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Introduction
-1 Reminder of CMS/HWGH; SM physics at 7 and 8 TeV
Searching for New Physics

+1 Searches for substructure, new interactions, extra
dimensions & other Exotica

+1 Supersymmetry [SUSY]
Summary
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LHC(t,+3yrs):

\ Foundations established
a Otour de forceO of SM measurements
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Detector performance

The startup of the experiments was the biggest
discontinuity with the past: it was fast and efficient.
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W/Z at 7 TeV: (still) clean & beautiful
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The ultimate CMS: heavy-ion detector

PRC 84 (2011) 02490
PLB 712 (2012) 176
PLB 718 (2013) 773
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Summary of high-P - & high-mass probes

High-P ; di-objects: jets, leptons and

photons
1 Mass(jet -jet), Mass( Q) Kass(#

High-P ; lepton + ME ; (e.g. from
neutrino)

«1 Transverse mass

M, =2ELEP{L" cost$')

Combination of objects, e.g. as in

SUSY and BH searches

-1 Various sums of transverse energies in

the event
1 H;: sum of all hadronic jets

1 S;: sum of E ; of all objects (add leptons,

photons, ME ;)
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A new (and unforeseen in the 900s)
element: particle flow

Principle: combine information from all detectors.
Depending on the physics object, trade information
from low-res detectors for info high-res detectors

H HCAL

] : | Clusters
neutral . »
hadron ; A ﬂ” detector
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Nowadays, the huge majority (~all) CMS analyses use
p-flow reconstruction (and the associated objects)
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Hadronic variables: definition

Highest MET multi-jet event / . —
: miss — MET =Y p
recorded in 2010 T = Pr
All particles
—_—> -
MHT = - p,
Jets
T HEEN D 468 Gev =N,
Jets /
I} -
---------------- F G B
g & | —‘—gpeg CaggT ghodact)a) Factor 2 gained on
- [ — type2ca .
=214GeV ol 4 1o, (Data) | MET resolution
B [ —tE (MO S
g | —+ plE (Data)
s 15— PfE-(MC)
3
S [
\ Reconstructed i . 539
. 10—
MHT =693 GeV/ /- particles ]
LA : N2ZE;,
5_
MET = 647 GeV i N8 =7TeV ;
- CMS preliminary 2010
Oy 5B 3o
Calibrated pf=E, (GeV)
P. Sphicas Corfu 2014: Standard Model and Beyond

Experimental searches at the LHC: CMS Sep 8, 2014

(o]



Understanding the Standard Model

Major piece of the puzzle before embarking on a search
for Physics Beyond the Standard Model (PBSM):
understand the Physics Of the Standard Model (POSM)

Our searches have signatures that involve a
combination of leptons and jets; but also MET & b-jets
-1 Strong (QCD) processes

-1 Electroweak (EWK) processes

-1 Combination of the two: processes that are relevant at high
transverse momenta/energies

#1 WH+jets; Z+jets; t-tbar; very high- p; jets
#1WW, WZ, ZZ; also with jets
#1 Rare processes, e.g. tW

Thankfully, these have been studied in detalil
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~TeV parton-parton interactions
(strong, EM and weak)
and corrections
(from QCD and EWK")




Jets
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W and Z production
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W charge asymmetry

pp @ 7 TeV: ~4M W%! events produced per fb®L

Differential W charge asymmetry: precise probe of u/d

ratio as a function of x do (W 5 g+y) — 9 (W= — —7)
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W charge asymmetry

Differential W charge asymmetry: precise probe of u/d
ratio as a function of x G (WH = (Fv) — G0(W™ — (77)

A(n) =
2 & (W+ 5 (+v) + j—;;(w— S )

CMS: precise extraction of a clean W asymmetry

-1 Asymmetry measured to 0.1% (absolute) per bin
d-valence improvement
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Drell -Yan Cross Sectionat 7 TeV

d&/dm as a function of

NNLO QCD + NLO
EWK + ##80l+-
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Drell-Yan Cross Section at LHC (8 TeV)
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Z production properties at LHC (8 TeV)

Doubly differential measurementbinZP Landy
(rapidity); precise comparison with theory predictions
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Events / 5 GeV

Triple Gauge Couplings
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The top

Ifthe J/#,Y, W and Z are
standard candles, then the
top is a candelabra*

1 Leptons, Missing E ., many

jets; b-tags. Analysis requires Jet:
. pr=61.7 GeV/c
all that goes into W & Z, plus 4 n=138
1 . . uon:
increased QCD bkg (higher jet b= 64.4GeV/c '
multiplicity). n=0.29 ::‘; 1359 GaVlc
#1 Plus interplay with W/ Z n=0.79
: ; Missing E:
+jets production iy
Dilepton : 1-lepton: O-lepton: : i ‘
cleanest semi-clean not-clean; Jets
Br~4/81 / Br~8/27 Br~4/9 Jet: p;=515 GeV/c
. ?:06;17 GeV/c n=-0.12
CMS
Run: 163480
Event: 81224410

*- first heard this from Ken Bloom, U of Nebraska
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The top (single and double)

CMS Preliminary, 6. summary, ys = 7 TeV
Yo S+

CMS, 15=T TeV,/sjets

e
CMS e/p+jets

PLB 720 (2013) 83
(L=2.2-2.3/fb)

CMS dilepton (ee,up,en)
JHEP 11 (2012) 067 (L=2.3/fb)

CMS dilepton (e/p+t
PRD 85 (2012) 112007
(L=2.2/f)

)

had

158 = 2+10% 4

(val.+ stat. + syst. + lumi.)

162+ 2+ 5+ 4
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143 +14+22+ 3
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CMS ,_ +ets
EPJC 73 (2013) 2386 (L=3.9/fb)

o
CMS all jets

JHEP 05 (2013) 065 (L=3.5/fb)

[ scale uncertainty

[ scale @ PDF @ «, uncertainty

NNLO+NNLL (top++ 2.0). PDF4LHC, m__ = 172.5 GeV/
Czakon et al.. PRL 110 (2013) 262004, arXiv:1112.5675 (2013)

152+ 12+ 32+ 3

(val. stat. + syst. + lumi.)

1391026+ 3

(val.+ stat. + syst. + lumi.)

o
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BDT Discriminant

CMS dilepton (ee . .ep)
JHEP 02 (2014) 024 (L=5.3/1b)

CMS prel. e/p+jets
TOP-12-006 (L=2.8/1b)

[ scsle uncertainty

[ scale ® PDF & &, uncertainty

CMS Preliminary, o, summary, s = 8 TeV

NNLOSNNLL (top++ 2.0). PDFALHC, m_ = 172.5 GeVv
Gzakon etal.. PRL 110 (2013) 252004, arXiv-1112.5675 (2013)

Feb 2014
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CMS 2010, dilepton d 175.5 = 4.6 = 4.6 GeV

JHEP 07 (2011) 049, 36 pb”

. ————
CMS 2010, lepton+jets

PAS TOP-10-009, 36 pb”

(value = stat = syst)

1731+ 2.1= 2.6 GeV
(value = stat = syst)

CMS 2011, dilepton 1725 + 0.4 + 1.4 GeV
EPJC 72 (2012) 2202, 5.0 fb™' (value = stat = syst)
CMS 2011, lepton+jets o 173.5+ 0.4+ 1.0 GeV
JHEP 12 (2012) 105, 5.0 f' (value = stat + syst)
CMS 2011, all-hadronic 173.5 + 0.7 + 1.2 GeV
arXiv:1307.4617, 3.5 fb™! (value = stat = syst)
CMS 2012, lepton+jets . 172.0= 0.2 = 0.8 GeV
PAS TOP-14-001, 19.7 fb"! (value = stat = syst)
CMS combination 172.2+ 0.1+ 0.7 GeV
March 2014 (value = stat + syst)
Tevatron combination 173.2+ 0.6 = 0.8 GeV
Phys. Rev. D86 (2012) 092003 (value = stat + syst)
World combination 2014 173.3+ 0.3 =+ 0.7 GeV
ATLAS, CDF, CMS, DO (value = stat + syst)
P IR R N PR E R SRR IR

m, [GeV]
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Wt Observation
Significance: 6.1 &"
Expected: 5.4 &"
xsec =23.4x5.4 pb

g t g t
"ézﬁn \ /
= 2008 % );
150 t
£ b

100

50

D'ﬁ'u 172 174 b w= b w-

CMS Preliminary
Single top-quark production
(]
~ 4

s-channel

NNLO Kidonakis PRD 83, 091503 (2011)
®  CMS,JHEP12(2012) 035
A CMS, PAS-TOP-12:011
NNLO Kidonakis PRD 82, 054018 (2010)
O CMS, Phys.Rev.Lett 110, 022003 (2013)
A CMS, PAS-TOP-12-040
NNLO Kidonakis PRD 81, 054028 (2010)
v CMS, PAS-TOP-1 3‘-009 (FC interval)

| 1 | |
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Vs [TeV]
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Last piece of the SM:
that long-sought scalar,
that explains it all (EWSB)



CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT

Run/Event: 194108 / 564224000 - u+ . 43 G eV
| N
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And thus was born,

on July 4 t 2012,

| Oa new bosonO:
It decayed to two bosons

(two # two Z; two W)

It IS not sEin-lz It decays to two
photons (Landau-Yang theorem)

It Is either spin-0 or spin-2 ?could also be
higher spin, but this Is really disfavored)



B e f Put simply:
fpatieibtl bt b it couples to
TR R TR i’

0 Ly fermions

Since then: OlegacyO results from Run |

Significance: huge
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SM: a new standard for OsuccessO

Feb 2014 CMS Preliminary

¢ 7 TeV CMS measurement (L <5.0fb™)

o [pb]
3,
IJ [ TT1
4

= ¢ 8 TeV CMS measurement (L <19.6b™) __
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Learning from history

With the discovery of the Higgs boson, the Standard
Model (SM) is now complete

-1 The SM provides a remarkably accurate description of
experiments with and without high-energy accelerators.
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Learning from history

With the discovery of the Higgs boson, the Standard
Model (SM) is now complete

-1 The SM provides a remarkably accurate description of
experiments with and without high-energy accelerators.
With the physics of the very small [thought to be]
understood at energy scales of at least 100 GeV, the
situation is reminiscent of previous times in history
when our knowledge of nature was deemed to be
OcompleteO.
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Learning from history

With the discovery of the Higgs boson, the Standard
Model (SM) is now complete
-1 The SM provides a remarkably accurate description of
experiments with and without high-energy accelerators.
With the physics of the very small [thought to be]
understood at energy scales of at least 100 GeV, the
situation is reminiscent of previous times in history
when our knowledge of nature was deemed to be
OcompleteO.

- Lord Kelvin (1900):

& There is nothing new to be discovered

In physics now. All that remains is more
and more precise measurement.
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So what new physics?



Many (many) possibilities

New strong interactions?

-1 Technicolor; excited quarks; compositeness; new OcontactO
interactions

Exotica:
-1 Weird stuff: leptoquarks ?
-1 New OforcesO?

#1 New resonances (W-Z-like)
-1 More generations?

#1 Fourth generation ( bO)
+1 Gravity descending at the TeV scale?

#1 New resonances; missing stuff; black holes; SUSY-like
signatures [Universal Extra dimensions]

Supersymmetry (SUSY)
1 (super) partners to all that we have in the SM
#1 production of squarks, gluinos,  sleptons , gauginos ,"
SUSY-inspired exotica:
-1 Long-lived massive (new) particles?

Some true inspirations: Ohidden valleysO?

P. Sphicas Corfu 2014: Standard Model and Beyond
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How would new structure show up?

If quarks are composite, I.e. they are made of other
OstuffO, then there will be excited states, q*, which

would decay to a quark and a neutral boson (gluon,

photon or Z)
-1 Look for following decays: g*
-1 Signature: resonance in di-jet,
spectrum

%0qg; 9*%a# q*%gZ
photon+jet or Z+jet mass

The scattering of two quarks (and gluons, and quarks
against gluons) will not follow QCD but will show
deviations from the exchange of a new boson

-1 Signature: the angular distribution of two-jet events will look
different from ORutherford scattering with scaling violationsO

Corfu 2014: Standard Model and Beyond

P. Sphicas
Sep 8, 2014
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do/dmy, (pb/GeV)

(Data-Fit)/o,_,.

Dijet mass (and search)

Very early search for numerous
resonances BSM: string

resonance, excited quarks, axi-
gluons, colorons , E6 diquarks , WO
& Z0, RS gravitons Jet2p = 935Gev >

= 1.099 TeV
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- MS Preliminary
107 N .
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Quark compositeness

Centrality ratio: events with two central ED"
. . . . . ljets
leading jets to events with both leading jets n<0.7 !
1 Sensitive to deviations from the SM from quark n = E Dijets
sub-structure. O
\)elecuon
e % ————————1— o 16— L
- 2 d 1 @7 ' A ' '
0‘2?‘ /3 |n':'$0¢:1) < SXIO cm 0105§ \(f:§M=s7 TeV @ E E[ 1.4} CsMS7 TeV / i :
‘ Q e e B 29 pb” Y 19 C oatz:zepb" ]
nucleus @ a 10 & “N(|n|<0.7) "; 1‘2: " |—Nun H\}pome;is ]
atom~10*cm i ~10"%cm ) §103: NO7<ln[<13) g 1[_ qiy:ﬁ:’,:;emmty;
= F Proscalo(M<244GoV)=99.14 =0 8-_ } A =4TeV R
= 2: Proscaln(244<M<354GoV)=9.55 ? : ‘
é 10 EE Prescale(M=354GeV)=1 :E 0.6 " | : :
S 10} "'f‘i"'a* T S 11—
_ w 1: K H||u i 1] 0.2;- | | —
1000 2000 3000 500 1000 1500 2000 2500 3000
Dijet Mass (GeV) Dijet Mass (GeV)

Very small dependence of ratioon  m;. Agreement with QCD.
Exclude (95%CL) quark compositeness for  %<4.0TeV.
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‘Contact interactions &
Dijet Angular Distributions

d& *[ QCD + Interference + Compositeness |

I} . 2 U \ q
et muns u :
s 2 s O 2 A2 \/g <<l
‘ e ; J
d& ~ 1/(1-co9 )? d& ~ (1+c09 )? .
. l+cos# ’
Instead of co¥, use:" = 1S cost =exp(2y )
dN/dy sensitive to . s
contact interactions :
—— Rutherford l — — with contact term
| v M; ~ %
\
._..,\..S-F.u-i *__—“"":_‘.
cos)” +"
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‘Contact interactions &
Dijet Angular Distributions

d& *[ QCD + Interference + Compositeness |

| . 2 <\ q
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/ q q
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Search for new Contact Ineractions

CMS L=5f" Vs=7TeV 3 CMS L=5f" {s=7TeV
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Z 10 - A=18TeV S8 2r _A::ZT:\:/ a
—acD = i A=10Te ]
. [ == A=12TeV ) 0 !
1 _ L - A=14TeV -
"'... c - o B et —
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Lower limit (95% CL) on scale of contact interactions
| =9.9D14.3TeV (destructive/constructive interference)
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Contact interactions

The ! distributions do not

Experimental searches at the LHC: CMS

Sep 8, 2014

% R an(;aD rediction cms ihi |
ﬁ; . — I"f‘;’? nconary \$ITo exhibit any excess at low !,
g o4l T s zareveas Good description by QCD.

o | — From very early on: lower limit
os| 18<M, <22TeV (+0.9 on scale of contact interaction
et T/ | =5.6 TeV (95% CL)
04 1.4<M <1.8TeV (+0.3 01
: ‘ . ii z )) dm observ::
1.1 <Mﬁ<1.4TeV +0.25) | e expect
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0.2 o [
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u < 0.5 TeV (+0.05) P ...........
0'1 36pb 1 < 0.35 TeV
.|...|...|...|...|...1...1%.’.— 0.085™ 21:;4
2 4 6 8 10 12 14x 16 A [TeV]
e Most recent results from 7 TeV:
7.8 TeV
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Excited quarks

CMS Experiment at LHC, CERN

! Decay to Jet + ( #Or Z) % Lgéﬁéz%gigz??m%ﬁgéggm2011CEST
-1 High mass q*! Z with large boost ( p;)

Orbit/Crossing: 48997136 / 57
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Leptoquarks (1)

As name implies, they carry

baryon and lepton number B & 2w B e
b= 4 e eJJ Y == {t [Data Driven e-|1]
thUS COIOr (Iarge &-l) § 10 [s=7TeV nglgrziclﬁjgsgunds
-1 GUT-inspired; proton decay acting £ LQM =400 Gev

as one of the main motivations

L
RN “IFIILHHt

600 800 1000 1200 1400 1600 1800 2000
S; (GeV) [Preselection]

I
200 400

% e | éMS ‘20I11‘ | | ;-— Data, 5.0 fb’!

é 10° .. Preliminary : é/[y; ':j;SA ;

o _ ’,;i.:;i‘;;' ata Driven e-

-1 Decay: /q(BR ") and #q (BR=1-") 5 owp GOl G=TTV s onerttmn

: E | s

-1 A leptoquark for each generation; Z 1 LQM =400 GeV
cross-couplings FCNC constraints. 107
10

#1 Generally: assume decays to iy t
one lepton only; independent =l JE;LH_M
searches for each generation 06T 0 a0 w0 so o do0 1200
Mej (GeV) [Preselection]
“ ¢ Easier searches: first two
generations, LQ1 and LQ?2, ¥DY+ets normalized to Z+jets (control region)

. ie.toeu ¥anti-Z cut
¥optimize S ; cut (mass-dependent)
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Leptoquarks : limits from 8 TeV

A A

o
(=Y LQLQ — eejj H
o710 ATLAS exclusion (1.03 fb ~', 7 TeV)
<ol

X

e}

T T T T T T

T

CMS exclusion (5.0 fb 4 7TeV)
77771 CMS exclusion (19.6 fb ', 8 TeV)
OipeoryXB” With unc., (B=1)
----- Expected 95% CL upper limit
—s=— Observed 95% CL upper limit
5 @MS 2012
reliminary

[s=8TeV

T T
-

| T

Lol

T T [T [T T T[T T[T T[T T[T T T[T T [TTIf

Vs =8 TeV 19.6fb

=m
I [
95% CL limits e H JJ
= CMS eejj + evjj (Obs.)
----- CMS eejj + evijj (Exp.)
— CMS evjj (Obs.)
-----CMS evijj (Exp.)

— CMS eejj (Obs.)
-----CMS eejj (Exp.)

s e b B B b e
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107 E E
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10-4 ﬁl FENISVIN (N NS NIV NI VN 64 o 68 ot wu”l Ll .
300 400 500 600 700 800 900 100011001200
M, (GeV)
~~ CTTTT TTTT TT I/»I\I//J:flLI/II ;V//l i/] I//HI T ‘ TTTT I TTTT | TTTT1]
| LQIQ > evi
~— 10 ATLAS exclusion (1.03 fb ', 7 TeV) U
@ E | CMS exclusion (5.0 fb !, 7TeV) H
— [ E vz 'MS exclusion (19.6 fb ", 8 TeV) E
— O 5 = R === 0,,,,,*2B(1-B) with unc., ( B=1/2) I
) L] [do X NN Expected 95% CL upper limit Y
o <'>\<l —=— Observed 95% CL upper limit ]
el ¢ 0 ]
" 10" “MS 2012 _|
5 Preliminary J
L Vs =8 TeV
1072 7 E
10'35 - E
10-4_|llillllil el Lo

300 400 500 600 700 800 900 100011001200
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)] +

95% CL limits
== CMS ppjj + pvjj (Obs.)

! ]

==+ CMS ppjj + uvijj (Exp.)
— CMS pvjj (Obs.)

--- CMS wvjj (Exp.)

— CMS pyijj (Obs.)

--- CMS pyjj (Exp.)
[UJATLAS, 7 TeV, 1.03 fb'!
£ CMS, 7 TeV, 5.0 fb”
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P
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Extra Dimensions (?!7?)



Forces and number of dimensions

Number (D) of space-time Propagation into the other
dimensions % form of dimensions:
force observed -1 Resonances!

«1 E+M: F~1/r2 because D=3+1

7",
+1 For OantsO living in D=2+1 / !
dimensions, E+M is actually : I
a F~1/r force

-1 Missing energy!

2D+7 world

Tabletop experiments: look )\/VW&
for deviations from 1/r 2 law
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Different types of extra dimensions

The OtraditionalO Randall- Sundrum
Image of a circular ds2= g, dx¥ dx'+g,,(y)dy mdy"
extra dimension (x: SM coordinates; y: d extra ones)

Generalize: dependence on location

In extra dimension
Compact ds?= e 2A0) gw dxH dx’ +gmn(y)dymdyn
Dimension ’

Large exp(A(y)) results in large V, o,,&
-'IEAKB o,/o,

(k=1 A!l’-—*--- As an example (RS ijt'\:NE
o : model), two 4-D r“*z\% S
E © Simulation branes, one for SM, Bf \"‘\E \@ﬁ
g ; one for gravity, i
: | f OcoverO a 5-D

g space B Wlth_an | \.__4 >
I N ‘_ extra dimension in Ly ¥ ,\o\*"“’
Bl e L between R
o
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Search for Z - (%ee and/or UU)

Nice, clean signature

Experimental issues:

ee

[ jets (data)

(but SM talls) u,d,s , (&) resolution : for muons
: 12127 deteriorates with mass; for
DI-muon event, .
electrons the opposite
M(up)=1.4 Tev -2 I (b) reconstruction of E and p
I b}
@ > 1 TeV is tricky business"
CMS Experiment at LHC, CERN > 10°g L
AL Ranjiont 170547 | 508564300 SO © 10 S P T 200
un/Event: g E e E
por v | e STy 0oV ee (96 by @on)
102 [ jets (data) - E N e median expected 3
10 é I 68% expected 7
16 - i i 95% expected
d 10'f - 107 — ey 3
\ 102 £ Zy
et 4 s i —— 95% CL limit
10* 55" 100 200 300 400 10|00’ ] 2000 100 E
m(uw) [GeV] F
\ (%DJ :]]2: barrel-barr‘el CI\;ISP;'eIir;qin‘aryiB‘Te‘V, 19.6 o' B
y i~ % 10 EyDI);Te*e' 10»7 = B
o~ L%ma [ £, tw, Ww, Wz, 27,1t R RN R R B N B
500 1000 1500 2000 2500 3000 3500

m(ll) [GeV]

Combined limit
from ee+uu

4B
70 100

200 300 400

|
1000 2000
m(ee) [GeV]
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Search for W - (at 8 TeV)

C S SMS e T r\IhHC'g:oE;Ng 452012 CEST
e t 3 :19:45 201 -
Run/Event: 193621 /1150868279 CMS, 3.7 fb", 2012, E =8TeV
i Lumi section: 1557 > 1010 LIS L L L L L L L L L B LB B _l
iy [ e+ Er= EEwoey q
@ O 10° < .
electronGsfTrack - tt + single top
pt = 970.68 GeV o 108 —
o= 1040 N i W= o
phi=1. |
E;I;T:E‘ggg Gev S ~ 10 e ' DY S ee X
ta = 0.
ohi = 1949 -‘2 10° ' B Diboson n q v
|| 1 q>J 10° B Multijet m
e . g 10 ¢4 Data - » ‘
7 e — 10° —WoerM=13TeV —f —~ 10° SR 70, 2012, As =8 TeV
— ~ < piMet ife) served 95% CL limit
Mt =2312.0 GeV —— [P P —WoevM=23Tev —{ %= EiL | e Observed 95% CL limit W' — ev
caloMet — — — Observed 95% CL limit W' — uv
pL= 12100 ol m R Expected 95% CL limit
PRI 104 I Expected 95% CL limit+ 16
= - [ ] Expected 95% CL limit+2¢c
F & %] e SSMW' NNLO
k * * [ PDF uncertainty
| 10° o] e Wi with i =10 TeV NNLO
§ ¥ ! i - Wy, with i = 0.05 TeV NNLO
. g | \ = ) o
Spectacular events: a very soo oo Tsoo oo 25 L RN o+ BT, 4 BT

high-p; lepton &very little else! M GeV. 1

BRI |

CMS, 3.7 b, 2012, s =8 TeV
- > 1010 i T T T ] l T T T | T T T T | T T T T l T T T T _l 10 -
m i CMS Experiment at LHC, CERN 8 g u' + E#““ - W - HV §
i P Eean e gpt ey g7 26 2012 GEST 10 B 1f +single top -
Lumi section: 843 (@) 1 08 W — r N
T N - 1E  , i,
\10 ll -DY_)p.u B ;I 1111 1111 l:"'\llllll]lllllllll‘"‘]"'T'-ALI:
8 100 | =5 Diboson - 500 1000 1500 2000 2500 3000 3500 4000
: S 10 . B Multijet - My (GeV)
Lﬁ 104 P— { Data —
ey 10° B — W' S uvM=13TeV _|
Bl = W B i — W' 5 uvM=23TeV o o o
102 —
- o i Combined limit
pT =643.2 GeV .g
phi = 3.04 1 ) I '
’;\:ATugnsgo.s +22.4 GeV 10" § fro m e " + u -
eta = -0.64 o
phi = -0.09 102
10° |
| n
u 500 1000 1500 2000 2500
LA M, (GeV)
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Search for a resonance decaying to t-tbar

non- oosted tops

mlssmg

CMS Simulation, s = 7 TeV

0 E 3] -
S 007 dE e Nt 4 el CMS Experiment at LHC, CERN
lepton > VE H Z-1iNc E CMS Data rocorded: Fri Oct § 12:29:33 2012 CEST
O 0.06F # 1 [_] Non-top multijet MC ' {_ | Run/Event: 204541 / 52508234
E . ] TN ‘ Lumi section: 32 /
Z Ok Fo 3 % ﬂ,f
g8 Pl ] o W
. 0E ot ! T e . ]
je 0 50 100 150 200 250 300 350 400
jet m(top jet) (GeV/c?)

o~ PlSPreliminan. - pTey 19610 e
o

21800

& 1600 mYA™A = 843+ 0.3 GeV/c’
10 1400 mli® = 83.7 + 0.2 GeV/c?
Z

01200

C

© 1000
>

W 800

600

400

. 200
jet

jet

[ W+Jets
[CJNon-W MJ
[ Z+jets

[ Single Top
— Data fit

== MC fit

.
[=]
)
o

ol b b b b e Bee b 11 3

o

o II|IIJ‘\II|II\‘H\Illllll\‘llllll\l\\\

20 40 60 80 100 120 140 160 180 2
Hadronic W Jet Mass (GeV/c?

o

0

~
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Search for a resonance decaying to

boosted tops

CMS, 19.7 fb', (s =8 TeV

CMS, 19.7 b, (s =8 TeV

t-tbar

T T T T T T e
%10“5— etuN =0 ¢+ Data = %104§ e+tuN >1 ¢+ Data E
O E b-tag _ E O F b-tag _ E
o L[5 1 o , Mt 1
S 10k Mothers = 2 10°: Mothers -+
=~ & —27 7 ~ F o E
e Z2TeV 1 4 & Z'2Tev 1 CMS, 19.7 fb™, (s =8 TeV
c 10°F = €10°¢ E — 10%E
e T2 ] = £ L. Expected (95% CL)
pnTy! 1Ml ] = [\ - )
3 E E E = - o
F 3 B E T 10 \\ : Observed (95% CL)
1 3 1c - N - \: — = Z'1.2% width
i E g ] o . ?\ I =10 Expected
1 4 A X E "
10 500 1000 1500 2000 2500 3000 3500 90 500 1000 1500 2000 2500 3000 3500 &N F [ =20 Expected
(a) M, [GeV] (b) M, [GeV] S 101k ;
CMS, 19.7fb", (s =8 Te CMS, 19.7 fb™, /s =8 Te £
>104§"\""\""\"-'M‘Dvllwvlg >105§\“\‘“\"'I"'I"'\“‘\“‘; =1_2__ ;
8 - all-hadronic ;_ata i 8 FeHLN, =1 * Data ] E’_ 0 E  resolved . boosted S
8 10°% . ETMJ 7 8.4 — Background 1 o T analysis ‘ analyses ~
- [ . G I L A o A — Z'750 GeV 7 310-3.|....1...11....1..1.|...ﬁ.
; 02* —Z'2TeV A §2) F 1 0.5 1 1.5 2 2.5 3
T 10 = 8 ] M, [TeV]
(4] F ] > 3 -
> - 1w 10°¢ 3
W 1oL 4 : ]
15 . 10°5 E
10—1_ ] '\‘Hm..‘rz...l..|...J.,‘\‘+H'
1000 1500 2000 2500 3000 3500 600 800 1000 1200 1400 1600 1800 2000
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Search for diboson resonances

X% WZ

-1 Dilepton+ jets

'QMS_

Z Electron,
pt = 338.05 GeV|

4 >
Q
0]
n
~
~
(2]
-
c
Qo
>
w
Z Electron, ‘
pt=27382 GeV|
My 7 = 1699 GeV
Mz =101.7 GeV
Prz = 606.7 GeV

My = 66.8 GeV
prv = 627.5 GeV

CMS Preliminary 2011
L L B B L B

- BR (pb)

107!

10?2

, \s=7TeV
10™

J'Ldt=5.0fb'1

« Obs. Limit-Exp. Limit

[ JExp.= lo [JExp.= 20
— 0y, (LO) — Gy, (NNLO)

Limit,,, (LO) = 884 GeV

Limit,, (NNLO) = 929 GeV

10-4\ L

P P AR IR BRI PRI B S
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1 2leptjets;

CMS Preliminary 2011

dlep

A A e e AMiaAassnasasasas
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10° E- _ =
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107 =
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1
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ol
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Dark Matter?



Dark Matter at the LHC

From R. Kolb
CERN Acad. Lectures
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Dark Matter at the LHC

From R. Kolb
CERN Acad. Lectures

Jet recoill

g
\9.999) <0
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Mono-X signatures

4 N
o ; b
% .ﬂ >é
q I
Monojet MonoB MonoTop
o
‘I_/J.JZ "Rl X % .
g~ ! X : " X q
[ KL 5 g
Y g anwx,
q : X q : *’ X
< < q | , ,
MonoPhoton X Higgs Portal )
l() n
@ 74" g &W" |
I R
S
| M\
q ' & "#$Y%
MonoW (monoLepton) MonoW/Z (Hadronic) . BBbar /TTbar )
. J
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Search for dark matter: photon/ jet+tMET

Y+MET signature from: ki U L L

21 E ; [ vHiet, W), vy, ZADY ;
. . e q g 10 = — gccalr;\ Halo
: n E W ev
EXtra dl ensions qq /)/G 3 =
1B _ .. . B E Zyo vvy

bkg.uncertainity
== SM+ADD(M D:ZTcV, n=3)

—4#— DATA

Dark matter gqg — Y XX

x|

S
x

[
in

Data/MC
n

i
|

200 300 400 500 600 700 800 900 1000
E; [GeV]

: G 10%g H
< Process Estimate 5 8
% Z(—vb)+~ | 3448+425| 8 ]
W(— lv) +~ 102.5 £+ 20.6 & §
L W — ev 59.5 £ 5.5 3 .
jet —  fakes | 454 4+139 | O £
Beam halo 247 £ 6.2 %10_427 7
Others 35.7 £ 3.1 2 oM Prefiminary
Total background | 612.6 & 63.0 | ™ Esonowerser s ZUAT193
Data 630.0 1 10 10° M, [Ge\ﬁ
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Higgs invisible decays?

M, > 1.1 TeV ‘|__ Expected 210+-30 evts if BR~100%
" >4.2 => Would be clearly visible above bkg
14 i <1

MET > 130 GeV
lepton veto pT > 10GeV
central jet veto pT > 30 GeV_|

% 104 CMS —@— Observed ‘

@) VBF m,, = 125 GeV,
o Vs =8TeV,L=195 bt T B! inv)=100%

I 1Proof of principle for VBF to
nothing search strategy!

104 CMS —@— Observed ‘

VBF m,, = 125 GeV,

s=8TeV,L=195ft B inv)=100%

VBF H(inv) VBF H(inv)

150 200 250 300 350 400 450 500 1500 2000 2500 3000 3500
miss
E; " [GeV] ij [GeV]
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Black Holes?



Search for BHs

THE signature of low-scale quantum gravity (M [, << M,)

-1 BH formation when the two colliding  partons have distance
smaller than R.,, the Schwarzschild radius corresponding to their
invariant mass

b | ] < I E 0 II A’j *RS —

-1 Cross section from geometry: & ='R 2~ TeV2 (up to ~100 pb!)

1/(n+1)

T(®2)  Mgn
(n + 2)m(»+3)/2 M,

BHs decay instantaneously via Hawking evaporation
emitting OdemocraticallyO to a large number of energetic
guarks, gluons, leptons, photons, W/Z, h, etc.

1 Contrary to SUSY, expect ~ small ME ; (however, this is model-
dependent)
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Search for micro-BH

Expect lots of activity in the event, so
1 Use S;= Sum E- of all objects (including ME ;) with E ;>50 GeV.

A candidate event with 10 A candidate event with 9
jetsand S ; = 1.3 TeV jetsand S ; = 2.6 TeV
r;?(\kc 2
N 4
\ 3 \‘\ '/;/)ﬂ )
M ; y/
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(Null) search for BHs 210123375

Expect lots of activity in the event, so

1 Use S;= Sum E; of all objects (including ME ;) with
E>50 GeV.

#1 Great against pileup (in the future as well)
Key for search: S (-invariance of final state
multiplicity
-1 A posteriori wisdom: FSR/ISR collinear do not
affect S ; a lot

Use N=2 shape (with uncertainties) to fit higher
multiplicities B where signal more prominent

CMS ys =8 TeV L=12.1 fb"

> _ -1 8 _
8 \ C“.S ﬁ =7TeV,4.7 b b) %10 E Multiplicity N> 3

10 Multiplicity, N =3 2.0k
S o107k 4D

- =1 E ata
v e Observed — motns"'dets ZOF — Background
5 € 2105

$1 0 — Backgrqund mtthar §106 3 Uncertainty
o Uncertainty Z+Jets T My =1.5TeV, M =55TeV,n=6

=My =15TeV, M;:" =45TeV,n=6 2
—-Mp=20TeV,M™=40TeV,n=4 10° 8
- Mp=25TeV, MT" =35 TeV, n =2 ;

----- M, =2.0TeV,MJ" =50 TeV,n=4
—-My=25TeV,MJ'=45TeV,n=2

Excluded M (TeV)

arXiv:1303.5338
=T 4 e B L B LR B
g CMS Simulation
s =7 TeV

QCD Pythiaé

Arbitrary Unit
a3
e AN -

PN I I N N A N I A |

10

10"

10°]

10'5:.1.1..A.l..t.l..t.l..‘ I:
0 1000 2000 3000 4000 5000

Inv. Mass (GeV)

CMS {s = 8 TeV L=12.1fb"

103; “““““““ M, =3.0 TeV, M™" = 4.0 TeV, n = 4
102%— L
""" 10E —- 4‘5__ BlackMax
3 \ [ —e— Nonrotating
'r:'r"‘"i“ 1 §—l 1111 | 1111 | 1111 | 1111 ' 1l 11 I L1l 4__ ol ROtatIng
n —j‘,— g 2"-—-——-—-—'-"\—-”—-"— Rotating (mass and angular momentum loss)
ca e ey |:“:_.J_‘i'.| E-‘z‘|||||||||||||11|1||||||||||||1[111|||| v b b b b b e 1y
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Jet extinction?

arXiv:1405.7653

Production of either black holes or other non-
perturbative quantum gravity effects can have rapidly
Increasing total cross section beyond some scale ~
-1 Their decay to low-multiplicity final states could be thermally

suppressed. Leads to effective extinction of high-

scattering

L=10.7fb" \s=8 TeV
T I T T T T

T I T T T
¢  Observed
[ Systematic uncertainty
——— NLO QCD (CT10 normalized to data)

=== Extinction scale M =4 TeV
"""""" Extinction scale M = 3 TeV

+=+ Extinction scale M = 2 TeV

dN,/dp_[GeV]
5 2 9
T m

Basic QCD 2%2 i pid™""
process modified .}
E L L ! e

Il Il | 1
2000 25
Inclusive jet [ [GeV]

1000 1500

Njets/ NQCD

pT SM

CMS L=10.7fb" {s=8TeV
2 T T T I T T T T I T T T T I T T T T
|~ Observed
| — NLO QCD (CT10 normalized to data)
| I Systematic uncertainty
15 === Extinction scale M = 4 TeV

.+ Extinction scale M = 3 TeV
- = Extinction scale M =2 TeV

-----
HIT

— Anti-k; jets, R=07
[ Ii<1s5
TR R

0.5

0 L ! ! |

e

1000

1 I 1 1 1
1500

1 I 1 1 1 1l —
2000 2500
Inclusive jet P, [GeV]
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.. i
Jet extinction | arXiv:1405.7653

Production of either black holes or other non-
perturbative quantum gravity effects can have rapidly

Increasing total cross section beyond some scale ~
-1 Their decay to low-multiplicity final states could be thermally
suppressed. Leads to effective extinction of high- pT SM
scattering
104|CM§ ——— : . II_:I10.7Ifb'1:V§I:8|TeV§ 2CMS+Ob 'd : |_:1|o_7fb'1,\El=8|Tev
:zgeénggc(gr;c;rtainty ons »§\ﬂ E :NLOQCi(CT;((;7r:;)Irdt c;tT)eV

--- Extinction scale ~—

dN,/dp_[GeV]
5 2 9
T m

Basic QCD 2 %2 10_1:E w
process modified

2 i
10 E 1 1 1 I 1 1 1 1 I 1 1 1

1000 1500

1 0 v
4 2000 2500

Inch 1 sive jet P, [GeV]

0.07 0.08 0.09 0.1 0.11 02.12
I [TeV?]
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LQ1(ej) x2
LQ1(ej)+LQ1(v))
LQ2(pj) x2
LQ2(pj)+LQ2(v))
LQ3(vb) x2
LQ3(th) x2
LQ3(tt) x2
LQ3(vt) x2

RS1(yy), k=0.1
RS1(ee,uu), k=0.1
RS1(jj), k=0.1
RS1(WW—4j), k=0.1

CMS Prellmlnory

SSM Z'(t7)

SSM Z'(j)

SSM Z'(bb)

SSM Z'(e€)+Z'(up)
SSM W'(j)
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SSM W'(WZ—Ivll)
SSM W' (WZ—4j)

e* (M=A)
p* (M=A)
q’ (ag)

q* (v
b

coloron(jj) x2

Searches for BSM physics

stopped gluino (cloud)
stopped stop (cloud)

HSCP gluino (cloud)

Lep'roquorks HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP
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?
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I+MET, £=-1, SD DM=100 GeV, A
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1 2
E Dark Matter
1 2

3 4

Large Extra
Dimensions

Compositeness

coloron(dj) x2 MU”IJeT single p, A HnCM
e Resonances [N
0 1 2
CMS Exotica Physics Group Summary — ICHEP, 2014
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Higgs (mass) is natural ?!

boson

fermion

M (GeV)

800 Boint SUB
qr, -
B
600F b —>
[ o
- HA X4 X2
W — X
400F
A y— N
000 o

-

-
-
-

o
Dark
Matter
candidate o

Without SUSYT

108 1012 10 1020
Q (Gev) &a0aA2
Grand

Unifier?

I

T T T T T [ T T T [ T 11

With SUSY

I I N TN Y N T I Y |
108 1012 1016 1020
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SUSY: what we know

Squarks and gluinos : - :} < e p—
o TTTT q
colored % large & ? VPPN R
LPCC SUSY 6 WG =} Shibd fatit B Sl N <
7 O I e : |
A= 910’ 3 § W Casasl o @ Baaante =
= rn - T ——
B 1025 1 8 |3 >"'*"< I
3 F 2102 £ £ 3 7 !
E. 10° 18 5 0 I '
S E 10 = 7 NP T S >
Z 10° 500 400 600 800 1000 1200 1400 1600 S T i g i
: iki.cern.ch/twiki/bin/view/I H(EUS/XSS\PEMEC%C mass [Ge\lel"’()( 2892 q ; 9 by
0.03 ———r———F——7——7
- (©) pp—>g(+X) ] _ _ _
0.0021 / ~ Uododp, ] Several high-P - jets; high
0.001 | W M=200 Gev ME; (if R, conservation);
N S e possibly lepton and b-rich
0 200 400 600 800 1000
p, [GeV]
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What we do not know: precise signature

Despite specifying spins/couplings of superpartners
-1 Unfortunately, it tells us nothing about the masses
#1 For this depends on the SUSY breaking mechanism

-1 End result: large space of signatures, dependent on model

R, conservation:

1 LSP is stable, weakly interacting, Omissing transverse

energyO (ME;)
R, violation:

-1 The dreaded possibility (harder, except in corners of possibility
space); Hadronic modes: to first order, no ME | (veeery hard);
Leptonic modes more promising

Prompted by R ; violation, but still possible with R ¢
conservation: exotic SUSY particles

-1 Long-lived particles (some are even OstableO)
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What we have been looking for

HT = 1009 GeV

Jet pT = 168 GeV
b-tagged jet

Jet pT = 268 GeV C 8::: re pfg;??uitj; 4C1E1'3\‘0:21 2011 PDT
Jet pT =302 GeV
— b-tagged jet _ X
1
>
/ » -
‘-{t i = .
: //1 i '0":. I
)
// f »
;’/
\ ;
Jet pT=104 Gevx : s 2
: &
Jet pT =167 GeV 2
b-tagged jet '
‘\
MET = 269 GeV
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What we have found:
QCD, W/Z+jets, t-thar

S HT = 1009 GeV
RurvEve
Lumi sectio 5
Orbit/Crossing. 100914566 / 2074
Jet pT = 168 GeV
b-tagged je" CMS Experiment atL:i \CERN
Jet pT = 268 GeV C Data redorded: Tue Jun 44 11:40:21 2011 PDT
Jet pT =302 GeV
S, b-tagged jet _ X
i
¥
B i -
‘l’ -~ L4 .
L] //X ~ ¢I:. '
7 "
7 |
\ ;
Jet pT = 104 GeV 4K & 2
! &
‘.
Jet pT =167 GeV X
b-tagged jet \
\
MET = 269 GeV
|
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CMSSM (based on mSUGRA)

Five parameters

GUT scale:
~1 Common scalar masses ( my)

_ S
<1 Common gaugino masses (|“1/2) f?
C

-1 All tri-linear Higgs- sfermion- =

sfermion couplings Ay
Low-energy:
-1 tan( and sign( W)

Full Oparticle tableO predicted

1 26 RGEOssolved iteratively: run
masses down to EWK scale

1 Branch: R, (non)conservation

-1 Extensions: relax GUT
assumptions (add parameters)

600 Martin, hep-ph/9709356 -

500p.

BN W)
%400 -
300 =
200 1
100F= .
.
O l.. | L | L | N | L | L | N | L |
2 4 6 8 10 12 14 16 18

Log,,(Q/1 GeV)

M(squark): large increase (due to 0,)
M(slepton): small increase (due to 0,, 0,)
Gauginos: gluino fast-rising; B-ino, W-ino
mass decreases

Mixing % charginos (2) & neutralinos (4)
Higgs: strong top coupling drives p2<0;
Symmetry Breaking mechanism arises
naturally in mSUGRAC(!)
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The Constrained MSSM is a good

CMSSM parameter space

lampost : it provides a

full set of masses/signatures for each set of the input
parameters
-1 1tOs also bad for the very same reasons"

MSUGRA, tanf = 10, A, = 0, 1 > 0

400 600 800

1000 1200 1400 1600 1800 2000

il gluino/
1400 | - S 1400 700 squarks |
7, LSP v >
1 ’;2 mh=_1,2,2 e S
2 ] % 600 g
1200 | 5 1200 é ju —h
it charginos/ BoET p
00 - A
1000 | 4 1000 3 neutralinos
3 y o .
o KHM1 m, =120 GeV 400 A0 T H x0 X—:i: — h
« 800 X HM2 R L 800 P 2
£ RS K Hi
Br( ‘;{gﬂhuf(?) > 0.5 300 Iggs Sleptons
600 | *HM4 600 sector )
%=  LMio 200 43 2, 7 o
vy Vr X —+ Xi
400 [ >*LMs 400 ) FeL /
X 1o SR NGO
Ly M4 - - XLMa . Br(38-2°) > 0.5 100 X —=*— LSP
X LM1 X LM3 == V *— M7
200 {33 "5 My =112 Ge 208
| “ Teva N 0
g o NO EWSB
° 200 400 600 800 1000 1200 1400 1600 1800 2000
m, (GeV)
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Considerable ingenuity In
developing new methods

QCD multijets QCD: small W/Z(%I) )+jets
Z(%)) )+ jets; (W,t)+jets;W % (! W/Z(%I) )+jets; t( %) )+jets WW, WZ; tt(%ll) )+jets

2|

O-lepton searches
+1 New topological variables
#1 0, (the OQCD killerO)
#1 Razor (hunt for a mass bump)

#1 My, etc D extensions of W decays to multiple O ! O, massive "
-1 Understand all hadronic processes
#1 Cut on highest mass scales (e.g. Mg, Hy, ME;)
Leptonic (one, two, multiple) searches
-1 Looking at tails of distributions.
-1 Topological variables help less: missing neutrinos in addition to "o
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OAlphabTO®-)

e B s
CMS 2 Jets

Ol (all-hadronic ) ous” 230 | _
. : %105; Ldt=35pb " ,Ns=7TeV For hlgher Jet
" ET -]2 ET ]2 1 & 1 |_T>j F S ggﬁdard Model m Utl IICItIeS
M,(,) "\ Eo (i) V2(Hcos9 2 — PHc
T\J1/2 r\/1 cr | merge jetS:
- % — F
Well-measured QCD: *;=0.5 ] form two
: . % - < . .
Jet mismeasurements : *;<0.5 10F Gsuperjets O
1= i
N(a, >0.55) ) -s
R(a;)= 101 J
N(a, <0.55) g
. Evolution of R(O) with H 1st-gen results
Loo -’:_'_’_I T T | T T U T ’ T T T T ‘ U T T U ‘ U U T U ‘ T U T U | l_'_'; —_ T l5(1|50 T I T T T T I .
- F CMS, 1.14fb'Ns=7TeV - o - 2/5ev CMS, 1.14fb", \s =7 TeV i
X 60— o -4 O L 95% CL limits: _
& = ° Data,_ h'fadronlc signal sample ] \—:\‘ Observed Limit (NLO), GL, 3(1500)Gev
A et B, - (S -
- ———— Nominal hypothesis (p value = 0.56) I . Z(1250)Gev |
40— wmesmenam H;-independent hypothesis (p value = 0.41) I — > ) i R .
E | E M"‘,‘ tanp =10, A =0 GeV,u >0 i
30— r— 7 400 |—oLMé6 N . £(1000)Gev _|
- | ] S \\ i
20:_ I___ _: i JOJCS,,V “"-..’, 5(750)Gev ]
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10 E ek kel t f * * 7: 2001— 9/5%/% \%ﬁw%
\: | Il 1 1 Il | 1 Il 1 Il ‘ 1 Il Il 1 ‘ 1 1 Il 1 ‘ 1 1 Il 1 ‘ Il 1 Il 1 | Il 1 |: _ 1 1 1 1 1 ]
0 300 400 500 600 700 800 900 0 5(|)0 10|00 15|00 2000
H, (GeV) m, (GeV)
P. Sphicas Corfu 2014: Standard Model and Beyond

Experimental searches at the LHC: CMS

Sep 8, 2014



The ORazorO (1)

Two equal-mass sparticles at ~rest (Eilpl? — Ei2pi)?

: M R = 2 1 2 : :
Rogan, arXiv:1006.2727 (pt" —pl°)? — (B! — E32)2
lab frame di-squark (CM) rest frame squark rest frame

ME = \/|A?|(I1733| 172 — .+ )
2

_ M;  For #,,%1; M %M,

. = - .
g T | Mg M.~ has endpoint: M ;.
mwkwm ';s:;axks a::fhemry_',so M;
1 nak are Dralevertill o
Toolabamabyans | | - produwedness | | Chemclersicecde
longitudinal boost threshold (7 oy = 1) reflected in . . - . I
=0 Gy 0| || momemaciquass Signal: ~ +; Bkg: falling (~exp)
CMS Simulation (5=7 TeV rl ,R=7290b" QD CMS Simulation <7 TeV rl AN=T0ph  Vipls
‘;R'.‘\' 0.5; : ;- Wejets, ZIv)+jets j 05 i
i 100 0.45EBE Y o {512% 0.45f 3
‘ i % { 1000 Bkg 0.4}
g 0.35¢ 1 0.35F-
5 03 jjeo0 03
% 0.25 - . 600 VS ‘0.25
S 02 e 02 £
m 0.15 I | =400 0.15F ' 4
0.1 e ) o f B
: Ty e 200 :
0.05 R Slg O05F Bl o
500 1000 1500 2000 % s00 1000 1500 2000° % 1000 1500 2000
M, [GeV] M, [GeV] M, [GeV]
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Searching with the Razor (ll)

FirSt Razor USRI IS IR L IR IR B -
result * CMS\5=T TeV ~ DATA

Advantages:
-1 turns SUSY search to a bump hunt
-1 All lepton multiplicities (including 0)
Fit 2D (R?,My) spectrum: QCD+other
-1 double exp for QCD bkg

Events / 50 GeV

S F 3 - CMSVs = 7 TeV
s & CMS Preliminary Vs =7 TeV =Y HAD box| Ldt=4.7 fb
. N E e D
3 Dijet QCD control data 3k o
g S - —— V+ets 1st
= 107 B8 @ 10 = — ti+jets 1st + effective 2nd
L% E »I4‘>I~I« ?
L 10_5
10 = 1;* L T +
F 2?8'8; 400600 800 1000 1200 1400 1600 1800 5000 200
- R2:0:03 M [GeV]
—R®>0.04 o F
S CMSVs =7 TeV
e 22 : 8‘82 S HAD box [ Ldt =47 "
1 1 - 1 1 1 “E
200 3 10° E_ ; g;}?l'otal
—— V+jets 1st
C — ti+jets 1st + effective 2nd
1 WH+jets/ ttbar bkg also falling I
. 107
~exponentially :
07 0B 03 035 04 045 05
R2
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Stransverse mass (M 1,)

Generalize transv . mass to two
Invisible particles ( M,,..)

1 Simplest case: no extra jets; M, =0

(Mr2)? = 2A7 = 2p2° W 23 (1 4 cospry)

1 Always with pseudojet formation
1 For signal: M ,~ME;
1 For bkg:
#1 ' Well-measured dijets : M,~0
#1Mis-measured evs: M,< ME;

QCD 300-470

Events

Mty =

Lesters & Summers, hep-ph/9906349

Va

min [max (m(T”, m(Tz))]
pc1 + pc2 =p
T T T
5 Mo Analysis CMS,{s=7TeV,L=4.73 fb'
10 Qco
0 WHijets

Bl Z+jets

¥ 800 ~ SUU
= [ [ 10t
200} 0
i 102 -
100 ¥
i 10
g 15
—300" S oab =
© ~E |
PFMET 0 0 M., [GeV]
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Single-lepton searches: inclusive

Data-driven approaches to get SM background

Lepton Spectrum:
Lepton % ME-

CMS 4.98 b \s =7 TeV
II\\‘\III‘\\Illll\\‘lllll\\\\lll
%_) 10°F 1eory,>4jets, HT2500 GeV__
Q) —e— Data ]
8 —— Total prediction ]
- —— t/dileptons prediction
D —o— SUSY (LM3)
+— 107
c F —=— SUSY (LMe)
o
>
L
10
EO0—
1=
E ‘ I

o
100 200 300

Illl\\
400 500 600 700

Fr [GeV]

CMS Simulation
5 0.25
r - \Ns=7TeV — Total SM
0.2 —LM6 ]
- —LM3 ]
0.15 N
0.1 .
0.051 |
0 )
-0.5 0 0.5 1 1.5
I'P
— —
pr(f) - pr(W)
b= [Pr(W)/?
CMS Preliminary L_ =4.7 fb',Ns=7 TeV
int
;800 R B B o o e e N BB S |
> (< 5, HT>1000 GeV, 05% C.L Limits:  [tan(3)=10 ]
o 7 ——— LS Observed Limit A,=0GeV ]
= 700 ) epy T LS Median Expected |
N m(&) = 1500 LS Expected + 16 exprt n>0 |
3 — Zgmmem,  noimsen
...... ledian Expectex 2 —
600 L Expeclediphsexpn =
500 =
400
300+
200
100

200 400 600 800 1000 1200 1400 160018002000
m, [GeV]

Events /0.15

Events
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CMS Preliminary 2011
250 4.7 tb"\s =7 TeV Muons
B < DATA
200;_ H,>500 SW
- S'Pe[250,350] tzt
1 50} + QCD
100~
H,;>750 E
7 SM estimate ]
—e— data =
-
20" ;
10- _
0: | ‘ ! J \ . |
200 300 400 ep 500
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Dileptons

TT 1T

TT T[T rrr [ rrrrprorrts

1

%) L CMS Simulation ——  Data J
g 120r 5o77ey, [Lat=a76" — Ft ]
- C — Signal o
+| - ~0 S 100 + — n ]
- Xl ~ B — eu-shape |
a C [ Uncertainty -
o 8ok ]
= 80' T H, > 300, E, > 150 (MC +LM1) ]
= B triangular,m =77.8 |
W eof =]
. E MY max = Mgo — Mg, rr: == 2;{:5;;3; E
Wlthout Z 40 n,=10.9=6.2
20f -
- 0 PP RS £ SRR M e "‘lm_.,._:
0 50 100 150 200 250 300
% 25 [rrrr[rrrr|yrrrrrrrrrrorrs I; LI I CMS' \s - 7 TBV,fL dt - 498 fb-1 m“ [GeV]
C ) ’ o ,
O - E=7Tov,fl.dt=4.98|b' — B € fa N ® Observed
o - —-  Signal - o S0y 5 B MC irreducible
© ook ov - o [ 88 23 mm (1) prediction
: N 5 40-_5{: s Bl TL prediction
(7] X ] L=< == Total Uncertainty
= [ ] 2 ® s
& 150 - 30 - $ | 2= 53
> € 3o '3 2
w ~ - L g 3 23 @ i =
N N g ° §§ S 3 3_ -3
10L . 20 8 sz (7% % §
i . 33 5% ¢ T S
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: ] 10 o i3 5T
o . i
£ ] 0
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events / 5 GeV

Dileptons : with a Z

u_O OILO + DiLO
'2# Z '1# ! ! .'1

SM: Z+jets (with ObadO MET) + tt dileptons (large ME ;)

2= |- 5] = v

-1 Bkg : +/B symmetric; Signal. positive tail

CMS,\Vs=7TeV, L =4.98 fb"

—e— data
= total bkg (y+jets)
—— total bkg (QCD)

[] wz/zz prediction
[ OF prediction

2

0

For t-tbar: use ep"

|- ||

Alternate method:

CMS Simulation, Vs =7 TeV, L =4.98 fb"

10‘;

events / 10 GeV
S ) W
TTTI T T TTTIm T TTTIm TTTT

- [y
TTTTm T

Total background

100k JZB<0 (data)

E 3 I sidebands/ey (data)
= LM4

A

2

c

9]

>

)

3 F +l* 1 T MET templates from »‘
] ‘—"“ﬁﬁ%ﬁ g | data (#tjets & multijet g ?
¥ oo s0o w30 EVENts) g
E'-F"ss [GeV] % 50 100 150 200 250 300 350 400
JZB [GeV]
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Remarkable agreement databSM

CMS Preliminary, L= 19.5fb™, Vs =8 TeV

One bin shows an

Number of Events

: - " —o— Data - Z— vw+lets - Witt(e/u+v)+Jet excess! Do we have to
107 F- sy, t 1
045, Witk(r, +v)+Jets [l aco get exited?
:(‘v/) % “’*E\\[600~ a
;,f b) % ;O"-\"‘?Ooj ; % Total uncertainty on measured background
4 —c% ':,-5 '\’/.5 ol® o o »i“ﬁooo = LR
10828518 7%, 56 Npg=0.72"1.8
: T2 Teg8 8 cl‘“-if’?@.;s . %609, ¥ _
: N8 & BV g 0y = 4%% th—9
S MY s N ig il T8 o ata
3 : 2 ¥ w.i8g8 LY 18 S ooy,
10 s S8Ryl 8 Z¥8LY o] _
e & S LT é‘fg# v =8 88 p(29/0.7°t"1.8) ~ 0.004
- | =S L Cei2 g $2 888 | ~27
102 | - < g g8 285 ¢ /0
e o T EI8r. EREER

1,>200
7 11.>200
1,>200

To observe such (or a
larger) fluctuation in
any of the 36 bins:

10

T Ty

p~0.11->~12¢

10"

NJets [3'5]

Nets [6'7H N e1d 28]
C. Sander, Sep 2013
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Constrained MSSM

CMS Preliminary Vs = 7TeV detz1fb1

(\]"\ 700 l 1 1 1 I
Q — 2011 Limits - CDF g G, tanp=5, P<0'
%) -==:2010 Limits NN DO 2,7, tan=3,n<0 ]
S tanp =10, A =0, u>0 [ LeP2 7, :
S LEP2 T a
S Jets+MHT i

=)\ Razor (0.8 fb) Corner

g (1000)GeV™]
k 1 | around

=wa which
'.'.". ......... : e > SUSY

1 Lepton

/750,%[8/8 Dilepto

g=ny 4 < S 1
SN used to lie

------

0 200 400 600 800 71000

end 2011

P. Sphicas Corfu 2014: Standard Model and Beyond

Experimental searches at the LHC: CMS Sep 8, 2014 82



Simplified Model Spectra (SMS)

CMSSM

GG
__10% QqqQ

Pair Production

~ 503

What we put in:
much simpler"

B =y ey s—
q 18% . - 5%
:§L oL 560 t ——— /QQ&
Ut C—— 51% ' - 1% § €00
e, O
L gz & 10% " é =
Uy = - 536 (19)036)
ER i b2 —-l ¥ 510
dp by 407 ~ 500
~ 4 u —
X40 6
§2+ - = } o
13%
)"('30 44 / \
1 o, 86% of all hadronic
- n "t~ 3(1 production in LM1 consists o
| X " " *
98% 2 of “simple” decay chains.
1%4%  (3]))
(=1]) 8.7% This makes it particularly
amenable to being
approximated well with a
3-particle OSET.
96.4 ¥ v/ N/ ),210 [m}
Simplified Model Spectrum (SMS)| = o .
- - x
with 3 particles, 2 decay modes :
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SMS diagra

Direct decay,og = qqqq';‘}if
—

;wu — 10¢
[

% 900 = g jepton 2011 comoined

é 800 [ [Lot=10af0" {37 Tev

a s G, ODSOIVEA 05% C.L. Imit

« 700 10
SRR S CL, median expected Imit

600

500

400

(o x BR) excluded at 95% C.L. [pb]

300
200
107
100 = .

‘ Gluinos

0 "
300 400 500 600 700 800 900 1000

gluino mass [GeV]

Direct decay,qq = qq{?g"

10%

Qlepton 2011 combined

JLdt= 10815 fa=7 Tav
e CL; ObsErvVed 95% C.L limit

LSP mass [Ge

10

CL, median expacted imit

(o x BR) excluded at 95% C.L. [pb]

10"

Squarks

L
300 400 500 600 700 800 900 1000

squark mass [GeV]
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Supersymmetry?!?

The LHC has placed very severe constraints on
Supersymmetry
1 More OconstrainedO models of SUSY are now almost excluded
-1 But not dead yet [though the press loves to declare this"]

There is a lot of room still left. But if SUSY is the
answer to the OnaturalnessO problem, then there must
exist light colored particles

-1 Leading hypothesis: a relatively light (~  TeV) top squark
(partner of the top quark)

#1 Previous limits not applicable, due to (expected) different
decays of the stop

-1 Other hypotheses: previous limits not applicable when ME - Is
small (Compressed spectra; or even zero? R violation?!?)

#1 Other signatures that would have (easily!) escaped?
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Direct stop search

Top squark decays: in large region, ~ Otop+ME ;O

m(x°) [GeV]

Am =m(t) - m(x°)

Am <m(W) m(W) < Am <m(t) Am > m(t)

0 m(W)

m(f) [GeV]
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Stop search: direct and In

gluino

Experimental searches at the LHC: CMS

Sep 8, 2014
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RPV with hadrons only

11 . - . .
Very, very hard" gluino % 3 jets  cwssimuition Y5 =7 Tev
1000 — . 400 GeV gluino model 160
. - . = S .. . 20 triplets/event
-1 Combinatorics ! Take all triplets, L \@“M*“j? i
800 SO
. - - —120
QCD MS] - 2PT(JetS)1 SUSY MBJ - Mg % 600i " QCD Simulation 100
: 3 - , 2
Apply M 5 < 2P.(jets) b 160 GeV . < 80
9,_ —60
e
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RPV: 4 leptons

T2+LRPV , T1+LRPV B
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Natural SUSY with RPV: stop
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Summary of SMS searc

SUSY 2013

Summary of CMS SUSY Results* in SMS framework
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Exotic SUSY

Long-lifetime & OstrangeO signatures
(RPV, GMSB, Split-SUSY,
hidden valleys")



Heavy Stable Charged Particles

They appear in numerous SM extensions:

-1 SUSY (split SUSY: gluinos much lighter than squarks % long
lifetime ; GMSB models: stau NLSP, decaying via gravitational
coupling only; light stop with only a limited number of decay
modes)

-1 Other: hidden valleys; GUTs;"

Two types of signatures:
+1 MIP: HSCP passes through tracker & muon chambers

-1 Strongly interacting: R-hadrons traversing material can flip Q or
become neutral (for example in  gluino hadronization ). Majority
would not reach muon chambers

Analyses

-1 dE/dx: Massive, charged particles traversing detector: highly
lonizing tracks in tracker and possibly muon systems
-1 (Out-of-time) Jet: particles stopping in the detector and decaying b
possibly out-of-time with the collisions
Complementary signatures: jet analysis sensitive to slow
particles; dE/dx search needs higher ( (min-P ; requirement)
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Heavily ionizing tracks

Mass estimate from approximate Bethe-Bloch:
-1 Kand C determined from proton data
#1 Mass resolution: 12% at 300 GeV
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C=2.56 MeV/cm

Tracker + TOF CMS Preliminary Vs=8 TeV, L=18.8 b

1

T \ | T

:é-, 10 E Theoretical Prediction —¥— gluino; 50% gg -

[} E gluino (NLO+NLL) —&— gluino; 10% ag g

Tracker + TOF CMS {s=7TeV,L=501f" Tracker + TOF CMS Vs=8TeV,L=1 = [ = stop (NLO+NLL) —=— stop .

% I e IObslervled I S ] % 100 T Observed L ko Pair Prod. stau (NLO)—+— Pair Prod. stau _‘

3 10F [&] Data-based SMprecicton | @ F 4] Data-based SM preds BN GMS2<iau (LO) —+— GMSBoty

3 _ E L _ » C =2e +— Q=2e/3 3

Q : A [ Stau (M = 308 GeV/c?) Q R [ Stau (M =308 GeVi, Q=1e (LO) e o ]

~ B >~ 10 -1 \ -

e [ @ 5*} 107E -

(é 1:1- % ¢ — § - - ]

— .:. 3 = - A : :

i 1F 2L —

dL * - C ]

107 E L - .

| | 10°¢ E

102 ettt 102 Ty e LN L ]
0 500 1000 0 500 1000 10 500 1000 1500

Mass (GeV/c2) Mass (Ge Mass (GeV/c2)

P. Sphicas Corfu 2014: Standard Model and Beyond 94

Experimental searches at the LHC: CMS Sep 8, 2014



Heavily ionizing tracks

2

Mass estimate from approximate Bethe-Bloch: L =K +C
-1 Kand C determined from proton data P
#1 Mass resolution: 12% at 300 GeV el o een

C=2.56 MeV/cm
Cut on | o, (MIP compatibility) & p+(l,s, pP7: UNcCOrreliated)

Bkg _ (#pass | only)(#pass p only)
- #Fail |, N p; staus

Tracker + TOF CMS {s=7TeV,L=501f" Tracker + TOF CMS (s=8TeV,L=1881b" < CMS s =,7 ;Fe\ll, I._=.5}0 flb"l f? ='8 .TeY' .L=. 1t'3_slfb'l'
L T | opserved Wil L omene AL E oL i
> - > E T B 3 3
8 10k [ | Data-based SM prediction _| 8 - [ 4 | Data-based SM prediction 1§ & : E
o [a [ Stau (M = 308 GeV/c?) Q R4 [ Stau (M = 308 GeV/c?) S - .
< C E i 7
- - - 10 3F = s - -
8 [ L 3 * } - P E
O A ) - o - ]
S 1 l 1 - o r 2 v, ]
- == - A P L ,A'"' .
. 3 3F ® 10 -
E 2 Stau prod. (directsindirect) 3
; A C —+— Tracker + TOF i
104 - —=— Tracker - Only
i 107F e 102 - =
E Stau prod. (direct) E
- --#-- Tracker + TOF -
B --5-- Tracker - Only -
1 0—2 1 | 1 1 1 1 | 1 1 1 1 0’2 | 1 1 1 1 | L L 1 1 0-3 Lo b v b v by oy |

0 500 1000 0 500 1000 100 200 300 400 500

Mass (GeV/c?) Mass (GeV/c?) Mass (GeV/c?)
P. Sphicas Corfu 2014: Standard Model and Beyond

Experimental searches at the LHC: CMS Sep 8, 2014 9



CMS Simulation \s=7TeV
iy r — T T
£ 12
[ L
£ 1op
= r « GMSB (100,2000)
- 8 L
< L
O r _
AN] 6F ]
ol L L ]
0 200 400 600
F_IGeV1
CMS Simulation Ns=7TeV
— T T
w |
£ 12
(] L
E 1o
— [ e BACKGROUND
- 8 .
<C L
O r _
L 6 ]
4 .
_ R L [ ]
0 200 400 600
£, [GeV]

?Sphicas

Displaced photons

Number of Events

Production Cross Section [pb]

10°

108
107
10°
10°
10*
10°
102

10

—_

-
e Qo
[AINN NN

IS

-

Data/Bkg. 8

o

10

102

103

104

T HHIIII[ Hﬂlll‘ HHﬂlll llllllﬂl IIIIHII TTTm

CMS 4.9 fb"

DATA

l:l v + Jets (data)
D QCD Multijet (data) |:| tt + Jets (MC)

Ns=7TeV
— T

- Drell-Yan/W (MC)
[ ] wiz + dets +v (M)

Bkg. stat error
—— GMSB (100, 2000)

GMSB (100, 250)

\

Illlﬂlll I II‘ lllﬂlﬂ\‘ Illld IIIUlIl IIIIIIII HIIIHJl HHIII“ IIMIIII HHIJIIl IIIIIIHl IIIIﬂIl Lo

CMS 4.9 fb™!

o

10
ECAL Timing [ns]
\s=7TeV

L L B L) B B R R

_

T
ct=1mm, %?9\( G

Theoretical LO cross-section
Observed 95% CL upper limit
Expected 95% CL upper limit
[ = 10 Expected

[ ] + 20 Expected

Lol

vl vl

Ll

| | | | | | |

o

I 1 1 I 1 ! 1 1
0 110 120 130 140 150 160 170 180

o e b b e b e e e Iy

Ll

A [TeV]

140 160 180 200 220 240 260

Neutralino Mass [GeV]

Production Cross Section [pb]

CMS 4.9 b Ns=7TeV
T r—r+ T 1 T T
DATA I orell-vanw vc)
D 1 + Jets (data) \:] W/Z + Jets + y (MC)
\:’ QCD Multijet (data) \:| tf + Jets (MC)

102 E e % Bkg. stat error é
10 —— GMSB (100, 2000) é
ST [ — GMSB (100, 250) _:
10" i Teain > 0.5n8 ;
1028 1| | wwzg—— =
10° =
10 [ . L
98 f
24 |
% 200 400 600 800
E; [GeV]
CMS 4.9 fb™! \s=7TeV
Oy
F M, = 170 GeV, %>y G 3
L - Theoretical LO cross-section
16 —— Observed 95% CL upper limit  _|
E o e Expected 95% CL upper limit 3
F I -+ 10 Expected ]
; [ [] =20 Expected
10 = g
102 E E
10°¢ 3
10-4\ Ll | Lol L
1 10 102 10°

Neutralino Proper Decay Length [mm]

Corfu 2014: Standard Model and Beyond
Experimental searches at the LHC: CMS

Sep 8, 2014

96



Displaced photons
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Stopped gluinos

Slow (( <0.4) long-lived gluinos hadronize into and
then stop in the dense material of the CMS detector

1 Their number builds up with luminosity: They then decay us,
e = s or day (s) later.
Their decay:

’ ‘o“
~ I 2
i — — J""
Data taking time —————————————————————————

spectator quarks
A;Jr — gu(uu) — g x5 u(uu)
Spectacular

q
jets in the ) A
absence of P /
beam spectator quarks
A;}H — gu(uu) — qg x3 u(uu)
P. Sphicas Corfu 2014: Standard Model and Beyond

Experimental searches at the LHC: CMS Sep 8§, 2014 98



Searches not covered

Searches for O EWKinos O" o TTyprodton

S | CMS Preliminary " %4 ~HQWZ)

@ 8001~ 27 oedwd A

87 f (s=8TeV B enw)

E ool ICHEP 2014 % (srinees)

] E — %% (.8 e
s PE (N

600 - — SUS-13-006 19.5 b oty (W) =

F e SUS-14-002 19.5 b foky (e BETD=D

500[ p =

400 [~ 777 Expec

300}

200~ .

100K 2222

2 by Y RS R E
f0 200 300 400 50 600 700 800

neutralino mass = chargino mass [GeV]
Other GMSB signatures, especially photons

Disappearing tracks

A (VERY LARGE) number of other analyses on the
topics mentioned
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So whatOs next for
BSM@Ilhc.cern.ch?



The LHC at 13 TeV vs 8 TeV

100 ————r . ——ry — W. Stirling
ratios of LHC parton luminosities: 13 TeV /8 TeV !

luminosity ratio
o

MSITW20( 8NLO
1 | NP | )
100 1000 2 Ti
eV 3TeV
M, (GeV)
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Summary



Summary (aka Owhat to rememberO)

LHC and experiments have operated most successfully
In 20092012

-1 Beyond the beautiful studies of the standard model, and its
completion (!) we have been looking for the Ophysms beyondO

By now in all searches we are carrying out third-
generation analyses (typically, second-gen and 8 TeV)

-1 In some cases (SUSY) we are looking at third-generation
analyses (both in terms of evolution and family ")

1+ Nothing has turned up yet. A huge amount of work going into
OhardO and OdifficultO signatures.

More importantly, there is the upgrade to 13/14 TeV
expected for 2015

-1 And of course, If history is a guide, we will find the unexpected.

The journey has only just started!

Corfu 2014: Standard Model and Beyond
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Backups



Introduction

Great Expectations
(20-year haul, waiting for beams")



The LHC: signals much smaller than ObkgO

& LHC  <Vs=14TeV L=10**cm?s™ rate  eviyear
barn 3 —§1u
General event properties 5 o inelastic. |1 1LV input — GHz ‘§‘° :5
= <10 '°
Heavy flavor physics - mHz 10
: i T EV2-input —; 12
Standard Model physics o Bk g e
2R S B N S s 410
'+ QCDjets e R
i *
~1 EWK physics AW e £V butput v
"1 Top quark SRERI G R < J10°
- \%"sm \QQEUSY qo+qg+
: ; i B R s 410°
Higgs physics ob [ 989 NS J10°
Searches for SUSY F L Haow \>¥§\\ | mrz 104
- . ~ F _-1;?5:2—50 3 s
Searches for OexoticaO - ”Z EREARE RN 110
o Lo /\( - \\ ’ \ \ 1102
=/ | Hgjy—ZZ W8N \ N :
e e e LN ZTTY e 10
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particle mass (GeV)
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OTurn on the LHC and"
find Higgs & SUSYO

ATLAS and CMS were designed to do this; they were
OguaranteedO to find the Higgs D period; right away

-1 In fact: SUSY is strongly produced, so will be observed first
#1 For the OimpatientO: join SUSY physics group

g— it t U — %% +u (jets, B =119 GeV)

L e Cjetd, E_=113 GeV) L % +h

A ( jetl, E_=206 GeV)
L. s (JetS, E_=79GeV) 4 ¢ bAENL .

b ¢ Jet2, ET:S‘.’OGeV)

Many hard Jets i “:MQ T
Large missing energy
1 2 LSPs

-1 Many neutrinos
Many leptons

In a word Spectacular!

P. Sphicas
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Higgs reach

CMS can probe the entire set of Agfllowed Ay
Higgs mass values;

«1in most cases a few months at 2x10 33cm-2s-t are
adequate for a 5 & observation

[y \ m  qqH, HSWWlvjj
Q - ¢ qqH, H=ZZ-lvy
s CMS, 30 fb v HSWWHWW Sllvy, NLO
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< O H-yyinclusive, NLO
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What was known: the Ou nderlying event"

The UE consists of the Obeam remnantsO and from
particles arising from soft or semi-soft multiple parton
Interactions (MPI)

-1 The underlying event is not the same as a minimum bias event

0SoftO Collision (no hard scattering

| No hard scattering
Proton AntiProton " . o 17/
Min-Bias” event

Modeling of UE: important ingredient for jet physics
and lepton isolation, energy flow, object tagging, etc

Hard Scattering Outgoing Parton
Hard Scatterl ng C)Jeto Outgoing Parton Initial -State 5?.(31 aaaaa PT(hard)
S
\\ a

alaR. Field

OHard ScatteringO

AntiProton Component

Underlying Event

/ L]
_Cﬂﬁﬁ@State Radiation

OUndeHying . AntiProton
Outgoing Parton/ Y Ev entO Underlying Event
P. Sphicas Corfu 2014: Standard Model and Beyond

Experimental searches at the LHC: CMS Sep 8, 2014 11



Defeating the underlying event (the 800s)

Short parenthesis (history of OdirtinessO in hadron collisions)

pB UA1

%
— _{7
|
ol
W EZEEETI=
!F TITCTL [ =
—r-ff =St =—11
LL et 4‘ _:‘.‘AL —1 0 '_‘_L
LA '
1 3 |
TR S e
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N
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e
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7 A T ) \ W
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Prelude:
Why we believe that
there should be new physics
(physics beyond the SM)

(a)! History repeats itself (and Lord Kelvin

was wrong)

(b)! Dark matter ~

(c)! Naturalness of natureOs choice of the
BEH boson mass




The magic of the Higgs boson mass ()

Quantum Mechanics: ultimate destructor
of small numbers (in nature) not protected by

some symmetry (thus OlawO)
Higgs boson: the ultimate example
1+ It should OresistO itself (since it couples to mass,
it should couple to itself as well)
Quadratic divergence in the Higgs mass P.A.M Dirac

h

Py
W, Z

' / \"I t
. Its mass should be
o T b hmoogmocbentemes b Ao = almost infinite!

h
Yet, it lies at the

W, Z

very finite value of

m’ ( p2 ) =m" (A2 )"' ngj::d k? (only) 125 GeV!

Put slightly differently: if cut off at . pLs Why my, I Mg,?
~1 Or: why is gravity (G~1/ M) so weak?

P. Sphicas Corfu 2014: Standard Model and Beyond 114
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The magic of the Higgs boson mass (ll)

If no new physics up to Planck scale, i.e. . ~10%° GeV

-1 Strong dependence of Physics( . gyx) On Physics( . )

#1 1tOs like saying that to describe the Hydrogen atom one needs
to know about the quarks inside the proton (not true!)

-1 Implies extreme fine-tuning (ETF) of parameters

mZ2 = 1234567890123456789012345675432189012 B [illustration only " ]
1234567890123456789012345675432173387 = 15625 GeV?

+1 Is the Higgs boson mass OnaturalO?

Two possible explanations for this:
(a) The A word (b) New Physics, Beyond the SM

Even bigger problem(s) come from gravity

Where is all this vacuum energy?
-1 We would expect a tremendous energy density,
>Googol (10 199 times larger than observed
(OCosmological constant too smallO)
-1 Size of the universe if the Higgs, as we
expect it was there (ALONE):
% a football (soccer) ball)

P. Sphicas Corfu 2014: Standard Model and Beyond 115
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The way beyond

The most tractable of all these questions is that of the
weak/Higgs mass scale B and OnaturalnessO

Four OsolutionsO (with numerous variants):
-1 New physics appears near EWK scale (SUSY? fix divergences)

-1 New physics modifies couplings: GUT at the EW scale

-1 Extra dimensions: gravity is strong in nD, weak in 4D; e.qg.
could have Mg (5D) ~ TeV ?

-1 The A word; Anthropic prlnC|pIe accept ETF. Statistical
explanation of m,, ! : due to huge number of Oinput

ensemblesO

P. Sphicas Corfu 2014: Standard Model and Beyond
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What it could look [looks?] like

‘ Jet pT: 468 GeV

~

\\/. .

3 v '

Jet pT: 57 GeV J ~ _
A

Jet pT: 393 GeV/|

Jet pT: 214 GeV
Jet pT: 34 GeV /
¥ [MHT = 693 GeV
HT =1132GeV
MHT: 693 GeV
Meff = MHT+HT = 1.83 TeV
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Intermediate lifetimes

c(~O(cm) ¢(~O(10 cm)
soft m*/e*
[V - heutralino
primary ."neutralino /
vertex chargino

Displaced vertex ODisappearingO track
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SUSY GMSB search: diphotons (I)

GMSB: just as good a SUSY; solves all issues that SUSY is
good for: hierarchy; unification at GUT scales; also (for very
long-lived LSP, also DM)

Assumes SUSY broken at large scale in sector containing
non-SM (heavy) particles

-1 This sector couples to SM via OmessengersO of mass M

-1 Loops involving messengers % mass to s-partners

#1 Advantage of model; mass from gauge interactions % no
FCNC (can cause problemsin mSUGRA)

Phenomenology: LSP is gravitino (G)
-1 SUGRA: M(G)~0O(1)TeV % irrelevant to phenomenology
-1 GMSB: NSLP decays t6-G; unstable % NLSP can be charged
#1 Lifetime of NLSP OfreeO: O(um) < c( < O(km)
1 Neutral NLSP: decays to #, Z°, h©;
-1 Charged NLSP: "_;
#1low tan, : degenerate eg,ug,Tx; high tan, : z; is lightest slepton ,
others decay to it

Good signature: photons + ME ;- +jet(s)

P. Sphicas Corfu 2014: Standard Model and Beyond 119
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SUSY GMSB search: diphotons (lI)

Demand two photons + jet (kill beam halo)
Bkg: jets; #+jet; W+#; W+jet (and jet % #; OfakeQ
Two data-driven bkg estimates to get ME - tail (dominated by

hadronic recoil):

-1 Z%ee events (not applying tracking to

eO3

-1 Loose photon-ID (so picking up jets); gives Ofake-fakeO bkg.
Normalize to diEM p+; spectrum to data (at low p-)
#1 Since #+jet same shape as jet+jet, estimate includes Oreal-fakeO

|

3

CMS Preliminary, 35.5 pb™
1+ Jet Requirement

2

ff QCD background template

=

l||||||||||||||||||||||

—@— vy Candidate Sample
[ norm. uncertainty of BG
I Total Background Uncertainty

L L

CMS Preliminary, 35.5 pb‘1
No Jet Requirement

Number of Events
3,

-
o

Number of Events

10}

—@— ey Candidate Sample
——— Predicted QCD BG

I Norm Uncert. of GCD BG + W+ + Wist ]

B oG uncer.

- -y

of QCD BG + W: + Wjet  _|

Only QCD (#4

I:.:.:.:I L1 1 I L1 1 I 1
100 120 140

.60. .

Include W ( e#)

tcMET (GeV) 0O 20 40

120 140
tcMET (GeV)

~ 100
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SUSY GMSB search:

Also important: demonstrate
that signal would be visible

-1 Use e# sample (from W+ #)

diphotons (lll)

No excess over bkg
estimate % limits

For equal squark and gluino

GeV 4 x0. 12. .
35 I 3404 7 masses the limits are
40 GeV 8 2002 9.6 740, 800 GeV, and 780 GeV
S2000F ' ' ' =
- 5o GeV 3 0.9+0.1 4.5 ] > M) = 50 GeV
= - . oS, 1
0'>) ~  CMS Preliminary, 35.5 pb' @ e Candidate Sample S |
L 0 No Jet Requirement — Predicted QCD BG | = “
‘S 10°F B Norm. Uncert. of GCD BG + W + Wiet | = — M(x;) =500 GeV
QL,) n B G Uncert. of QCDBG + W, + Wjet | 1500 N
92 B ]
E -
Z 10} E
i . 1000 |-
TE E
ol 1, B - 500
0 20 40 60 80 100 120 140 S S S S S SR
tcMET (GeV) 500 1000 1500 2000
M(@) [GeV]
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Stopped gluinos (lI)

Search carried out for different lifetimes

(, t=1.26 %)

Also look at tlme structure ( $<100us)

Lifetime [s] | Expected Background (L stat. L syst.) | Observed
1x1077 0802202 2
1x10°" 1920405 3
1x10°7 491013 5
1x10° 4910213 5

a(pp - &) x BR(@ — gi) [pb]

E‘;

10° |

10°F.

10 F

—r v ~r r— -r

J‘L woon’ 95\ C.L. Uimits:
-==---- Expacied: Counting Exp.
L = 107 Expacted » kr Coum g Exp.
-t cnr'e? Expacted =20: Counting Exp.
e Ol35.: CoOUNting Sxp
VB =7 Tev -~ Ons.: Counting £xp. (Newyal R-Baryon)

- Qbs.: Counting Exp. (EM cerly)

m_ - m.. = 100 GeVic’ Ous.: Thming Proff

NLOSNLL (m =300 GeV

107 10% 10* 10 10° 102 10" 1 10 107 10° 10" 10° 10°

Ty [8]
heg CMSDaLafoHO]
Given - hypothesis: "=1#d T § i W —

3 1 Lo% = 1 % 10™ em3s?! Expected 190 10 s - 1000 5 Counting Exp
calculate PDF for I S T et
signal evt time, A

o o . . ﬁ ’ 2 %
using lumi profile; 4 z 8 |
bkg : flat \ S U/
- 10 '; ﬂ\
Fix mg-Mgo= 100 GeV (eff|C|ent trlg/jet) o E W
m, [GeVic
Counting experiment. exclude mg < 370 GeV
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Heavy Stable Charged Particles

Both in SUSY and other SM extensions:

-1 SUSY (split SUSY: M(gluino )<<M(squark ) ! long lifetime ; GMSB
models: stau NLSP, decaying via gravitational coupling only")

-1 Other: hidden valleys; GUTs; "
Two types of signatures: MIP & strongly-interacting

MIP: HSCP passes through R-hadrons traversing material
tracker & muon chambers can flip Q or become neutral
dE/dx : Massive, charged (Out-of-time) Jet: particles
particles traversing detector: stopping in the detector and
highly ionizing tracks (tracker, decaying b possibly out-of-
possibly muon dets) time with the collisions
P. Sphicas Corfu 2014: Standard Model and Beyond 123
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Stopped gluinos (I1)

Special trigger: no-beam .AND. BPTX (anticoincidence)
-1 Was run also after the end of fills (to reach long lifetimes)

Main background: cosmic rays, beam halo, HCAL noise

HPD discharge event

-1 Select against them (e.g. HCAL noise: jets not at same phi).
Finally: signal shape (electronics): use ratio of energy in BX+1/
BX and BX+2/BX+1
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Search carried out for different lifetimes

Stopped gluinos (II)

(, t=1.26 %)

Also look at tlme structure ( $<100us)

Lifetime [s] | Expected Background (L stat. L syst.) | Observed
1x1077 0802202 2
1x10°" 1920405 3
1x10°7 491013 5
1x10° 4910213 5

a(pp - &) x BR(@ — gi) [pb]

E‘;

10° |

10°F.

10 F

—r v ~r r— -r

J‘L woon’ 95\ C.L. Uimits:
-==---- Expacied: Counting Exp.
L = 107 Expacted » kr Coum g Exp.
-t cnr'e? Expacted =20: Counting Exp.
e Ol35.: CoOUNting Sxp
VB =7 Tev -~ Ons.: Counting £xp. (Newyal R-Baryon)

- Qbs.: Counting Exp. (EM cerly)

m_ - m.. = 100 GeVic’ Ous.: Thming Proff

NLOSNLL (m =300 GeV

107 10% 10* 10 10° 102 10" 1 10 107 10° 10" 10° 10°

Ty [8]
heg CMSDaLafoHO]
Given - hypothesis: "=1#d T § i W —

3 1 Lo% = 1 % 10™ em3s?! Expected 190 10 s - 1000 5 Counting Exp
calculate PDF for I S T et
signal evt time, A

o o . . ﬁ ’ 2 %
using lumi profile; 4 z 8 |
bkg : flat \ S U/
- 10 '; ﬂ\
Fix mg-Mgo= 100 GeV (eff|C|ent trlg/jet) o E W
m, [GeVic
Counting experiment. exclude mg < 370 GeV
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Post-OHiggsO: so where does SUSY stand? I

M,,=125 GeV: great news for the SM (completion)
M, =125 GeV: not-so-great news for SUSY (difficult)

Tree-level
l VI T, Left-right mixing

_ :{IH;‘ A IE- ‘\’,2 \,2
N. Mahmoudi +—5—5 | log > )t \ - o
-14.'1" III' "IS I'\I'ﬂ
ICHEP 2012
=135 - ~135"
g | ! ' ?3 . B NUHM
;2130 ------------- ;;130 e I mSUGRA
125/ 125 [ lvcmssm
: . TS B ~AvsB
120+ = 120F -
] - I [ cNmssm
115 _ 115 - _ -No_sca|e
110. .|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.: 110 e oo dlononan 1.: DmGMSB
0 10 20 30 40 50 1000 2000 3000
tan B Mg (GeV)
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Zooming in: some good news -

. At 95% CL: there Is new 10‘1‘8 """"""""""
physics at a scale below
the GUT scale " 1016 1
«1 Qr vacuum | (i
1014 X
«© ' T THHR T T 11 T 1T T T I'n
s I | . > o))
Qe . |

- 5 - @
2 B8 3 B ©
Y S 10% O
- & . O
2 S 1 108 O
28 = A8
= | 106 allowe LL

Z S0 20 —m— s regior]

Higgs mass M ,, (GeV) 1 J_LLI_I_LLllllllllllll L1
Thankfully, we®d still have ~15 100 110 120 130 140 150
Gyr! M, (GeV)
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Searching for the stop -

- SUSY will be unnatural if  mg,,>1 TeV: this is a real
challenge for the LHC experiments!

[Beenakker, Brensing, MK, Laenen, Kulesza, Niessen '09]

1000
o (pp — £8/Ga/4a/ag/tt + X) [pb]
100 F mg = my \/§=7TeV_
10 b NLO+NLL
1 &(stop ):
down by x8
0.1 | -
g9
0.01 r ‘f‘{
. gq
0001 | HEEE g9
t1tq
200 400 600 800 1000 1200
m [GeV]
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Summary of RPV (with leptons) (e.qg.

Summary of CMS RPV SUSY Results* LHCP 2013

g—qllv ;‘122

G—=alv %, Prompt LSP decays
g—qlv )"233

g— gbtp A’
231

g— gbtp A'
233

~_> k"
§—aqaq 2"
g—qaqq A"
q—qlv 1122
LT
gl
g— gbtu A a1

q— gbtp A’
233

\s=7TeV.
\5=8TeV.

CMS Preliminary
NI R NN NN N R NN N N OO

| | I 11 1 | | | |
0 200 400 600 800 1000 12 1400 1600 1800
*Observed limits, theory uncertainties not included

Only a selection of available mass limits Mass scales [GeV]

Probe *up to* the quoted mass limit
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W charge asymmetry (overall®)

- 0.6

AUl L L AL BB B L D
- F Preliminar p, > 25GeVie ] s : : :
0.4 Y - g 03 % % | { l 1 D@ 9.7 b
C i ] 5 S R S g Bt
0.2 ww _: 3002:_ 0.0 _‘? !..._i .i_. '(}.. i r
():— —: E o.ozi—
I ] 0.1 0% } 76 *
02F Vs=7TeV i K
- LHCD (2011 extrapolated) W — pv . N R S S Sy cies? T .
_0.4:_ a CMS (2011) W — pv _: 0: . f T 1 r%\l i
S SR 41— +
R R R P weuowens e
" [, meseoscrEass Y
B R X S B ¥ 225 3
oson rapidity (ly
+ LHCD: "
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(agreement Tevatron vs.
with CMS in $ NNPDF2.3
3 2.0-2.4)
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SUSY signatures



The challenge from QCD

U n d e rState N o LHC <s=14TeV L=10%*cm2s" rate ‘i"/vea; Ey are

1

O . | barn T E 510
copious L T
Yy o ineiastic. | LV input —— 3GHz 10
- i o § J4g 1
+1 Properly ce = 110 ® that they
b i - bodod ; J410 14
have a hug ™ &b | I
RS TS WU N 5 — - IMHz J10 ™
nax-LV2-input ; —;10 12
max LV1 output > 14
ub - 10
L e kHz 410 ™°
et L as max-1-V3-output > J10°
L ielzorT E
e 407
a2, o . I PP
e I 4G I T B DO
| N \ i 1404
\\\Q‘LAI ]_? mHz % 10 )
AT NN o
NI AN 1402
fb T :/ ] HSM—)ZZ ) r\\ \ ] :\ E E 10
® Zgy 3y scalar LQ\| Zq > A [l R
50 100 200 500 1000 2000 5000 1

D Multijet Event

particle mass (GeV)
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Cannot just use the Monte Carlo

Two sources of uncertainty:

1 Modeling of detector response. Monte Carlo will never really
simulate any and all detector and reconstruction OfeaturesO

-1 Modeling of physics processes: theoretical uncertainty
2011 Sample

3 - CMS Preliminary —®— Data 3 - CMS Preliminary . Dala 0 350

i =7 - L P — LM5{m =230,m__=360)
o |L=498fb" Vs=7Tev " LMS(m=230m =3€0) o | =498fb" \Vs=7TeV S{m,=230.m, ;=360)

3 w40 L B Z(—vv)+Jets
210 — W{—= lv+lets \10 E- PR
s B Z(vv)+dets € f (= [vilets
§ | B e sets S . = g:,f;t:m 5
a | B CCO-Pythia w
10°} B singleTop 107
- WWWZZZ .

b WWIWZZZ
ey B CCD-Pythia
0 Seeny

o
#«..._
ey
H
plll
e
.

10} 10%

1
10°200 300 400 500 600 700 800 900 1000

"T[Geffl R ) H, [GeV]
Thus: huge effort in developing Odata-drivenO methods

1000 1500 2000
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Data-driven estimates

Identify OcontrolO and OsignalO samples/regions in data

-1 Control region: depleted in signal, rich in processes that we
can OmodelO well, whether through simulation or through direct
measurements in the data

-1 Signal region: the region of phase space where we expect the
signal to show up

-1 Corollary: an easy search is one with well-separated control
and signal regions AND a reliable recipe for connecting the SM
processes in the two regions

SUSY searches: the epitome of data-driven searches;
example from all-hadronic search:

-1 QCD background: from rebalance+smear

1 W and top background: lost-lepton  bkg from inversion of
lepton veto; tau bkg: replace muon by OtauO in mu+jets sample

«1 ZInv + jets: use Z(pp)+jets and Kill leptons; or photon+jets and
relate to Z+jets
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SUSY searches with MET (0O lepton)

Data without cut on Maximize likelihood Smear using measured
missing energy - constraint MET=0 jet resolution

Gaussian jet resolution: (CMS JME-10-014) Closure Method works better than 40%:
0.3 10° T
g - clns Preliminary 201_(1) i <1.1 § 104 |-|T > 300 A¢12 > 0 5 A¢3 > 0 3
@ 0.2 YS=7TeV.L=84pb" o Didet Asymmetry o 10° CMS Simulation
L 4 Photon+Jet f 10 Js =7 TeV
5 0z 5 L = 36 pb"
- w
C 10!
0.15~ 10?2
C i ol : 1 0 10°
N2 DR
L ® 9290 ® 10-5
C ¢ 'J ® % 100 — R+S
0.05 107
_ Anti-k, 0.5 PFJets w0k MC truth i
L P S S N 2 L L SN RICIITH NITTENN RICIE AN IOVIATH ST
020 s0 100 200 300 400 0 700 700 300 400 500 600 700 800 900 1000
Transverse Momentum [GeV/c] A, (GeV)
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SUSY searches with MET (0O lepton)

W / tt background:

Lepton lost due to isolation or identification

Lepton isolation

Control-sample tt, W
with well identified, Signal-region:
well isolated leptons. Non-isolated
5
©
= Scale by
'Jé 1 —Eir
:8 Ei:o
s Scale b
g 1 1 —s{,
q) — —
— 51.:0 E:d
Signal region:
Non-identified

Lepton is a hadronically decaying tau:

Replace
Isolated muon P

muon by

—» hadronic tau response

Z—vv from y-jets data:

remove

— Similar to Z+jets at large Pt
(MHT) - but still more theory
correction

— High stat (no branching ratio)

control sample from MC
from data
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SUSY all-hadronic search

Pulling together
all bkg estimates:

Next: define 14
different signal

regionsin H +, MH;

J:
o
S~
L.
® 1)
E g CMS Preliminary . Dats (]
Z L=4.98fb" \Vs=7TeV
s [ = S _
° 8 2 : g : : : .z » viedets
] - 3 3 z
a E 4 - '8 : : :
EwEdE g 3 s LU S
= ¥ feg g v B wicerisvyssets
Y o asr e SV ¥ g
g ez +« | 0F 8 o8
' “tom” ¥ i e 88 Mo
A ! ™
= ? %— ~ 1 @Toul uncertainty
e =
10 1
2 on measured
1 background
H; [GeV]
00, N
<800 e ~T09y <"'r‘lzoa 00\-"*'1402400 HT [GeV]

Alas: no excess ~ limits"
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R, violating SUSY

Mainly leptonic channels

IIL #

ijk

LL, E, +#3L.0 D, +#$U.D .D,



Events / 10 GeV

Data/SM

Events / 10 GeV

Data/SM

Easier channel: RPV with leptons

1 /
ﬂ gé’ Liwvry = 3AikLiLjex + Ay Li Qjdic
T 7 " 5
10* g ™ 5 v
ATLAS Dat — = T
° ] ‘Zii‘[ e 10 i /\‘—__’—__A;sz
10 ey J.Ldt=4.6fb1 i E‘ - ATLAS BEER Theory' =0.11.k,5,=0.07 s
\s=7TeV |'| -m{,et o 10 = eu det=4.e fo! g Theoryi' =0.10,1,=0.05
2 Multij X = - 1
1 LD me X R et~ Owenestim "
(L CJ9.(500GeV) 2 10BN e Expected Limit
10 —— + I : LZ - [ Expected Limit+1c
- S 102k [ Expected Limit +20 b LA B ) R SR B A
| ‘m | a f ‘ -,® [ ATLAS el AR
E —— % — - < - "/ |
ok r= W 105 _ det=4461b‘1 i
L -SRI NS 77747 g 10" éy E
i AR 1k 8= 7Tl
1— -+ $ -k\\ \ E r .'.' / i
R 55 NN AN () : Pe -
TR s LN 500 1000 1500 : ’
10 10° m; [G
e
—— : ——— i
~—~ 5 = E
] ATLATS 6\%}; S 10 E = 007
10 L J-Ldt=45 b =§—)‘:‘: = - ATLAS BEEE Theoryr! =Oth=c L/ 7 i = 0.0 ]
—HU = - a1
10? \s=7TeV I\{/Iultijet E 10°F ut J.Ldt—46fb'1 g Theory X' =0.10,A, =( i = 0.01 1
t - = &, an B
. we [y - ——— Observed Limit = 007(1177TeV)
ingle |0 T
10 ~! I DV‘(SQOOGe?/) ? 103 Ns=7TeV ... Expected Limit 10'3 TRTRRTI AN S TR R N T R
© - Expected Limit +16 500 1000 1500 2000
! d 102 l:' Expected Limit +2 ¢ mG [GeV]
- R g '
10" E e — I-I LOO -
S — A o R E——— g @ 10_
151 3 -
1_\_._ " - _{_x.k'\ I\ 3 \ N f S
- - N N P L L
0-5.;F i R § NS S ] 1500 1000 1500 2000
102 10° m; [GeV]
m, [GeV] ;
P. Sphicas Corfu 2014: Standard Model and Beyond 139

Experimental searches at the LHC: CMS

Sep 8, 2014



Multiply-charged particles

CMS Preliminary Vs=7 TeV, L=50 o' ¥s5=8 TeV, L=18.8 b’
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