pb) _:
o =
400 i 2 e m(g) = 1000 7
b, A ]
300

200 m(g) = 500

1 00 L1 |“? 1 3
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~  SS di-lepton + b-tags Search

No significant deviation from SM expectation observed =

constrain SUSY CMS-SUS-11-020

Here, interpretation of result in gluino-mediated 4-top production model

See backup for other interpretations CMIS Preliminary, /s =7 TeV, L_ = 4.7 "
T > 800 + UL ‘ LI B ‘ T T T ‘ LI B ‘ T T T ‘ L ‘ T T T +
8 = Same Sign dileptons with btag selection 7
{2 700 smms Exclusion o™ = MO 2 16 -
£ C ]
600[— —
500(— —
4001— —
300 —
200 —
100 —
1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 I7
400 500 600 700 800 900 1000 1100

m(g) GeV

Example of interpretation in Simplified Model of exclusive kinematic final state

Many CMS analyses provide these results interpretations:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS



o Inclusive Razor (change of variables)

X CMS-SUS-12-005

In simple case:

LSP  General final state topology

2" §quark Lsp characteristic of R-parity SUSY
X = Jet CMS Simulstion =7 TeV f Ldt=750ph tlsjets
0.5 -
X el 11 +jets
Selection: - 250

Group all final state objects (jets, leptons) into
two mega-jets

[
|

Calculate Razor variables R/M; designeélj for

this topology

[
. Peak
; : I eaks at
Ma =\ (B |+ 5 = 02 +927 1 e g
S Ms
) ) . ) ) [
Emiss Jl+ J2 _Emiss. —{]1_|_ 72 I
Mﬁ“:\/ 7% (pr + pT) 5 T (0y + D7) I Edgeat Ma

R— M{'  Ratio of two estimators of SUSY scale —
Mpr  describes transverse shape of event

U500 1000 1500 2000
M, [GeV]




CMS-SUS-12-005

f(Mpg) e O Mr
S = a + b(R cut)?

f(R?) o e
S =c+ d(Mpg cut)

Same functional phenomenology describes

% Inclusive Razor (change of variables)
— — —_— %_
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> 33

C N\ °
v Inclusive Razor

) )

CMS-SUS-12-005
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i=1 jeSM
based on lepton ID

background functionally extrapolated to signal region —
Exclusively a kinematic extrapolation — not object based



A Inclusive Razor
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E . i (H:Q\ng bP;ilTli_r::rx ﬁ f=b71 Tev ; - CMS Preliminary \'s =7 TeV
Q 10°E . Data 2 HADboxJ\nt=44fu‘ _ _
z F —SMiotal L . Data Observations consistent
i g o B - -
m Y E  fhsjets 1 plus ELE-like effective - — Vajets £ component with SM expectations
C e B o fheets 1 plus ELE-like effective
o :
- Results from all boxes
C 102 o L, . . oy .
e | in public twiki
400800 800 1000 1200 1400 1600 02 6% 03 0% 04 048 05
Mg [GeV] R?
Model independent results showing data/ Model dependent CMSSM interpretation
predicﬁon Compaﬁbi“ty 1000 CMS Preliminary \s=7TeV det=4.4fb"
= LRSI |"%;'| R
« 09 G 900k A‘ELG% %, Yy =20 3
0.45F o 800 BN Lm=1782GeV Razor Inclusive 3
= =3 Hybrid CLs 95% C L. Limits 3
04E7 700 —— — Median Expected Limit ]
AN £d Expected Limit =10 ]
m 035 = 600 == (bserved Limit =
= —— HAD Observed Limi ]
03E 500 Leptons (sjel:ors‘]:we(ilrﬁiilﬂt =
0.25— 400 m(g) = 1000 _E
02F- 300 .
o.15;— | | 200 m(g) = 500 O\N
1500 2500 3000 3500 ' 100 aairfil ?\\ L L

Mg[GeV]

500 1000 1500 2000‘ 2500 3000
m, [GeV]




m, , [GeV]
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CM55M W/o

BayesFITS (2012)

and w/ My ~125 GeV

BayesFITS 2012)
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BayesFit analyses fo CMSSM/NUHM w/o and w/ M}, ~125 GeV and razor
results:

e CMSSM similar w/ and w/o 125 GeV M, with uncertainties taken into
account but getting heavier and with poorer fit

e NUHM similar w/ and w/o 125 GeV M, lighter spartners preferred

http://indico.cern.ch/conferenceDisplay.py?confld=162621
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Did we miss some lighter superpartners?

e We expect lighter charginos and second neutralinos

e Naturalness would prefer lighter stops and perhaps shottoms

¢ Inclusive searches can capture some of this, but better to have
targeted searches too
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Hiding SUSY

Hl 125 GeV
_> 151 188 GeV
Ny | 216 GeV
H* | 307 GeV
Hy | 326 GeV
Aq | 368 GeV
C7 | 406 GeV
Ny | 426 GeV

499
509
530
580
602
635
805
876

GeV
GeV
GeV
GeV
GeV
GeV
GeV
GeV

A recent attempt by clever theorists to hide SUSY:

e LSP is a nearly massless gravitino

—t+ LSP
—>£1—|-bT
—>N1—|—Wi
—>£1+W_
—>£1—|-H_
—>£1+Z
—t+ N
— b+ Cf
—>£1+H1

100%
84%
16%
97%

3%
51%
27%
11%
10%

C. Csaki, L. Randall,
J. Terning

e NLSP is the lightest stop, only 15 GeV heavier than top

e Suppression of missing transverse momentum in SUSY decays



Hiding SUSY

H; | 125 GeV 51 499 GeV él :EJ:LL;P 18040(;%
~ 1 1 0
— | {; | 188 GeV | Ay | 509 GeV C, — Ny +W* 16%

N, | 216 GeV | Hy | 530 GeV - T

H* | 307 GeV | i, | 580 GeV 21 :?H{V— 937;%
1 1 0
Hy | 326 GeV | N3 | 602 GeV I, shLh+Z 51%

Ay | 368 GeV | Ny | 635 GeV I, St+ N 27%
Ci | 406 GeV | N5 | 805 GeV ty —b+CF  11% C. Csaki, L. Randall,
Ny | 426 GeV | (5 | 876 GeV fy — i, + H, 10% J. Terning

Can this model be discovered /ruled out in 20127
e As it turns out, LHC experimentalists are also ok-clever
e Already with the 2011 data there are novel analyses aimed at light stops

e This particular model will certainly be within reach in 2012
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It is just the beginning




LHC Reports Failure To Create Black
Holes, a Setback For String Theory

At least not yet
By Rebecca Boyle Posted 12.20.2010 at 2:40 pm 15 Comments

<

CMS Black Hole The Compact Muon Solenoid seen under construction in late 2008. Wikimedia Commons

Physicists working at the Large Hadron Collider report that after a series of tests, they have not
seen any mini black holes, to the chagrin of string theorists and the relief of disaster theorists.
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2012 and Beyond

e more flavor constraints

e Higgs, no Higgs, Higgs look-alikes
e looking for SUSY and other BSM

e connect with DM direct searches with LHC






The Power and the Glory of the LHC

m=reached wm =goals m =upgrade study
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In the first year of operation achieved

e factor of 10 above the state-of-the-art
e 28 MJ, (24 MJ w/ collisions)

e Discovery Machine

o Pfobing ‘deep into the terascale

e Good reasons to expect new physics
' 7



4 leptons candidate : 4u

4 isolated muons
M,, = 145 GeV/c?

2 leptons pairs
Z (p+p-) : m =91 GeV/c?
4 leptons from the same vertex. Z*(u+p-) : m = 35 GeV/c2




No Higgs found
Some immediate questions:

Do you have enough data / good enough analyses?

Is it a non-SM Higgs with invisible and /or cascade decays? Is it
lighter than the LEP SM lower bound?

Are you in a “Higgsless” scenario where Kaluza-Klein tree-level
exchanges replace Higgs exchange in unitarizing WW and WZ
scattering?

Are you in a “technicolor” scenario where new strong dynamics
takes over before you reach the 1.6 TeV unitarity bound? Do
you see techni-resonances?

Is quantum field theory the wrong way to think about this prob-
lem?
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Dfscovery a 120 GeV resonance consistent with a SM Higgs

Some immediate questions:

e Is it spin 07

e Is it CP even? To what extent can you exclude a CP odd com-
ponent?

e Does it come from a weak doublet?

e Are its couplings proportional to masses?

e Is it composite or an elementary scalar?

e Are there other neutral or charged resonances?
e Does other things decay into it?

e Did you look at all possible associated production of it?



Some of this may happen around the moment of discovery

how well do | exclude arbitrary spin 1

Example: ZZ -> 4 lepton final state:
0+ neutral resonance versus any spin 1 look-alike

when in fact | have a SM Higgs?

- o\ fe?
my, =330 GeVie™ | 50 Observed
H,=1 H,=0

Signal Events

B 16 band

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

how well do | exclude an SM Higgs when in

fact | have some arbitrary spin 1?

Significance

| = x/4
T T T T T T T T T T T T T T rrr T
1 L | 1 L

my, =200 GeVie' | o iserved B 16 band
‘.-.0' H =1

PO

Signal Events |10 2 ¢ band

P

-

15 -1 05 0 05 1 15

L

A.De Rujula, |.L, M. Pierini, C. Rogan, M. Spiropulu, arXiv:1001.5300

 for 145 GeV SM Higgs we can exclude the general spin one hypothesis

at 5 sigma with 60 signal events



Look-Alike work (Higgs look-alikes (HLL)

e The mission of the HLL work was to use the full decay information
and likelihood ratios to discriminate between different Higgs-look-alike
families. (NP hypothesis testing, marginalized likelihoods etc)

PHYSICAL REVIEW D 82, 013003 (2010)

Higgs boson look-alikes at the LHC D. Outlook
A. De R\ijula,”'3 Joseph Lykkcn,4 Maurizio Picrini,j Christopher Rogan,j and Maria Spiropuluj'> We have seen that by exploltmg the full decay informa-
lInstitum)de Fisica Tedrica, Univ. Auténoma de Madrid, Madrid and CIEMAT, Madrid, Spain . .
‘I’h_)':ic‘_s Department, Boston University, Boston, Massachusetts 02215, USA tlon 1mn the golden Charlnel we Should be able to Say a lot
“Physics Department, CERN, CH 1211 Geneva 23, Switzerland . . . .

. “Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, llinois 60510, USA about the ldenuty ofa putative H_lggs resonance around the

“Lauritsen Laboratory of Physics, California Institute of Technology, Pasadena, California 91125, USA . .
(Received 2 March 2010; published 14 July 2010) moment of discovery. Our results also show that asymptoti-

The discovery of a Higgs particle is possible in a variety of search channels at the LHC. However, the

true identity of any putati\:e Higgs boson will, at first, remain aml?iguous until one has experimema.lly Cally, Util-iZing the full phySiCS run Of the LHC’ it ShOUId be
excluded other possible assignments of quantum numbers and couplings. We quantify the degree to which pOSSlble tO explore Very detaﬂed propertles Of Such a

one can discriminate a standard model Higgs boson from “look-alikes™ at, or close to, the moment of

discovery at the LHC. We focus on the fully-reconstructible golden decay mode to a pair of Z bosons and a
four-lepton final state. Considering both on-shell and off-shell Z’s, we show how to utilize the full decay resonance.
information from the events, including the distributions and correlations of the five relevant angular It has not escaped our attentlon that th ere are m y

variables. We demonstrate how the finite phase space acceptance of any LHC detector sculpts the decay

distributions, a feature neglected in previous studies. We use likelihood ratios to discriminate a standard processes Other than thc ZZ decays ()f a heavy resonance

model Higgs from look-alikes with other spins or nonstandard parity, CP, or form factors. For a resonance

mass of 200 GeV/¢c?, we achieve a median discrimination significance of 3o with as few as 19 events, and Whose Characterization may beneﬁt from arl analysis Of me
even better discrimination for the off-shell decays of a 145 GeV/c? resonance. .
kind that we have performed here.

DOI: 10.1103/PhysRevD.82.013003 PACS numbers: 14.80.Bn



Look-Alike work (Higgs look-alikes (HLL)

The importance of using all the information

_I T | T TT I T | T TT I T T TT T | T l i
—+—> All angles+correlations
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Discovery of new heavy particles consistent with supersymmetry
Some immediate questions:

Is it really SUSY? (The look-alike problem) [N.Arkani-Hamed,
G. Kane, J.Thaler, L-T Wang, hep-ph/0512190 J. Hubisz, Joe
Lykken, M. Pierini, M.S. arXiv:0805.2398 etc.]

If it is SUSY, what kind of SUSY? What is the soft-breaking
mechanism? (The look-alike problem again, distinguishing dif-
ferent “footprints”)

Can you reconstruct all the decay chains and production mech-
anisms?

Can you make an unambiguous mapping back to the parameters
of the soft-breaking Lagrangian? (The inverse problem)



~# game change in searches:
re-engineering the LHC discovery analyses

Kinematical variables towards new dynamics at the LHC

At the LHC, many new physics signatures feature the pair-production of massive particles with
subsequent direct or cascading decays to weakly-interacting particles, such as SUSY scenarios with
conserved conserved R-parity or H — W (4v)W (4v). We present a set of dimension-less variables
that can assist the early discovery of processes of this type in conjunction with a set of variables

with mass dimension that will expedite the characterization of these processes.
arXiv:1006.2727v2

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (

Abstract

N CERN-PH-EP/2011-094

CMS, 2011/07/07 A search is performed for heavy particle pairs produced in /s = 7 TeV proton-proton
s collisions with 35pb~! of data collected by the CMS experiment at the LHC. The
i search is sensitive to squarks and gluinos of generic supersymmetry models, pro-
CMS-SUS-10-009 vided they are kinematically accessible, with minimal assumptions on properties of
the lightest superpartner particle. The kinematic consistency of the selected events is
tested against the hypothesis of heavy particle pair production using the dimension-
Inclusive search for Squarks and gluinos less razor variable R, related to the missing transverse energy EXs*. The new physics
. . . signal is characterized by a broad peak in the distribution of Mg, an event-by-event
m pp collisions at \/g = 7TeV indicator of the heavy particle mass scale. This new approach is complementary to
EMiss-based searches. After background modeling based on data, and background re-
Author: J. Lykken, M. Pierini, C. Rogan and M. Spiropulu jection based on R and Mg, no significant excess of events is found beyond the stan-
. dard model expectations. The results are interpreted in the context of the constrained
The CMS Collaboration® minimal super};ymmetric standard model as x}/)vell as two simplified supersymmetry

models.

arXIVSmelt/0278505 [hep—eX] 7 Ju1 201 1 Submitted to Physical Review D
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Figure 1: Scatter plot in the (Mg, R) plane for simulated events: (top left) QCD multijet, (to
right) W+jets, (bottom left) tt+jets, and (bottom right) the SUSY benchmark model LM1 [18

with Mp = 597 GeV. The yields are normalized to an integrated luminosity of 35 pb~'. The bir
size is (20 GeV x 0.015).
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R ME = \/ R (ph + pk) — Ep-(5} + 7F)
: |

Mg = 2“9]1’ — 2“9]2‘

threshold (v, = 1)

2\ The di-squark rest frame is

approximately related to the lab
frame by one longitudinal boost

Characteristic scale of process is M2 — M2
reflected in momenta of quarks pf, =
and LSP’s Mg
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Mpr exponential scaling with R :
data-driven modeling (QCD)
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Figure 2: (Left) My distributions for different values of the R threshold for data events in the
QCD control box. Fits of the My distribution to an exponential function and an asymmetric
Gaussian at low Mg, are shown as dotted black curves. (Right) The exponential slope S from

fits to the My distribution, as a function of the square of the R threshold for data events in the
QCD control box.



S A Mpr exponential scaling with R :
data-driven modeling (W+jets)
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10 ’ Example Simplified (model independent;
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Facility

Original purpose,
Expert Opinion

Discovery with
Precision Instrument

P.S. CERN (1960)

AGS Brookhaven (1960)

FNAL Batavia (1970)

SLAC Spear (1970)

ISR CERN (1980)

PETRA Hamburg (1980)
Super Kamiokande (2000)

7t N interactions

7t N interactions

Neutrino physics

ep, QED
PP

6™ Quark

Proton decay

Neutral Currents ->Z, W

2 kinds of neutrinos,
Time reversal non-symmetry,
New form of matter (4" Quark)

5th Quark, 6" Quark

Partons, 4" Quark,
3rd electron

Increasing PP
Cross section

Gluon

Neutrinos have mass

Hubble Space
Telescope

Galactic
survey

Curvature of the universe,
dark energy




Direct neutralino production

Example: LM5 mSUGRA benchmark model
® LSP mass 144 GeV
* gluino mass 850 GeV
® squark masses ~750 GeV
® LSP-LSP pair production cross section 130 fb (at 7 TeV)
- asking for a hard ISR monojet knocks this down to ~10 fb
* LSP-gluino associated production 10 fb
® LSP-squark associated production 24 fb

We should be able to see direct WIMP DM production as long as
the couplings are not *too* weak and the mass is reasonably light
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CMS data rate

. \abo e\

® The raw data rate is 100 million channels divided by 25
nanoseconds = 1 Petabyte/second

e Compare this to total global WWW traffic = 5 Terabytes/sec

e Compare this data load to Google, which processes
20 Petabytes per day



Contributions to Neutralino WIMP Annihilation
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Jungman, Kamionkowski, Griest (1995)



There exist two principal methods to compute the pole masses:

e Common-scale approach (CSA)

The DR SUSY parameters are all extracted collectively at a
scale Q = Mguysy, and the (logarithmic + finite) self-energy
corrections are added at that scale.

— SoftSusy, SPheno and SuSpect

e Step-beta function approach (SFA)

Each DR SUSY parameter m; is extracted at its own mass
scale m;(m;). For un-mixed sparticles, this corresponds to a
leading-log approximtion of the pole mass. The finite
corrections are added separatly.

NB: mismatch of ren. scales in Isajet <7.73, — method followed in Isajet

mostly affected lightest states

[Baer, Ferrandis, SK, Porod, hep-ph/0511123]
S. Kraml Comparison of SUSY spectrum codes 68



[Allanach, SK, Porod, hep-ph/0302102]

Tricky corners

e Large tan 3: bottom Yukawa coupling important for calculation of m4

1

C23

t t
2 —2 1 2 “2 T2
my = (m,H —nzH)—I—s6 l+c,5__]\"IZ_"'

U2

e Large myg: p parameter becomes extremely sensitive to top Yukawa coupling
2 a2 2
5 Mgy m.H tan® 3

— — 0.5(M?2 + RIIZ
. tan?3 — 1 5( zt ZZ)

77_7%,‘, = 'rn%i —tifvi (i=1,2)

gh
1672 — = —E:QNfI A E:E:Nf Zehhs
m o v Ao(ma) + } . 2mwc;,'
t2 gh, 1.7
162—=—§:2Nfl Ag(my E:E:Nf 2
T o v: Ag(my,) +

7 =1 ¢ 2771“ Cg

— want Yukawa couplings + tadpoles as precisely as possible (2—-loops?) <=



