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On the way to the Terascale
Higgs Physics

Other New Physics?

@ On the way to the Terascale
@ The Search for the System behind Matter

© Higgs Physics
@ Theory
o Limits
@ Discovery and Measurements?

© Other New Physics?
@ SUSY: The missing link at the Terascale?
@ One Possibility to Measure Features of SUSY
@ Other New Physics than SUSY
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On the way to the Terascale
Higgs Physics
Other New Physics?

@ On the way to the Terascale
@ The Search for the System behind Matter
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On the way to the Terascale
Higgs Physics The Search for the System behind Matter
Other New Physics?

The Search for the Fundamental Buildung Blocks

Alltagswelt
Rutherford Scale in m: ‘g ® Scalein 10" m:
Geiger Marsden g%y, 2t0™ SN o 100,000,000
1909 ) \
10"m o 10,000
nuclelﬁ% ,
10%m proton 5E \) 1,000
HERA
LEP <10 1bm quark electron <
Tevatron U (
LHC 7 —
2009/2010 TERASKALA

A new era with the LHC, almost exactly 100 years after the first look into

the atom
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On the way to the Terascale
Higgs Physics The Search for the System behind Matter

Other New Physics?

You know them very well by now. ..

ELEMENTARY
PARTICLES

o I

Three Generations of Matter "
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On the way to the Terascale

Higgs Physics The Search for the System behind Matter
Other New Physics?

but this is a better picture of the SM particles:

Leptons Quarks
67 ll'7 T u? C’ t
Ve, Vpy Ur d, S, b

Higgs Boson not (yet?) discovered!

universitétbonnl

Bechtle:  Higgs, Searches, Statistics Introduction to Terascale Physics School 2012



On the way to the Terascale
Higgs Physics The Search for the System behind Matter

Other New Physics?

Why we know we missed something fundamental

@ Experimentally known: The SM is incomplete!

Dark-energy

Unknaown form of dark matter

M'att-er“ -
< R
It it isn't dark, it doesn't matter

@ We do not experimentally know any particle or field which could
explain dark matter or dark energy unwmitétﬂ
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On the way to the Terascale

Higgs Physics The Search for the System behind Matter
Other New Physics?

Why we know we missed something fundamental

@ Experimentally known: The SM is incomplete!

"Bullet" cluster 10657 156,
Doug Clowe, Mzuusa Bradac et al. (Astrd hysl[a Juuma\ 2006) ‘.

@ We do not experimentally know any particle or field which could ,
explain dark matter or dark energy universitétﬂ
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On the way to the Terascale
Higgs Physics The Search for the System behind Matter
Other New Physics?
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On the way to the Terascale
Higgs Physics The Search for the System behind Matter
Other New Physics?

Why is the electromagnetic force of this tiny magnet so much stronger than
all the gravity of the whole planet?
universitétﬂ
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On the way to the Terascale

Higgs Physics The Search for the System behind Matter
Other New Physics?

Why there must be New Physics at the Terascale

@ We expect new physics at the Terascale Wi Woow v,
~ 1TeV @ vz
. z
@ For theoretical reasons: Y i
W V. W WL

@ Without the Higgs: SM WW

o Very severe fine-tuning problem

. 5 3 .

@ For experimental reasons:
@ Blue-band-plot shows that something 7] J
like the Higgs must be there! 14 g

scattering violates unitarity at
Vs~ 1TeV

m,. =144 GeV

L,

— 0.02758+0.00035
=+ 0.02749+0.00012
«++ incl. low Q° data

between my and mgyt: Need new
physics below ~ 1 TeV

Otherwise, all precision data would be o S Preliminary
wrong by orders of magnitude! 30 100 300
Dark matter my, [GeV]
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On the way to the Terascale
Higgs Physics The Search for the System behind Matter

Other New Physics?

Teilchenphysik ist auch Philosophie

Nicht von Beginn an enthiillten die Gotter uns Sterblichen alles;
Aber im Laufe der Zeit finden wir, suchend, das Bess're.

Diese Vermutung ist wohl, ich denke, der Wahrheit recht ahnlich.
Sichere Wahrheit erkannte kein Mensch und wird keiner erkennen
Uber die Gétter und alle die Dinge, von denen ich spreche,
Selbst wenn es einem einst gliickt, die vollkommene Wahrheit zu
kiinden,

Wissen kann er es nie: Es ist alles durchwebt von Vermutung.

XENOPHANES VON KOLOPHON, ca. 500 v.u.Z.
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On the way to the Terascale
Higgs Physics
Other New Physics?

© Higgs Physics
@ Theory
o Limits
@ Discovery and Measurements?
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On the way to the Terascale Theory
Higgs Physics
Other New Physics?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

Y(x) = 9 (x)

with « being the same everywhere.

universitétbonnl
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

U(x) = e“(x)

with « being the same everywhere. But given relativity, why should we
use the same gauge here and behind the moon at the same time?
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Bechtle:  Higgs, Searches, Statistics Introduction to Terascale Physics School 2012



On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

h(x) = e(x)
with « being the same everywhere. But given relativity, why should we
use the same gauge here and behind the moon at the same time?

@ Local Gauge Invariance:
Require that £ is invariant under local transformations:

Y(x) = e *Py(x)

universitétbonnl
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On the way to the Terascale Theory
Higgs Physics
Other New Physics?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

Y(x) = 9 (x)

with « being the same everywhere. But given relativity, why should we
use the same gauge here and behind the moon at the same time?

@ Local Gauge Invariance:
Require that £ is invariant under local transformations:

Y(x) = e *Py(x)

This principle is the foundation of the SM

universitétbonnl

Bechtle:  Higgs, Searches, Statistics Introduction to Terascale Physics School 2012



On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

(187" — m)b = 0): )
Liree = %b(/(? - m)%b

using @ = 9,y".
Make the theory gauge invariant under local U(1) transformations:

W(x) = e ®y(x)

What is the transformation behaviour of the free Lagrangian?

universitétbonnl
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On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

((id7" — m)w = 0): i
Liree = %b(/@ - m)%b

using @ = 9,y".
Make the theory gauge invariant under local U(1) transformations:

Y(x) = ()
What is the transformation behaviour of the free Lagrangian?

»Cfree — »Cfree - 1/_}7;11/}(8“6“()())
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On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

(187" — m)b = 0): )
Liree = %b(/(? - m)%b

using @ = 9,y".
Make the theory gauge invariant under local U(1) transformations:

Y(x) = ()
What is the transformation behaviour of the free Lagrangian?
»Cfree — »Cfree - 1/_}7;11/}(8“6“()())

That's not invariant!
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On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

((id7" — m)w = 0): i
Liree = %b(/@ - m)%b

using @ = 9,y".
Make the theory gauge invariant under local U(1) transformations:

Y(x) = ()
What is the transformation behaviour of the free Lagrangian?
»Cfree — »Cfree - 1/_}7;11/}(8“6“()())

That's not invariant! :
But luckily it's also not QED . .. uni\,ersitétﬂ
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

Introduction: QED
In order to save QED under the transformation U(x) = e‘lo‘(x), add a
gauge field obeying:

1 1
Au(x) = UTAU + 5U—lauu = Au(x) - aﬁua(x)

A miracle has occured: we introduced not only a gauge field, but also a
charge g. Also, we would have needed the photon A, anyway ...

Now modify the derivative:
Oy — Oy + igAu(x) = Dy
Let's write £ again with all possible Lorentz and gauge invariant terms:
1 = -
£ =~ FuF™ + 009 — ) — g A

using
F.=0,A, —3,A "
" ’ ’ universitatbonn
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On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Introduction: QED

Let's check the transformational behaviour under local U(1) again:
1 1 -
E N El — _ZFLVFIHV ‘Hﬁ/(la— m)¢l _ q?ﬁ,/ﬂ,wl

= 2R PR (0 — m) — B (0 a(x)) — gl A + dy,0(0%a(x)
=L
with

1 1
F/,w = 0u(A, — 58,,a(x)) —0,(A, — a&,a(x))

1 1
= Fu — 8u68ya(x) + 61/56#0‘(’() = Fu

QED including a gauge field is invariant under local U(1)!
Use this principle to construct the SM "
universitatbonn
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2). x U(1)y Leptonic Sector
We choose the SU(2), doublett

_(v) _1 s (v h=+4+% Q=0,Y=-1
L_<e>L_§(1_7)<e>’ 132—% RQ=-1,Y=-1

25

and the singlett
R:eR:%(Hfﬁ)e, h=0Q=—-1Y=-2
which transform SU(2), according to
L—L'=e*3L, R-R =R
and under U(1), according to

. Y : Y
Lo l'=ef21, R R =€e2R "
universitatbonn
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2). x U(1)y Leptonic Sector

Now we construct the gauge fields W7 for SU(2), analogously to SU(3)c¢
before and B,, of U(1)y analously to the QED before. We get the covariant
derivative

. T Y
D, =0,+ /gEa W + /g’EBH.
Using this, we can construct the first part of the QFD Lagrangian

1 1 — —
Lirp = ~7 W, Wi — ZBWB‘“’ +iLPL + iRDR,

with
m;:@mﬁﬁwﬁ—g%mww

By, = 8,B, — 0,B,..

universitétbonnl

Bechtle:  Higgs, Searches, Statistics Introduction to Terascale Physics School 2012



On the way to the Terascale Theory
Higgs Physics

Other New Physics?

QFD: SU(2), x U(1)y Masses

@ Mass of the gauge bosons
Now we would like to add gauge boson masses:

Y
SM?B"B,
However, this is not invariant under SU(2):

s SVE(B = 0 a(x))(B — - Ohalx)

universitétbonnl
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2), x U(1)y Masses

@ Mass of the gauge bosons
Now we would like to add gauge boson masses:

Y
SM?B"B,
However, this is not invariant under SU(2):

s SVE(B = 0 a(x))(B — - Ohalx)

@ Mass of the fermions
_ _(1 5y, 1 5
—meée = —mée E(l—’y )—|—§(1+’y ))e
= —m(éReL + éLeR)

But only e, and not eg is transforming under SU(2)!
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2), x U(1)y Masses

@ Mass of the gauge bosons
Now we would like to add gauge boson masses:

Y
SM?B"B,
However, this is not invariant under SU(2):

s SVE(B = 0 a(x))(B — - Ohalx)

@ Mass of the fermions

1 1

—meée = —mée (5(1 — )+ 5(1 + 75)> e
= —m(éReL + éLeR)

But only e, and not eg is transforming under SU(2)!

We have a beautiful theory of massless particles! universitétbonnl
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2), x U(1)y EWSB

In order to allow masses for the gauge bosons, we introduce the Higgs
doublett into the theory:

¢_<¢+> Y =+1  which is gauged like ¢_e,-a3_aai< 0 )
¢0 ; \/5 o

We obtain v = /—pu2/\ as vacuum expectation value of the field in the
potential

V(0) = cb+cb + A(<l>+cl>)

with A > 0 and z? < 0, such that there is spontaneous symmetry breaking
(the ground state does not obey the symmetries of the theory). ¢™ has to
be gauged to 0 in order to render the charge operator Q@ = I3 + %
unbroken. Otherwise the photon acquires mass.

universitétbonnl
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On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Higgs Potential

Potential

v,
N

universitétbonnl

ascale Physics School 2012

Bechtle: Higgs, Searches, Statistics Introduction to




On the way to the Terascale Theory

Higgs Physics

Other New Physics?

QFD: SU(2), x U(1)y EWSB

Using the global SU(2), gauge transformation from before

-daaa 1
L—>L’:e"TL:>¢:—< 0 )
V2 \v+n

we obtain the following expression for the mass sector of the QFD:

L3pp = —V2f(LOR + ROTL) + |D, > — V()

universitétbonnl
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2), x U(1)y EWSB

Using the global SU(2), gauge transformation from before

-aaaa 1
L—>L’:e"TL:>¢:—< 0 )
V2 \v+n

we obtain the following expression for the mass sector of the QFD:

L3pp = —V2f(LOR + ROTL) + |D, > — V()
From where do we get the fermion masses?

—V2f(LOR + ROHL)

acts as a mass term with the Yukawa coupling parameter f determining the

mass of the fermion. :
universitétbonnl

Bechtle:  Higgs, Searches, Statistics Introduction to Terascale Physics School 2012



On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2), x U(1)y EWSB

The gauge boson masses are coming from

1 1 1

Dy = 28V (Wi,)* + 58 v B,B" — ;g8 v B' W
using

(Wi + (W2)2 = (W + iW2) (W — iW2) = 2W, W,
introducing the charged currents. That yields

1o o+ Lo2ge way [ & —&8\ ( B

Zg vEWS W, +§V (B ’Wu) —eg & W3
We have the mass term on the W™ already. Let’s diagonalize the mass
matrix of the hypercharge field B,, and the third component of the SU(2),

gauge field Wj:
Ay [ cosBy  sinfy B+
7)) \—sinfw cosfy ) \ W3

Now another miracle has occured: The photon field A, drops out ognge\/s\ﬁm

n
2
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2), x U(1)y EWSB

we have now introduced the Weinberg angle

/

g

From the diagonalization of the mass matrix for Wj’ and B,

sinfy =

_ 1 / 3 2
Ap= NEYE (8'W, +gBy), ma=0
1 (g% +8")v
0 _ 3 2
Zp - g2 +g,2 (ng g Bl/«)7 Mzo = 4

universitétbonnl
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2), x U(1)y EWSB

We also obtain the charged current and its coupling to the Wlf as

yFe W+—|—hc
2\/—(L7 L )

In addition, as the first tested firm prediction of this theory, the neutral
currents have been introduced ('74 November revolution: Gargamelle):

Vel +g”? ; g% g’

('3l — 2—=—>8&"e)Z)

4 g2+g Y Vet g?

evle A,

where

is the electromagnetic charge and e = ¢; + er

This formalism has to be written for all three lepton families ¢ = e,lﬁ,ﬁve’gﬁétﬂ
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On the way to the Terascale Theory

Higgs Physics
Other New Physics?

QFD: SU(2). x U(1)y Properties of the Higgs

@ The heavier the particle, the stronger
the Higgs coupling to it (or the other

Bechtle:

.‘_g way around!)
qc) @ The position of the minimum of the
° potential
& A
V(@)= I gt + (T o)
is known: Compare
A 2\/_1//_")/ eLWJr
| )
. V-A G
with V — A theory: L " ~ —3F ...

g \° 1 Gf
L) — =2F =24
<2\/§> Mav > = v 6(}6‘,1

universitatbonn
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On the way to the Terascale Theory

iggs Physics
Other New Ph

QFD: SU(2). x U(1)y Remarks
There are a few non-trivial observations about EWSB in the SM:

@ [t is not trivial that the photon field A, fullfills

ma = 0
ge&Y"eA,
(i.e. no coupling to the neutrino and the same coupling to the left and right
fields) at the same time!

@ All three elements of

Mw _ cos
My oW

can be measured independently = precision tests

@ The Higgs has been introduced to give mass to the gauge bosons, but it
offers an elegant way to introduce masses of the fermions, too.

@ There is a self-interaction among the gauge bosons in the —% W2, W term.
This just pops out of the theory, it was not constructed as the gauge boson
fermion interactions. Does Nature obey the SM also in this unforeseen fieldi1
= precision tests universitatbonn
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Theory

Other New Physics?

Self Interaction of Gauge Bosons

— 130 ; i l 180712002
= P
£ LEP
PRELIMINARY
= _
= P
20 F -
ing
10 A n
w+* = YESWW/RacoonWw
/. ....no ZWW vertex (Gentle) 8
,,.3 ....only v_ exchange (Gentle)
160 180 200
: w- Vs (GeV) ,
universitétam
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On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Graphical Representation of how Mass is Created
The Higgs mechanism is like a boring cocktail party:

,famousness” gr of a particle determines its mass:
(9 v[2)

f 14 g | g | |
H X H X H X

o I = =

Bechtle:  Higgs, Searches, Statistics Introduction to Terascale Physics School 2012



On the way to the Terascale Theory
Higgs Physics
Other New Physics?

Precision Tests of Loop Corrections

eTe™ machines can see effects of virtual particles

m,.; = 144 GeV
B 7.7.0‘ s : r
1
e I LEP AC((S) = |
@ 2000 n— had ]
E N — 0.02758+0.00035
E » B -+ 0.02749£0.00012 1
*++ incl. low Q2 data —
160} AR |
140 - Sl £ ]
IZLI! [ -
um; i g ;
80 i E T o 1
[ 34 i 0 Excluded /[ Preliminary
L H —_— .
Wi EE = 30 100 300
1990 1992 1994 1996 1998 2000 mH [Gev]

Year "
universitatbonn
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On the way to the Terascale Theory
Higgs Physics

Other New Physics?

Precision Tests of Loop Corrections

eTe™ machines can see effects of virtual particles

Measurement Fit  |Jomeas-ofj/gmeas
Q 2 3

m,[GeV] 91.1875+0.0021 911875
r,[Gev]  2.4952+0.0023 2.4957 m
ol lnb]  41.540+0.037  41.477

1 : 20.767+0.025 20744 |jmmmm

A 0.01714 + 0.00095 0.01645
AP) 0.1465+0.0032  0.1481 jmm

Ry 0.21629 + 0.00066 0.21586 Mmmm
R, 0.1721+0.0030  0.1722
A 0.0992 +0.0016  0.1038
AYS 0.0707 £0.0035  0.0742
Ay 0.923 +0.020 0.935 mm
A 0.670 +0.027 0.668

A(SLD) 0.1513+0.0021  0.1481
sin’6P(Q,,) 0.2324+0.0012  0.2314 jmmm
m, [GeV] 80.398+0.025  80.374 Mmmmm
Iy [GeV] 2.140 + 0.060 2.001

M% — M%Oth order(l_i_o(m?)_i_o(ln mI27)+ml[G3n 170.9+ 1.8 1713 m

o 1 2 3

universitétbonnl
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Limits

Hunting for the Higgs: Signatures

WW —qqqq.ZZ —bbqq
Hobb »{ z—qg 4-Jet- 51% QCDd4jets

Kanal

e

Hobb > z-svv Neutrino- 15% Ww-—qqlv.ZZ—bbw

. . Kanal
@ The different Higgs
decays and the different .
: Hobb X 2t 285
Z desays together define
. Tau- WW-—qqtv,ZZ—qqTt
the SlgnatureSZ Kanal QCD (low-mult. jets)
@ For my < 115GeV: Horr X Z-aa 5.1%
More than 80 % of all
decays
y Hosbt N Zue'e, Lepton- 49% zz_,ppi
@ Typcal selection pp”  Kanal
efficiencies: 50 % "
universitatbonn
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On the way to the Terascale
Higgs Physics Limits

Other New Physics?

A Higgs Candidate

@ A nice Higgs candidate from ALEPH (mj = 115 GeV):

universita’tbonnl
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On the way to the Terascale
Higgs Physics Limits
Other New Physics?

Do we see a Higgs mass peak?

@ Are there many of these candidates?

N N .
OB LEP  vs=200209Gev L oose O ;,t LEP  vs=200-209Gev Tight
% + Data % + Data
O 20 l:l Background O 6 l:l Background
™ Il signal (115 Gev/c?) ™ Il signal (115 Gev/c?)
~ ~ 5 |
2 2
6 15 H all  >109 Gev/c® 6 all  >109 Gev/c®
e Data | 119 17 e 4 Hpaa | 18 4
L Backgd| 1165 158 I Backgd| 14 12
10 HSignal 10 7.1 3 [|signal | 29 22
P
5 |-
1 |-
0 L L 0 o h L L L
0 20 40 60 80 100 120 0 20 40 60 80 100 120
2 2
m,,rec (GeV/c”) m,,rec (GeV/c”)

@ How significant is the small excess? Need advanced statistical analys"
universitatbonn
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On the way to the Terascale
Higgs Physics Limits
Other New Physics?

How to Calculate the Sensitivity?

©

If hypothesis exists with d ~s+b on a significant level: Higgs found

@ If not: Calculate, how improbable a certain hypothesis s is — exclusion
@ First example: Add all s, b, d of all channels (Counting Experiment)

@ If s##0 only in one channel: this degrades sensitivity

Poisson-distributions for s=4,b=2 Poisson-distributions for s=4,b=40

014

0.35

03 Background 012

02 ] 008 |
015 —\ Signal+Background ] 006 | Background \\&gnal+

01 q 004 \, Background]
0.05 4 002 | \

o 2 4 é 1‘0\\1'2 14 01 20 30 40 50 60 X

b=2, s=4 . ) b=40, s=4 ) )
Not the most sensitive method ... Instead: Define test statistics

Py(s + b
—2InQ = —2In dlgj ) _ 225,—1—22d|n< ) =
universitatbonn
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On the way to the Terascale
Higgs Physics Limits
Other New Physics?

How to Calculate the Sensitivity?

« 02

@ For optimal sensitivity, do just
<0175
0.15

not add the total channel
0.125

contents o

but use the information of full bs
(mass) distributions 7

)
S
—
n
—
S
n
B
n
—
e

@ Define the test statistics @ as a < 02

5
g
Lttt @m fudlutintitititi,d

likelihood ratio Py(s + b)/Py(b) — ='uis -
0.125 &
@ Define 1 — CLj: Probability of a 0oss b
b-experiment to give a less el
background like result than the b0 a5 s 0
observed onhe s+b like b like >

@ Define CLgp: Probability of a o
s+b-experiment to give a more Conservative limit:
background like result than the CLs = CLs+5/CLp

observed one N "
universitatbonn
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@ Don't know my,, my,,
OH,Z, ... a priori

@ Finite Detector
Resolution —

Myec 7£ myg

@ = Test result of all
searches under different
hypotheses of my,, mmu,,

OH;Z» - - -

Bechtle:

=
7
&

/3

F (b)Test Higgs mass - 105 Gejg
O»
F O s

events,

universitétbonnl
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On the way to the T
Higgs Limits
Other New Ph

Is there a Significant Excess?

U EP ] @ (1 — CLp) is a measure of the

E 'background-likeness’ of an

experiment. If (1 — CLp) is e.g.

X \ 5%, then the probability of this

” outcome to be caused by a

\ fluctuation of the background is
5%

@ No excess above 30

1-cL,
|

10

10 T

1§ background
g

30

@ Be aware of the 'look-elsewhere’
90 95 100 105 110 115 120 effect!

mH(GeV/cz)

73\\\\
10 8085

universitétbonnl
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On the way to the Tera:
Higgs Ph Limits
Other New Physics?

No Significant Excess: What's the Limit?

@ CLg is a measure of how

wl;“‘““““““\“‘\“‘\“‘“““ . .
3 ] signal-like the outcome of an
ar LEP ] . . .
10 = E experiment is. If CLs is small, it
o o 7 is very unlikely that there is a
signal. Hence, a 95% CL
107 T Obsrved 4 corresponds to CL; = 0.05
Eo badkeround ] .
0 K ] @ Final word from LEP on the SM
Higgs:
10 E
eé + ] mp > 114.4 GeV
10 105105 104 106 108 110 112 114 116 118 120

mH(GeV/c )

universitétbonnl
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On the way to the Terascale
Higgs Physics Limits

Other New Physics?

Now we do things in a more complicated way. ..

@ The big thing since LEP: Ged rid of partly bayesian techniques by
fitting the systematic uncertainties to the data during limit setting at

each toy MC
£ ot (B PrEpr LT
o MS Preliminary E
~ —. Signal, m =160 Ge¥
2 [ Wilets, tW 1
S [ di-boson B
> I i 3
CR(WW) o B Drell-Yan 3
WW _e'e” Channel ]
Top — E
Wjets <
R
Ny C.R.(Top) b = Nrop
Orop = NTE Top ~ O
Top Top Nr,,
Top
cRan)
NYY Niyajes
. Gy = s CR(Wels) By = (‘L+"m
W+jets N , N L

— Wets 5
m, [GeV/c?]

universitétbonnl
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On the way to the Terascale
Higgs Physics Limits
Other New Physics?

Current Situation

Tevatron:

Tevatron Run Il Prellmlnary L <86fh™

LEP Exclusion Tevatron
Exclusion

=
o

xpecte:
P

.
—" " OPSEIVE o
[ #10 Expected

+20 Expected

95% CL Limit/SM

T=vatr0n _xclusm

100 110 120 130 140 150 160 170 180 190 200
m,(GeV/c )

check http://indico.in2p3.fr/conferenceDisplay.py?confId=6001
and http://moriond.in2p3.£r/QCD/2012/qcd . html for updatesl. I

universitatbonn
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

Higgs Production and Decay at the LHC

140 GeV
i

g g fusion

BR for SM Higgs

- t
ttfusion o3 i
50 100 200 500 1000
q Higgs Mass  (GeV)
Wz W,z FICET
5 f ATLAS oo H
= HO g r —qqH
q g I WH
W, Z bremsstrahlung & 108 2l
g F —ttH
L3
HO £
10" 1(‘)2 " R ) ‘1 X
WW, ZZ fusion =9 m, [Gel] _ "
universitatbonn

Bechtle:  Higgs, Searches, Statisti i ascale Physics School 2012



On the way to the Terascale

Higgs Physics
Other New Physics? Discovery and Measurements?

The ATLAS Experiment

@ ATLAS and CMS: First direct experimental access to the Terascale

o g ey
©
7 ] i : : 8 D:I
3 Tevatron LHC 0o
: : «Q
4 : =3
10° | 10° %
Oy Q
r %)
10° 10!
o > si20)
. r 11 q
Z 0§ Sw U
= o m
Di ¢ 25 © I o (€)% 100 Gev) P
lameter m 10! | (o)
=]
Length 46 m L 2.
. &
Weight 7000 t 0° o 10? ¥
ATH Es Vsid
~ 100 Million readout channels P
10° fouaggs(M = 150 GeV) 1
= 3000 km cables
I 6y (M = 500 Gev) /4 :
pof Boot v v S5 ™ 0 T8
01 1
s (TeV) "1
universitatbonn
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

The ATLAS Experiment

@ ATLAS and CMS: First direct experimental access to the Terascale

10° T S
©
r Tiot H H m
7 : : 108 =
3 Tevatron LHC @
; : Q
3 S
10° | 1w P
Oy D
2
r )
10° 10t
b o > si20)
2 0f Oy TN
c oy m
° U (€4 > 100 GeV) 3
10! s
=2
r o
@
10° o 102 9O
P ouES )
10° Otiggs(My = 150 Gev) o
I 54005(My; = 500 GeV) :
107 Lo NIRRT B R R T AU S 1) o
first beam event seen in ATLAS 0.1 1 10
Js (TeV) '1
universitatbonn
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

Very quick summary of CMS and ATLAS

E I T ] I
. 104 —— leptonic final state (I = e )
=
c e o Theory
._g 10° [ cMSterr,,,
§ 102 — [l CMS terr,,, e, |
w 10 ST
[0}
(S
S
o
-1

8 10 e
R 2 e
"g 10 ’ e
© 10°
2 e
o 10

10° 36pb’ | 36pb’ | 36pb’ | 36pb’ | 1AM | 14T 11T

Wy, 25y sy 5 7S, Ww\’/m 73 Sy 2 ” ~750"Zz

universitétbonnl
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On the way t

Discovery and Measurements?

Very quick summay of CMS and ATLAS

i) .
S10° = ATLAS Preliminary
s E
s F . f L dt =0.035 - 1.04 fb™
\si=7TeV
10* E
= Thegry
N ® Datg 2010 (+35 pb™)
103 = O Datg 2011
E ! 0.7 fo!
B ; 5 0.7 1ot
1o’
10°E 3
E 5 1o
- o 11t
10 §
w z Wy zy i t ww wz zz

universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?
Impressive Lummosnty at LHC
iy

P
cMs Expmmann{um cern.|
C R Data recorded: Mori War f4-06:44
X, || Runvent: 160432212419

%4 Lumi section: 4
r:n/Cmssmg mma/ 886

On average, 2011 data have 6 pile-up events per BX

Event shown above has 13 reconstructed vertices
Around intL = 5fb™! per experiment on tape, £Pe2K5 x 1033 umve,sitétﬂ
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On the way to the Terascale
Higgs Physics
Other New Physics? Discovery and Measurements?

The most sensitive search at very low masses

8

inclusive
-- H o+ ..
g @ Inclusive production
@ Two isolated photons
Vi~ 86 GeV @ Best Am=~ 1%
" - @ Entirely data-driven analysis,

use sidebands

@ Background from real 'SM’
di-photons and from fakes (e or
7 with missing tracks)

universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?
Different classes for h — v
r Both photons of high quality?
I Both photons in barrel?

IIIIII'«- ~=_Di-photon p;>40 GeV?

(this bit is useful for fermiophobic Higgs only)

Events /(1 GeVic?)
Events /(1 GeV/c® )

Events /(1 GeVIc?)
Events / (1 GeVic® )

fo5 720 o o0 fl 120 740 60
m,, (GeVich) m, (Gevic?)
E
@ T =T
2
s e G

Events /{1 GeVic? )

Events / ( 1GeVic® )
Events / (1 GeVic?)

foa 20 7o 60
m, (Gevic?)

Bechtle:



On the way to the Terascale
Higgs Physics
Other New Physics? Discovery and Measurements?

h — v~ Results

& 800[- E
S E CMS preliminary * Dam B
© 700 Ne=7TeVL=186 " [I] 2promety =
g E |:| 1 prompt y 1 fake y E
= 600 ; [ etaker _E
@ 5000 ++ [ oreli-van —
C = B
£ 400 E
18] = ]
300 —
2005 =

100 ; :

F I T I I A B A
%0 90 100 110 120 130 140 150 160 170 180

m,, (GeV/c?)
@ MC just for illustration, not used
@ Very good statistics already acquired
@ Some interesting spikes... but can we have so many Higgses? "
universitatbonn
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95% CL limit on o/cg,,
)

1

On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

h — v~ Results

1

CMS Preliminary, VS = 7 TeV |-s— Observed
Hoy, L, =171 | Expected £ 10| { 210

-value

i --- Expected + 20 §
3)3 =
e 10°
et B
L N '
4 p 10
" 2

o

-/

2

Best fit o/og,,
IS

N

_|_

EE->Prob. to observe max. excess as
arge as seen in data = 0.05 (1.70)

a

N
8

30

bl v
T

a

|:| +1o from fit |

AY,

110 115 120 125 130 135 140 145 150

vspace*-3m

m

@ Set limit around 3 times the SM cross section times BR

e \‘?J 1 23 1250 135 " 140 145 1 50

Higgs boson mass (GeV/c?)

@ Two small spikes at 113 and 120 compatible with Higgs and no Higgs -
@ Spike at 140 much too big for SM Higgs! un,\,emtatﬂ
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On the way to the Terascale

Higgs Physics
Other New Physics? Discovery and Measurements?

Very wide sensitivity: h — WW — (viv

inclusive

3 == H A
-
~

Covers big region in my
mass resolution only Am =~ 20%
Trigger on two isolated leptons

miss

Require E7™°, small A¢p, small m;/

Use transverse mass

mr = /(2pF EF*(1 — cos 0))

@ Split up in different regions accoring
to njets, lepton flavour, due to
different backgrounds

@ Backgrounds: tt, W+jets, WZ, WW,

Drell-Yan

universitétbonnl
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CMSNs=7TeV,L, =155fb" CMSNs=7TcV,L, =1551fb"

* data * data
0 jets CJH(140) > WW [H(160) > WW
m=140 I W+jets I W+jets
M di-boson
top
10* W Z+jets

Oww

@ Remarkable agreement cut by cut
@ Would have seen a 160 GeV SM Higgs since long!

universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

h — WW Properties

> T T i T Ve > T T i T T i
8 o s W2 CMS preliminary 3 +wm W OMS preliminary
B —mee wp Lorse o 10 —mee o s
G 6L Hew Ewez 4 = we vz
k3 W e o e
[ 5
4l = L
| g
il \
_L_+ }
6 i ] | o I |
0 50 100 150 200 0 50 100 150 200
e [Gev) mr (Gev]
> T T T > T T T
& e W2wes  CMS preliminary & waa  W2ves  CMS preliminary
0 — Mttt L=1s5m" © g — 1B ko 2
P g | T W
2 1w £ 1 et
£ €
3 @ B =
m aie ]
5| ]
i’ B 2
|
0 1 == 1§ § i1 ] 0 L L
0 50 100 150 200 0 50 100 150 200
T

L

[Gev] mi Gev] "
universitatbonn
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

Very good mass res.: h — ZZ — 4/

@ Inclusive Producton

@ 4 isolated leptons 4e, 4p,2e2p
@ no impact parameter

@ final discriminant: myy

o Am~ 1%

@ ZZ and tt, Z+jets backgrounds
@ Also look at 202y

universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

Very good data/bkg agreement in h — ZZ — 4/

CMS Preliminary 2011 \E=7TeV L=166m"
No 6 L I | | | N I | I LI B I | | LI I I | | | N | I_+
% DATA ]
G W z+iets ]
= _
= Bz ] @ 21 obs, 21.2 expected
|2} =
- 2
S [l m-350 Gevic’ @ Note: Low background and
@ [ m=200 Gevre? - very good Am: Very single
[l m.=140 Gevic® candidate will make big

impact on limit/discovery!

@ Therefore, observed limits
still strongly changing with
each update

LIS JNL LA L L L B RN I

300 400 500 600
M, [GeV/c?]

universitétbonnl
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On the way to the Terascale

Higgs Physics
Other New Physics? Discovery and Measurements?

Interplay of the Searches in the SM

s T T T T n
bU) - Obs. Obs. -
= o How@9fh?y e H- zZ- llgg (2.05fb % ]
o | —— H- WW- Ivlv (2.05fb7 - ——— H- ZZ~ llvv (2.05fb7Y)

g ----- —— H_ ZZ_ |l 487 Seee e HL WW - lvqq (10407
I
= 10
— =
O -
N -
n
o —
1
"ATLAS 2011 IL dt~ 1.04-4.9 b V5=7 Tev CLs limits
10»1 M S S S S T S S U T S SR
100 200 300 400 500 600
my [GeV]

universitétbonnl
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On the way to the Terascale
Higgs Physics
Other New Physics? Discovery and Measurements?

ATLAS SM Combinations

=S
c ATLAS 2011 J'Lm~1.0449m‘
S
£ Vs=7 Tev
3
1
O
X
D
>
w0t @ CL, Limits _|
-~
©
&
<1
-
Sig. Expected 40
— Observed
(=1
— Observed A
O-2InA(p)<1 "
universitatbonn
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?
ATLAS SM Combinations
Q_O L L I L L L L L BB B BB
T - ATLAS 2011 J'Ldt~1.o4-4.9fb'1 ]
S —— E
| teee 3

[EEN
Q
[N

11 HH‘

T SR

=
Q
i
T

4 g < Obs.Comb. (ESS)

---Exp. Comb. ----Exp.H - yy
—Obs. Comb. —Obs. H - yy

--Exp.H- 4 - Exp.H - v
—Obs.H_ 4 —Obs.H_ Wy IS= 7TeV

[EEN
<
a
IRRRLL
\

[EEN
<
[}
T

HHH)"

o b by b by by b by

110 115 120 125 130 135 140 145 150 .
m,, [GeV universitétﬂ
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On the way to the Terascale
Higgs Physics
Other New Physics? Discovery and Measurements?

ATLAS SM Combinations

=
o -  ATLAS 2011 Data
B
—— Observed
& 105 ... Expected ILdt =1.0-4.9f"
= - E+lo N
E I Oxo Vs=7TeV -
— | _
O
O\O - -
Lo
()]
1 E
i ?LS L\imits\ | | | | | | ]

110 115 120 125 130 135 140 145 150
M, [GeV] '1
:atbonn
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?
CMS Projections for 2011 /12
10 ———————
CMS Preliminary: Oct 2010
& Projected 95% CL Limit on o/cg,
~ H H H
© 2 L. — ined —_ 2v)40]
c s @7Tev T T wwzne]
4+ —— V(bb)-boosted s VBF(WW) — 212v
= N VBF(t1) —zz 4
i N —— W(WW)- Ivlvjj (SS) = = 2Z— 212v
— N 7/ Z(WW)— (I)(WV)(jj) e 22— 212
- 10 4
N
O N~
;L\
8 ] S\ X
N
N
10

200 300 400 500 600
Higgs mass, m_ [GeV/c?]

o Could cover the full SM range in 2012
@ At least in a LHC combination ... ummitétﬂ
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On the way to the Terascale

Higgs Physics
Other New Physics?

Discovery and Measurements?

CMS Projections for 2011 /12

__ 16
L
c 14
9o
g12
?
8 10
O
5 8
3
2 6
8
= 4
C
(®)]
n 2
0

‘cMS Prélirhihéry: Oct 2010
L Projected Significance of Observation

10fb' @ 7 TeV

\

m—— Combined — WW(212v)+0j

---y -~ WW(2I2v)+1j

—— V(bb)-boosted VBF(WW)— 22|
VBF(t1) —zz 4

—— W(WW)—> Ivlvjj (SS) = = - ZZ— 212v

- = = Z(WW)— (I(V)(jj) = 2z 212b

——

200 300 400 500 600

Higgs mass, m, [GeV/c?]

@ Could cover the full SM range in 2012
@ At least in a LHC combination . .. univmitétﬂ
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On the way to the Terascale
Higgs Physics

Other New Physics? Discovery and Measurements?

Precision Tests of the Higgs Mechanism

Once absolute Higgs cross-section can be measured at a LC:
Make an absolute and precise measurement of the coupling gr of each

particle to the Higgs:

g1
=
-4
£
|
H 1(]'l L
é"
=
w
107 |
-3
10
and make a detailed comparison with the SM umve,sitétb.onJ
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On the way to the Terascale
Higgs Physics

Other New Physics?

© Other New Physics?
@ SUSY: The missing link at the Terascale?
@ One Possibility to Measure Features of SUSY
@ Other New Physics than SUSY

universitétbonnl
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On the way to the Terascale
Higgs Physics
Other New Physics?

Supersymmetry
@ Even if we find the Higgs, we still have a problem ...

he missing link at the

@ From indirect measurements:

my < 140 GeV
H H e
——— —— - - B
t '
Ampy ~ N2 Fetee
Y
natural m, = Mp,,,
Finetuning:

Mhp.obs = 10219 GeV — (1 — €)10%1° GeV ~ 100 GeV

nat. mass

Renormalisation

universitétbonnl
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SUSY: The missing link at the Terascale?

Other New Physics?

Supersymmetry

@ Even if we find the Higgs, we still have a problem ...

@ From indirect measurements:
t my, < 140 GeV

H H @ To prevent quadratic divergencies:
—————— —————— Introduce shadow world:
One SUSY partner for each SM d.o.f.

t @ Nice addition for free: If R-parity
conserved, automatically the Lightest
Amp, ~ N2 SUSY Particle (LSP) is a stable DM

PrrS candidate

7 AY
H f*\ }'i H

I U

Amp ~InA -
universitétbonnl

@ But: Where are all those states?
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On the way to the T SUSY: The missing link at the
Hig;
Other New Physics?

Supersymmetry

@ Even if we find the Higgs, we still have a problem ...

@ From indirect measurements:

' Particles ‘ mp < 140 GeV

@ To prevent quadratic divergencies:
Introduce shadow world:
One SUSY partner for each SM d.o.f.

@ Nice addition for free: If R-parity
conserved, automatically the Lightest
SUSY Particle (LSP) is a stable DM

\ candidate
Supers:yrmnetrlc @ But: Where are all those states?
L "shadow " particles @ SUSY breaking introduces a lot of
" additional parameters
In any case: mpjike < 1TeV Understand model: Measure
msysy < (’)(TeV) parameters!
= Terascala "
universitatbonn
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics

Other New Physics?
Why try (trust?) SUSY?
Wim de Boer et al. (1991):

It was shown that the evolution of the coupling constants within the minimal
Standard Model with one Higgs doublet does not lead to Grand Unification, but if
one adds five additional Higgs doublets, unification can be obtained at a scale below
2.10™ GeV. However, such a low scale is excluded by the limits on the proton lifetime.

On the contrary, the minimal supersymmetric extension of the Standard Model
leads to unification at a scale of 10'%%%%3 GeV. Such a large unification scale is
compatible with the present limits on the proton lifetime of about 10%2 years. Note
that the Planck mass (10'® GeV) is well above the unification scale of 10'® GeV, so
presumably quantum gravity does not influence our results.

o ()

, Prediction” of sin® @y :
sin? 07/°Y = 0.2335(17),  sin®#{P = 0.2315(02) _—
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics
Other New Physics?

A Warning: Apparent Finetuning

universitétbonn
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics

Other New Physics?

What do we hope to find?

3 s

r +

Need everything: MET, Jets, B-Jets, elektrons, myons, taus

universitétbonnl
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics

Other New Physics?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably

S 1
fastest way to discover 2102; AL 2PN O Brciminary 0 SM + SUSY SU
SUSY-like physics § e :;S[?:’;lg:ge(iop

@ Challenging because very good 10 7 3
detector understanding with : 8_88 Egtlsjets
relatively little data needed 1= SR E
(ca. L~ 1fb71) i ;

1075500 1000 1500 2000 2500 3000 35002000

Effective Mass [GeV]

Meff = Z,’pT,i + ETmiss
ATLAS MC 1fb™1 @7 TeV

universitétbonnl
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics

Other New Physics?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably

S A LRSS Yy
fastest way to discover 8 450?‘;‘?@6?1'3;;'1'"1'"3“ o 31 3 lebions 057
SUSY-like physics S qo0fur T g discovery B o]

E N MSUGRA tanf3'= 10
@ Challenging because very good 350 ’
detector understanding with 300/ oo e, S SRR
e, )
relatively little data needed 550 8 GaoTew

(ca. L~1fb71)

[RRRRNRARRN AR e E e aa s a)

(N et W A F s B TR

200 i
@ Is it really SUSY? Or something 150
e|Se7 100 e 3 V /} No EWS]
. . . Lo by by Do o Ly o 00 ol b tind
@ Which particles, which masses, 0 200 400 600 800 1000 1200 1400
i i m, (GeV)
which decay chains?
@ Quantum numbers, couplings? Mesr = Z,’PT,i + ETmiss

ATLAS MC 1fb~1 @7 TeV

universitétbonnl
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics

Other New Physics?

The possible discovery of Physics at the Terascale

(ca. L~1fb71)
o Is it really SUSY? Or something 500

@ inclusive spectra: probably — 1200
fastest way to discover 3 1100 e 50 1 lepion 4 16t5
SUSY-like physics S 502 lpion 55 2 s

@ Challenging because very good & ggof &
detector understanding with 800E & i
relatively little data needed 7005 . ATLAS Preliminary

ol b b B b b b b L

else? 400
@ Which particles, which masses, o | I" | |
which decay chains? 500 1000 1500 2000

m; (GeV)

©

Quantum numbers, couplings?
Meff = Z,’pT,i + ETmiss
ATLAS MC 1fb™1 @7 TeV |

universitatbonn
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics

Other New Physics?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably 1R

i
® Data 2010 /s = 7 TeV)

fastest way to discover . égf,‘.:‘
SUSY-like physics =
1 = Sua (x10)

@ Challenging because very good
detector understanding with
relatively little data needed
(ca. L~1fb71)

@ Is it really SUSY? Or something
else?

ATLAS Preliminary

Entries / 10 GeV

3Ll Lo Lo Lo Lo Lo by Lo 0™
10°%""20 40 60 80 100 120 140 160 180 200
ET™* [GeV]

) ) ) ATLAS data @7 TeV only 70 nb!
@ Which particles, which masses,

which decay chains?

@ Quantum numbers, couplings?

universitétbonnl
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On the way to the Terascale SUSY: The missing link at the Terascale?
Higgs Physics

Other New Physics?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably o e w0
fastest way to discover = S0 E‘%‘ _mfz-iﬁggj
SUSY_like physics E 402 Smearing 2.273i1,3§9

@ Challenging because very good 3 e E

. . £ 20 =
detector understanding with ook E
relatively little data needed oo :
(ca. L~1fb71) N3 ]
@ Is it really SUSY? Or something O R
?
else’ ATLAS MC 1fb~1 @14 TeV

@ Which particles, which masses, kinematic edges

which decay chains? = mass information

@ Quantum numbers, couplings?

universitétbonnl
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Higgs Physics One Possibility to Measure Features of SUSY
Other New Physics?

p+

pt
@ Cannot reconstruct any sparticle mass directly

@ Observable m?, depends on sparticle masses (mf.(o, mf;
2

@ Combinatoric background from second decay chain

@ Cannot detect LSP
@ Only SM-particles visible:

o Leptons (3)

o Jets (at least 4)

@ missing transverse
momentum

@ Observable: Inavriant mass

2 2 2 2
my, ,— (m)zg, m; mfé?)

10 mfz?)

universitétbonnl
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On the way to the Terascale
Higgs Physics One Possibility to Measure Features of SUSY

Other New Physics?

Measurement of the invariant // mass

ATLAS 14TeV MC, update in progress!

w2 Indf 40.11/45
o [ " Prob 0.679
“‘: 50— Endpoint 99.66 = 1.399
S Sy
8" ] my = 100 GeV
ke 30? my2 = 300 GeV
E *F Ao = -300 GeV
105, tang = 6
o |
'10; L L L L L L 7\ L é
0 20 40 60 80 100 120 140 160 180 200
m(ll) [GeV]
@ Select events with Etpiss, hard jets and at least 2 ¢
@ Sharp edge in the my, spektrum smeared due to finite resolution
= E.g. calibrate inflection point to edge
@ Use data itself to subtract background:
0S — SS or OSSF — QSDF "
universitatbonn
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On the way to the Terascale
Higgs Physics One Possibility to Measure Features of SUSY

Other New Physics?

More Mass Edges

@ One observables m?, epends on 3 sparticle masses (mf.(o, mf;l, m§“<°)
2 1

Mass edges:
2 2 2 2
m[+[ (m OamZam~0)

e+e (mf mzo,mi1 m?(?)
l ! 2 2 2 2
g q rnqlnear(rnq7 n;ig’ n;ll) )
Mg, (MG, s Moy My s m;z‘l’)
2 _ : 2 2
mg[,cw - mln[(mqgnear)7 (mqlfar)]

g q Xz I )2%’ Moty = max[(mtﬂnear)v (m?ﬂfar)]
@ e.g. by adding a reconstructed jet:
o 1 additional sparticle mass
o But 3 additional observables!

@ /lpear and £g, cannot be resolved —
o glhigh and qlj, edges

@ Di-leptonic final states: — 4(5) observables and 4 sparticle masses — distinct

solution(s) "
universitatbonn
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On the way to the Terascale
Higgs Physics

Other New Physics?

Examples for the current situation

Search for at least 3 hard jets, isolated
leptons and EF*S

. : T T T T T T
e Data 2010 (s =7 TeV]
ATLAS == Standard M%:ie\ )
[ multijets
L, E@WHets
IL dt~ 35pb"  EmZ+ers
Ol

@@ single top

Dibosons
+++-MSUGRA m =360 m, ,=2805
1 lepton: e, p

Entries / 10 GeV
? HHHH‘ HHHH‘ L1

Data/SM

I | I | | | | | |
%50 100 150 200 250 300 350 400 450 500

ET* [GeV]

Look at Mefr = >, pT.,i + ETmiss

One Possibility to Measure Features of SUSY

\3
> 10 T T ¢ Daa2010{s=7Tev) | 3
o ATLAS — Standard Model E
p=s Cmultijets ]
IS @ W+ets
o 10 IL dt~ 35pb"  EEZets 3
> O E|
4 single top ]
S Dibosons R
5 10 MSUGRA m;=360 m, ,=280—]
1 lepton: e, i 3
| |
200 400 600 800 1000 1200 1400
mey [GeV]
MSUGRA/CMSSM: tan = 3, AQ: 0,p>0
s 40 T T T T T T T =
g ATLAS L™ =35 pb™, V5=7 TeV ~—— Observed limit 95% CL
= 1 lepton, 23 jets - - - Median expected limit ]
£ 350 ) Expected limit +15

300
250 H<0, 2.1 fo*
200

150

—— CMSjets (a,), 35 pb™

il

-
800
m, [Ge'

900

V]
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On the way to the Terascale
Higgs Physics One Possibility to Measure Features of SUSY

Other New Physics?

How to figure out what we might see?

I'sa
Fan! ( |

It’s

; \
aiwa“’__’ \ It's
E j Rope!

a Snake!

thanks to |. FI&@K
universitatbonn
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On the way to the T

Higgs Physi One Possibility to Measure Features of SUSY
Other New Physics?

Statistical Evaluation of Agreement
Assume a set of N measurements O; with uncertainties o;
Assume theory with N predictions T;(P;) and M parameters P;
The statistically most sensitive quantity (derived from max. leelihood
thechnique) for approximately gaussian errors o; is
2 _ (01— Ti(P))?
=) 5

. (o
i=0 !

Vary P; until x2 is minimal: Best fit point prt
Derive two important quantities:
o Does the theory describe the data? Given by P,2(x2,,, ndf)

o How wide can | vary the parameters P; (with respect to POPt) without
loosing agreement too much? E

© ¢ ¢

e ©

Probabilityp

universitatbonn
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On the way to the Terascale

Higgs Physics
Other New Physics?

One Possibility to Measure Features of SUSY

mMSUGRA fitto LE

m
my

2
gur

OXDIB BB >>>>a
NERDRRF P2 P RS

BR(b - )
BR(B, - X,
BR(K - Iv)
A’“K

Am,)

B /By,

172.4+12
42:0.17
91.1875 +0.0021
0.1176 + 0.0020
1.16637 10° + 107
127.925 + 0.016
114.4
41.54+0.04
0.01714 + 0.00095
0.1465 £ 0.0032
0.1513 +0.0021
0.67+0.027
0.923£0.02
0.0707 +0.0035
0.0992 + 0.0016
0.1721+ 0.003
0.21629 + 0.00066
20.767 + 0.025
2495.2+2.51
0.2324 £0.0012
80.399 +0.027
0.1099 + 0.0135
3.0210°+9.010™
1.117+0.122
1.15+0.4
0.99+0.32
1.008:+0.014
0.92+0.14
1.11+0.32
1.09+0.16

10

Experimental Status of SUSY

0.1177

1.16637 10°

127.924
1133
41.48
0.01644
0.1480
0.1480
0.67
0.935
0.0742
0.1038
0.1722
0.21604
20.746
2495.1
0.2314
80.380
0.1115
2.5510°
1.009
0.96
0.99
1.000
1.03
1.03
1.00

1 2
(Meas.-Fit)/ o

o Fit SM+mSUGRA to measured
observables

o 2 =206 at 23 dof. =
P-Value = 60.5%

@ Best fit for signyy = +1 und

Parameter Value and Uncertainty
tanj 13.2+7.2

M 331.5 + 86.6

Mo 76.27555

Ao 383.1 4 647.0

s 0.1177 + 0.0020

Qem 127.924 + 0.014

mz 91.1871 = 0.0020

my 1724411

Gr 1.16637 - 10 ° £1-107"9

universitétbonnl
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On the way to the Terascale

Higgs Physics One Possibility to Measure Features of SUSY
Other New Physics?

How does this compare to the current limits?

2D 95% CL 35pb™*

1D 68% CL 35pb™*
------- 2D 95% CL no LHC
------- 1D 68% CL no LHC

95% CL exclusion 35pb *

ENY

800

700

600

M,, [GeV]

500

400

300

‘\"H\‘\H\‘\H\‘HH‘HH‘HH‘HH‘

200 4.4
e P T P N P T N N

0 100 200 300 400 500 600 700 800 900 1000
M, [GeV]

No stretch between indirect expectations and direct observations yet
Stretch would show if no discovery at around £t = 7 b1 univmitétﬂ
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On the way to the Ter
Higgs Physics

Other New Physics? Other New Physics than SUSY

Finally: Other New Phyics

@ GUT theories (new, larger gauge

TS ] groups SO(10) etc.) or extra

e I 1 . . .

£EF . dimensions tend to predict new

s B 1 bosons

o' . @ They mix with SM gauge bosons
b ] @ Similar interactions (but

107 E S . different mass and couplings)
F——1TeV Z'. - parameterization ||™ 3 0 +
[ —— Drell-Yan' - parameterization ] than Z¥ and W
Ft 1TeVZy-ATLAS simulation =

LAl - @ No public results from CMS or
MG ATLAS yet. ..

e b e b b L g Lo
500 600 700 800 900 1000 1100 1200 1300

universitétbonnl
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On the way to the Terascale

Higgs Physics
Other New Physics? Other New Physics than SUSY

Summary

@ From precision experiments (LEP, SLC, W-mass at Tevatron, etc.) we
know that somethig new has to be around the corner

@ From theory (unitarity bound) we know: Whatever it is, it has to be
below 1 TeV:

New physics below or at the Terascale

@ For the first time, we are directly probing the Terascale at ATLAS and
CMS
@ New physics below or at the Teracale could be

@ Just the SM Higgs (leaves many questions open! Dark Matter!)

@ A (or several) Higgs and something else (typical for SUSY)

@ New strong interactions, new dimensions, many other things up to now
unthought of!

Very interesting times ahead for you!

universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY

Backup Slides

universitétbonnl
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On the way to the Terascale
Higgs Physics
Other New Physics? Other New Physics than SUSY

Weak Lensing

DEFLECTION OF LIGHT RAYS CROSSING THE UNIVERSE, EMITTED BY DISTANT GALAXIES
Cosmic Shear: propagation of light through the cosmic web

universitétbonn
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY

Weak Lensing

universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY
Prerequisites: ~,, 0" and the

The notation is a little bit confusing sometimes, so let's try to sort things a
little bit:
Fermions are represented by 4-dimensional spinors:

Y(p) =Vpo+m 5%(5 y X122 = (é) s X—1/2 = <(1)>

po+m Xs

The 4 x 4 v matrices are acting on the 4 dimensions of ythe spinors.

An index (v, A, or F,,) always denotes a 4-dimensional Lorentz vector.
This 4-dimensional space is independent of the 4-dimensional spinor space.

0" denotes a partial derivative for x°, x1, x?, x3 respecively.

Einstein convention:
4-vector: xH
scalar: x"y,

v 14 4
matrix: x*y universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY
Prerequisites: ~,, 0" and the

Dirac matrices (each matrix acting on a 4-dim spinor):

10 0 0 0 0 0 1
o |01 0 o0 . [o o 10
TZ1oo -1 o' T|lo0o -100

00 0 -1 1 0 00

0 0 0 —i 0 0 0
> oo i o 5 [0 00 -1
T=1lo 0 o771 o0 0

i 00 0 1 0

O O = O

(S;]

o

=

N

w
o~ oo
—_ o oo o

Hermitean adjoint: w: aj = J,, Dirac adjoint: ¢ = QﬁT’YO unmimﬂ
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY

The Lagrangian

Require that the action S remains invariant under small changes of the

fiends ¢:
)

Spi
S is determined by the Lagrangian (classically: L= T — V)

0

Slol = [ Lla s,

where s, denotes the parameters of the system.

The equations of motion of the system can then be derived from the

Euler-Lagrange equation:
oL oL
Ol ==—|—==0
g (8(8u90)> dp

universitétbonnl
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY
The Lagrangian

Classical Example in three-dimensional space:

. 1 .
L(%.%) = 5 mx? — V().
Then, the Euler-Lagrange equation is:
d (LY _ oL
dt \ 0x; ox;i

with i = 1,2, 3. The derivation yields:
oL oV

ax;  Ox

oL _ 9 (1 o) _
oxi  Ox \ 2 -

¢ LY
dt Ox; N '

From the Euler-Lagrange-equation we get the equation of motion: "
. universitatbonn

a ,. . .
m8_>'<,- (X %)= mx

N -
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY

Some Mathematics: SU(2)

For the special unitary group SU(2), the generators are proportional to the
Pauli matrices:

(0 1 (0 —i (1 0
T=\10) 27\ o) 7 \o -1/
The generators of the group are 77 = %a,-. The Pauli matrices obey

[U,’,Uj] = 2i5ijk0k

{oi,0;} = 25;-1
Example for an SU(2) transformation:
bx) = ()

SU(2) and SU(3) are not abelian, i.e. the generators of the group do not
commute. universitétﬂ
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On the way to the Terascale
Higgs Physics

Other New Physics? Other New Physics than SUSY

Some Mathematics: SU(3)

The analog of the Pauli matrices for SU(3) are the Gell-Mann matrices:

010 0 —i O 1 0 O
M=(1 00 0%=i 0 o, x=[0 -1 0
0 0O 0 0 O 0 0 O
0 01 0 0 —i 0 0O
M=|0 0 0], =0 0 0 ]),X=10 01
1 00 i 0 0 010

00 O 1 1 0 O

A7=10 —i]l,A=—7=101 0

0 0 V3 0 0 -2

The generators of SU(3) are defined as T by the relation

o

2 "
universitatbonn
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On the way to the Tera:
Higgs Ph

Other New Physics? Other New Physics than SUSY

Some Mathematics: SU(3)

The generators T obey the relations

8
[Ta, Tol =i farc Te
c=1

where f is called structure constant and has a value given by
F123 _ 4

f'147 f165 f‘246 f‘257 f345 f‘376 1
2

458 _ 678 _ ?

universitétbonnl
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Entries/4 GeV/ 1 fb”!

Entries / 20 GeV / 1 fb”

On the way to the Terascale
Higgs Physics

Other New Physics?

Other New Physics than SUSY

Expected mass spectra

| y2Indf 40.11/45
E T Prob 0.679
50 Endpoint 99.66 + 1.399
E Norm.
s Smearing
30—
20

-10
I N N S N LT
20 40 60 80 100 120 140 160 180 200
m(ll) [GeV]
| %21 ndf 5.527/8
Endpoint 4453111
500 Slope  -0.2895 + 0.0823
40[- 4
30p #ﬂ ATLAS
20
10 E
o ['Hurl.. il
1 | | | B
%100 200 300 400 500 600 700 800
m(lg) [GeV]

Entries / 20 GeV / 1 fb”

Entries / 20 GeV /1 fb!

2 Indf 23710

50= £ndpoint 516.7+30.1
E Slope -0.1563 + 0.0424
40 ck_po 26.37+19.96
bek p1 -0.04149 + 0.03387

RN RN SRR SR NN ]
200 300 800

0 100

400 500 600 700
m(llg) [GeV]
2 Indf 619
701 Endpoint 3
60; Slope - _2852,‘0.02?0
501 1
40=
£ ATLAS
30-
¢
10 t +
0 Ot =
10, =
L L L L
100 200 300 400 500 600 700
m(lq) [GeV]

ATLAS 14TeV 1fb~!, updates at 7TeV in progress!

universitétbonnl




	On the way to the Terascale
	The Search for the System behind Matter

	Higgs Physics
	Theory
	Limits
	Discovery and Measurements?

	Other New Physics?
	SUSY: The missing link at the Terascale?
	One Possibility to Measure Features of SUSY
	Other New Physics than SUSY


