Top physics



The top

If the J/y, Y, W and Z are standard candles, then the top
is a candelabra*
+ Leptons, missing E;, additional jets; and b-tagging

+ Analysis requires all that has gone into the W and Z, plus
increased QCD background (because of higher jet multiplicity).

e Plus interplay with W/Z+jets production
0-lepton: not-
Dilepton: cleanest but Br~4/81 1-lepton: semi-clean; Br~8/27 clean; Br~4/9

*: first heard this from Ken Bloom, U of Nebraska
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top quark candidates_

S E———

Missing Et \\pT=45 GeVic
MET= 57 GeV/c \

| pr = 56 GeV/c

w pr= 57 GeV/c m(uu) = 26 GeV/c?

incompatible with Z

="

wt pr =27 GeV/c ————

Top Di-Muon Candidate Event
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top quark candidates: dilepton (cntd)

In addition: the two jets have good/clear b-tags

Important cross check: muons and jets coming from
the same interaction vertex.
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Top In dileptons+jets

Full selection applied;
arXiv:1010.5994

+ Z-bosonVeto, |M(.£.£)-M,|>15 GeV
+ ME; >30 (20) GeV in ee,up,(ep); N(jets)22

) T T T ol AR BARRE AR VA LML IR
€ 10 cwms ® Data <19 b cms E
§ r 3ipblatys=i 13 aipb'at\s=7Tev | Source Number of events
W [ Eventswith eely |_=3 . 1 pb-1 g Events with ee/up/ey - Expected tt 77+15
ee/ ¢ Eem— -] S 8] A paaMWT  Tycons (VV) 0B3E007
! B Wi 12 ¢ o Duai 1 Single top (tW 025+0.13
e / [ ]b-tag uncertainty] & 4 o | 0 Signalsbkgd. mwT | OINBIe top (tW) : :
u 6+ ] o f signaisbkgd. kin | Drell-YanZ/9* = t¥1- 0.18£0.09
3:_ A AG Background MWT Drell-Yan Z/’)" — e *e‘, ’l t ]l_ 14 - = 05 Tt 05
: el B Background KIN 1 Events with non-W/Z leptons 01+£05%03
2F | i -1 Total backgrounds 21+£1.0
‘ ’ 1 Expected total, including tt 98+18
I *% d 1 Data 11
0 PORI  p— A P annab Ll
0 1 >2 100 150 200 250 300 350 400

Number of b-tagged jets Reconstructed top mass [GeV/c?]

Cross section measurement:
o(pp — tt + X) = 194172(stat)*24(syst)*21(lumi) pb.
NLO prediction: 158+24 pb — for m, = 172.5 GeV/c?
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Top cross section (bkg estimate example)
First: bkg from QCD Then: W+jets

a la W+jet cross " + Measure in Nj=1,2

section: fit E;Miss to  { L T § | aras pretagusets |
w wo ® data

2 templates: 2 bt =
o single top ]

fake/non-prompt 5 _\ B

(from data: loose) I '%fc‘l,,a,my

prompt leptons

(s i g n a I J W+j ets) ! Discriminant
fro msS | mu Iat i on Si;eitb i:nd extra?olat_ion to

Number of jets

1; H ”
G50 T ar s pratag beiger |- ¢ then Bt_ahrends scaling
© fesew O to get Nj=4
L°>u’ e Il single top -
Ycheck ™ mzjts + Then simu to get btag
- E + jets 1 -
CI\/Ie?W) _ moo fraction
On 200 ) 7 un in _;
! 150} 7% 3 W24—jet _ 2Jet W2 -jet IJet n
1001 S ; pre-tag pre tag ( pre- tag re-tag)
: F 2 ] n=2
Oo: 20 40 60 80 100 120 140 Wtagged—z-'ljet = WPI'Ctilg—z-'ljet . f24_~iet
m(W)[GeV] Jtagged
P. Sphicas CERN Academic Training 97

LHC 2010: summary and prospects Feb 1-3, 2011



Top In lepton+jets

Require 21 secondary "t 2
vertex tag with 22 Ton | ,"' »
tracks: op epton A
’ + jets Q°

+ ~50% efficiency ~1% A N

fake rate @ el

i £  [cMs Prelimi —e— Data
N(jetS)23 L%) 10° 5_0'84 pbr_?a"::}nga=ry7 Tev =$_>|v (+light jets)
+ 30 signal evts over elutets, N, > 1 v

estimated bkg of 5.3 ek Eggsr.j(:ngm,ag_:
t-tbar rate consistent : Z st

¢

with NLO cross section 10
+ Systematic uncertainties :

e Expt: JES, b-tagging 1E
e The: scale, PDF,
hadronization modeling 1 2 3 24
Jet multiplicity
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Top production in ATLAS

%Goofxpemﬁon scalbd from 2.9 pb” (ArXiv:1012.1792) | ] % Eéx;‘)e‘ctf‘nil)n‘ scaled from 2.9 pb ! (arkiv: 101211 7g2) T T T \ T 'E
S [ ATLAS b-tagged e/ptjets | ©200- ATLAS b-tagged e/ u+>4-jets
W00l Preliminary ® data N ‘0’180i Preliminary ® data E
C ] 7 1w F . tt ]
Juewr DA 12y Lo Bongoop |
1200[- [l single top |_T>j : — +iets P ]
» Z + jets 1140 * 7
10007 W+jets : ) W+jets -
1 120 y -
Il ocp ] - Il ocp ]
uncertainty | 100- uncertainty -
3 8oF =
W 600 =
7 T 00 E
1 20F =
of o 0¥

1 2 3 >4 0 100 200 300 400 500 600

Number of jets

pr(e/H)>20 GeV, |n|<2.5
pr(jet)>25 GeV, |n|<2.8

Use W+jet xsec to
extrapolate bkg in +4jet bin

arXiv:1012.1792
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2 ATLAS all channels | | (2.9pb") = Approx. NNLO (pp) ==
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WZ production (?)

CATLAS”
JLEXPERIMENT "

Run 166466 Event 26227945
Time 2010-10-07 22:16:39 UTC
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WW production

Last SM measurement before gettingto * | W
the level needed for the Higgs search 2

+ Also probe for physics BSM (VVV vertex)

Two high-P; (20 GeV, |n|<2.4/2.5) isolated 7
leptons (ee, ey, uu) q W
+ Bkgs: top, Drell-Yan (mainly Z)
e Z-mass veto (15 GeV around Z) £ o R
e M(I1)>12 GeV (low-M resonances) 2 so E:‘”‘:”m 3
e No 3 lepton (P;>10) dowm

e Jets counted: P>25, |n|<5.0
A(Pmin = min (A(P(glr E’Irniss)r A([)(fz, E’?ﬁss»

MET

Projected Projected MET pM ET>35 (ee
j‘ A1)

MET (against
Z—1r, 1l) s | PMET>20 (ep)
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Data-driven bkgs — example:

WW production

3,

Events/(5 GeV)
a

CMS Preliminary
355 pb” at V=7 TeV
Events with uu

Process Events
W-ets + QCD 1.7+04+0.7 10°
tt + tW 0.77 £ 0.05 £ 0.77 10°
Wey 0.314+0.04 £0.05 w0
Z+WZ+ZZ —ete [utu 02402403
WZ + ZZ,notfrom Z 0.22 +0.01 £ 0.04 :
Z—T1rT 0.09 4 0.05 £ 0.09 1w
Total 3.29 4+ 045 +1.09 20 100 120 140 160 180 200
Dilepton mass [GeV/c']
N N variable value | uncertainty
o — data — 1Vbkg , Niata 13 —
eLBR(W — (v) Npkg 3.29 1.18
0
\/m Akaq Ae AL € ( /o) 6.34 0.46
Ao = e ® eE‘@ 6(76970 L (pb) 35.5 3.9
BR(W — Iv) | 0.1080 |  0.0009

Oy = 41.1x15.3(stat)
+ 5.8(syst) £ 4.5(lumi) pb

Oy o =430£20 pb

(0, /0y ) x 10* = 4.46 £1.66 = 0.64
(0, /0y ) x 10* 30 = 4.45 +0.30
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ZZ (?) —=uruvyv

m, 94 GeV, E;mss =161 GeV

LLLL

CATLAS

” EXPERIMEN

Run 167776, Event 129360643
Time 2010-10-28 10:41:18 CET

Candidate Event with a Z—pp and missing E.

] '
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(H?)—=ZZ—=pppt

CMS has a spectacular (and very rare indeed) event

CM>21 If beauty applies to

. = F——\| events: abeautiful
’ o °*
N> . ZZ event (from
s S y
- s e someone’s decay?)
= -
5 =) =: -
= - '¢ *
= | = Muons (pr[GeV], n, @ [rad])
g 4 | ,‘ o jrg (48.1422, -0.412532,-1.92555)
e 0’ 1] (43.4421, 0.204654, 1,79493)
1:3(25.8769. -0.782084, 0.774588)
17 (19.5646, 2.01112, -0.980597)
‘ Invariant Masses
CMS Expenment at LHC, CERN
ﬁi:ﬁégz?:[‘-‘jij P Sop 24 022000 2010 CEST" | po + pt1: 92,15 GeV (total(7) pr 26.5 GeV, ¢ -3.03),
o o o+ g 92.24 GeV (1otal{ Z) py 29.4 GeV, ¢ +.06),
it | e 70012 GeV (total py 27 GeV),
Ha + g 83.1 GeV (total pr 26.1 GeV).
Invariant Mass of 4u: 201 GeV
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Around the standard model in 7 months

Original S
discovery

_'_‘Ji- _ .
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—— v l
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— | | >
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2009 2010 Y Y a1y oemmme ] o Mpeempmn. 3070
s 20 g rJ/ i 3"
- 16 elimmnary 3 4 | C_\-J
" no | H O,LV .,/é‘ '? # é
; | . . ey ‘ﬁw { 3
" I oF . . ‘f T E)
MTCC - l‘ _ 2 2 ¢ 32"‘"_ xsnaﬂ::vsr\ess?(gaV-’c’i! 8
J e o “:’“""" R Frecel § CMS Prefiminary, s =
" smee=l 3F Y Y't
. D: 003 01 878 02 929 - ;mé ‘
"Rediscovery" i I}
. . N “r oA 150 200
in CMS .(dates ) LLHH”“TL N Ry M(u" 1) [GeV]
approximate) b T
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Searches for signs of
exotic New Physics



Many (many) possibilities

Exotica:
+ Leptoquarks
+ New gauge bosons (W’, Z’)
e New resonances (W-Z-like)
+ Fourth generation (b’)

+ Organic, Non-Accreting, Friendly, Evaporating Microscopic Off-
White Cavities (name introduced by Greg Landsberg; old name: black holes)

+ Universal Extra dimensions (diphotons)

Supersymmetry
+ Squarks and gluinos
e Decays into jets and MET (more mSUGRA like)

e Decays into photons (GMSB)
SUSY-based exotica:

+ Long-lived particles
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Leptoquarks (I)

As name implies, they are both “leptons” and “quarks”:
i.e. carry baryon and lepton number — & color (large o!)

+ GUT-inspired models, with (hypothetical) proton decay acting
as one of the main motivations

+ Decay: into /g (branching ratio ) and vqg (BR=1-4)

+ Aleptoquark for each generation; cross-couplings FCNC
constraints.

e In general: assume decays to one lepton only; searches
usually carried out independently for each generation

» Easier searches (e/u): first two generations, LQ1 and
LQ2

Pair-produced (gluon fusion)
final state: dileptons & jets

look for: peak in mass(¢)
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Leptoquarks (ll)
Main irreducible bkg: DY+jets; 2"9: top production

+ In situ Z+jets measurement + measured top cross section in
the dilepton channel to estimate both bkgs

':g.“,. r s ee" ' +;?a(; Ew.r ovs ee” ' +?.,” o
u 2 s o / & els % : - N4 pels !
* DY+Jelts g o '. l(l)tlm bachgrounds g o :})l!c Sackprounds
= - o L, M = 400 GeV - ll; M = 400 GeV
normalized s | e | —
. f £'F L 1
to Z+jets z Z t 3
LA n 4
(control | il Il
i b n HT F0 M0 ear wm ewm T rn l L)
region)
g ; g £ T ’ |
H o0 —O—Pala.B-_i.Opb' E ! —O—Data34 pb
« anti-Z cut g o OIS pujj e g o M u,p,jj 4 U |
= - w + ) er backgre w 3 er backgrounds
* optimize S; ~ of L, .. Lo M= 4 Gev o, i o :
cut (mass- 1 W | | et ,,_ 24 I 77 . T
dependent) o\ \ o'k
1072 RN [ T TTTTTT RN : 102
S0 100 150 200 250 300 350 400
M, (GeV)
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Leptoquarks: limits

LQ1: S> 340-660 GeV
for M o, = 200-500 GeV,
2-0 events observed;
consistent with bkg

estimate _
arXiv:1012.4031

— 7 a : . . . v .

% 0.9} ¢

05_ o — 0.8}
0.7}
0.6}

1 0.5}
0.4¢ :;,c:;u';n: '15‘.‘ C.Lim
— 0.3} &= Ctmarved 6% C L g ]

LQ2: S; > 310-700 GeV
for M q, = 200-500 GeV,
5-0 events observed;
consistent with bkg
estimate

10°F CMS 0.2k CMS - ous
f‘ N=39.2 pt" ‘ 0_1; f Ldi=332pc Im-:u.upo"
03555 a ST e Mo s R R s we "0 20 a0 30400 48 S0 A
M [GeV] M, [GeV] M, (GeV)
Limit for =1 Limit on Limit on
M(LQ1) [GeV] M(LQ2) [GeV]
Tevatron 299 316
LHC 384 (exp: 391) 394 (exp: 394)
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Search for W'

Main bkgs: W* (high-mass tail of B-W) and QCD;
estimated via template method

+ Mass-dependent selection:
e M, > 400-675 GeV for M(W’) = 0.6-2.0 TeV; 2-0 events

observed

+ M(W’) >1.36 TeV (ev); well beyond Tevatron limit: 1.12 TeV
[CDF@5.3 fb, arXiv:1012.5145]

M;=493 GeV

g1()5 ISR e e e e e
5 CMS v - e
>10* fL:n 36.1 pb I 1t
tw JE =7 Tev B
&= [] other Brgs
¢ Data

----- W (M=0.9 TeVic)
- W (Me1.1 TeVich)
cenes W (Me1.3 TeVie)

| r i
10° " 200 400 600 800 1000 1200 1400

My (GeVic?)

....CMS;
Loi=36400"
Vw7 TaV

|

PRNTSN STERE PR SRR ST
12 14 16 1.8 2
Mass (TeV/c)
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Search for Z’
CMS preliminary i =7 nv.f Let=35pb’

Mee = 419 GeV

3 ‘o‘ 1 - n':T‘- e'e

2 10 (b) -

8 - - Juts 1rom cala
§ 10°

i

—

E
E
7 g (750 GO} = w0
E
E
E

107

102

: ‘,5,:( o Coherent ee and pu analyses
+ Require +/- for muons; not for elecs

CMS prellminary \5=7 TuV.J L df = 40 pbs'

% 10 :' B v ;_'w'ml 2 % CMSprcIimina'ryZMO. Ldl=40.0?b' ' _
o Fl (@) W2 = " T \ | .]68% expected
~ 10 B i o inm M H bk . ® 0.6 \ 95% expected
g B aln gS. . w— G, kIM=0.1
g 10 Ty (T30 Gav|— 'y L - Gm k/mv_wzoos
w £ KK "
10 Drell-Yan (by ol iz k
I z,

1 e 95% C.L. limit

far) + top
Top estimated

0.2

10°¢ r
L C)

AU = from e-y events o

rhbdbdd ol d e

10° @0 600 800 1000 12‘o<73777 1400
200 1000
miji"p) (Gev) M [GeV]
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Tevatron search for Z’

Very recent Tevatron update z o BEES
(Jan 24) ERN
+ CDF, 4.6 fb-' N
+ Dimuon channel {%’ 60 o ot poncs aptmats

o Limit for a Z’ with SM-like
couplings:

95% of peeudo-asperiments

Z’ mass [GeV/c]
TABLE I: Mass limits on specific spin-1 Z’ models [12] in data
with 4.6 fb~! of integrated luminosity at 95% confidence level.

Model R Zlee Z% 24, Z. Z! Zim
Mass Limit (GeV/c?) 817 858 900 917 930 938 1071
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Search for BHs

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

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

+ Cross section from geometry: o = TRg? ~ TeV-2 (up to ~100 pb!)
BHs decay instantaneously via Hawking evaporation
emitting “democratically” a large number of energetic
quarks, gluons, leptons, photons, W/Z, h, etc.

+ Contrary to SUSY, expect ~ small MET (this: model-dependent)

In practice: CHARYBDIS 2 and BlackMax generators

+ Original papers [Dimopoulos & Landsberg, PRL 87, 161602 (2001);
Giddings & Thomas, PRD 65, 050610 (2002)],

+ Plus: [partial] grey-body factors, spinning Kerr black holes,
formation of a stable non-interacting remnant, etc.

+ Caveat: semi-classical approximation; expected to be modified for
BH masses <~ 5M,
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Search for BHs arXiv:1012.3375

Expect lots of activity in the event, so

+ Use S;=Sum E; of all objects (including ME;) with E;>50 GeV.
e Great for avoiding pileup (in the future as well)

Key observation for search: S;-invariance of final state

multiplicity. Expecteded for Mass, but ST?

+ A posteriori wisdom: FSR/ISR collinear do not affect ST a lot

.E 107 _l T T T I T T T T I T T T T I T T T T l T T T T I I_-: % l N 2 'aj % o4 l VN v 37 L 4 Ty v LA 4 o4 v L4 v L 4 'bi
D - — 0 . Data ; @oﬁ-{?m o . Oata ;s{n:m;\«.'ols
- - - - . - ~ o ~ Ic s
E. 10517 CMS Simulation N 8 10" Background o foar 8 10° Background S !m‘a“'
[ I ] Uncerainy ZeJuots Uncenainty ZeJuts
= il \s =7 TeV | - Vo= 18 TeV M =30 TeV, n= 8 - e M1 STV M =30 TeVn=6
e u 1 = M, =20ToV, M =30TeV,n=d | T M, =207V, M =30ToV.n =&
10° - QCD Pythiaé 4 211 M, =30 ToV, M ™= 30 ToV, n =2 A 10 M, =307V, M " =3.0ToV.n =2
< Py £ ) - 1 & o :
u - 41 © s 19 ]
- Y > -1
10k 1 @ C\;A_S, :;51?2, 1 d CMS, 35 pb |
i _ S= e : :
o'p E 10 g
103 [+ i - 5
10501, I’ . . |
0 1000 2000 3000 4000 5000 10 10 3000
Inv. Mass (GeV) S, (GeV) S, (GeV)
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Search for BHs

Use N=2 shape (with uncertainties) to fit higher
multlpI|C|t|es where S|gnal more prominent

% T N‘a T T al)z % 4¥||||N24 ]||\|]||V|b|)< %1045_|||sz5 ||||||||||vr|c|)g
O 4y o Data G 10E o Data (O] E o Data E
10°E Background o F Background j o Background
8 g Uncertainty ] o Uncertainty g o o Uncertainty _
- Ny e Mp=15TeV,MT"=30TeV,n=6 | MR R " My=15TeV,M"=3.0TeV,n=6 | — 107w e Mp=15TeV,MI"=3.0TeV,n=6 3
~ 10°F , MD=240TeV,ME":="=3.0TeV,n=4 ; E , M =20TeV, M’“‘"—3.0TeV,n=4 E ; R — M, =20TeV,MT"=30TeV,n=4 ]
ok b S MD=340TeV,MB"E"=3.0TeV,n=2 = AT M =3.0TeV, M"“ =30TeV,n=2 € f + Mp=30TeV,M™=30TeV,n=2
qc, r ’ 1 t]>') 10 L 3 g 102? """"" 3
u>'| 102? """"" T% w E """"""""" w E N
10 N 10 R = o e _
£ X L T T | ]
CMS, 35 pb™ : - CMS, 35 pb" ] - CMS, 35 pb™
ok \s=7Tev - 10, \s=7TeV 1 g ok \s= 7TV | =
1_01)0' — '1560' — '20'00' ST '30'06 1000 500 2000 2500 3000 1000 1500 2000 2500 3000
S; (GeV) S; (GeV) S; (GeV)
S o
2 CMS, 35 pb"'
g > \ s =7TeV
No excess, so set LN S
= “~.n=6
I- lt . = '8 \"
IMITS ON MINIMuUM S . T
e | e
w T
Mg, of 3.5-4.5 TeV
] | ]
(semi-classical
3.5} = Rotating -l
u u +- Stable Non- lntomcllng Romnant
T 1 P 1]
approximation) i s ST
M, (TeV)
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Supersymmetry



SUSY: view in the 80’s (and 90’s)
"One day, all of these will be SUSY phenomenology papers.”
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SUSY: modern-day view

SUSY space remains huge

el // A
/ // 7

.. there, in the //’

|/

CD silos on the
right? My papers
on mMSUGRA
searches

.....
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Towards a search for SUSY signatures

SUSY is actually quite predictive: it specifies the spins and
couplings of the superpartners

+ Unfortunately, it tells us nothing about the masses
e For this depends on the SUSY breaking mechanism

+ End result: large space of signatures, depended on models

+ Two sobering papers (read for academic purposes...):

e arXiv:1009.2539: "Supersymmetry Without Prejudice at the LHC”; J.Conley,
J.Gainer, J.L. Hewett, M.P.Le, T.G.Rizzo

e arXiv:1008.2483: “How to look for supersymmetry under the lamppost at
the LHC”; P.Konar, K.Matchev, M.Park, G.Sarangi

E.g. 2nd: agnostic approach. Consider all

possible mass hierarchies: Lo, dp| tn | dnlep, ol en |17, Mo hul ¥ |0 0] g |
Q U| D L E H B W G
there are 9! = 362880 of them Mo |Mo|Mp| Mz [Ms| Ma  |Msz| Mw Mo

+ CHAMPSs: 8! (40,320) cases, LSP=eR (charged, color-neutral);
signature: CHAMP (independently of hierarchy)

+ R-hadrons: 4x8! (161,280) cases, LSP=colored object; again,
independent of hierarchy

+ MET: 4x8! (161,280) cases, LSP=weakly-interacting, neutral
particle; phenomenology depends crucially on mass hierarchy
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SUSY: what we know

Squarks and gluinos: Sy < e
colored: large o T

10 e 2l

SRR I T A AT %j g o1 FUTrTTTTR gvetty “a
Ecm[pb]:ppasUSY\}\\ NS =7TeV ] a4 uu'}____,}. - U'J "
1 3 >‘_<” Oy p
Jf I —
v >w..< S AR S
10'2;— "> o T S '
= 7 S "
10-3_11 1 ll 11l l 111 Il 111 Il 111 l IZE(_II:"?I 111 I 111 I- ! R T I . ,\\ ” :
100 200 300 400 500 600 700 800 900 , " : :
Mg [GEV] ——"rree —
0.003 AL AL L L R B B R
[ (©) pp—>g(+X) ] . ] ]
0.002F /  Uodoldp, - Several high-P; jets; high
0.001 £/ “M=500 GeV | MET (R, conservation);
N T e possibly lepton and b-rich
0 200 400 600 800 1000
p, [GeV]
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SUSY: what we don’t know (breaking)

Huge number of theoretical models

+ Very complex analysis; MSSM-124. Hard work to study
particular scenario

e assuming it is available in an event generator (!)

+ To reduce complexity we have to choose some “reasonable”,
“typical” models; use a theory of dynamical SYSY breaking
e MSUGRA (gravity-mediated)

¢ GMSB (gauge-mediated)
¢ AMSB (anomaly-mediated; studied in less detail)
+ Model determines phenomenology (masses, decays, signals)
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CMSSM (based on mSUGRA)

Five parameters
GUT scale:

+ Common scalar masses (m,)
+ Common gaugino masses (m,,)
+ All tri-linear Higgs-sfermion-
sfermion couplings A,
Low-energy:
+ tanf and sign(p)

Full “particle table” predicted

+ 26 RGE'’s solved iteratively: run
masses down to EWK scale

+ Branch: R, (non)conservation

+ Extensions: relax GUT
assumptions (add parameters)

I \ Gluine
600
L qLL\\
500 [t b
I tR e, \\
400 i S
; :\\\‘ ‘\“
L \:-.\‘ “\“_\
300 e s o
L N ;:::::‘_\ ‘b
I R DT B MR e oo oy
200 g R e R s N
- Il Mty S o
L] =
Rino————"_ !
100
0 4 6 8 10 12 14 16

M(squark): large increase (due to o)
M(slepton): small increase (due to a4, o)
Gauginos: gluino fast-rising; B-ino, W-ino
mass decreases

Mixing — charginos (2) & neutralinos (4)
Higgs: strong top coupling drives u?<0;
Symmetry Breaking mechanism arises
naturally in mSUGRA(!)
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SUSY: signatures and bkgs

Searches distinguished by the number of leptons
+ In all cases, demand “(high-P;) jets + (high) ME;”

+ 0 (all-hadronic); 1{; 2{ (and break down into OS and SS)

\; o~
e V X} .
Xi

q
g
P P
“—%
A '¢: '<:?f'
X:°
QCD multijets QCD: small W/Z(—.Lv)+jets
Z(—vVv)+ jets W/Z(—.lv)+jets WW, WZ
(W,t)+jets; W—tv  t(—.Lv)+jets tt(—LLv)+jets
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SUSY: jets+ME-

Strongly-produced squarks

and gluinos with M>400 GeV orfor o _
+ Decaying into SM particles (e.g. 2 jets: M
quarks) plus LSP; _elther directly Expectation for QCD: a; = 0.5
or after a long chain :
Jet mismeasurements: 0;<0.5

+ Huge background from QCD
(several orders of magnitude).

» Strategy: use kinematics (o) to o for 1 H, -AH,
reduced it to negligible level, then : Ur = M
n jets: T
tackle next bkg

e Veto leptons to avoid EWK
backgrounds with MET arising
from neutrinos

e Largest remaining bkgs: Z
(—=vv)+jets, W(—L v)+jets, t-tbar

(form two pseudo-jets —
defined by balance in
“pseudo-jet” H, =X E,)
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SUSY: jets+ME-
Apply a cut at a>0.55, QCD — negligible

CMS preliminary 2010 CMS preliminary 2010

wn T T T LA ) A I B B B ) NN L LB B n T T LA L S ) B B B B HNL B BB B
N N

%105 ILdt=35pb",\!§=7TeV %105 ILdt=35pb“,v§=7Tev
5 oo - oo
5104 |.|>.l104 Z + Jets

— W + Jets
10%

M A i
i, R
el :‘ -
0= B, NI Lot \
62 04 06 08 1 12 14 .
Ual-
4— : : 4 :
.g g_ H . —] .g g_ + -~ —]
~ - Fry — ~ - -
g 1 L e g 1»»(«::«“ g +
© 0G7 03 06 08 1 12 13 © 0—33 06 08 j 12 13
o o

For remaining bkgs (estimate): data-driven methods

+ Direct estimate of EWK bkg using W+jets (for W & top) and
+jet (for Z(—vv)+jets)

+ Inclusive estimate using extrapolation from lower-H; (where
SUSY is negligible)

-2
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SUSY: jets+MET; Killing QCD with a-

Spill-over in a+>0.5 from:

+ Processes with genuine MET (EWK, TOP, and SUSY ©)
+ Some remnant QCD

- Jf,L,dt|=.1,5-1.np";f =7TeV

TTBar
s | MO
— | M1
= Standard Model

Tail of resolution function:

Catastrophic mismeasuremen
of a jet: protect by avoiding holes

3 T l T L I 1 T re—v—'—re—v—r—‘—v—v—VJ
(=]
2104 — Data
[ e QCD
§ Z + Jets
3 —
I.I>J 10

1 III]III| 1 IIIIlII| [ 111l

Core of
resolution
function:
Jet loss
(min p; cut
on jets)

Balanced events
(MET<20 GeV)
e %_

- Data

CMS preliminary 2

Events/5GeV
o
[

-

—— QCD Pythia Z2 Ene

——— QCD Pythia Z1

02k
10° E

' N TS EEEE RN N AR S
0 20 40 60 80 100 120 140 160 180 200 220 240
MHT (GeV) [10 < P< 50 GeV]

data / sim

v by :Tj-l . : . .
0 20 40 60 80 100 120 140 160 180 200 220 240
MHT (GeV) [10 < p_< 50 GeV]
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SUSY: jets+ME-

13 events observed, consistent with bkg estimates

Njet NData

NDa.ta

NSM

SM

predicted observed predicted observed
2 4884465 5 279+ 3% 28+ 0.5
>3 5554339 9 77+£39 63+0.7
>2 943 +48 13 103+ 337 9.140.9

+ So set limits; already with 35 pb~': significant extension of
previous (Tevatron+LEP) reach

—~

CMS preliminary 2010

L, =35pb"Ns=7TeV

— - ~ 500_| T L LI B LI
T 1 0-1 B g g;lt,a(,x?-;;os’ls‘l ‘[ Ldt=35 Pb'1,\]§ =7 TeV _ % E;E:LSP Illlll Etgg){()pedeitlh]lt{ - CDF g}a’ tan[.;=5,2fb.]
Dﬁa - m Data, 0; > 0.55 : @ 40 - . LoomesrevreV: Linllz?l 0o g,@tanﬁ:S, 211’
[ [ SM, o, >0.55 ] . E LEP2 T,
- A ucontrol ] r 400:_ 9(800) gy, LEP2 T
10°¢ 3 £ b L
;:bj:b:_._ ] - fanp =3, A0 =0, sign(u) >0 §(800)GeV
- — ——e— 300E 9(650)Gey
10°¢ e
0% E
i [ R L by —
o T
Sl L v vy | R R R | |
10550 300 350 400 100 20 %0 el
H. [GeV] my (GeV)
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SUSY GMSB search: diphotons (l)

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

+ This sector couples to SM via “messengers” of mass M

+ Loops involving messengers — mass to s-partners

e Advantage of model; mass from gauge interactions — no FCNC (can
cause problems in mSUGRA)

Phenomenology: LSP is gravitino (6)
+ SUGRA: M(G)~O(1)TeV — irrelevant to phenomenology
+ GMSB: NSLP decays to G; unstable — NLSP can be charged
e Lifetime of NLSP “free”: O(um) < ct < O(km)
+ Neutral NLSP: decays to vy, Z°%, h9;
+ Charged NLSP: 7g;

e low tanp: degenerate €g,1ir,75; high tanf: 7 is lightest slepton, others
decay to it

Good signature: photons + MET +jet(s)
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SUSY GMSB search: diphotons (ll)

Demand two photons + jet (kill beam halo)
Bkg: jets; y+jet; W+y; W+jet (and jet — vy; “fake”)
Two data-driven bkg estimates to get ME; tail (dominated by
hadronic recoil):

+ Z—ee events (not applying tracking to e’s)

+ Loose photon-ID (so picking up jets); gives “fake-fake” bkg.

Normalize to diEM p+; spectrum to data (at low py)
e Since y+jet same shape as jettjet, estimate includes “real-fake”

g 1 0;, I ! I ! ! ! I II ! ! | ! ! ! I ! ! ! | ! ! ! I ! ! ! I ! 9 1 05 T T T I T T T I T T T | T T T [ T T T I T T T I T T T | T

c

B —@— 1y Candiaate Sample
Q JotL  cms Preminary, 355 pb S orm. unceranyof 5 Q ;*L cMs Preliminary, 355 pb” _' e
w 1+ Jet Requirement B otn Beckgrouna imosrsnty 1 1+ Jet Requirement ) Y
- 10° ff QCD background template ~ “% :::" e 8 10° Z-.ee QCD background template oo Electro Weak Background
8 2
g 107 N £ 10
S

Z z

—
(=)

10

—

1

107 g

-2 P AT Y T R L
10 80 100 120 140  10°G 7735740 B0 80 700 120 140
tcMET (GeV) tcMET (GeV)
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SUSY GMSB search: diphotons (lll)

Also important: demonstrate
that signal would be visible
+ Use ey sample (from W+vy)

No excess over bkg
estimate — limits

For equal squark and gluino

GeV A4 0. 12. -
35 d 34204 / masses the limits are
40 GeV 8 20+02 96 740, 800 GeV, and 780 GeV
I e e A
. 50GeV 3 0.9%+01 45 >2000 b —socay |
E = . g Xy =
“>’ ~  CMS Preliminary, 35.5 pb™' —®— e Candidate Sample - S |
L 107 No Jet Requirement — Predicted QCD BG | § “
"5 - I Norm. Uncert. of GCD BG + Wy + Wist | —M(x1)=500 GeV
6 B oG uncert. ofQCD BG + Wy + Wjet | 1500~ 7
8 o ]
£
> 10} g
. 1000}
gL .
—:11 NP B B 500 -
0 20 40 60 80 100 120 140 T R R T L
tcMET (GeV) 500 1000 1500 2000
M(@) [GeV]
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Universal Extra Dimensions

LHC 2010: summary and prospects

Feb 1-3, 2011

Two-photon search + MET > Fa :
(2 - > —— D 200 (Va7 TeV) A
- - +
+ Same analysis [as GMSB search] P
5
E$== range Data Predicted background events
(GeV) events Total QCD W(— ev) + jets/y
0-20 465 465.0 £ 9.1 465.0 £ 9.1 -
20 - 30 45 40.5 £ 2.2 40.41 £ 2.17 0.11 =0.07
30 - 50 9 10,3 +£1.3 10.13 £1.30 0.16 =0.10
50 - 75 1 0.93 £0.23 0.85 +£0.23 0.08 =0.05
> 75 0 0.32+0.16 0.28 =0.15 0.04 =0.03 50 100 150 200 250 300 350 400 450 500
E; [GeV]
% *mw1o(q§=7Tov)- 51y —Mm1o(¢s_=7Tev)_: g lllllllllllllllllllllll
o10° | mpp——— 3 o F 55 Total background 1 17k —— 95% CL Limt 4
~ 1 =.. [CJUED 1/R =300 GeV : - ]
2 1 & 10 [CJUED1/R=700GeV 3 ; UED LO cross section
=10 4 £ F - A
@ ] O 1 i Iun:ajpo" \E=7TeV
! 10"5 10 .
0" 102k - .. 1R>728GeV
10°k :
10% E
1 | 1 1 1 1 1 1 1 1._.|....|.._.|_._.|.... .-.'
0 10 20 30 40 50 75 0 10 20 30 4 5 75 10 800 400 500 600 700 800
ET ™ [GeV] B [GeV] 1/R [GeV]
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Heavy Stable Charged Particles

They appear in numerous SM extensions:

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

¢ Other: hidden valleys; GUTs; ...

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

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

Analyses

+ dE/dx: Massive, charged particles traversing detector: highly
ionizing tracks in tracker and possibly muon systems

+ (Out-of-time) Jet: particles stopping in the detector and decaying —
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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Tracks /50 GeV/c?

Bkg =

Heavily ionizing tracks

Mass estimate from approximate Bethe-Bloch: =Km_2+c
+ Kand C determined from proton data
e Mass resolution: 12% at 300 GeV

Cut on I, (MIP compatibility) & p; (lps, Pt Uncorrelated)

(#pass I, only)(#pass Pr only)

#Fail I, Np,

2

D

K=2.58 MeV c2/cm
C=2.56 MeV/cm

CMS \s=7TeV 3.06 pb™

§ I l%% I I 1 { I 1 1 % LI 1 % 1 1 I |
= :ﬁﬁﬁn ot Ponat 96% C.L. Limits i
b " —x— gluino; |0$w T
5 CMS \S=7TeV 3.06pb" CMS \S=7TeV 3.06 pb" [t gluino (NLO+NLL) —%— ohino; 80% 3o 7
10 ' Tacker+Muon T 0*;’ :' T ackereomy 1 B stop (NLOSNLL) i:»: 10% 9g: ch. suppr,_|
[ atabased predictionE (E ll.l""’-':.‘ [Pi7] pata-based prediction | 02 A b \; —E— stop; ch. suppr.
® Data ©1072 :‘ "‘1:-_. ® Data = 1 -"-—‘v'-"'i‘\'.:
B v - 400 3 2 F % B v 300 R
E \ ' A
1\ N
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Trk+u N
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R
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Stopped gluinos ()
Slow (B < 0.4) long-lived gluinos hadronize into and

then stop in the dense material of the CMS detector

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

Theam Tgap
Their decay:
%04
I
[ %
~ , ,,,,,
spectator quarks
A;+ — gu(uu) — gx] u(uu)
Spectacular .
£
= . \
jets in the [ A
absence of S _ )
beam spectator quarks
A3'+ — gu(uu) — q7 xY u(uu)
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Stopped gluinos (ll)
Special trigger: no-beam .AND. BPTX (anticoincidence)

+ Was run also after the end of fills (to reach long lifetimes)
Main background: cosmic rays, beam halo, HCAL noise

HPD discharge event

+ 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 (lll)

(At=1.26 7,) g [ %s?*:z,-':fx“%?m;; )
Lifetime [s] | Expected Background (L stat. L syst) | Observed | 7|7 """ & e
1x107 08-02=02 2 - - e
1x10°¢ 19204205 3 &
1x10° 4910213 5 ° - J

Also look at tlme structure (t<100|JS) T

Given 1 hypothesis: ' T=1s S § Juacion’ L o st

calculate PDF for  : L 1

signal evt time, /. § e 2 T

using lumi profile; .| I /| g S B

bkg: flat § 7
e WP/ —

Fix mg-Mgo= 100 GeV (eff|C|ent trlg/jet) o e

n\,[GeVK:

Counting experiment: exclude mg < 370 GeV
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100pb. 1yS|cs with
(2-5)000 pb-



Top physics with 1 fb-?

Observation of 2 T
o L -1 Signal > C . ' ]
the top quark: 5 b=t S I S m oo |
. o L B W+iets - -
demonstration 5 £
that ALL of CMS : : 2
works 60 semi- &
_ sob leptonic £
Understanding of oot
top quark ' : :
. | S I RN AV
production: key DI B Gew) 2
element in E a0 B 3 100/ e
searches for new - b @ H-
physics g 10 S
. 120 . tibarnon dilepton | . ttbar non dilepton
+ di-top 100 E 60 =
(resonance) ) dileptons
search 60,
+ ds/dMtt... N
20
+ Mass "
0 50 100 159 -200 250 320( ‘?00 120 140 160 180 200 220 240 260 280
measurement inveriant mass [Gevie] top mass [GeV/c?]
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SUSY Higgs

Ny 12 Ty RN LR L . .
> mme 1w Current Z—tr—pu+v-jet signal
@ 10p Bz un g -
= =[Ee used to “calibrate” expectations
o L _
~ 8- =TT | -
1) i ’gATA ] for AIH—>TT—>M+T'jet
c - -
s o OMS Preliminary 2010 » Significant reach with 1fb=1:
i Lin=1.7 pb,Ns =7 TeV
4+ _
[ N 80 CMS Preliminary: projection for 7 TeV, 1 fo! Mar 22 2010
ol | °§' . = =
: : < 70
% 20 40 60 80 100120 140 160 180 60
visible Mass[GeV/c?]
50
40
At low M, discovery j
tanf<20 = . max, u=+200 GeV
20 - bb®, ® - 1t [1,7,29 TeThag TuTel
At low M | 1 s 98% CL exclusion: 66% band
A exclusion 10 _'Jg g 95%: CL exclusionE 95°/: band
tanp<15 Sllspuiee o-Sodscovey "
100 200 300 400 500
m, [GeVic?
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The (SM) Higgs...

Combining all modes: search essentially complete with
5-10 fb~

+ Can certainly exclude it at 95%CL throughout the “relevant”
region 10

+ Also 30 effects

(SRR VNS UUUUUN: SUUUUUE SOUUUOR SUUUOOE OO SO LA SO SO | _1fb @71'8\/ ........... :

7 TeV 8 TeV

— 1 fb" --- 1fb
— 2 fb" --- 2 b
— 5fb --- 5fb
- 10 fb -=- 10 fb

95% CL Limit on o/cg,,

—
<

200 300 400 500
Higgs mass, m_ [GeV/c?]
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The (SM) Higgs (lll)

Discovery (aka 5co) bottom line:

+ No discovery with 1fb-1. Firm observation with 5 fb-1: in the
range 140-230 GeV

+ With two experiments: lower end: add ~10 GeV; upper end:
~500 GeV

—
N

T T T r — =]
- CMS Preliminary: Oct 2010 _;:zagﬂ:x
N R O O O —5h'@7 TeV
. s 10fDT @ T TRV e
----- 1" @8 TeV
v 207 @ 8 TeV
D e 5fb' @8 Tev
e o @8 Tev

N
o
™

oo
—

D

iy
......
“re «7
.~ e
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......

H

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

Significance of Observation (o)

N

1 30

PrOJected $i§ghificance of Observation
200 300 400 500
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Summary



Summary

LHC and experiments’ startup at 7 TeV impressive
+ By now the detectors are fully ready scientific instruments:
physics-producing engines
With ~40pb-1 the LHC has observed all particles of the
standard model (save for neutrinos)

+ Solid basis for understanding the “background” to searches at
higher mass and transverse energy scales

Searches have started; several analyses in place
+ Proof-of-principle; even more: reach exceeds Tevatron
+ Just need more data

With 1fb-! we enter the Higgs discovery era. With a few
fb-1: firm discovery
+ “SUSY” explorable over very large area with 1fb-!; possible new
resonances. Very large reach for other new physics.

And of course, if history is a guide, we will find the
unexpected. The journey has only just started!
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