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LHC startup for physws March 2010

The new energy frontler =

Proton-proton coII|S|ons at EC,\,I = 7'14 TeV Lake Geneve

energy (3.5-7) x Tevatron
luminosity = 30 x Tevatron




pp collisions

 with protons the highest cm-energies are attainable, but ...
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pp collisions
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x = fraction of proton momentum

advantage: scan a range of cm energies for the subprocesses
disadvantage: very “dirty”




from quark/gluon processes to
measurable particles

“hadronisation” into detectable particles

18.09.2012, Korfu; NW



Peak and Integrated Luminosity

Peak Luminosity 0.8 103¢ cm=s!

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

cm? s7]

ATLAS
Online Luminosity
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Peak Luminosity [10™

~ 600 million pp collisions/s

Nreactions = G/L dt

0
at  pet W odt oyt ppt W oct yat pf W od

Month in 2010 Month in 2011 Month in 2012 , = ATLAS Online Luminosity

e 2010 pp Vs = 7 TeV
= 2011 pp Vs = 7 TeV
m— 2012 pp \/s = 8 TeV

5.61 /fb 2011

differential/specific 14.97 /fb 2012

integrated »

Delivered Luminosity

oct
Month in Year

18.09.2012, Korfu; NW



Challenges for the experiments / detectors

beam (10" protons/bunch, 2808 bunches) collisions every 25 (50) ns
bunch size 16 um x 77 mm (pencil shape)
on average ~25+ simultaneous pp - reactions per bunch crossing
on average 120 stable particles per reaction

= ~2500 particles/collision (25 ns) = 10" per second

= filter x 10> and then store 2 CD/s

Preamp Output

—

50 ns time time

* measure tracks with high granularity detectors (pixels close to IP)
e energy and position of “jets” measured with “calorimeters”

* muons filtered out and measured precisely “outside”
18.09.2012, Korfu; NW
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Z > UM event
with 25 simultaneous
interactions
highest average
= 37
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Event Number: 24151616
15 16:52:58 CEST

Run Number: 201289,
Date: 2012-04-
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xel Detector (closest to IP)

a new invention/development for LHC
pixel camera with 40 MHz exposure rate
~15 years from idea to realization

outermost cyllnder (of 3)
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Pixel Detector TRT Tracker

SCT Tracker
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... to watch further

 irradiation by particles (protons, neutron, pions)
~ 10'° particles/cm?/LHC life time (near IP)

= 500 kGy (50 Mrad) dose
- need radhard materials and electronics

J no access for several years

18.09.2012, Korfu; NW
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... the particles “X-ray” the material
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photon conversions

beam pipe
and
pixel detector layers
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An Example of Performance

Events/GeV
o

—t

CMS Preliminary, \'s =7 TeV
L, =40 pb"
'l <1
o = 67 MeV/c?

Ns=7TeV, L =40pb’

I s pairs | I "h
1 10 102
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Run Number: 166198, Event Number: 100726931
Date: 2010-10-05 03:27:52 CEST

35ET (GeV)

8 Jets with transverse
momenta > 60 GeV




ImFor&amE Jebs = Quarks/Gluons

Very detailed jet measurements are done LHC that are compared
with QCD calculations ...

ly| < 0.3 (x10"
0.3<|y] <0.8(
0.8<|y|<1.2(
1.2<y|<21(
21 <yl <2.8 (x 10°
(
(

anti-k, jets, R=0.6

Inclusive jet cross sections Lai=s7 pb”, \'s=7 TeV
in various angular intervals

)

x 10
x 10°
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The data are spanning:
- 20 GeV < pt <1500 GeV

- 9resp 25 orders of magnitude
in cross-section

Systematlc =
uncertainties

NLO pQCD (CTEQ 6.6) x

Non-pert. corr. ATLAS Prellmlnar

18.09.2012, Korfu; NW ATLAS-CONF-2011-047
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o(tt) (pb)

102

10

Top Quark

15t 2" .
Generatio™

very heavy (~170 GeV)
short life time (~5%10-2° s)
decays as a “bare” quark

Yukawa coupling = 1
1

—(g+U
\/ﬁgt

my my

T 246GeV/v2  173.9GeV

my —

= Ot

~2 Million tt-pairs produced

T. Mdller, ICHEP2012

- 0 ATLAS combined 7 TeV (0.7 — 1.1 fb")
- ® CMS combined 7 TeV (1.1 fb“)

® CMS combined 8 TeV (2.8 fb")
- o CDF

o DO \/
- Tevatron /# LHC
- ——— Approx. NNLO QCD (pp)

Scale uncertainty
| / I Scale ® PDF uncertainty
C A Approx. NNLO QCD (pp)
C 1 Scale uncertainty
C / I Scale ® PDF uncertainty
,/; Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
- f/' MSTW 2008 NNLO PDF, 90% C.L. uncertainty
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e +u + 2 jets (b-tagged) +ETmiss

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST

18.09.2012, Kefrfu; NW



The big picture:
A summary of the main electroweak and top measurements

LHC pp Vs =7 TeV
Theory

—{ Inner error: statistical . , .
. | Outer error: total . ATLAS Preliminary

® Data 2010 (L=35pb™)
o0 Data2011 (L=1.0-4.7fb")

LHC pp Vs =8 TeV
mm Theory
e Data2012 (L=58b")
° . 5 : 5
1.0f" |
I -

o (pp~> H) my=125 GeV

oxBR(ZZ-> 4l)
~ 40 fb
L

18.09.2012, Korfu: NW 5
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The SM 5045 ..

Search
for the

Higqs

-> in SM: origin of particle masses

18.09.2012, Korfu; NW



How the Higqgs is produ&ed n pp collisions ...

\s=7TeV ]

LHC HIGGS XS WG 2000

Gluon fusion

olpp — H+X) [pb]
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200

smaller skill
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Higgs Strahlung

small and exp. difficulk »
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Higgs Decay
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Fractions of Higqs final states

<
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After triggering ...

most effective briggers contain leptons

Channel Weight

H=>ZZ~->lltt

Branching Ratios

the jet channels

120 140 160 180 200 250 300 400 500 600
Mass [GeV]

114 120 140 160 180 200 250 300 400 500 600

Mass [GeV]

courtesy: E. Gross
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The detection eﬁumena&v changes the picture again..
For different mass regions du%erem& inal states
contribute with different “weight” to the Higqs
sensitivity ...

Combination - Channel Weight (L Norm

/N ght ( )

ot low mass

H -> vy

H -> W I

H gt ZZ. I

are the most )

sensitive '

search channels l l
0 L AR T ‘ » |

V\?.X&: T th Wbb 114 120 140 160 180 200 250 300 400 500 600

Higgs Mass [GeV]

courtesy: E. Gross
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The backgrounds (04, ~ 10 b - 10 pb)

w ATE Tierce ..

o(pb) Js =7 TeV
30000 W + jets 180  [f 165 pb NNLO
W — (v 160
25000 28000 pb NLO
20000 t+ X
(r-chan)
15000 63 pb NLO
S0 Z 4+ jets W*W~
10000 - L 10 6 pb 43 pb
5000 280070 NE (s-chan) 18 pb ZZ
-l it 20 4 6 pb 5.9 pb

18.09.2012, Korfu; NW




« but are (largely) measured

ATLAS Preliminary

LHC pp Vs =7 TeV
Theory
® Data 2010 (L=35pb’)
o Data2011 (L=1.0-4.71fb")

LHC pp Vs =8 TeV
mm Theory
e Data2012(L=581b"

18.09.2012, Korfu; NW



Hfjpo%hesi,s testing and Limiks

1) Try to reject the H, hypothesis (opposite to what you look for)
i.e. "b". data consistent with background only, NO Higgs (observation test)

or "s+b”: data consistent with Higgs+SM-background (exclusion test, limit)

2) Construct a likelihood for the data to be as they appear:

L(data | i, 8) = Poisson (data |z - s(6) + b(8)) - p(6]6) .

where p = a/ogy, is the “signal strength factor”,
0 is a set of “nuisance” quantities — treatment of systematics (e.g. bkg levels)

18.09.2012. Korfu: NW (*) see (1) A. Read; (2) Glowan, Cranmer, Gross, Vitellis; (3) T. Junk 34



Hfjpc}%hesis testing and Limiks

3) to assess whether the measured data are compatible with e.g. s+b
a “test statistic” is constructed (“hat” values are fitted):

L(datalu,0,,)
L(datalfi, 0)

18.09.2012, Korfu; NW

35



The green/yellow Limit bands

4) If for p=1 (=SM) CL, < 5%, we would state that the SM Higgs boson
is excluded with 95% confidence level.
To find the 95% CL sensitivity bands we change p (toy) until CL, =

5% is reached.

18.09.2012, Korfu; NW
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Higgs production cross section we exclude, divided by
the expected Higgs cross section in the Standard Model

“Observed” (example data)
Higgs excluded at 95% CL below this line

Expected without Higgs
Expected region at 68% Confidence Level

Expected region at 95% Confidence Level

€xXce 98

e

\.“-' .C- |
eREC@SS (\?;W

Excluded

300 400 500
mass of Higgs [GeV]

<—Excluded—
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Hfjpc}%hesis testing and Limiks

o) likewise we can test the background-only hypothesis (observation test)

L(data|u = 0, HAM)

— —2In ~
10 £ (datalji, 0)

and ask for the probability p, that the data are consistent with it.

18.09.2012, Korfu: NW X
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ATLAS 2011
\s=7 TeV

J Ldt~1.04-4.9 15"

— Observed
---- Bkg. Expected

[+ 16
IE-

---- Sig. Expected 4o
— Observed

— Observed
[C]-2InA(u)<1

400 500 600

m, [GeV]

Do this for all possible Higgs test masses

Situation before July 4t

- s + b exclusion limits

bkg only compatibility

compatibility
with SM Higgs
hypothesis
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Toqgether with khnowledge of m,, and M,

The situation before 4tk of :JutvP

R. Lopez de Sa, Moriond QCD 2012

[ ] Not excluded at 95% CL.
-==- My, prior to Feb/2012, m Tevatron

(GeV)
0
O
=
o

— M,, new world average, m Tevatron

o)
o
B
I

2]
7
©
£
o
S 80.42
o
Q
=

References:
SM prediction: Phys/Rev.D69:053006,2004
Top Mass: 173.2:0.9 GeV (arXiv:1107.5255)

170 175 180 185 190
Top quark mass (GeV)
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3«‘-&13 4th ICHEP2012, exclusion]
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ATLAS 2011-2012 Bt 1o

\s=7TeV: |Ldt = 4.6-48 1" [ +2

\s=8TeV: JLdt -5859fp" — Observed
Bkg. Expected

,,,,,,,,,,,

107
110 115 120 125 130 135 140 145
m, (GeV)

3.
c
o
=
=
7
_
O
3
T9)
o)

95% CL limit on (S/GSMH

200 300 400 500
Higgs boson mass (GeV)

Expected: 110 < M, < 582 GeV 110 < my < 600 GeV
Observed: 111 <M, < 122 GeV 110 <M,; <121.5 GeV
and 131 <M, < 559 GeV and 128 < M, < 600 GeV

in a signficant mass range a SM Higgs is excluded
in both experiments exclusion is much weaker than expected at low masses

18.09.2012, Korfu: NW 3\



Higgs discovery test: (po)
?k ba{:hﬁgraumd ON':? hjpoﬁhesis

consis &eﬁrw’:v WL

development with time: 3 channels contribution of 5 decay channels

ATLAS 201t -2012

\s=8TeV: JLdt -5.8-59fp"

=== Combined obs.
f . B / ==u: Exp. for SMH
v o Sig Expected 4 2
[— — H 3 7Z
| Observed . N
' 1 m— H 5 TT
= H— bb

CMS Combined
Vs=7TeV.L=511b"
ys=8TeV.L=531b"

00 40 50 116 118 120 122 124 126 128 130

m, [GeV]

m,, (GeV)

590 form,~126.5 GeV 500 formy~125.5 GeV

w/ LEE: 5.1(5.3) o in 110<M,<600(150) GeV.  4.6(4.5) o in 110 < M,, <130 (145) GeV.

18.09.2012, Korfu; NW
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The Golden Channel H = Z2Z() 5 4]

« small signal rate at low Higgs mass
» 4 isolated leptons, consistent with decay Z->2 |
* reconstruction of M,
* good mass resolution: ~2 GeV
HH €€ UK Py

Run/Event. 195008, 137440954 o oo Run Number: 189280,
Lumi section: 115 4-|epton Mass : 126.9 GeV Event Number: 143576946
Date: 2011-09-14, 11:37:11 CE
/ EtCut>03 GeV

wH(Z,) py : 43 GeV //\ PtCut>3.0 GeV

Vertex Cuts:
e(Z,) p; : 10 GeV

- Z direction <lem
B e, Rphi <lem

\ Muon: blue
Cells: Tiles, EMC

w(z,) p;:24G

e*(Z,) p;: 21 GeV

Persint



H => ZZ => papn papa

* very clean but low rate
+ kinematics can be fully reconstructed: m,,, m,,

@ATLAS

EXPERIMENT
http://atlas.ch

._', 4’,'
4 A St
)
Y /
4 n :
1‘/ ‘ = a
m, .= 1245 GeV /SIaS |
dpo ol e
Run: 189280
Event: 143576946 o
2011-09-14 12:37:11 CEST =
s eI T . f
L a2 0% FRAR 3 RPN L SR
o D op I LA P e PR A

18.09.2012, Korfu; NW



H->ZZ->4l

CcMS VS=7TeV,L=51"'\s=8TeV,L=53 1"
> T ] T T T l T T T T L T T 1 T T L T T L T {_
o .
G 16 —e— Data 7
(o] .
; 14 -Z-l-x n
< Clzy*.2zZ .
g 12 [ Im=125GeV 7

10 E

TTT T [TT T[T I T[T T [ TTIT[TTT[TTT
—_—

S N A O @

2%

Z%

excess at M, = 125.6 GeV

18.09.2012, Korfu; NW

- Data ATLAS

L Background zZ"” .

— I Backg o H=zZ9sa
B - Background Z+jets, tt

B |:| Signal (mH=125 GeV)

" %/ Syst.Unc.
Vs =7TeV:/Ldt = 4.8 fb

\V)
9]

Events/5 GeV
N
o

-
9)

Vs =8 TeV:/Ldt = 5.8 fb
10

100 150 200 250
my, [GeV]

excess at M, =~125 GeV

| Aamias | cms()

Background 417
Data 13 7
mH=125 GeV S =8
S/B 1.04 1.9
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H = 2 Photons

p!
a

4113 % A2
-

F

v
AV [
l Vs
I o5 =
| Ny

‘ i

!
il
! . -

JﬁEXPERIMENT

Date: 2011-10-22 15:30:29 UTC

s
N | W,
U —
g’ — 'i)

clean identification of high p;
photons

reconstruction invariant di-
photon mass

ATLAS: longitudinally
segmented LAr calorimeter

CMS: PbWO, crystal
calorimeter

mass resolutions 1.5 - 2 GeV
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CMS Experiment at the LHC, CERN H ' v

Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

- ’/g%
= o S

enhance sensitivity by splitting events in
different categories with different S/B

, ratios and resolutions:

4 > s y—ee conversion yes/no

» central/forward region of detector
18.09.2012, Korfu; NW « etc.



H — yy mass Spectrum
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¢ Data
Sig+Bkg Fit (m =126.5 GeV)
Bkg (4th order polynomial)
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CMS: excess at 125 GeV
signal strength: 1.6£0.4 x SM
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ATLAS: excess at sz 126.5 GeV
signal strength 1.8+0.5 x SM

Y weights - Bkg
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H— tt, H—bb, and H—->WW

H->1t VH, H->Dbb H>WW-IvLv
I . I\“s|=|8|T<|e\/‘,I_I:|51.OIft‘)"’ I .
;5:‘(?25)
[ ] V:nl::bjets

[ top

T T — —
- Data %% SM (sys @ stat)
ATLAS I ww [l wWzizziwy
(s=8TeV,[ Ldt=58f" [J& [ SngeTop
) B Z+jets [ W+ets
H—-WW —evuv/uvev + 0/1 jets [C1H[125GeV]

CMS Ns=7TeV,L=49fb' Ns=8TeV,L=5.11b"’
m, =125 GeV
—&— observed
3 zotw
3 Top
B clectroweak
] Qco

T O
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Events/ 0.1
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Events/GeV

o v b b b B ey

oo v by by by
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100 200 300 BDT score

m.. (GeV) CMSH—bb V6=7TeV,L=50f" {s=8TeV,L=5.11b"
CMSHo 1t Vs=7TeV,L=491" \s=8TeV, L=511b" T Observed
e
Expected (68%)

Expected (95%)
Exp. for SM m, =125 GeV

o

—=— Observed
Expected (68%)
Expected (95%)
Exp. for SM m = 125 GeV
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Expected for m, =125 GeV

95% CL limit on o/oy,,
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95% CL limit on

Y
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o] I RIIIN BRI AU S S S (0]
110 115 120 125 130 135 140 145 1o 115 120 125 130
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observed (expected) sensitivities at M =125 GeV

limit: 1.1 (1.3 exp) limit: 2.1 (1.6 exp) limit: 1.4 (1.6 exp)




Is the Higqs THE Higqs?

* ass
+ spin and parity (9%)
¢« CP (even, odd or a mixkure)
+ couplings to vector bosons
- is this particle related to EWSB ?

- is custodial svmme&rtj ak worlk ?

+ couplings to fermions
- 8 Yukawa - interaction at work ?

+ only ohe Higgs ? elementary or composite ?
+ does it show self inkeraction .. HHH ?

- is it condensed in the universe ?
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Mass versus Sighal Strength

L(p,m ,9:
in each final state: determine best u and M, /\(/L, mH) — LEA‘L AH é“;
i BT e,V

ATLAS 2011 — 2012

Vs =7 TeV: [Ldt = 4.7-4.8 fo + Best fit

- Vs=8TeV: [Ldt=5.8-5.9fb" —68%CL
---95% CL

—_~
=
<
=
[®)]
C
(0]
=
7]
©
c
2
wn

ATLAS:

M._.,= 126.0 £ 0.4(stat) £0.4 (sys) GeV

CMS:

M. .= 125.3 £ 0.4(stat) £ 0.5(sys) GeV
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Sighnal strength per c&ec:av mods

\s=7TeV,L=51f" \s=8TeV,L=5.31fb"

ATLAS 2011 -2012 - 1260 Gev

W,ZH — bb

\s=7TeV: | Ldt=4.7 b

H— 1t
\s =7 TeV: |Ldt = 4647fb

H—>WW —>Iv|v

~7TeV: ILdt 471"

=7TeV: [Ldt=481b"

=8 TeV: Jcht) 591"

=7TeV: [ Ldt=481"
-8TeV: |Ldt=581"

Combined
\s=7TeV: [Ldt=4.6-48" u=14+03

\s=8TeV: [Ldt=5.8-59"

0 1
. - 2 3
Signal strength (u) Best fit o/cy,,

overall consistent with SM
ATLAS: 1.4 £ 0.3 @126 GeV CMS: 0.87 £0.23 @ 125 GeV

currently most striking observation: high yy — rate
ATLAS: 1.8 £0.5 CMS: 16zx04
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Overall signal strength

Determination of the “best” signal strength u = o,.,,/05y for each hypothetical M,

assumption: ratio of op,,4'S and BR’s are as predicted in Standard Model

—_—

0.5

CMS (s=7TeV,L=511b" (s=8TeV,L=531b"
o~ TT I T 1T ] T T | T | - ] —_ % 2.5 T 1T T T 1T T 17T | T T | L | T 17T | LI I_
2,50 ATLAS 2011 +2012Data | L F 68%CLband | ]
S [~ Bestii \s=7TeV: [Lat=46-48t" § S 201 E
E o []-2InAp) <1 Vs=8TeV: |Ldt=5.8-5.9 fo" ] ‘;% - ]
» - @ 1.5 —
= - 28] - ]
© - - -
o 15 - 1.0F .
n - N ]

o
3

0.0

O A -0.5

111 | I I - | 1111 | 1111 | 11 ] 1 | I T | I T

S VR3] il I I BT B N A B 116 115 120 125 130 135 140 145
110 115 120 125 130 135 140 145 150 m,, (GeV)
m,, [GeV] i

largest signal strength at m,= 126.0 GeV largest signal strength at m= 125.5 GeV
Ww=14%03 W =0.87 +0.23

consistent with expectation in Standard Model
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A first Llook ab the couplings

assumed: only SM decays and only SM patrticles in loops

ATLAS: test H>yy decay CMS: test fermion against boson coupling
assume: gg—>H and ttH scale with pyr.qq  @ssume: common scaling of
VBF and VH scale with pyge.yy - H to fermion by C¢
- Hto W/Z by C,,

—_
o
1

x BBy,

2011 -2012

(s=7TeV: [Ldt=4.8 1"
(s=8TeV: [Ldt=5.91"

CMS Preliminary
Vs=7TeV.L=5.1fb"
s=8TeV,L=5.3fb"

I
>
+
w
o
>
3

X __SM
+ Best fit
—— 68% CL
95% CL

consistent with SM at 1.5 o level consistent with SM at < 2c level



Spin and Parity ?
* Cannot be spin 1 due to Yang’s theorem
» I tests ongoing

- use ahgular correlations in ZZ*, WW* and vy
- caln saparo&e O v O0- or 2" abk 40 level i 2012

+ CP mwore bricky as mixture of CP-odd/even
possible —» distinguish pure odd from pure even
at 3.60 soown,

18.09.2012, Korfu; NW
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Standard Model (mebta)-stable up to My ?

See e.g.: Cabibbo, et al.; Hung (79); Elias-Miro, et al.
(11); Degrassi et al.; Alekhin et al.; Bezrukov et al. (12)

W
o Metaesubily,

5
Y
v
£
3
d
E
g
J
g
&

Stbily

NNLO analy:sis

J

Higgs mass M, in GeV

Degrassi, Vita, Elias-Miro, Espinosa, Giudice, Isidori & Strumia

if top were heavier by only 3% => instability
but also: SM may be {meta=)stable up to Mo

18.09.2012, Korfu; NW
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eg. exclusions plots shown at Moriond QCD 2012....

Lighlest neulraino mass, M() [GeV] 1 COF Run II Preliminary (L*5.8 fb")
120 130 140 150 ' 160 S .
CMS Preliminary, (s=7TeV, L_ =4.71b" g . — Oberved 98% C.L. g [ HSUGRA shurgigo nevtiing Linits 0 SUSY o, CDF Run ¥ Prefisinary, 8.0 15" s NLO
] 107 T T & Prelimi e Expicied 95% CL. H 1 MO0 GeVic. tansws. A 80, ;20 330, - 107 . [ NLOL
R moaLL imi Eipected 1150, o 320! _ =
S—-?,t §% B B, m(6) =500 GeV, m() = 200 GeV, miy?) = 50 GeV } naygm:,u -5‘“:_ =00Gavec B8 CL LR —r—
x 10 g -t T, mif) = 530 Gov, m) =50 Gov < ———— i’ r Espectsd 5% CL Lt
) woeer G =1, mif) =200 GoV, mi) =50 Gov s x [ Dspectod 8% CLUmt 2 o
— 5 -~ %t0p + 2, m(;7) = 50 GeV E o 06— [Jespectns 8% Gl o+
1 1 F ]
3 WEa7TeV 04 X . )
3 F Bl BRE -rexman T MG
107 it 8 02 260! }
¢ ' 50200 250 300
” ‘ 200 m‘-ryno u—::hw: o Higgsino-Like Chargino Mass [GeV]
“2%0
= T T T v -msﬁ,s'z;m'
PP — GT.5—= 21+ 2.8 —=Z%] wob. M Bpass’
Q m(@) >> m(@),x = 0.5 shottom ?air
2 JzB production

—goasn

=e3 x oM OGS ] MSUGRACMSSM: targ = 10,A - 0.u>0
T

CMS Preliminary
fm:c.m‘.x.:n.v ]
GGM bino-ike

m. =375 (Ge
Afleast 1 jet requirement
NLO Limits

T T T T T
ATLAS L1047, \8a7 TeV = Observed CL, 95%CL
Vieglon, combination ___ Expoctad G4,

(GeVic?)

apocen . Expected CL, t10

) ep2i;

m.

Observed
-~ 24 (theory)
— Expected

°
]

GMSB: Mygss=250 ToV, Ne=3, 150, Cyupe!
R
ATLAS Preliminary 1000
\ TV -MPMCI,L\
S5 LEP 95% CL {0}
- OPAL 05% CL

o
9
Acceptance x Efficiency
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~ — Median Expected Limit
~——— Expected Limit 1o
== Observed Limit

\ === HAD Observed Limit

| = Leptons Observed Limit

(§) = 100

Cross section [pb]

1500 2000 2500 3000 3500 400 1 v .
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ME) = 500

MSUGRACMSSM: 143 = 10, A= 0,120 lL =205 b 5T TeV
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Generic approach (SUSY cascades)

Missing
Transverse
Energy [ search for strongly produced

(heavy) sparticles, that decay via
cascades
d assume a stable LSP -> missing E;
d -2 (many) jets&leptons, large

o[ EEEE T v s misnge,
8 | TR D 1 do “robust” searches,
é i ’]1 Mulet ] background largely controlled
s 10 w7t E from data
: 8 Dibosen ] [ define “signal regions” count
10_ _ events and estimate backgrounds

d - interpretation within models

T IIIIIIII

| IIIHII|

T IIlIIIl
I

DATA/MC
I 10

0 500 1000 1500 2000 _ 2500 3000 _ 3500 _ 4000
m4(incl.) [GeV]

18.09.2012, Korfu: NW | 58




Result of a generic search

Squark-gluino-n

odel{m(%,) = 0 GeV

]
N
0
o
o

b

|III|III[III|III|III|III

III|III|

Al I I | I I | | | I I I | I I I

S 3 0-lepton combined

ATLAS Preliminary
I Ldt=58fb", {s=8 TeV

—— Observed limit (+1c5mc")

- -~ Expected limit (+1 Gexp)

Observed limit (4.7 fb™', 7 TeV)

I|IIIIIII|III|IIIIIII|III

e,
.
....................
.
..
‘s
-----
ey,

"
— — -
,.“““?."‘ — —
....................................
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—
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IIIIIIIII

1 | I | | | I | | 1 I | | 1 I 1 | | I 1 1

800 1000
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A non-exhaustive summary of current SUSY limits (CMS has similar limits)

ATLAS SUSY Searches* - 95% CL L ower Limits (Status: SUSY 2012)
X | I T T T 111 I I T T T TTI1 I T T T TTTI I T
" MSUGRA/CMSSM : O lep +['s + E; ... |L=581b" 8 TeV [ATLAS-CONF-2012-169) 18 Tev Q=g mass |
= MOLICDAMCMEGN - 1 lep +'s + E, . |L=581b" 8 TeV [ATLAS-CONF-2012-104] a g mass deI = (1.00 - 5.8) fb""
del:Olep +j's + E, .. |L=581b" 8TeV [ATLAS-CONF-2012-108] gmass (m) <2 Tev, light z, ) ’ ’

| nCI USI"e del :0lep + s +E; .. |L=581b" 8TeV [ATLAS.CONF-2012-108) v q mass (n@) <2 eV, I»ghl/ ) fs=7,8TeV

) 1lep+js+E T imiss L=4.71b”, 7 TeV [ATLAS-CONF-2012-041) goocev! dmass (mix” ) 200 GaV, m ) = —(m(/ F+mi@)
Sea rches lep (OS) + j 'S+ Ey e [E=47167.7 TeV [Preliminary) g mass {tan < 15) ATLAS
+0-1lep +j's + £ |i=a7m”.7TeV [ATLAS-CONF-2012-112] g mass ttang > 20) Preliminary
i e GEM 7y + E L e |L=48167.7 Tev (ATLAS-CONF 2012072) g mass (mu ) > 50 GeV)
g—>bb,( (virtual b) 2b's + Ey e mass (mi, )< 300 Gav)
2 g—>bb (yirtual > 3bj's +E,, g mass (mu ) < 400 GaV)
58 9—>lgbx (real 3b'S +Ey s 6 caane ol o
35 g—>tt,( vnrtualt) w 2 bj's +E;,
Z S g—>tt/(° (vnrtualt 3)+j's + E,':: L=5.81b", 8 TeV [ATLAS-CONF-2012-105] C urre ntly the 1 TeV
¥ G i ) [ 54y s -
23 g—>tt,( gwrtualt witi-f's + E, .. |£=581b" 8 TeV [ATLAS-CONF-2012-103] mass range IS reaChed,
g—>tt/( (glrtua w 3bj's+Ey e m o .
Goofly. (rea 3bjs+E s ultimately the LHC will
bb, b1—>b by, ™= l-b-jets + E; ::: L=4.7 fb”, 7 TeV [ATLAS-CONF-2012-106] 4806Gev. b mass (1 (ZT y
_g 5 bb b m p+j's+E, .. |L=471b".7TeV [ATLAS-CONF-2012-108) meev g mass (miz §=2 pro be masses u p to
S ’g _ (ve~ry lig S | 2lep+ E| . |L=47167.7TeV [CONF-2012.050) 135 GaV tmass (mig" )= 45 Gev)
53 tt (light), t—b; +bjet+ E, _ [L=471".7Tev(CONF-2012070) 120-1750G8WI T mass i )= 45 Gev) 2 5 - 3 Tev
§ S 't't'(heavy),f— : +bjet + E, .. |L=471".7 Tev [1208.1447) 380465 GBY t mass (n [if) "
5 Z(heavy) t— wjd l+bjet+E, . [t=47m" 7 Tev [CONF-2012:073) 230-440 GeV t mass (m ()=0)
SR tt (heavy), t— m + bjet + E, .. |L=47M".7 Tev [CONF-2012.071) 298-305 GeV t mass (miz)=0
tt (GMS +bjet+E =24 1b”, 7 TeV [1204.6736) 310 GV tmass (115<mg [) < 230 Gav)
5 : :2lep + Erzmi L=4.7 fb", 7 TeV [CONF-2012-076) S3S1B0/GEV] Tmass (m(,{ )=0)
E g i, Ké_,| :2lep + E; .. [L=47m"7Tev [CONF-2012-076) | 1203306ev| ¥ masg, (i = 0, m(i) =21('{"(ii):"’(ﬁm
A X, 3INVIFVFZE )1 3lep + E L=4.7 fb”, 7 TeV [CONF-201 % mass {
i .) : long- hverd"? L=47 fb", 7 TeV [ATLAS-CONF-2012-111] 210 GeV '21 mass (1 <r(Z;)< 10ps) Is IOW ener SUSY
|ong lived part|c|es s : Full detector | L= 7 TeV [ATLAS-CONF-2612:675] 985 Gev |§ gy
Is - Full detector |L=471b™.7 TeV [ATLAS-CONF-2012-075] 683Gev tmgss d ead 2
e_g_ sp"t SUSY - Pixel det. only |E=47 16" 7 TeV [ATLAS-CONF-2012-675] 910GevV .
MSB - stable ¥ |L=4.7 b™, 7 TeV [ATLAS-CONF-2012-075] 3106GaV| Tmass (5 < tanffe 2« = I
RPV : high-mass e 9 d blt tOO early.
RPV :1lep +j's +E, . PR
RPV C1RPV:dlep+E, since it is almost
RV = @au i + heavy displaced vertex Gmpss . . .
rgluons : 4 jets, m,=m,, |L=461".7Tev [ATLAS-CONF-2012-110)100-287.Gev! sgluon mass (incifimi{ [T poss | ble to g ive
Other ction : monojet + E mss |L=471b7.7 TeV [ATLAS-CONF-2012-084) 700Gev. M* fca . .
________________________ ction : monojet + £, |ismtrmAscowasza o sweav M scab | gbsolute limits,
10° i | always assumptions
*Only a selection of the available mass limits on new states or phenomena shown. i
18.09.201 24// K’&WW observed minus 1o theoretical signal cross section uncertainty. InVOIved




A hot topic: the stop and the light/heavy Higgs

SUSY stabilizes the Higgs mass against
___"' ______ H _ __ quantum loop corrections
\ G?V g affects stop mass
Ay = D908+ emdn(Aoy/mg) +.] T 4 f1,T2, b strongest coupling to 1
T2
—_— ol
7 N\ {2_ B
; f( }i Y 500+ 3” W
—————-——\M/— ———————
X2
\- Xi — mixing
2 _ M 2 -
AmH = W [AUV — szID(AUV/mt> ‘l‘ ] ol / param
\ dm¢ [ MZ (X2 X2
= MZcos®26 + t2 lln g —M1- %
m2 T 2m2v m; Mg 12Mg
t ‘ ¥
(125 GeV)? Mg =

mg mg, > (87 GeV)?
In the MSSM maximal stop mixing is required to avoid multi-TeV stops
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LSP mass versus stop mass

T, production: T, - b+, X:— wt ’+x (BR=1, m. <200 GeV); 1, —>t+x (BR=1, m. > 200 GeV)

;‘ :l [T | T T 1 | | | [T | o | .... |Obse|rv|ed |I"T|llts ( |1 |SU|SY [ [ | t [ Ib L_ I___l \I/V( l) T T T T T
—  ATLAS Prelimina Sineo — b+, 7, W, (m; <200 GeV)
8 200 - Y —— Observed limits (nomln;yl) [ 2epton (m.. e~ 1 6 GeV)
_o' - 180 — I Ldt=4.7 fb-1 {s=7 TeV ---- Expected limits (nominal) — :Z':epzons::ﬂ, : M(StOp) m(top)
Et>< — Status: ICHEP 2012 All limits at 95% CL = eplons TS - % ]
— T, 47, (m; >200 G&V) ]
160__ /‘/' -Olepton T
- ~ ~ —— 1-lepton
140 t —=b¥ o\ = vunen [ Mistop)>m{top)
120— —
S i N :
100 f —1 )ﬁ E
80 —
B0+ V" come A 0 Timwi —
%J -
20 : .‘ ’ ; —:
g ,' / 4 ; H —_
0 [ | HA Il/l | | L -'fl | | |"| | :' | I I | I ||
150 200 250 300 350 400 450 500 550
m;, [GeV]
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other BSM searches

i 1
"""""""""""" Large ED (ADD) | E [
Large ED (ADD) :mon( wmmm (£, .
Large ED (ADL n n, my,
S RS1 with k/Mp, = 0. n, m,,
2 RSt with kiM,, = (O fon,m,
E RS1 With kiMp, =01 2 ZZ 11 S | Mgy
E RS1 with k/Mp, = 0.1 - WW K¢ My
£ RSwithg /g =0.2( ots, m
@ RS with BR(g,_—t§20'925 - tt

ADD BH (My, /M,=3) :5€  |LLY [V e
ADD BH (M, IM,=3) : le| S, Zp
Quantum black hore-— (m

sl £
Z'(SSM) :m,
y Z (SSM) - m,
. Vv S
W' (—1q,g_=1) imy,
o W'g (— tb, M__:_rpt
(<] i, evil
= Leptoquarks i, i
' 4 geneiauon . u,— qWgq
@ 4" generation - U 9, WbWb
3 L} I
o - -
s new families [ :*
D T miss T2
= : Vecior-ike quark : CC,m,,
Vector-like quark : NC,m.l
T “Excited qualksr"-]etmrrance;iﬁ','d -
k3 nance, m,
B sonance, m
a
" Techni-hadrons : dilepton,m,,,,
Techni-hadrons : WZ resonance (vlll), m_
3 : 2-lep + jets
8 else - 2-ep + jets
T Seeyespeed dimuon, m

Color octet scalar : dijet resonance, n'r;

ATLAS Exotics Searches® - 95% CL Lower Limits (Status: ICHEP 2012)

i L=4.9-5015", 7 ToV [ATLAS-CONF-2012-007)

L=4.7 1", 7 ToV [ATLAS-CONF-2012-067]
L=4.7 1", 7 ToV [ATLAS-CONF-2012-086]

Mp (5=2)

Compact. scale 1/R

Graviton mass

Graviton mass

aviton mass

Graviton mass

KK gluon mass

KK gluon mass

M, (6=6)
M, (5=6)

M, (6=6)

A
221Tev Z mass

1 Z' mass

' 255Tev W' mass

L=4.7 1", 7 ToV [CONF-2012-096) 3s0Gev W' mass
| t=1.0m", 7 Tev [1205.1016) 113 W' mass

L=1.01", 7 ToV [1112.4828) e60Gev T gen. LQ mass

L=1.01", 7 ToV [1203.3172) sssGev 2™ flen. LQ mass

L=1.0 ", 7 ToV [1202.3389) 350Gev  Q, mass

L=1.0", 7 ToV [1202.3076] 404Gev U, Mass 1 T V
L=101", 7 ToV [1202.6540) 480Gev d, mass e

L=201", 7 ToV [1204.1265] 400Gev b'mass

L=10", 7 ToV [ATLAS-CONF-2012071] 483 GeV | mass A,) <100 GeV)

L=1.01", 7 ToV [1112.5755) 900 GeV mass (coupling X =v/m_)
L=1.01", 7 ToV [1112.5755) 760Gev Q (coupling K, =vim_)

q* mass

q* mass

e* mass (A =m(e¥))
u* mass (A =m(u®))

als (mJtnt) -IT(IT) =100 GeV)

p.) = M%) + My, mia) = 1.1
Nmass(m(wn)=2TeV)

Scalar resonance
[ I B |

rEg.

Ms (GRW cutgpff, NLO)

ATLAS

Prefiminary

ILdt =(1.0-58) "
s=7,8TeV

A (constructive int.)

10 TeV

)

W, mass (m(N) < g4 GeV)

1 1 11 1 111

107

% & andactirnm ~f tha awvvailaRhla rmmacne Brrmite arm s otatns ~r nharncarmana ahosssrm

10

102

Mass scale [TeV]




Outlook: Parton luminosities
LHC parton
luminosity

now

from http://www.hep.phy.cam.ac.uk/~wjs/plots/plots.html
100 N L] L L] L ' L) L L} L} L} L) L] L) '

ratios of LHC parton luminosities:

~50 x more gg — luminosity
at 14 TeV than now (for M, = 2 TeV)

---- 1qq
== qg

luminosity ratio
o

TW2008NLO

100 1000 2 Tev

assumed mass to be produced
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BC => pasa

O Highly SM-suppressed decays are sensitive
to new physics
» is effective FCNC
» SM prediction is

BB 5 ptp™) = (3240.2) x 107 b W et
0 ~ ~
BB = utp™) = (1.04+0.1) x 107 B, teula v
- - H_
» Cabibbo enhancement (|V| > |Vl) ds W=7~

favoring B%,— pu over BOy— up

1 Nice channel
» good detection efficiency
» small theoretical error
» new physics sensitivity
e 2HDM: BR ~ (tan B)*
« MSSM: BR ~ (tan B)®
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The measurements

J normalize to a well

§ o ILHCb - § ] |I_HIC|;I) - + Observed Data
L6t BDT>0.5 | 241 BDT>0.5
< - TS o Bl sutw Expectation for:
P P 2,77 N
g . g . 7 Combinatorial Bl
2 - |8 ,
5 2 é %/ // 5 I smsignal
5%

l“2 // // u.|2 - Peaking Bkg

0 - 0 | | - Cross Feed

5250 5300 5350 5400 7 Error on the surr
m,,(MeV/c) m,,(MeV/c) Z

Limits for B%at 95% C.L.
CDF
BR(B2>utuw) < 4.6x109
CMS
BR(B2>ufu) < 1.8x109
LHCDb
BR(B>2>ufu) < 1.0x109

18.09.2012, Korfu; NW

Limits for B% at 95% C.L.

DO

BR(B%.Sutw) < 51x10
CDF

BR(B%.utu) < 31x109
ATLAS

BR(B%.>utw) < 22x109
CMS

BR(B%,Du*w) < 7.7x10°9
LHCb

BR(B%.Dutw) < 4.5x10°9

@

o
-
3

=)
-

I

+

S

@
% SM

1000

100

10

1

known decay: B* -> (J/ -> pp) K*

95% confidence level limits

SM measurement soon
stay tuned !

. cor PO
ATLAS o

LHC CMS

combination LHCb =~

<4.2x10°

B(BY = utpu7) 3.240.2) x 107°

BB = ptu) (1.0 £0.1) x 10710

combined

BR(BY — pup) < 8.1 x 1071

BR(B? — pp) < 4.2 x 107°



My personal conclusions
d LHC and its experiments ... are running extremely well ...

(d The Higgs ... is not just a SM confirmation

... but rather (if it is the Higgs)
" jtis the first time that a fundamental scalar particle

is found
= jtislikely to play a key role in our understanding

of the fundamental laws of Nature
= symmetries which are spontaneously broken exist

in nature

1 ... and perhaps one finds BSM physics by scrutinizing
the Higgs
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Higgs mechanism in the nut shell
The syrup analogy

Empty vacuum (unbroken phase)
Massless particles traverse with the

speed of light.
All particles are massless and move with same

speed.

Vacuum filled with Higgs field (broken phase)
Massless particles interact with a background
"Higgs’ field, present everywhere, and slow down.
Effectively they acquire a mass.

Speed (=mass) of particle depends on interaction
strength with the Higgs field.

Higgs particle

Quantum mechanical fluctuations of the
background itself: the Higgs particle.

A necessary consequence of the Higgs
background field.

] Lo

v=(V2Gr) =246 GeV

18.09.2012, Korfu: to match 3 - decay y
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Higgs in the vacuum (2)
The syrup analogy

Empty vacuum (unbroken phase)
Massless particles traverse with the

speed of light.
All particles are massless and move with same 1

speed. q2

Vacuum filled with Higgs field (broken phase)
Massless particles interact with a background

"Higgs’ field, present everywhere, and slow down._

Effectively they acquire a mass. for fermions X

Speed (=mass) of particle depends on interact —>—— = —— + .

strength with Higgs field. L_
@\/2

Higgs particle

Quantum mechanical fluctuations of the
background itself: the Higgs particle.

A necessary consequence of the Higgs
background field.

v= (V2 Gp)2 — 246 GeV

to match 3 - decay
18.09.2012, Korfu; NW 72



Noble history

o Early ‘Electroweak model’ of quarks and leptons
x Weinberg, Glashow & Salam (late sixties) — Nobel prize 1979
e Problem: Electroweak SU(2)®U(1) model not renormalizable!

x Serious calculations (loop level) produced infinities.

x Useless? One believer
left: Veltman

> Renormalisation of massless Yang-Mills gauge theories
x Veltman & ‘t Hooft (~1972)

How to give the vector bosons (W*,W-,Z%) mass without destroying
renormalization?

Veltman: ‘verrek,

x 't Hooft: S try breaki ith Higgs- hani
ooft: Symmetry breaking wi |g§ mechanism, dat is hett’

and apply it to the Standard Model

x Mechanism preserves renormalization: it works!

No experimental clue that this
is the correct description for

For elucidating the quantum structure of RRARUIUEGRIECLUe
electroweak interactions in physics Nobel prize 1999

t‘Hooft + Veltman
18.09.2012, Korfu; NW 73




Higgs mechanism

Potential V(¢) minimal for ¢ = O.

Symmetry breaks spontaneously -
non-zero vacuum expectation value
(vev) for «:

+

Q@ 0

s
@’ V/\/E
We consider fluctuation around this
minimum.

Breaking of rotational symmetry
leads to goldstone bosons that are
absorbed by W+,W-,Z°

(3" polarization degree)-> gauge « Counting of degrees of freedom:
bosons become massive ¢ has two complex = 4 real d.o.f. ,
Excitations of the Higgs field around  W"W-Z°absorb three, one real d.o.f.

.. | : il remains - Higgs boson
minimum lead to Higgs particle (the absorbed d.o.f. correspond to the

d.o.f. new long. pol. d.o.f. needed)

D =
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... In mathematical language
& = '

SU,,(2)®U,(1) symmetry Ug(1) symmetry
3 massless SU,,(2) vector bosons

] 3 massive vector bosons: W*, W-, Z°

1 massless U,(1) vector boson

\
r

1 massless Uy(1) boson: vy
1 complex doublet self-interacting ) [ 1realscalar Higgs field
Higgs fields (=4 real scalar fields) "y +3 Goldstone Bosons

\ ‘eaten’ by the massive vector bosons

Interaction between Higgs doublet Mass terms for quarks & leptons

>~ <
and massless quarks & leptons J L

LHiggs = (Dua®) (D) - V(T)
%,
V) el +pre \. ] :
o
oV B 2 ﬂ2 _ 1 s & I H
8—\II—O—>|\I’0| —_ﬁ:;l) """""""""""

18.09 2012, K S ' <0

NW
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What do we know already ?

* m?, = 2Av? = 1 parameter in SM

* A Higgs (or similar) is needed to save unitarity of weaki.a. 2 m, <870 GeV

* Triviality ... all coupling “constants” run ... also A 2 must be small at Q? = v?

e Vacuum Stability ... EWSB must “happen” = must have a W-shaped potential

800 1 B lfrf)r? tlhTOIryI T from experiment (LEP)
= 0.08
—, 600 = 175 GeV = —| .
° _ i if SM ok
2, N s
s 400 -\@ forbidden by “triviality” —] n 004 /
200 [— - 0021 %
fﬂrbldd?n by ac STablllt - N . |
0 L1 , Ll 100 125 150 175 200 225 250
103 108 10° 1012 1019 1018 Mi(eep

A = scale of “new” physics my, [GeV]



... list of interaction terms:

Gauge interactions

4 gauge ,X N

7/

Gauge-Higgs interactions

Higgs self interactions

Fermion (I,q)-Gauge i.a.

Fermion-Higgs (Yukawa)

18.09.2012, Korfu;
NW

— fermion = - gauge -
Y’Z s
wwy| | wwz E - -
WWyy WWZZ WWyZ WWWW
WWH ZZH| | WWHH ZZHH
W,Z « W,Z~ - H
N
) ST H
W,z ¢ wz7, ™ H
HHH | | HHHH S e
lly | (qay| [IZ| |gqqZ| | vWZ
viW | | qq'W > o
IH| |ggH| .. <
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... list of interaction terms: — fermion - - gauge - higgs

Y,Z P -, W
Gauge interactions WWy Wwz - T =< 3 gauge
W
N P
% 7 WWyy WWZZ WWyZ WWWW
4 gauge
7 N
Gauge-Higgs interactions WWH ZZH WWHH LZvV
~ Z S o H ,V V V
L~ L (l’ 4+ H)2 AL \\ N S, :.y ) X X
S8cos?6 W H P s 4 "'.. - .
. , z 7, “H,v
R W — mass
Higgs self interactions HHH HHHH Cepeennnen, gt term
Fermion (I,q)-Gauge i.a. lly | {qqy| [IIZ| |q9Z| | vvZ
viIW | | qg’'W T
Fermion-Higgs (Yukawa) H| [qqH] e <

18.09.2012, Korfu;
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Yang’'s Theorem

Theorem: a Spin-1-particle cannot decay into two massless photons
€1 IT=1 €

- @ —
0N can only depend on observables of the decay particles and must be rotationally

invariant 2 0, ~J-M

with vector M constructed (linearly) from the photon polarization vectors €, , €, and the
momentum vector k of the photons (k = k, = -k,= -k)

Proof: in cms of the decaying particles

2y wave function W(2y) must be symmetric = ) must be invariant unter y, <>y,

possibilities to construct M are:
i. M=¢g,xg, .. thenunderl=2: M,, =¢,x¢g, =-¢,xg,=-M;, = NO
i. M=(g;-¢g,)k..thenunder12: M,, =(g,-¢&)(-k)=-M;,,= NO

iii. M=kx (g xg,)..thenunder 1>2: M,, =€, (k-¢g,)—¢€,(k-g)=0
\_Y_} \_Y_}

=0, for m=0 (transverse) photons

thus M. (J=1)~J-M not possible

18.09.2012, Korfu; NW 79



... prove that it is “condensed”

€ ,q . Higgs
e first find the ZH final state
i.e. a ZZH vertex
e',q Z
* generally we know: if L~O® Z,2"
Z = gauge boson Z XU
® = 3 arbitrary scalar particle o

=> only two vertices LI FHJJ
\\\ Z

* to make a ZZH vertex ..
2

we need a condensate U L — 9 oH 2,7
4cos?0 vy

.
\
N
.
\ I I

=> this proves that it is

“condensed” in the universe
Hitoshi Murayama, hep-ex/9606001

18.09.2012, Korfu; NW



Local p-values

o The local p-value is the Probabitiﬁj that the
backround only will fluctuate up to the
observed local significance (Zyax) or more.

o An approxi.ma&e way bo calculate the LEE, L. the
Probo\bitifsv ko see an excess ahvwkere. i khe
search mass range above some Zyax is calculabted

via the most famous formula in the world ©

& + N 2
P global ~— s o€

No is the average number of upcrossings at Z=0 which is
estimated from data, and Zyux is the local significance.
Formula is asymplotically accurate for inereasing Zmax



A. Read

L(mH >/f1 7[;'/:2 7é)

e L(mH:lflalf279:)
L(TﬁHalj’\lalj'b}G)

test statistic = ratio of profiled likelihoods (PDF for it known in asymptotic limit)

L = likelihood to observe data depending on parameters M, and u and ...

signal strength u = oy, /0smy, 6 = nuisance parameters for sys. uncertainties

18.09.2012, Korfu; NW

L(miH T2 7/171 7/j279)
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Higgs' J"¢

Have we observed a scalar?

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
o ,

Spin < angular distribution of final decay products
™ spin-1: forbidden by Landau-Yang's theorem (ie Bose symmetry)
g 99—>X—=>7 and 99— X =77

% spin-0: flat in cos 6*
. . . do 1 3 4
2 spin-2: quartic in cos ©*: 45 x |+ jeost + jeos's
g 99— X = Z27* — 4l

g g9 —> X —> WW* = 22v

s,
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

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

Parity = angular distribution of final decay products
© CP-odd: couplings fo W and W are loop-induced only! Hard to explain data.
™ angular distribution of leptons in 99 =+ X — ZZ* — 4l
©@ angular distribution of jets produced in VBF

™ spin correlations in X — 77

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

Can be solved at LHCg (may be), LHC14 (for sure)
too academic questions? Sensitivity to degree admixture of admixture even/odd?

Christophe Greojean Implications of Possible New Physics s Kracoew, 107% Sept. 2012
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Given a H mass, decay properties are fixed I(H — ff)= NC_GF_ m:(M2)M,,

4\2n

T(H — VV) =8, —CF

I / W e T I T s 8, Y 1627

where: 6, =1,8, =2, x=M; /My, P =velocity

M (1-4x+12x%)B,

Ly T e s 8. Y (+ W-loop contributions)
2/ 242
M 7N
I'(H — gg) = Sr%Mi) 43 11, (25 _r )G
t 1 — 1 T T T T T __§ 36\/2”3 4 6 b4
@ — -
e ] _§ 2 2
2 i s b I'(H—>yy)=GF—a"3M’3I [iNCe,z—7]
g | 18 12827 3
= 2
+ 4101 = < 103; T -
10 > 18
= S 1z
g i E
I 10 -
102 E 1:_ ]
i 107 .
'2? ) .
10° 300 "T200 300 400 500 . 100 Y | =
M, [Ge o 100 200 300 500 1000
Cargese 2012 13 M, [GeV] rino & CERN
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SUSY



bino, wino,
| &2nd squarks & sleptons, ~ 10TeV
stau, tau sneutrino

Natural Supersymmetry

fine tuning ~ 10%

I c|uino < |.ITeV
< 550 GeV
<200%/tan3 GeV r
— H,A, Ht sbottom
i
stop <200 GeV

B chargino/neutralino < 300 GeV

< 120 GeV m— Higgs (h)
e col|dstino > eV

18.09.2012, Korfu; NW 87



“Naturalness” in TeV scale SUSY

“Natural” SUSY spectrum is something like:

- light stop, stopr and light sbottom;

' 1
N XT ) Lt S 3 2
Mi, i~ W00 GeV ‘sm 3 (10%_ e TC\T‘))

- (relatively) light gluino

s ()

- small y parameter

< | miree A
1 .
Hos 100 Gev / \ 10

18.09.2012, Korfu; NW

h|—

o=

(
(

m j;'ee
100 GeV

m }ﬁ:‘ee
100 GeV

A
10

(

>%
)

1
2
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SUSY particle spectrum

» BUT ... SUSY particles must be heavy ! ... otherwise already found
- SUSY symmetry must be broken
- how 7 ... in a “hidden” sector coupling to the “visible” sector
via gravity (ImSUGRA) or gauge interactions (GSMB) or anomalies

- ugly
g s
jl )
] 7]
1 7
E =
=
-\
10" =\
_b 3
N T 1 v
\
9 = C =
10 = = \
. \
ol 1 s ] \
10 E
. \
B . \
10 d — \10'
u = \
C u ] \
6L — \
hd: e :
Particle Spectrum Particle Spectrum

Gerigya,0aa, 28)Z008!\VV 89



18.09.2012,

% 600
©)

—_—

s

= 500
400
300
200

100

§-g production, §— tf“;{?

CLg 95% C.L. limits. o 50 not included. -
: -1 --- Expected
%ﬁ‘étggniggﬁvsw [y =810 816Vl gbgent/eg
2 Slplons 2ot L, -581 8 7o) _ GE,
. - X
S; )2;:11«3;(;57.4686 L =471 17 TeV] Ob‘;ewed

Illlllllllllll

\
1
\
\
\
\
|
\
\
\
\
\
!

!

II|IIII|IIII|IIII|IIII|IIII|+

-

-
- - ————
-——

— ATLAS Preliminary
|

| L1 1 1 | L1 1 1 | L1 1 1 | 11 1 1 | | 1 ) | | L1 1 1 | T
500 600 700 800 900 1000 1100 1200
m; [GeV]

90



Extra Dim

&
BHS



Example

If LHC reaches the fundamental mass = Planck mass m#*"

B 10%Gev = (103GeV)* ™" . R

then it probes ... R [m]

1013
103
45.107°
10—12
25.10°13

O B W N | S

Note: Hierarchy problem solved, but a new
parameter R

18.09.2012, Korfu; NW
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Analyses:

Randall-Sundrum Graviton production

Diphoton resonance search (2010 data only)

Fully data driven background - fit of smooth

parameterisation

RS Graviton mass mg > 920 (545) GeV at 95% CL,

for coupling k/My= 0.1 (0.02)

Dilepton resonances

(2011 data, combined with search for Z')*
M and e channel combined
Data consistent with Drell-Yan production

TtTFTFFTTMPTITTTSTTAATTTOTT TTITTTS T T T ST T T T T

* RS mg>1.63 TeV at 95% CL (kkMp=0.1)

RS Graviton

Model/Coupling

0.01 0.03 0.05 0.1

Mass limit [TeV]

0.71 1.03 1.33 1.63

Tevatron:

RS mg > 1.08 TeV at 95% CL (k/Mp=0.1)

18.09.2012, Korfu; NW

-1 la bkg uncertainty band (statesyst) =
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o003 k005 ke ]

q>) MC(sSSOGﬁV GTDJGO‘J GHDJG&Y

w 10 -

107

ATLAS Preliminary
PR I ST S T N 1

'2 1 I 1 1 1 1 1 &
107200 400 600 800 1000 1200
m,, [GeV]
Dilepton resonance search
z HLA VAU (LU B LI IR ILLELE LA I I
Cl% 1 = ATLAS --- Expected limd =
6 = Vs=7TeV  mmExpectedtis 3
G S Expected + 2a ]
== Observed limit |
, —k,'h:‘lplzo 1
107 kM, =005 3
. — kM, = 0.03
— kM, =001
10'2-:-_ —.:.
Ecc JLd=109b"
I J.Ldt=121fb"
10-3 1lllllllllllllll Illllll llllllll lll
02 04 06 08 1 12 14 18 18 2

m [TeV]

93



Mini Blck Holes

Schwarzschild radius scales with “new real planck mass” Mg like

e B
. N 1 MBH 'n-l-l
BH ~ MS MS
\ J
-

Ms small => rgy large
Ecms > Ms, b < rg4 => black hole

gravitational force

18.09.2012, Korfu; NW

%parﬂcle collislon)_(

birth of a evaporation
mini black hole via Hawking Rad.
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Mini Black Holes at the LHC

(if theories with Extra Dimensions are true)

qQ/g:L:W/zZ :vig:H:y
72% :11% : 8% : 6% : 2% : 1%

-/
Democratic
decay intfo SM particles

[Emparan et al., hep-th/0003118]

High multiplicity

[e.g. Mayi = 10 TeV: 50 part. with E ~ 200 GeV]

Spheric Events
[production at high x without Boost]

Electrons and muons
with high energy

18.09.2012, Korfu; NW 95



Example for a search for
Microscopic Black Hole
production in models with

large extra dimensions
(Arkani-Hamed, Dimopoulos, Dvali)

Decay into many objects
(jets, leptons, photons)

Sy : scalar sum of the E; of
the N objects in the event

A CMS 9 objects event

18.09.2012, Korfu; NW
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Exotica: executive summary (CMS)

@  CMS searches at ICHEP2012 (lower limits in TeV), similar picture for ATLAS

Z’SSM I
Z’ SSM tau tau
2’, ttbar, hadronic, width=1.2%
Z, dijet
Z', ttbar, lep+jet, width=1.2%
Z'SSM |l (fbb=0.2)
G, dijet
G, ttbar, hadronic
G jet+MET /M = 0.2
Gyyk/M=0.1
G, Z(Ih2(qa), k/M=0.
W’ Iv
W’ dijet
W' = td
W'’'—= WZ(leptonic)
WR’ = tb
WR, MNR=MWR/2
WKK p =10 TeV
pTC, nTC > 700 GeV
String Ball M, MD=2.1, Ms=1.7, gs=0.4
String Resonances (qg)
s8 Resonance (gg)
s8 Resonance (gg/bb), fob=1
E6 diquarks (qq)
Axigluon/Coloron (gqgbar)
gluino, 3jet, RPV

9” (qg), dijet
q* @W)
g~ (@2

q*, dijet pair
q", boosted Z
e’ A=2TeV
P, A=2TeV

‘{lllllllq

| L&

o
-
N
w
IS

EI'l

w—!——!-'

b’ = twW, (3, 2I) + b-jet

q', b'/t" degenerate, Vto=1
b’ = tW, l+jets

B’ = bZ (100%)

T = tZ (100%)

' = bW (100%), l+jets

t' = bW (100%), I+

gluino, Stopped Gluino

stop, HSCP

stop, Stopped Gluino

stau, HSCP, GMSB

hyper-K, hyper-p=1.2 TeV
fractional charge, q=2/3e
fractional charge, g=1/3e

multiple charge, q=2e

multiple charge, q=3e

neutralino, ctau=25cm, ECAL time

LQt, B=0.5
6 LQ1, B=1.0
LQ2, B=0.5

LQ2, p=1.0

LQ3, (bbnunu) BrLQ — bvt) = 1
LQ3, (btau) B=1.0

stop (btau)

Compositeness

0 1 2 3 4

4th

Generation

LeptoQuarks

C.I. A, X analysis, A+ LL/RR
C.. A, Xanalysis, A- LL/RR
C.l., dimuon, destructve LLIM
C.1., dimuon, constructive LLIM

C.\., single lepton (HNCM)

MBH, rotating, MD=3TaV| nED = 2, BackMax
MBH, non-rot, MD=3TeV, nED = 2, BlackMax
MEH, rotating, loss, MD=3TeV, nED = 2, BlackMax
MBH, boil. remn., MD=3TeV| nED = 2, Charybdis
MBH, stable remn,, MD=3TeV| nED = 2, Charybdis
MBH, Quantum BH, MD=3TeV, nED = 2

o)}

0

Contact
Interaction
Black
Holes




Resolutions



Resolutions

* Resolutions of various detectors

Detector component

Required resolution

1] coverage

Measurement Trigger
Tracking Opr /pr =0.05% pr $&1% +2.5
EM calorimetry oz /E = 10%/\E &0.7% +3.2 +2.5
Hadronic calorimetry (jets)
barrel and end-cap oz /E = 50% /VE & 3% +3.2 +3.2
forward 0z /E =100%/VE®10% |3.1<|n|<4.9|3.1<|n|<4.9
Muon spectrometer Opr /pr=10% at pr =1 TeV +2.7 +2.4

18.09.2012, Korfu; NW
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Else
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Point-like Parton-Parton Process

quarks, gluons not free
o o become particle “jets”

elementary process, lowest order

18.09.2012, Korfu; NW 102



Point-like Parton-Parton Process

higher order “effects”

18.09.2012, Korfu; NW 103



Point-like Parton-Parton Process

interactions of the “rest” = underlying event

18.09.2012, Korfu; NW 104



Point-like Parton-Parton Process

“hadronisation” into detectable particles

18.09.2012, Korfu; NW 105



Standard Model Particles
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SJATLAS

EXPERIMENT

Run Number: 183081, Event Number: 29591437

Date: 2011-06-05 11:50:44 CEST

’ t Jets with 1.9 and 1.7 TeV
e s transverse momenta (pq)
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1705325 . MM event
with 20 simultaneous
interactions
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Need to understand the detector response very precisely

E (T T T T T T[T T T T[T T [TT T T [rroT rrrrrgprrrrgny = TTT L Ly s By L
E 2507 ~ ATLAS Prellmlnary 0 626 <n < O 100 . i 104 CMS Prellmmary 210
s - g |z|<26 cm -
el B : N b :
.“g’ 200 Q- [:] MC conversion candidates ] g [ Simulation: conversions -
a N | MC e conversions ] %103:_ i [ ] Simulation: fakes =
15 o : 7 S E .
o) Pixel 3 . .
X i .

# o ] Y
10 ] 102 | o

SCT 1 E ‘ H *

5 t = K
R ITR NN | lw | k E
b 50 100 150200 250" 300" 350 400 T AL ) s
0 0 2 40 50

R [mm] Conversion radius (cm) for |2|< 26cm

e.g. Monte Carlo samples are generated for background and a “signal”. After
generation the events are passed through the full detector simulation and
analyzed with the same analysis code as measured data are.

Software is in good shape ! (simulation,
reconstruction and analysis)

18.09.2012, Korfu;
NW
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