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Introduction and Motivation
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Introduction and Motivation

Before we start

Please

@ | can only show a small fraction of all the incredibly interesting
searches going on

Whether ATLAS or CMS is shown is typically purely accidential
Please ask questions anytime whenever you have one
Interrupt if I'm too fast, or

Speed me up if I'm telling you stuff which has been told several times
before

@ Maybe, you'll hear about some crazy stuff which is not completely
explained in this lecture. In this case: Ask questions anytime! ;-)

@ Let’s have as much interesting discussion as possible!

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 4



Introduction and Motivation

Motivation — March 2012

©

We live in truly exciting times

©

The LHC is a huge success

@ Recent results could mean that the Higgs boson might be discovered
soon

©

The end of the reign of the SM is eagerly avaited

©

You have the chance to witness and actively contribute to a new era of
revolution in particle physics
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Introduction and Motivation

Motivation — March 2014

We live in truly exciting times

The LHC is a huge success

Recent results show that there is a SM-like Higgs boson
The end of the reign of the SM is still eagerly avaited

e © ¢ ¢ ¢

You have the chance to witness and actively contribute to a new era of
revolution in particle physics
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Introduction and Motivation

Our Current Picture of Elementary Particles

ELEMENTARY
PARTICLES

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 7



Introduction and Motivation

The Standard Model of Elementary Particles

Leptons Quarks
67
Ue, VN? Vr

Photon Gluons

Higgs Boson

,,Dass ich erkenne, was die Welt im Innersten zusammenhalt”
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Introduction and Motivation

Particle Physics is Philosophy

Not from the beginning the gods disclosed everything to us,

but in the course of time we find, searching, a better knowledge.
These things have seemed to me to resemble the truth.

There never was nor will be a person who has certain knowledge
about the gods and about all the things | speak of.

Even if he should chance to say the complete truth,

yet he himself can not know that it is so.

XENOPHANES OF KOLOPHON, ca. 500 b.c.
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Reminder: A bit of Theory on the Higgs

© Reminder: A bit of Theory on the Higgs
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Reminder: A bit of Theory on the Higgs

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

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

T, Y
S Wi +ig' 5By

Using this, we can construct the first part of the QFD Lagrangian

D,=0,+ig

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

with
W3, = 0,W7 — 0, W7 — g€, W: we

By, = 0,B, — ,B,..
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Reminder: A bit of Theory on the Higgs

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

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

1
§M2B"Bﬂ
However, this is not invariant under SU(2):
| R ) 1
— EM (B* — E@ a(x))(B, — Eﬁua(x))
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Reminder: A bit of Theory on the Higgs

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

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

1
§M2B"Bﬂ
However, this is not invariant under SU(2):
| R ) 1
— EM (B* — EB a(x))(B, — Eaua(x))

@ Mass of the fermions

1 1
—meée = —mé (5(1 -7+ 5(1 + 75)> e

= —m(éReL + é/_eR)

But only e; and not eg is transforming under SU(2)!
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Reminder: A bit of Theory on the Higgs

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

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

1
§M2B"Bﬂ
However, this is not invariant under SU(2):
| R ) 1
— EM (B* — EB a(x))(B, — Eﬁua(x))

@ Mass of the fermions

1 1
—meée = —mé (5(1 -7+ 5(1 + 75)> e

= —m(éReL + @[_eR)
But only e; and not eg is transforming under SU(2)!

We have a beautiful theory of massless particles! '1
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Reminder: A bit of Theory on the Higgs

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 =11  which is gauged like ® = el %5 L ( 0 >
= , Y = which is gau i = v
40 gaue V2 \v 1

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

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

with A > 0 and p? < 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@ = 5 + %
unbroken. Otherwise the photon acquires mass.
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Reminder: A bit of Theory on the Higgs

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,d|? — V()
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Reminder: A bit of Theory on the Higgs
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,d|? — V()
From where do we get the fermion masses?

—V2f(LOR + RoL)

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

mass of the fermion.
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Reminder: A bit of Theory on the Higgs

QFD: SU(2), x U(1)y EWSB
The gauge boson masses are coming from

1 L, 1 1
g8 V(WL)* + 58”V’B.B" — S gg'v B W]

D,®|? =
|IL| 8 8

using
1)2 2\2 _ 1, a2 1 a2y T
(Wp,) + (Wp,) - (WM =+ IWH)(WM - IWH) = ZWH WH
introducing the charged currents. That yields
1 2 2 _ 1 2 3 g/2 _gg/ BH
28 VW g W S 2 ) (e

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 W[j’:

Ay [ cosByw  sinfw B
Z0) ~ \—sinfy cosfy ) \ W3
Now another miracle has occured: The photon field A, drops out of EWSB! "
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Reminder: A bit of Theory on the Higgs

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

we have now introduced the Weinberg angle

/

g

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

sinfy =

_ 1 1173 2
Ay = NEYE (g'W, +gBu), ma=0
1 (g2 + g)?
0 __ 3 2
Z,u, - g2 +g,2 (gW‘u, g B,U«)7 Mzo = 4
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Reminder: A bit of Theory on the Higgs

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

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

piyte W*—i—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):

2 /
vVet+g? ;. g7 0 g _ .
2 (Ly* 3L 2g2—|—g’2 evt'e)Z,, o evle A,
where
gg’

is the electromagnetic charge and e = ¢; + egr

This formalism has to be written for all three lepton families £ = e, i, 7. "
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Reminder: A bit of Theory

on the Higgs

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

Potential

<

P. Bechtle: Higgs

N

P

@ The heavier the particle, the stronger the
Higgs coupling to it (or the other way
around!)

@ The position of the minimum of the
potential

1 A
V(o) = 7<1>+q> + Z(<1>+c1>)2
is known: Compare

LDL’y“eL W:

2V2

with V — A theory: LY A ~ —& ...

g 2 1 Gr
L) — =2 5y =246GeV
(2\@) Mg 2
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Reminder: A bit of Theory on the Higgs

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

There are a few non-trivial observations about EWSB in the SM:

@ It is not trivial that the photon field A, fullfills
ma = 0

qe&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
My _ cos 6
Mz W

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 —% Wi, Wi 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 field? = precision

tests
universitétbonnl
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Reminder: A bit of Theory on the Higgs
The Higgs Mechanism, the easy way
Dynamic generation of mass:
@ Spontaneous symmetry breaking: Higgs field is always present

@ Massless fermion interaction with the non-vanishing background field:

(G v[2) .\
f 14 ug 1 | |
H X HX  Hx
@ Geometric sum yields massive propagator:
i3 (%) =ix(B)i -
(el ) 4 Z S
2 _ (&~
il (@
@ Effective mass of the fermion
@ Similar process for gauge bosons "
universitatbonn
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Reminder: A bit of Theory on the Higgs

The Higgs Boson
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Reminder: A bit of Theory on the Higgs

The Higgs Boson

The Higgs boson fullfills
(at least!) 3 wishes at once!
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Reminder: A bit of Theory on the Higgs

P. Bechtle: Higgs

The Higgs Boson

@ The SM is the most complete

theory of fundamental particles
and interaction that we ever had

But without the Higgs:

WW scattering crosses the
unitarity bound at
/s = 850 GeV

SU[(2) x Uy(1) does not allow
masses for the gauge bosons
and the fermions

The Higgs allows to make the
photon massless and uncoupled
to the neutrinos at the same

time
unive{sitétbonnl
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Reminder: A bit of Theory on the Higgs

The Puzzle of Electroweak Symmetry Breaking

o Higgs-like particle at
my, ~ 125 GeV!

@ A whole new window of

experimental and theoretical

possibilities opens!

P. Bechtle: Higgs

Events / 2 GeV

Events - Fitted bkg

10000
8000
6000
4000

2000

5=
5=

7 TeV,ILdt 48"

8 TeV,ILdl =207 0"

T T T
Selected diphoton sample

. Data 2011+2012
Sig+Bkg Fit (m =126.8 GeV)
--------- Bkg (4th order polynomial)
ATLAS  Preliminary
Hoyy

500
400
300
200
100

-100 +
-200

1+\&‘ J [}

RAA 'R SRS AR TN
2 o 0 30 0 50 70
my, [GeV]
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Reminder: A bit of Theory on the Higgs

The Puzzle of Electroweak Symmetry Breaking

o Higgs-like particle at
my ~ 125 GeV!

@ A whole new window of
experimental and theoretical
possibilities opens!

@ It fits very well into the SM

@ But is the SM really correctly
describing EWSB? Need very
precise model independent
confirmation

P. Bechtle: Higgs

o~
>

g

my =125 GeV
6 _ March 2012 m;, = 1562 GeV
5 _
5- Doy, =
—0.02750+0.00033
1 --==:0.02749+0.00010
4 -+ incl. low Q° data
3 -
1 -
JLEP LHC
0 excluded - A excluded
T T T
40 100 200
m, [GeV]
universitétbonnl
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Reminder: A bit of Theory on the Higgs

The Puzzle of Electroweak Symmetry Breaking

o Higgs-like particle at . )
mp ~ 125 GeV! Lo = — WL WY — — 2B B
@ A whole new window of
experimental and theoretical
N | )
possibilities opens! Ry (iap B _%g/ YBH> R
@ It fits very well into the SM

+Ly* (i@u - %gn Wi — %g/ YBN) L

o But is the SM really correctly Studied since 1974 in many great experiments

describing EWSB? Need very
precise model independent
confirmation

Why is that so important?

o Up to 2011, we directly
studied only half of the
EW SM Lagrangian!

(]
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Reminder: A bit of Theory on the Higgs

The Puzzle of Electroweak Symmetry Breaking

o Higgs-like particle at
my, ~ 125 GeV!

@ A whole new window of
experimental and theoretical
possibilities opens!

@ It fits very well into the SM

@ But is the SM really correctly
describing EWSB? Need very
precise model independent
confirmation

@ Why is that so important?

o Up to 2011, we directly
studied only half of the
EW SM Lagrangian!

P. Bechtle: Higgs

—% W2, Wi — —%BWB“”

+LA* (i@u - %gTa Wi — %g/ YBN) L
= .. 1,
+RA" 0, — L YB. | R

1 1 2
_ I (i@u — EgTa V\/i — §g/ YBH) 0]

2|0 — Aof*
—(V2X4LOR + V2X,LOR + h.c.)

Only began to explore this part
at ATLAS and CMS in 2011
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Reminder: A bit of Theory on the Higgs

The Puzzle of Electroweak Symmetry Breaking

o Higgs-like particle at
my, ~ 125 GeV!

@ A whole new window of
experimental and theoretical ag = h
possibilities opens! meca

e.g. Bohr radius of the Hydrogen:

o It fits very well into the SM N atoms without fundamental mass!
@ But is the SM really correctly At least not as we know them . ..
describing EWSB? Need very
precise model independent
confirmation
@ Why is that so important?

o Up to 2011, we directly
studied only half of the
EW SM Lagrangian!
@ The masses of the particles -
shape our universe! universitétﬂ
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Reminder: A bit of Theory on the Higgs

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

@ If the new particle is the Higgs:

my ~ 126 GeV
S50 ATLASPreliminary | 2011 + 2012 0a
H H S —— Best it V5 =7TeV: [Ldt= 464810
5 25 [Jemge< 5 =8TeV: JLdt=585.91
5 155
[
3 1=
05-
t o
05
2 2 pa El
mh ~ N 110 115 120 125 130 135 140 145 150
m, [GeV]

in the presence of gravity:
natural
mp = A= MPlanck ~ 1019 GeV

Finetuning at Mpjanck:

2 2 : e g M2 2
My obs = Mh. pare+(fine—tuned difference of couplings ~ Mp;, )X Mp/anck

universitétbonnl
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Reminder: A bit of Theory on the Higgs

Supersymmetry

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

@ If the new particle is the Higgs:
t my = 126 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
only SM: m? ~ A2 SUSY Particle (LSP) is a stable DM

P candidate

7 A
H %\ ,h H

—— Bt D e

@ But: Where are all those states?

SUSY: my, ~ min M2y /12

universitétbonnl
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Reminder: A bit of Theory on the Higgs

Supersymmetry

o Even if we have found the Higgs, we still have a problem . ..

@ If the new particle is the Higgs:
Partlcles mp, ~ 126 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

Supersymmetnc @ But: Where are all those states?
"shadow" partlcl @ SUSY breaking introduces a lot of
additional parameters
|n any case: Myjige < 1TeV Understand model: Measure
msysy < (’)(TeV) parameters!
= Terascala :
universitétgr!

P. Bechtle: Higgs Terascale Intro School 20.03.2014 23



Reminder: A bit of Theory on the Higgs
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
2.101 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 1069493 GeV. Such a large unification scale is
compatible with the present limits on the proton lifetime of about 102 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.

SUSY 2nd order 10 197

(1)

. Lot
10 10 10 10 id'id? ad® ad7
w[GeVl

w[GeVl

. Prediction" of sin? Ow:
sin? 03°Y = 0.2335(17),  sin? 6P = 0.2315(02) :
universitétﬂ
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Reminder: A bit of Theory on the Higgs

Explaining the Higgs Potential
@ Naturally include V/(®) = —p2|®|?> + A|®|* through RGE running for

large my;
400 T 400 L
ED, Q U E L LB & U B L
300 H 300 F
200 | 200 |
100 | 100 -
0F 0 F
-100 [ -100 |
AL L] Y Y Y Y Y Y Y Y Y Y
102 100 100 10" 100" 12 100 100 10" 100"
Q [GeV] Q [GeV]
@ Example from arXiv:hep-ph/0511006v2 "
universitatbonn
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Reminder: A bit of Theory on the Higgs

A Warning: Apparent Finetuning
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Reminder: A bit of Theory on the Higgs

Putting it all Together

@ Perform a global fit to all measurements to get the most precise
indirect measurement of my:

20 ch 2012

— High Q° except m,
68% CL 1 H
S
(]
O, 180+
=
o From the fit:
0
oo LErciues mp < 155GeV @ 95% CL
o 102 10° @ What's the yellow bar?

m, [GeV]
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Reminder: A bit of Theory on the Higgs

Higgs Production Mechanisms at Hadron Colliders

g Wiz g q g t
-= H -- H == H
8 H q q g T
| Main production mechanism I
Tevatron (pp @ 1.96 TeV) LHC (pp @7 TeV)
GRHIOR 1 g
MSTW2008 <0 & Et
1L ss—H ny =173.1 GeV il EH
I B
T ]
G WH g1 E
Q1L wi=zH . © 3
qq—qgH fil
w0 =
101 1 E E
pp—tiH ] r
10? E
m 1‘14 1‘2[\ ];E ILEI JLD 11018 ‘:‘GEI 21 71(I)0 200 300 400 500 1000
My [GeV] M, [GeV]
This part: Some content thanks to A. Juste um\,e,sitétb.onnl
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Reminder: A bit of Theory on the Higgs

Higgs Production Mechanisms at Hadron Colliders

g g/ Wz q (7' J 4 i

i

& 4 H 4 | 4q 8
I Next most important production mechanism |

Tevatron (pp @ 1.96 TeV) LHC (pp@7 TeV)

o(pp —H +X) [pb] = = 13
1.96 Te)V[ 8 Ne=7Tev 73
STW2008 910 H
1L s—H mf =173.1 GeV *
1 + H
1
Q= WH g ! E
g1l @a-ZH .. © E
nq—qqH il
e =
e ] E 7
pp—1tH [ Y
102
i E
o 1‘14 1‘7n ‘,gn ]‘LIU ];U #1170 18 1‘9n 200 100 200 300 400 500 1000
My [GeV] M, [GeV]
This part: Some content thanks to A. Juste um\,e,sitétb.onnl
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Reminder: A bit of Theory on the Higgs

Higgs Decays

m,=135 GeV
& 1 Pl D o\ i
.9 bb;l Eé
© 7 18
2 g
f i ' o Blue T
< 10l J o ue: levatron
@ ] @ Red: LHC
1 @ bb final state cannot be
2 effectively triggered and
10 =
i tagged at the LHC
10° : i
100 200 300 500 100C
M, [GeV]
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Statistics for Higgs Searches

© Statistics for Higgs Searches
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Statistics for Higgs Searches

The Task

@ Statistics can be used for very many purposes
o | guess here we are most concerned about

@ Finding or excluding a signal

@ Determining uncertainties

Fiducial ionization (keVee)

reity Loy o Loy o by by by by Ly |

4 6 8 10 12 14 16 18

20
Heat energy (keV, NR scale) "
universitatbonn
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Statistics for Higgs Searches

The Task

@ Statistics can be used for very many purposes
@ | guess here we are most concerned about

@ Finding or excluding a signal

@ Determining uncertainties

40—  Data2011+2012 ATLAS
F [ SM Higgs Boson H_Z7Z* 4]

F =124.3 GeV (fi
3 M VM S=7Tev [Ldt=461b"
r (s=8TeV [Ldt=20.7 fb*

Events/5 GeV

C [ Background Z+jets, tt
30 7 systunc.

25

20

15

10

0 [ . 1
250
m, [GeV]
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Statistics for Higgs Searches

The Definition of the Probability

@ For most of the talk: Define Probability P of X as
P(X)=N(X)/N for N — oo

Examples: coins, dice, cards

@ For continuous x extend to Probability Density
P(xtox + dx) = p(x)dx

p(x) is the probability density function (pdf)
o Examples:

@ Measuring continuous quantities (p(x) often Gaussian, Poisson, .. .)
o Counting rates
o Physical Quantities: Parton momentum fractions (proton pdfs). ..

@ Alternative: Define Probability P(X) as “degree of belief that X is

true” :
universitétbonnl
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Statistics for Higgs Searches

The Likelihood

@ Probability distribution of random variable x often depends on some
parameter a
@ Joint function p(x, a):
o Considered as p(x)|a this is the pdf.
Normalised: [ p(x)dx =1
Considered as p(a)|x this is the Likelihood L(a) (or £(a))
Not “likelihood of a" but “likelihood that a would give x”
Not normalised. Indeed, must never be integrated.

¢ ¢ ¢ ¢

@ This is going to be one of the central concepts/quantities for the rest
of the talk

@ If we want to know a parameter a, we are looking for the point where
the likelihood that a would predict the data x is maximized

@ If we want to test a Hypothesis Hyp against another one (H;), we want
to compare their likelihoods

@ If we want to know what a cannot be, we want to know where £(a)|x

is small "
universitatbonn
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Statistics for Higgs Searches

Frequentist Reasoning

It's pretty simple, | think:

@ Probability of an event is the relative frequency of its occurrence

universitétbonnl
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Statistics for Higgs Searches

Frequentist Reasoning

It's pretty simple, | think:
@ Probability of an event is the relative frequency of its occurrence

@ Need something which (at least in a simulation) can in principle
repeated indefinitely, otherwise there exists no probability

universitétbonnl
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Statistics for Higgs Searches

Frequentist Reasoning

It's pretty simple, | think:
@ Probability of an event is the relative frequency of its occurrence

@ Need something which (at least in a simulation) can in principle
repeated indefinitely, otherwise there exists no probability

@ Since the universe can't be repeated (we don't know how to simulate
its genesis before the big bang, therefore the parameters of the
Universe are not random variables): there exists no probability density
in theory/parameter space
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Statistics for Higgs Searches

Frequentist Reasoning

It's pretty simple, | think:

@ Probability of an event is the relative frequency of its occurrence

@ Need something which (at least in a simulation) can in principle
repeated indefinitely, otherwise there exists no probability

@ Since the universe can't be repeated (we don't know how to simulate
its genesis before the big bang, therefore the parameters of the
Universe are not random variables): there exists no probability density
in theory/parameter space

@ Therefore, the only statements we can make are:
If theory H is true (which we will never know), then the probability of
the observed outcome D of our experiment P(D|H) is. ..

universitétbonnl
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Statistics for Higgs Searches

Frequentist Reasoning: Examples for interpeting
physics results

@ Can't say
“m; has a 68% probability of lying between 171 and 175 GeV"
@ Have to say “The statement ‘m; lies between 171 and 175 GeV' has a
68% probability of being true”
@ Be aware:
@ In this context, a certain value of m; has no probability. It is either true
or false.
o But the interval [171,175] depends on the data and does fluctuate. If
you repeat the experiment, you will get different intervals each time, and
68% of them should cover the invariant true value.
@ if you always say a value lies within its error bars, you will be right
68% of the time
@ Say “my lies between 171 and 175 GeV" with 68% Confidence. Or 169
to 177 with 95% confidence.

@ That is the Confidence Level CL umversiﬁtm
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Statistics for Higgs Searches

Do we see a Higgs mass peak? Use LEP for
simplcity

@ Are there many of these candidates?

o~ ~ § -
O 25 LEP  vs=200209Gev L oose L 7L LEP  s=200200Gev Tight
% + Data %.) : + Data
o 20 |+ l:l Background o 6 ; l:l Background
™ Il signal (115 Gevic?) ™ [ [l Sonal (115 Gev/cd)
-~ ~ 5 [
(%) 2] [
*g 15 all >109 Gev/c® % [ all  >109 Gev/c?
S Data 119 17 S 4 fpata 18 4
It Backgd | 1165 158 I FlBackgd| 14 12
10 HSignal 10 7.1 3 [{signal 29 22
2 b
5r L
f
0 L + Il L 0 t T — 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 analysis,.
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Statistics for Higgs Searches

The Neyman Interval

@ Let’s neglect systematics
for the time being. ..

@ Use Poisson-Distribution
p(mA\) = e *\"/n!

@ For any true )\ the
probability that (n|A) is
within the belt is 68%
(or more) by construction

@ For any n, [A_, \{]
covers the true \ at 68%
confidence

@ Only integrated over n, n
not over Al

Technique technically works for every CL, and single or double sided

universitétbonnl
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Statistics for Higgs Searches

Getting the most out of the availale events?

©

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

©

If not: Calculate, how improbable d is under a certain hypothesis s:
— 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

04

014

035

03 Background 02t
025 01

02 08 ¢
015 N\ Signal+Background ] 006 Background Signal +

01 1 0 | \ Background]
005 1 002 |

0 2 4 8 1‘0 \1;\-1L4 01 20 30 40 50 65 K

b=2,s=4 b=40, s=4

Not the most sensitive method . ..
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Statistics for Higgs Searches

Avoiding a big problem?

@ Observe d =5 events. Expected background b of 0.9 events
Data d = signal s 4+ background b

@ Say with 68% confidence: [2.84,8.38] covers s+ b
@ So say with 68% confidence: [1.94,7.48] covers s

universitétbonnl
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Statistics for Higgs Searches

Avoiding a big problem?

@ Observe d =5 events. Expected background b of 0.9 events
Data d = signal s 4+ background b

@ Say with 68% confidence: [2.84,8.38] covers s+ b
@ So say with 68% confidence: [1.94,7.48] covers s

@ Suppose expected background 10.9 events?
“We say at 68% confidence that [—8.06, —2.52] covers s with 68% CL"
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Statistics for Higgs Searches

Avoiding a big problem?

Observe d = 5 events. Expected background b of 0.9 events
Data d = signal s 4+ background b

Say with 68% confidence: [2.84,8.38] covers s + b
So say with 68% confidence: [1.94,7.48] covers s

Suppose expected background 10.9 events?

“We say at 68% confidence that [—8.06, —2.52] covers s with 68% CL"
@ This is technically correct. We are allowed to be wrong 32% of the
times
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Statistics for Higgs Searches

Avoiding a big problem?

Observe d = 5 events. Expected background b of 0.9 events

Data d = signal s 4+ background b

Say with 68% confidence: [2.84,8.38] covers s + b

So say with 68% confidence: [1.94,7.48] covers s

Suppose expected background 10.9 events?

“We say at 68% confidence that [—8.06, —2.52] covers s with 68% CL"

@ This is technically correct. We are allowed to be wrong 32% of the
times
While it is mathematically correct, it makes no sense physically

(4

(4

(4

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 39



Statistics for Higgs Searches

Avoiding a big problem?

@ Observe d =5 events. Expected background b of 0.9 events
Data d = signal s 4+ background b

@ Say with 68% confidence: [2.84,8.38] covers s+ b
@ So say with 68% confidence: [1.94,7.48] covers s

@ Suppose expected background 10.9 events?
“We say at 68% confidence that [—8.06, —2.52] covers s with 68% CL"
@ This is technically correct. We are allowed to be wrong 32% of the
times
While it is mathematically correct, it makes no sense physically

@ We know that the background happens to have a downward
fluctuation. How can we incorporate that knowledge?

We assume here that the background is calculated correctly
Deal with systematics later using nuisance parameters
universitétbonnl
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Statistics for Higgs Searches

A simple choice of a better test statistics @

@ For optimal sensitivity, do just
not add the total channel
contents
but use the information of full
(mass) distributions

@ Define the test statistics @ as a
likelihood ratio
Q= Hi 'Ddi(si + bi)/'Ddi(bi)

@ Define 1 — CLj: Probability of
a b-experiment to give a less
background like result than the
observed one

@ Define CLgp: Probability of a
s+b-experiment to give a more
background like result than the
observed one

P. Bechtle: Higgs

)
S
—
0
—
S
n
o
n
-
e

=]
=]
ettt il s bttt

1015
2InQ

s+b like b like

Conservative limit:
CLs = CLqy5/CLy
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Statistics for Higgs Searches

The Likelihood Ratio: Neyman-Pearson-Lemma

@ We are performing a hypothesis test between two hypotheses
H0: 0= 90 and H12 0= 91
@ the likelihood-ratio test which rejects Hp in favour of H; when the test

statistics
L(d|6o)

L(d[61)

Q(d) = <n

with
P(Q(d) <n| Ho) =«

is the most powerful test of size
@ What does that mean? And what are Hp and H;?
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Statistics for Higgs Searches

The Likelihood Ratio: Neyman-Pearson-Lemma

@ We are performing a hypothesis test between two hypotheses
H0: 0= 90 and H12 0= 91
@ the likelihood-ratio test which rejects Hp in favour of H; when the test

statistics
L(d|6o)

L(d[61)

Q(d) = <n

with
P(Q(d) <n | Ho) =«
is the most powerful test of size
@ What does that mean? And what are Hp and H;?

@ We want a (“Type I" error) very small

@ We want the power

P(reject Ho|Ho isfalse) = 3

to be as large as possible. 1 — 3 is the “Type II" error. "
universitatbonn
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Statistics for Higgs Searches

The Likelihood Ratio: Neyman-Pearson-Lemma

"Exclude”
A
In this plane bhackground is flat,
>

Eg;%g;g signal is denser] inside the contour

"Discover” Q<Qy

L(s+Db)

s+b L(b)
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Statistics for Higgs Searches

Is there a Significant Excess?

=T~ R A A @ (1 — CLp) is a measure of the

= 'background-likeness’ of an
experiment. If (1 — CLp) is e.g.

\ 5%, then the probability of this

‘ ” outcome to be caused by a

\J fluctuation of the background is

0
10 2 ———..Observed 5 A)

1-CcL,
I

10

oF sigral plus backgrdund

or backgroin @ No excess above 30
30

@ Be aware of the 'look-elsewhere’
80 8 90 9 100 105 110 115 120 efFeCt!

m,,(GeV/c?)

10
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Statistics for Higgs Searches

No Significant Excess: What's the Limit?

@ CL; is a measure of how

dm 11 ‘LEP > signal-like the outcome of an

o ¢ experiment is. If CLs is small, it

o 27 is very unlikely that there is a
signal. Hence, a 95% CL

0E E:z::m corresponds to CLs = 0.05

o peckaround @ Final word from LEP on the SM
5 Higgs:

10 &
i . : my, > 114.4 GeV

10 N L

-6[ . h
ol e b b I L N |
100 102 104 106 108 110 112 114 116 118 120

m,,(GeV/c?)
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Statistics for Higgs Searches

Developments since LEP: Profile Likelihood

@ Already at LEP: The important thing is to split the the statistics in bins with high
si/bj and low s;/b;

@ New: Introduce signal strength scaling parameter p

@ Assume you measure d; and try to explain it with us; + b; as assumed expectation
values

-

@ In addition, measure my background bins and try to explain with ux(0) as
expectation value

M m
/l 9 H (/“ +b —(psj+bj) H UL " e~ Uk

]
joi iy !
@ Significance test is based on profile likelihood test statistics:

- maximizes L for
specified u

g 7
P

L(p, 6
Ap) = (/A 2]
L(j1,0)
\ maximize L
See how this is similar to a fit? , 't"tb'1
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Statistics for Higgs Searches
The Profile Likelihood Technique in a fit
@ In a fit to measurements X, you vary the parameters 3 and either
maximize the Likelihood In £(X; 3) (or minimize the x?)
@ In special cases:
—2InL=x*>=(X-x3)"C(x-X3))

Toy Higgs mass distribution

X2/ ndf 69.83/55
r Prob 0.08596
550 J( nsig 32.33+10.27
E mass 125.7+0.7
C width 1.825 £ 0.578
200 % backgl 7.917 + 0.066
backg2  -0.02012 + 0.00053
250
200
150
100 H,
‘ Ll Ll Ll Ll L
100 110 120 130 140 150 160
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ In a fit to measurements X, you vary the parameters 3 and either
maximize the Likelihood In £(X; 3) (or minimize the x?)
@ In special cases: (and no correlations)
- /=\\2
_ 2N (i = Xi(d)
L=yt o

i gi

Toy Higgs mass distribution

X2/ ndf 69.83/55
r Prob 0.08596
550 J( nsig 32.33+10.27
E mass 1257407
C width 1.825 £ 0.578
200 % backgl 7.917 + 0.066
backg2  -0.02012 + 0.00053
250
200
150
100(— H
‘ Ll Ll Ll Ll L "
100 110 120 130 140 150 160 (Ffiverststbonn
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ In the above fit, the uncertainty on the number of signal events seems
to be larger than the poisson uncertainty v N. Why?
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ In the above fit, the uncertainty on the number of signal events seems
to be larger than the poisson uncertainty v/N. Why?

@ Obviously that is because there is an uncertainty on the background
model. Let's fix everything apart from NSig:

Toy Higgs mass distribution
, x?/ndf  69.83/59

%0 + Prob 0.1581

300 %

nsig 32.33 +8.69

250
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So what does “profiling” mean?

@ Study how the x? (or more precisely —2In L) behaves if one parameter
of interest is varied and if all other nuisance parameters are varied such
that they give the lowest possible —21In £ for each given parameter of
interest

chi2profileHistNSig

12—

10

N =) =)

N

=

b b e T b b b b L "
10 20 30 40 50 60 70 8 90 100 "
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So what does “profiling” mean?

@ Study how the x? (or more precisely —2In L) behaves if one parameter
of interest is varied and if all other nuisance parameters are varied such
that they give the lowest possible —21In £ for each given parameter of
interest

chi2profileHistNSig

12

10

N =) =)

N

=

T T IR IV R B "
10 20 30 40 50 60 70 8 90 100 "
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ The test statistics chosen at LHC for the exclusion of a given signal
hypothesis with strength u is

L(d; ,5
Ap) = (7M)
L(d; 1,0)

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 49



Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ The test statistics chosen at LHC for the exclusion of a given signal
hypothesis with strength u is

L(d; ,5
) = ( ug)
L(d; 1,0)

@ Let's rewrite that:
—2InA(p) = —2In £(d; j1,0) + 2In £(d; p, 6)
@ that looks mightily familiar to the fit. There, we plotted

—2AIn L~ A2 =2 (1) — i
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ The test statistics chosen at LHC for the exclusion of a given signal
hypothesis with strength u is

£(d: 1,0
) = ( ug)
L(d; 1,0)

@ Let's rewrite that:
—2InA(p) = —2In £(d; j1,0) + 2In £(d; p, 6)
@ that looks mightily familiar to the fit. There, we plotted

—2AIn L~ A2 =2 (1) — i

@ The choice of A(u) is optimal (Neyman-Pearson) for distinguishing the
hypothesis 1 from what is observed (f). l.e. it is optimal for excluding
ranges of .
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ The test statistics chosen at LHC for the exclusion of a given signal
hypothesis with strength u is

L(d; ,5
) = ( ug)
L(d; 1,0)

@ Let's rewrite that:
—2InA(p) = —2In £(d; j1,0) + 2In £(d; p, 6)
@ that looks mightily familiar to the fit. There, we plotted

—2AIn L~ A2 =2 (1) — i

@ The choice of A(u) is optimal (Neyman-Pearson) for distinguishing the
hypothesis 1 from what is observed (f). l.e. it is optimal for excluding

ranges of .
@ Example: If we exclude p = 0: Exclude that there is no Higgs
@ If we exclude p = 1: Exclude that there is a SM Higgs umversimm
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ We can do this with every parameter... here it's the mass:

chi2profileHistMass

s e b b L 1y v e b L
.I‘.)ZO 121 122 123 124 125 126 127 128 129 130
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So fitting the nuisance parameters is a great thing because we
automatically include our systematics (i.e. the uncertainty of the
background description) into the limit or fit result.
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So fitting the nuisance parameters is a great thing because we
automatically include our systematics (i.e. the uncertainty of the
background description) into the limit or fit result.

@ In addition, it can be (depends on the experimental situation) an
elegant way of determining the background in the first place:

Toy Higgs mass distribution

X2/ ndf 28715

Prob 0.72

o J( J{ nsig 202.6 +31.4
J( J{ J{ H mass 127+ 0.6

+ width 4.654 + 1.153

300 backgl 32.03 £ 10.04
backg2 -0.223 + 0.085

25

=)

20

S

WHH“H“HH“HW‘L&LH

i it !
}
H‘%\#

Hytt 4

150 Jr JrH JFJF

ey
100 JHF g
00 om0 1o 1m0 1m0 10 160 universitétﬂ
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So how do we know the uncertainty of our measurements?
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So how do we know the uncertainty of our measurements?

o Either we just read it off at Ax?> =1 (or AInL =1/2)
If we know that the errors are gaussian, and the relation between all
parameters and all observables is linear
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So how do we know the uncertainty of our measurements?

o Either we just read it off at Ax?> =1 (or AInL =1/2)
If we know that the errors are gaussian, and the relation between all
parameters and all observables is linear

@ Or we throw toys

toyHistogramNSig
_ X2 7 ndf 190.7/34
E Prob 1.058e-23
200— Constant 206.5+5.0
= Mean 38.25+0.24
180 E Sigma 10.37 £0.15
160—
140
120
100
80—
60[—
40
20—
ok AN RPN AP RANN AP RPPR IR B ‘
(] 10 20 30 40 50 60 70 80
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Statistics for Higgs Searches

The Profile Likelihood Technique in a fit

@ So how do we know the uncertainty of our measurements?

o Either we just read it off at Ax?> =1 (or AInL =1/2)
If we know that the errors are gaussian, and the relation between all
parameters and all observables is linear

@ Or we throw toys

toyHistogramNSig
X2 I ndf 903.4/35
250 — Prob 0
r nEvents 3935 +88.7
C mean 37.36 £ 0.36
200?
150}
100}
50}
ol 1 AN I P Ml Al
0 10 20 30 20 50 60 70 80
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Statistics for Higgs Searches

Developments since LEP

Tevatron . Ratio of profiled Extracted from  Nuisance
L ll ﬁ likelihoods priors parameters
—2In——— randomized
£(0.0) from priors
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Statistics for Higgs Searches

Limits at the LHC: Setting the CL

@ Try to reject the background hypothesis based on qo, independent of s;

—21In A\(0) >0
qa =95 ]
0 <0

@ E.g. could get the following: if po small, reject SM! Found new physics!
But it doesn't tell us whether we found the SM Higgs. We might have found

something else!
@ To get a hint whether a new observation could be the SM Higgs, i must be
compatible with 1

3
i

5-channel

kground) 440

7 1
d¢ 5 10 15 20 25 30 35 40 45 A
Kyle Cranmer, PhyStat 2011 protie Likeinood Rate. N
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Statistics for Higgs Searches

Limits at the LHC: How to control ¢

@ 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

€ Amgu“_“‘_um.” a
‘5 10° ECMS Preliminary E|
~ E —e— Signal, m =160 GeV
2 r [ Wilets, tW ]
S 10°E == di-boson i
5 E tt 3

CR(WIW) E I Drell-Yan E
S.R. r _ ]
wWw kb _€'e Channel _

H—WwW / o | e—— g ]

Wjets < [
10
NIy CR(T, Ng, ™ E
m"’P:\IT‘: -R.(Top) ngm L
TOP Top Top Top 1
R NCROM) F
. o ety C.R(W +jets) B L
Oy = s = TCRS 1
“7 + L W TR b =
jets — [ Wi _— m, [GeV/c?]
1]
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Searches at the LHC

@ Searches at the LHC
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Searches at the LHC

The ATLAS Experiment

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

Diameter 25 m
Length 46 m
Weight 7000 t

=~ 100 Million readout channels

=~ 3000 km cables

P. Bechtle: Higgs
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Searches at the LHC

The ATLAS Experiment

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

107 premr——— e '5‘
: ©
. r O T : .m
: i 10
3 Tevatron LHC @
: : «Q
3 i =3
s 8 0
10 | . w9
® L
r
»
10° | 10*
b e (E{ > 1s/20)
_ 511 q
Z 'y ow 10
z m
© I (54> 100 Gev) o
00 | LY
S,
4 @
10° | o 102
o ‘;JE[(ETJ" > +si4)
10° [ Staggs(Mys = 150 Ge) 1w
I 5400:(My, = 500 Gev) ;
107 1 1 D 106

0.1 1 10

Vs (TeV)

first beam event seen in ATLAS
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Searches at the LHC

Very quick summary of CMS and ATLAS

S T I I [
& 10t ——— { leptonic final state (I = e,)
c o o Theory
o 10 CMS * errg,,
*g 17 B CMS terr,, *err, |
o 3
»n 10 presst ey
(%2}
o 1 E
O 3
S 10" E
- -2
"g 10 .
'8 10°
a 10 3
10°% 36pb’ | 36pb’ | 36pb’ | 36pb’ | 11fb" [ 14f" (14T | .
: 2z
Pan T Ty, Ty My, Zony Zom 0,

Sy

In this section some content from A. Korytov
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Searches at the LHC

Very quick summary of CMS and ATLAS

a
210° == ATLAS Preliminary
s E
2 F . f Ldt=0.035- .04 fb"
i \si=7 TeV
10* E
F Thedry
C ® Datg 2010 (435 pb™)
103 L o Data 2011
= i 071"
B I o 0.71b"
1fb"
107 g
= 5 1o’
- -} 117
10 §
w z Wy zy i t ww wz zz

In this section some content from A. Korytov
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Searches at the LHC

Impressive Luminosity at LHC

cMs Expemm nl b, oean A
A C Data recorded: Mo/ W 5’1%441‘{
\ | RinEvent ooudz(ztane ) /1
Lumi section; 4

£
rbnlcmsslng 7 75{\5 11886 )’

On average, 2011 data have 6 plle-up events per BX
Event shown above has 13 reconstructed vertices

Around intL = 3fb~! per experiment on tape, £Pe?5 x 1033 um\,e{siﬁtm
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Searches at the LHC

The most sensitive search at very low masses

8
inclusive
-— H o+ .
g @ Inclusive production
@ Two isolated photons
= 86 GeV
Y1 @ Best Am~ 1%
e @ Entirely data-driven analysis,
L = = =7 use sidebands
- }._,t T~ e — -y
: uf;'?'lvll ,___7'- = @ Background from real 'SM’
vy . T~ di-photons and from fakes (e or
: = S 5 7 with missing tracks)
,=56 Gev

universitétbonnl
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Searches at the LHC

Different classes for h — v~

* Both photons of high quality?

¥

*‘==‘= Di-photon p,>40 GeV?

(this bit is useful for fermiophobic Higgs only)

’ r Both photons in barrel?

20f

Events /(1 GeVic? )
Events (1 GeVic? |
Events / (1 GeVic?)
Events /{1 GeVic?)

L+
o0 120 140 160
m, (Gevich

L 20 0 T80
m,, (GeVvic?)

TR

s e
M e oz S35 T Y ot M 120Gy

Events /(1 GeVic?)
Events /(1 GeVict}
Events /(1 GeVic?)
Events /{1 GeVic?)

e ,
¥ 0 T 70
my, (Gevich

| "‘
universitatbonn
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Searches at the LHC

h — v~ Results

G, 800F JL A R I AR R
S £ CMS preliminary « Dam m
8 700~ Ve=7TeVL=1.66f" [] 2promety =
= ] 1 promety 1takey E

% 600} [ emker ]
©u  500f + + D Drell-Yan =
o = =
2 001 E
w E ]
300 =
2001 =
100 "

RIS IR R SR S A IR AN I VIO I AV I 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? :
universitétﬂ
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Searches at the LHC

h — v~ Results

1
% [ CMSPreliminary,\s <7 TeV |-= observed E
% Hoyy, L, = 1710 |52 Expocted £ 10 |
ps 5 ----- Expected £ 20
5 .[3)3
— f ‘i 7 E LEE->Prob. to observe max. excess as
o s £ 10t large as seen in data = 0.05 (1.70) e
0\o F Ao £ | I i I | 5=
o =8 ‘ ‘ ‘ ‘ B S
el ‘f g F [J+to from it |
E a4
h 3 / \
o, /
1 i A
9r{ }fwz}“ﬂr‘m"{s ETIN \1'15‘/14,0

110 115 120 125 130 135 140 145 150 Higgs boson mass (GeV/c?)
vspace*-3mm

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

@ Two small spikes at 113 and 120 compatible with Higgs and no Higgs

@ Spike at 140 much too big for SM Higgs!

@ Beware of the Look Elsewhere Effect! universitétm
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Searches at the LHC

Very wide sensitivity: h — WW — (vip

P. Bechtle: Higgs

inclusive

=E H kg

e © ¢ ¢ ¢

Covers big region in my
mass resolution only Am ~ 20%

Trigger on two isolated leptons

miss

Require E7"°, small A¢, small m;/
Use transverse mass

mr = /(2p¥ 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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Searches at the LHC

h — WW Properties

[2] (2]
£10° CMSNs=7TeV, L, =155 fb" £10° CMSNs=7TeV,L, =155 b
g . data q>" * data
° 0 jets H(140) - WW ° 0 jets CIH(160) - WW
10 m=140 +ets 10 m=160 [ W+jets
-dl boson -{ii-boson
op
10* || Z+Jets 10* W Z+jets
COWW COWW
10% 10°
10? 102
10 10
B AN Moy Ut 7o Uy 10y o Yoo vty Moy o o e s Ty

@ Remarkable agreement cut by cut

@ Would have seen a 160 GeV SM Higgs since long!

universitétbonnl
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Searches at the LHC

P. Bechtle: Higgs

entries / 5 GeV

entries /5 GeV

h — WW Properties

egt
T T T > T T T
+wa  @7E OMS preliminary & s a0 W7 CMS preliminary
—mets wp Lorsse © 10| —mao Loise
6 Mwn Wwaz i, i W vz
B veies @ W vieprs
5
al ]
5k =
PyE
] 1 I I/ 0 L R
o 50 100 150 200 0 50 100 150 200
i [Gev] i [Gev]
T T T > T T T
o ma @2 CMS preliminary 3 e @z CMS preliminary
— me100  op L-1ssm' w gl —neid B L-tssm!
6 mww Mz 100G CpEw Ee=
W e & W e
& 8 4
4l A
al |
sl ]
0 L * i 7. Il
[} 50 100 150 200

mE [GeV]

me [Gev

u nive{sitétbonnl
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Searches at the LHC

Very good mass res.: h — ZZ — 4/

@ Inclusive Producton

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

@ final discriminant: myy

Am =~ 1%

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

u niversit;'itbonnl
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Searches at the LHC

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

. still strongly changing with
each update

ey

CMS Preliminary 2011 Vs=7TeV L=166"
No 6.‘._I [ I [ Y I | | LI I I | | L I | I [ | I_+
% - DATA E
(O] 5: .Z+iels ]
= 5E ]
o r Bz ] @ 21 obs, 21.2 expected
[%2] . 4
& 4r B m=3s0 GeV/c' @ Note: Low background and
@ [ m.=200 Gevre® | very good Am: Very single
3L [l =140 Gev/c® candidate will make big
- . impact on limit/discovery!
2 - @ Therefore, observed limits

600
M, [GeV/c?]

universitétbonnl
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(Precision) Measurements at the LHC

© (Precision) Measurements at the LHC

universitétbonnl
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(Precision) Measurements at the LHC

General Features of Higgs Production

107 T T T U < 1 =5
— E EH Q <
) F \s= 8 TeV EH g EH
R 4 2
H o]
£ 102 -
I 1 g E
T e = % .
E E o 7
£ ] e
107 E
102 ) 3 P :
8 400 1000 ' 100 120 140 160 180 200
My [GeV] M, [GeV]
@ One new particle, often a clearly reconstructable resonance
@ Production mode not easy to isolate, but Higgs decays can be
disentangled very clearly
@ Nature couldn’t have been more kind than putting my ~ 125 GeV!
g . \%4 g TTT500Y t
-
g “H 9 T550500%—— {
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(Precision) Measurements at the LHC

Controlling Higgs Searches

% 1,002y S s 2
& 1.0015F RMS:0.019%..........®. W->ev Elp = 0.95—
& F RMS: 0.015% © Z—eeinv.mass o 09—
@ 1.001F - 0.85(— ] —
c £ -
o F - 08— & —
2 1.0005¢ s ! = e ILdl:ZO.? fo!, (5 =8Tev
% 1: + o * ? ¢ $ Py ] * N = 0.7— Unconvertedy, |n| < 0.6 —
o = ) 3 0.65— —
0.9995F 'y ? ) v @ (I o Z-. lly data 2012 _
| E ! =]
E = 0.55— Z . lly simulation —
0.999 $ i ¥ + E + = 05— —
0.9985-Pata 2012,\5=8 TeV, J-Ldt=1 0o £ s,  ATEAS Frelminay T
F. ATLAS  Preliminary = sq 0051 B
0A9987| 1 Il L i Il - U“" 0
8 10 12 14 16 18 20 22 24 26 28 e '0_3517 7
Average interactions per bunch crossing 1015 20 25 30 35 40 45 50 95 60 63 mgﬂée\f]
@ Shower shape v ID 0
+ - S3
° ¢, fromZ = Uy, Z — eTe JU

@ EM scale from Z — ete™ -

@ Energy scale known 2 _l.

t0 0.3% — 0.45% Pl

@ ZZ — 44, v seem straightforward, but a lot of challenging details!

@ Fermionic final states still very challenging due to high backgrounds and -
coarser mass resolution um\,e,sitétb.onnl
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(Precision) Measurements at the LHC

Controlling Higgs Searches

£ F =2
E F = ATLASPreliminary -0.626 <1 <-0.100 “ =
o~ E 0.95(—
;10000__ - - Data 0.9— i!
£ r [ Mc conversion candidates 0.85— i —
c .
8000~ MC t 0.8—
u r e comversions 01— g J' Ldt=20.7fb", V5 =8 Tev
6000 0.7— Unconverted y, [n| < 0.6 -
- 0.65— —
r 0618 e Z- llydata 2012 _
4000— 0.55— Z . lly simulation —
[ 05— —
2000 0.45— ATLAS  Preliminary —
00 50 100 150 200 250 300 350 400 %’g e |
10 15 20 25 30 35 40 45 50 55 60 65 70_75 B

R [mm] E! [GeV]

@ Shower shape v ID
° ¢, fromZ — Uy, Z — ete” 8 y JU

82

0

@ EM scale from Z — ete™

@ Energy scale known 2 _l.

t0 0.3% — 0.45% Pl

@ ZZ — 44, v seem straightforward, but a lot of challenging details!

@ Fermionic final states still very challenging due to high backgrounds and

coarser mass resolution um\,e,sitétb.onnl
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(Precision) Measurements at the LHC

Is the New Particle actually a J© = 0" Boson?

o = L e e N L e e L I (L S s s s s
| [T T e = ! Q "
I 2007 Hoy 0" (SM) e ' 1009 gg) p S 407ATLAS Preliminary o s O] R 103»ATLAS Preliminary ]
2 [ Nominal analysis ¢ 70" (sw)fc @ J7=2" (100% gg) it I Hezmea P ) oz
2 r = = 7Tev: = s Signat ypotnesis I o q2f ETTepac s «Data i
o r Backgroung systematic uncertainty % S0[Fe-eTov =07t ignal hype 1] d =8 Tevila=207
o C S Hoew o =0 0= 10k H-w X CL, expected
n V5= 8 Tev: [Lét=207 1" ' (EmaTevpor 207 * (assuming ° = 0
r ot ez 1| - wwe vty ]
£ 20[-H - ww . evvipvey 9 =aTeugun=207 0
C VE=8Tev: fLot=207 1" e 10
F 10 ‘
o S
e
P
— LB =
Ldt=207fb",Vs=8TeV B -101 b
ol en o b been b Lo P R RN B
03 04 05 06 07 08 1 0 25 50 75 100
|cos¥| foq %1 fq %1

@ Example of observable from H — ~~. Look at | cos 6*|, decay angle
distribution in the Collins-Soper frame

@ Exclude JP =27 at > 99.9% CL independent of gg fraction in the
production of the J = 2 particle

o Exclude J® =0~ at 99.6 % CL based on H — ZZ*) — 4¢

@ Assume JP = 071 hypothesis for all following measurements

ATLAS-CONF-2013-040, ATLAS-CONF-2013-029, ATLAS-CONF-2013-031, "
universitatbonn
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(Precision) Measurements at the LHC

Events / 2 GeV/

Events - Fitted bkg

Events/2.5 GeV

i
5}

1

=)

o

o}
80 100

Selected diphoton sample

*  Data2011+2012
Sig+Bkg Fit (m_=126.8 GeV)
--------- Bkg (4th order polynomial)
ATLAS  Preliminary
How

vl§:7Tev,J'Lm:4avb‘
le:arev,JmA:zuvm‘

20
B + + R ISUTLIVYIS
- + [ } ¥ [RSASRARFIAL IS
200) E
1 THo T T3 T —
m,, [GeV
} e Data

ATLAS Preliminary

L - Background 2z H aZZm a4l

} [ Background Z+ets, tt
r D Signal (m =125 GeV)

% syst.unc.

Vs=7TeV:Ldt=461b"
Vs =8 TeV:[Ldt=20.7 b’

120 140 16

Higgs Peaks in H - ZZ and H — v

iy = 1.65 £ 0.24(stat) 4= 0.21(syst)

mpy.,, = 126.8 & 0.2(stat) £ 0.7(syst)

local pg < 10713 (> 70)

Wzz_ae = 1.7+ 0.5(stat + syst)
= 124.3 + 0.6(stat) =+ 0.4(syst)

MHz7 40

i lGeV]
ATLAS-CONF-2013-012, ATLAS-CONF-2013-013
P. Bechtle: Higgs

local pg < 1071%(> 60)

universitétbonnl
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(Precision) Measurements at the LHC

Mass Consistency in the ZZ and vy Channels

m, [GeV]
@ Measure mass using Profile Likelihood Ratio
/\(mH) = L’(mH, 9)/£(ﬁ7/—/, 9)
put all systematics and parametric uncertainties in 6 (jta/, [t~ theo,exp.syst.)

@ my = 125.5+ 0.2(stat) 32 (syst) GeV

7 —— . "
E [ ATLAS Preliminary —— Combined (stat+sys) E ATLAS Preliminary
O L E=7Tev:[Ldt=46-48 " ==+ Combined (stat only) & 10— (5=7TeV:[Ldt=46-4.8 "
[ Vs=8 TeV:fLdt=20.7 fiy o —Hew r Vs=8 Tev:Ldt=207 bt
6 —w-.z" 30
8
5~ L
4: 6; -2InA(0)
3 L
[ 4 20
oF F
L f 2
1y i 10 S
Covvibovn bonn NAVINGA LN A L i Lei o HH\‘NAHH\HH
? 1 122 123 124 125 126 127 128 129 -1 0 1 2 3

4 5
Myy-My [GeV]

@ Use my, Amy for parametrization and flat E scale profile:
P(Amy =0)=8%

ATLAS-CONF-2013-014
P. Bechtle: Higgs

universitétbonnl
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(Precision) Measurements at the LHC

Higgs Coupling Measurements: Z vs. W

T T T T
ATLAS Preliminary
W,ZH - bb

V= 7TeV: fLdt=47 1"
V=8 Tev: fLat=13 1"

H - 11
=7 Tev: fLat=46 1’
V=8 TeV: fLat=131*
H-ww® -
G=7TeV: fLai=46 1"
Ve=8Tev: fLot=207 1"
Ho- w

\E=7Tev: fLit= 815"
Ve-eTe fig =07
H-zz" . al
V=TTV fLit=45 "

Ve = B TeV: fLon= 207 15"

—_—

T
m, =125 GeV

Combined
V= 7Tov: fLat=46- 48 15
=8 Tev: [Lot=13- 207 "

1=130+0.20

-o-

-1

0 +1
Signal strength ()

2InA

6
6
r ATLAS Preliminary
5 Vs=7TeV: [Ldt=461fb" |
C Vs=8TeV: [Ldt=20.7 fb™* ]
4f ]
C — observed |
3; -- SM expected I
2F 7
1 ]
F mH-:LZSSGeV \\L / ]
0 AT i I
0 0.5 1 15 2 25
pZZIWW

@ Overview over the coupling measurements: Fermionic channels not yet very
significant, bosonic channels a bit high, but consistent with SM

@ ;= 1.30+0.13(stat) £ 0.14(syst), P(ui =1) =8%
@ Fundamental prediction of QFD (Custodial Symmetry):

ATLAS-CONF-2013-034

P. Bechtle: Higgs

. B(H— ZZ) Bsu(H — WW) 1
Pzz/wW = B(H — WW) ~ Bem(H — 2Z)
exp.result : pzz,ww = 1.6f%85 "
universitatbonn
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(Precision) Measurements at the LHC

Higgs Coupling Measurements: f vs. V (1)

N
o

z [ pal ™ 4r Ton
@ r ATLAS Prellmlnaw B ¥ C ATLAS Prellmlnaw A"'H_)Itljlklj
T 8k Vs=7TeV: [Ldt=46-48f" F is=7Tev,JLdt=464.810" HHjﬂ/Y
z L Vs=8TeV: [Ldt=13-20.7 " ] F \s=8Tev,JLdt = 18207 10" + SM
I e B .
o = —H - Standard Model —
= Zhlmo e xeen o q =
4 —H - ww . v —68%CL g
. H- 1 === 95% CL 7]
[ J 1
2 -
o E 0
2 E 4 %‘:Tﬁ" ;A
[ m,=1255GeV - — I_ = - 4 E
| o S O W N EUE S S e L P TN N L =
2 -1 0 1 2 3 4 5 6 7 8 06 07 0.8 09 1 11 12 13 14 15 16
uggFﬂlH x BIBSM Ky

@ Separate vector boson couplings from fermion couplings, assuming NWA

@ Sensitivity to both even within H - WW ZZ ~~:
Direct couplings HZZ, HWW and in loops Htt

try < o(gg = H)B(H — vv) = (osm(gg — H)r3)(Bsu(H — vy)K3)/k7,, (kg, i)
Hoy o o(gg = H)B(H = 77) = (osm(eg — H)kz)(Bsu(H —
(K, kv))/ ki, (KE, Kv)

@ Or [LvBF4+VvH/ [LggH+ein With the same final state each, incl. all final states

@ P(pver/tggrein = 0) = 0.09 % (3.10) Evidence for VBF!

ATLAS-CONF-2013-034 universitétbonnl
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(Precision) Measurements at the LHC

Higgs Coupling Measurements: f vs. V (Il)

E — Total B
——t—t—A B
l’l\/H E |
E — Stat. E
E — Syst. E
hee £ How E
3 JLdt=481" \s=7Tev E
Hogponn £ JLdt=20.7 fo, /s =8 TeV ]
E ATLAS Preliminary 3
u = 2011-2012 E
E ‘ my T 126.8 GFV ]

0 3 4 5

Signal strength

Inclusive
Unconv. central low p
Unconv. central high p_
Unconv. rest low p
Unconv. rest high p_
Conv. central low p,
Conv. central high p
Conv. rest low p._
Conv. rest high p_

Conv. transition

Loose high-mass two-jet
Tight high-mass two-jet
Low-mass two-jet

E* significance
One-lepton

This works even when only using H — vy

ggF  mVBF

WH BEZH

[_ATLAS Preliminary (simulation)

ttH

o

MVA based selection of events with 2 (forward) jets
VBF purity 74 % (initial SM 0zt = 19.5pb™ ' /over = 1.6 pb™})

VH enriched samples using

1 ! ! ! 1 ! ! ! !
10 20 30 40 50 60 70 80 90 100

Etmiss significance, inclusive lepton, W, Z — jj mass

@ Then vary pigg, pver and vy individually in

ATLAS-CONF-2013-012

P. Bechtle: Higgs

N ttggH, 1vBE , phvi) =

L(t1ggh, 11VBF s fivH, 0)

L(figgt, fiver, fivi, 0)

signal composition (%)

universitétbonnl
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(Precision) Measurements at the LHC

Searching for Invisible Higgs Decays in ZH — (/inv

Events / 5 GeV

Data / MC

@ Extremely important, since total width of the Higgs

cannot be directly measured at the LHC for narrow

[y < 0(0.5) GeV

@ Select events with
@ 2 SFOS leptons p7 > 20 GeV

9 overlap AQZ)(ETmismﬁTmiss) < 0.2,

A¢(527 ETmiss) > 2.6
L4 |P§-€ - ETmiss|/p§'é <0.2

T T T
ATLAS Preliminary Vs =8 TeV
ZH - Il+invisible

T T
DmJ' Ldt=1301"
z

Mutijet
w

- sy 220w
«esees Sgnal (SM 2K, m_ =125 Gev)

250 300
EM= [GeV]

ATLAS-CONF-2013-011
P. Bechtle: Higgs

Events / 30 GeV

large
50 T e
ATLAS Preliminary {s=8 TeV ® Data IL:13.0fb *
40 H nz R4
W Top
nzz
30 - Signal (SM ZH, m =125 GeV)

20

10

100 150 200 250 300 350 400
£ oev]

universitétbon’rl
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(Precision) Measurements at the LHC

Searching for Invisible Higgs Decays in ZH — (/inv

= T T A ma < T — 3
= 70 ATLAS Preliminary ... 0, *BREZH - llinv) ] 5 g — Observed =
z ZH - li(inv) ’ B ' E El
= \5=7Tev, [ Ldi=4.7f * — Observed ] 7B Expected E
7 60 V5=8TeV, [ Ldt=13.0b * ____.. Expected E E E
T 1 6 3
E/ R 3 E  ATLAS Preliminary B
QEI [ e E 5? ZH - li(inv) 3
g k| AE Ns=7TeV, [ Ldt=4.7b E
E 30 E 3;, \/s=8TeV, | Ldt=13.0fb * 7;
g . 2 E
3 10 1= E
o £ ~ E T E
I S B IV B U e S oEL L L [ S

120 140 160 180 200 220 240 260 280 300 0 0.2 0.4 0.6 0.8 1

my [GeV] BR(H-inv)

@ No significant deviation from the SM found
@ At SM production strength: B(H — inv.) < 0.65(0.84) @95 % CL

@ For my = 125.5 GeV: Result also presented in terms of
PL ratio —2InA =~ x2. Fully model independent!
Can directly be used in a (global) fit '1
universitatbonn
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(Precision) Measurements at the LHC

Y

[ = Best fit [general couplings (7D)]

= Measurement |

H = WW = (vly (0/1 jet)

H o= WW = (ulv (2 jet)
VH = VIVW

H— [[ﬁ!/ (VBF/VH like)
Z - Al (ggH like)

11 G high pr)
H =~ (conv.cntr. low pr,)
H =y (mm rest high pre)
H — 7 (conv.rest low pr,)
unconv.cntr. high pr.)
(unconv.cntr. low pr;)
unconv.rest high pr:)
H — 7y (unconv.rest low pr,)
H 5 5 (conv.trans)

o
H — 77 (conv.cnir. hvvh pre)
H — 77 (conv.cntr. low pry)
7 (conv.rest high pr,)

unconv.cntr. high pr.)

H — 77 (unconv.rest low pr,)

— 77 (conv.trans.) [T
H =y (2jet) [7

H — 77 (boosted, hadhad)
H — 77 (boosted, lephad)
H — 77 (boosted, leplep)
H = 77 (VBF, hadhad)

H = 77 (VBF. lephad)

H = 77 (VBF, leplep)
VH = Vbb (06)

VH — Vbb (10)

VH — Vbb (2()

(conv.rest low pr,) [T

(unconv.cntr. low pry) [7
st high pr) 7

8 TeV]
8 TeV,
8 TeV,
S TeV,
8 TeV,
8 TeV’
8 TeV,
S TeV,
S TeV,
8 TeV’
S TeV,
S TeV!
8 TeV’
8 TeV,
8 TeV,
8 TeV,
S TeV,
8 TeV,
8 TeV,
7 TeV]
7 TeV
7 TeV;

S TeV,
8 TeV’
S TeV,

8 TeV,

H— WW|

. Bechtle: Higgs

HiggsSignals-1.2.0

ATLAS

o —a.36

[8 TeV] H — WV — 2¢2v (VBF)
[8 TeV] H — WW— 2620 (VH)
[8 TeV] VH — VIWW (hadr. V)
8 TeV] WH —WWIW 3630

8 TeV] H — ZZ — 4€ (0/1 jet)
8 TeV] H — ZZ — 4€ (2 jet)

8 TeV] H — 77 (untagged 0)
8 Te (untagged 1)

8 TeV] (untagged 2)
8 Tev] (untagged 3)

8 TeV]
8 TeV]

e [T TeV] H — 17

8 TeV,
8 Tev]
8TeV] H

(untagged 0)
(untagged 1)
(untagged 2)
(untagged 3)
(2 jet)

8 TeV] H — ppt

8 TeV] H — 77 (0 jet)

8 TeV] H — 77 (1 jet)

8 TeV] H — 77 (VBF)

S TeV] VH — 77

8 TeV] VH - Vb

8 TeV] ttH — 2¢ (same sign)
8 TeV] 3
8 TeV]
[8 TeV] ttH — te(bb)

[8 TeV] H — WV — 262v (0/1 jet)

Does anything show a clear hint for New Physics?
from arxiv:1403:1582

H—=WW
[T gt
Horr
VH - Vi
= ttH — tthh
3 )
niversitatbonn
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(Precision) Measurements at the LHC

So do we already know its the SM Higgs?

from arxiv:1403:1582

15.0 15.0
L0 135 L0 135
12.0 12.0
0.8+ 0.8+
. 10.5 . 10.5
o~ [}
g o6l 9.0 Z 0.6} 9.0
75 5 T 75 .
; AXZ m AXZ
) 6.0 S 04f 6.0
jasd jast
15 m 15
0.24
3.0 3.0
. .
15 0.0 15
18
0.0 0.0
K K

Kiime =40 (10)  — £ <251(1.78) and B(h— NP) < 84% (68%)

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 81



(Precision) Measurements at the LHC

So do we already know its the SM Higgs?

from arxiv:1403:1582

.02 0.03 0.0

< HL— LHC (I free)
—— |+ HL- LHC&ILC 250 (o))
3= e m-wiconcm
T 4 HL - LHC & ILC 500
T —=— | & HL- LHC®ILC 1000
2 |* HL—LHC@ILC 1000 (Lunilp)
-3
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(Very short part on) BSM Higgs at the LHC

© (Very short part on) BSM Higgs at the LHC

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 83



(Very short part on) BSM Higgs at the LHC

The most important Channel for BSM Higgs

@ Let's just accept for the time
being that e.g. in SUSY we
have extended Higgs sectors,
eg. h A H H*

@ E.g. in SUSY: High
tan 5 = vo/vi means much
increased couplingof A to down
type fermions (b, 7)

@ can have significantly increased
o x BR

b
O

b
/A <
z

>

< (h)

b

o
2 ggF n/4->t't+jets

o(pp — ¢ + X) [pb]

-
o
N
LR B ) 1 A R

-
o

-

10
1072

10

10
1

\s=7TeV

LHC HIGGS XS WG 2010

—gg—> A
—-gg— h/H

ol Al il il il il

Some content in this section from M. Schumacher

P. Bechtle: Higgs
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(Very short part on) BSM Higgs at the LHC

O — 1T — eu

- SRR o o B RS RS NE 10 14Q0F T T
8 gooj ep channel —e— Data 2011 1 % 00: ep channel
E = A(120)/h/H — <7, tanp=20 < . S
e 8005 Z/y*(->x) embedded E| @ 12001 2(11202);:/:4 %, tanp-20
» 700F ) g:,::;zn E = F ) Ziy*(>tr) embedded
= E i 1 QCD multi-jet E L|>J 1000~ mmm E'SZZ"
L% 600 lsiyilsmglﬂ e [ =3 QcD multijet
5001 3 800 B o
E ATLAS Preliminary r
400 E 600F .
300 \s=7Tev, ILdt: 1067 Fooote=TTeY J."dt= 1061
200; é 400; ATLAS Preliminary
1001 B 200
0 100 150 200 250 300 350 400 05 1 15 2 25 3
E'I'Amiss+p-|—ve+p-|—vu [Gev] |A¢e |
n

o Lots of background in all searches

@ Trigger on leptons, Good Lepton ID crucial

eff

o final discriminant: mg” = p.+ + p.— + Pmiss
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(Very short part on) BSM Higgs at the LHC

O — 777 — lhad

- e s s e
8 [ €Tpag + HT, channels ] 8500»— €Tpag + HT, channels £
0 500K —+— Data 2011 . N E —+— Data 2011 1
P B A(120)/H/h—>t1, tanp=20 | P [ A(120)/H/h—>1T, tanB=20 |
c I = 7 Zy*(—t1) emb.(OS-SS) €400~ i Zy*(—tt) emb.(0S-SS)
0400 Others(0S-SS) ] e I 2 Others(0S-SS) ]
w L Wijets (OS-SS) w r Wjets (OS-SS) 1
I Same Sign 1 300 Same Sign _
300i stat . [ stat. 1
\s=7Tev,I|_=1,osfb" 200:_ \s=7TeV,J.L=1-06fb"_:
200 g [ - ]
+ ATLAS Preliminary | L ATLAS Preliminary |
1001 3 100 ]
ﬁ ] : = St ;
%50 40 60 80 100120140160180200 %1620 30 40 50 60 70 80 93700
p,. [GeV] Eq miss [GEV]
@ Lots of background in all searches. Trigger on one lepton
® Thay performance: e ~ 60% for jet rejection of 20
o Cut against W — 7v, fv using mr "
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(Very short part on) BSM Higgs at the LHC

The Missing Mass Calculator

B 7 unknowns: leptonic 1 decay: four momentum of di-neutrino system
hadronic t decay: three momentum of single neutrinos

B 4 constraints: MET from neutrinos  (x,y component)

m(vis,v) = m;, (t*,7 ~-decays)
miss . . é 1-prong © de‘cay
EY = Pmiss; SN Omiss; €OS Pmiss; + Prmiss SIN Omiss; COS Prniiss; » z 452p,<50 [GeV]
miss : . . . £0015- ¥ ATLAS Simulation -
Ey = Pmiss; S1N gmi%sl SIN Prmiss; + Pmiss, SN gmi%z SIN Pmiss, » 2 b 2-vex Simulaion

2 2 2 2 2 f ! ! 001 —— Probabilty functicn
m, = mmissl + mvis; +2 pvi51 + mvis, pm\ﬁsl + mmissl’

_zpvn] Pmiss; €OS Aﬁ‘vm] s

0.005|

2 _ 2 2 2. .
m. = mv152+2 pvisz+mv1sz Prmissy >

=2Pyis, Pmiss, COS AH‘sz 05 o1 015 Aem o
0

B assume 3 kinematics values (¢ s 12 Mmiss) @nd solve system - 1 4-vectors
scan 3(+2)-dim parameter space and weight each solution according to
consistency with t decay kinematics (+consisteny with MET resolution)

H performance: resolution ~17% efficiency of algorithm >98%
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(Very short part on) BSM Higgs at the LHC

Checking the Simulation: Embedding

O inner

cone \

H - outer H “‘.
e & cone N H
, L@
------ @ simulated
Zouu @ * decay

replace inner cone

add outer cone

P. Bechtle: Higgs
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(Very short part on) BSM Higgs at the LHC

Checking the Simulation: Embedding

> @00F T T T T > 300
8 [ e channel ATLAS Preliminary ] 8 F ©Thag *+ WThag Channels  ATLAS Preliminary-
2 500C ! 1 2 2501 +Embeddedz/y'—>pp{
g E —+— Embedded Z/y* — pp E _.g i - Ziy* > teMe :
S 400/ . . 200 ]
> 3 I .Z/y — 1t MC 1 O L
w F 1 L I \s=7Tev.det=1.osfb":
300F nt ] 1501 i 3
F | a4 r I ]
200F \s=7TeV,|Ldt=1.06fb | 100~ ]
; . ] i + K ]
100" : S T | " ]
r . - i | ] &
| P I E........ NOUOUI B, 0O
50 100 150 200 250 50 100 150 200 250 300
m,, effective [GeV] MMC m, [GeV]
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(Very short part on) BSM Higgs at the LHC

The Result in terms of Histograms

T T T
—e— Datazom

“T AGZOYIH —» <, tanpez0
B Z/v-(>w) embedded

[ Diboson
QCD multi-jet
W& single-t
syst.

\s=7ToV, J.Ldt -1.06" |

ATLAS Preliminary

150 200 & 250
m,, effective [GeV]

00 50 100

> sanas! Asngn T T T
S 350[ e, + ut,,, channels

S L 4 Data 2011

<o A(1ZOYH/R — © %, tan B=20.

ATLAS Preliminary

s=7TeV, de: =1.061"

MMC m,. [GeV]
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> ey
D 350 er,,,+ pur, | channels
+

T T T
had

g Data 2011
= 300 ~---- AQ120)/H/h — T 7, tan B=20-
©® . Zry (—>7r) emb.
® 250 Others
fir} Y Weiets
200

ATLAS Preliminary

s=7TeV, Im;-1,oafb‘

SN ST g
0O 50 100 150 200 250 300 350 400
MMC m,. [GeV]

Final state Est. BG Data

stat. and sys. uncertainty
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(Very short part on) BSM Higgs at the LHC

The Result in terms of Model Independent Limits

I
All channels

—e— Observed gg — ¢ CLs
--------- Expected gg — ¢

—o— Observed bb¢ CLs

- Expected bbd

B cswv X BR(HSM%‘C’C) theory

200 300 400 500 600
m, [GeV]

95% CL upper limit on 6,x BR(0— ¢) [pb]

@ Slight difference in production modes gg — ¢X and gg — bbX — bbp.X

@ Due to different efficiencies and mass resolutions -
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(Very short part on) BSM Higgs at the LHC

The Result in terms of the MSSM

@_607|H..“..“...‘|..‘.._,...‘...l.
% [ All channels i
B Aot o
S0p = -
Lep - ]
—— ATLAS 36 pb ' observed ,** -
------ ATLAS 36, b"expecleg,-' -
40 o ]
304 ., N
20 M >0 ]
10 \s=7TeV,ILdt=1.06fb'1 _
:,/' ATLAS Preliminary 1
/ i,

00 150 200 250 300 350 400 450
m, [GeV]
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(Very short part on) BSM Higgs at the LHC

Example: MSSM benchmark m™* scenario
Carena, Heinemeyer, Stal, Wagner, Weiglein '13, [arXiv:1302.7033]

40 HiggsSignals—1.1.0 my, "% scenario (MSSM) AXZ
’ ',' h excl. 20
35 E e h/H/IA - 1T excl.
3 KUK I A BN H* excl.
30 3 2020207 2626258 - h LEP excl. 15
25 | KICHXXARNS 68.3% C.L.
95.5% C.L.
@
8 20
15
10
5 K QOO —
100 200 300 400 500 600 700 800 900 1000
My / GeV
( + HiggsBounds LEP x? extension) X2/ndf :urZ\QrsQa/t&
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http://arxiv.org/abs/1302.7033

Outlook

@ Outlook
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Outlook

The ILC Machine

The ILC is the most advanced future e™e™ collider proposal

@ Polarized e*(30%)e~(80%) @ Proven technology

@ Superconducting RF technology @ Facilities and tests (final focus,
damping rings, positron polarization,
RF) exist or under construction
(XFEL)

@ High luminosity from
Vs = 250 GeV to 500 GeV,
expandabe to 1 TeV

. @ Industrialization underwa 2
@ About 31 km site length o
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Outlook

The Detector Concepts ILD and SiD

X
O 5 L — SET -
’ TPC )J L
04F I TR
0.3F
0.2f ' \ :
0.1 T ]

T S S S S S B SR R
O80 60 40 20 0

6/ degrees
ILD tracking material budget (incl.

cabling, cooling, support)

"/

@ ILD and SiD concepts optimized for the particle flow concept —
imaging calorimetry, coil outside HCAL, large B field (3.5 -5 T)

@ Detailed engineering and R&D going on for every component — lots of
test beam activity to test components and verify full sim

@ Detector baseline Documents (DBD) going to be public soon umversitétm
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Outlook

Taking Backgrounds fully into account

tt event with 150 BX background overlayed

@ Never had such advanced and controlled full simulation for a new
project at such an early state!

@ Need high B > 3.5 T to control beam backgrounds umversitétm
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Outlook

Taking Backgrounds fully into account

same event after microcurler removal algorithm

@ Never had such advanced and controlled full simulation for a new
project at such an early state!

@ Need high B > 3.5 T to control beam backgrounds umversitétm
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Outlook

Taking Backgrounds fully into account

result from track finding (hits attached to tracks) clean event

@ Never had such advanced and controlled full simulation for a new
project at such an early state!

@ Need high B > 3.5 T to control beam backgrounds umveysitétm
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Outlook

Observe the Higgs without looking at it

@ Reconstruct the Higgs mass from the recoiling Z:

s:m%—l—m%—l—Q((\/E,O)—pz)pz — mh:\/s+m%—2Ez\/§'1
universitatbonn
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Outlook

Observe the Higgs without looking at it

@ Reconstruct the Higgs mass from the recoiling Z:

s=m;+m%+2((vs,0) — pz)pz  — mh:\/s+m%—2Ez\/§'.1
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Outlook

Observe the Higgs without looking at it

@ Reconstruct the Higgs mass from the recoiling Z:

s=m;+m%+2((vs,0) — pz)pz  — mh:\/s+m%—2Ez\/§'.1
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Outlook

Observe the Higgs without looking at it

@ Reconstruct the Higgs mass from the recoiling Z:

s:m,27—|—m%+2((\/§,0)—pz)pz — mh:\/s+m%—2Ez\/§'1
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Outlook

Observe the Higgs without looking at it

@ Reconstruct the Higgs mass from the recoiling Z:

s:m,27—|—m%+2((\/§,0)—pz)pz — mh:\/s—i—m%—2Ez\/§"
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Outlook

Why we know that we missed something

@ Experimental Knowledge: The SM is incomplete!

Dark-energy

Unknaown form of dark matter

Matter. -
S Starss v

@ In the SM, there are no particles with the correct properties for Dark

Matter "
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Outlook
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Outlook

Why is the electromagnetic force of the tiny magnet stronger than the
gravity of all the earth combined?
universitét%r]
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Outlook

A warning: Order without fundamental reason
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Backup Slides
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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

((i0uy* — m)y = 0): B
Lfree = ¢(/§7’ - mW

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

W(x) = " ®y(x)

What is the transformation behaviour of the free Lagrangian?
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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

((i0uy* — m)y = 0): B
Lfree = ¢(/§7’ - mW

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

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

Efree — Efree - &mﬂﬁ(aua(x))
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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

((i0uy* — m)y = 0): B
Liree = %b(/(? - m)%b

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

Y(x) = e *Cy(x)
What is the transformation behaviour of the free Lagrangian?
Efree — Efree - &mﬂﬁ(aua(x))

That’'s not invariant!
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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

((i0uy* — m)y = 0): B
Lfree = ¢(/§7’ - mW

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

Y(x) = e *Cy(x)
What is the transformation behaviour of the free Lagrangian?
Efree — Efree - &mﬂﬁ(aua(x))

That's not invariant!
But luckily it's also not QED. .. um\,ersit;tbonnl
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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 + p U™t9,U = A,(x) — Eaua(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 + iqAL(x) = Dy,

Let's write £ again with all possible Lorentz and gauge invariant terms:

L= FuF™ (09— Y — gAY

using
F =0,A, —J,A "
nv w v v/
universitatbonn
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Introduction: QED

Let's check the transformational behaviour under local U(1) again:
1 =0 -
E N El — _ZFIIU/FINV +¢/(/@ _ m)¢l _ q?ﬁ,/ﬂ,wl

= 2 Fu PP (0 m)— (D a(x) — g b A + D@ a()
=L
with

1 1
i = 0u(Ay — 0,0()) = (A — 0,0(x)

1 1
= Fu — 6“66VQ(X) + 61/66#0‘(’() = Fu

QED including a gauge field is invariant under local U(1)!
Use this principle to construct the SM
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QFD: SU(2). x U(1)y Leptonic Sector

We choose the SU(2),; doublett

t=(2) =30 () R2gs v L
and the singlett
R:eR:%(l—l—fyS)e, h=0,Q=-1Y=-2
which transform SU(2), according to
Lsl'=e*3, RR =R

and under U(1), according to

Losl'=e®31, R—R =é%3R
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Success over almost the full SM range

Tevatron Run Il pp at \s = 1.96 TeV

April 2011
T —=— DO Run |!
= - —_ @ Tremendous Success of
r » un
10°E = Theory the SM
r @ Tremendous success of
e i
: the experiments
s Ly @ Just one last piece
g1 missing for the
a ! completion of the SM
6 10% ’ y [
5 »
[ $ $ * r
1 i_ + ,'-s\
' b
10"

W Z Wy Zy WW & WZ t ZZH-Ww

m, - 165 GeV
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Success over almost the full SM range

Tevatron Run Il pp at \s = 1.96 TeV

April 2011
C —=— DO Run Il
L
r = CDF Run Il
c]
10 E e Theory
3l
f.;(] E
5
= [ ] LR
Q L=
'3102:
7] C
7]
g
o 10% , g [ ]
g B oh
al *
E "—5‘
F (\i_lv_;'
10"

W Z Wy Zy WW H Wz

P. Bechtle: Higgs

Tremendous Success of
the SM

Tremendous success of
the experiments

Just one last piece
missing for the
completion of the SM

It would look so
perfect, let;s hope we
find something else

instead!
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Most important Channel: h — bb

@ Associated production with W or Z allows to trigger on high-pr lepton from
leptonic gauge boson decays

@ Also EF™ss from W — fv or Z — v

3 5 a
PR T 17,7 ZH- e*ebb  CDF Run ll Preliminary 7.5 fb"! 5 x10: S ZH-vvbb Analysis sample (pre b-tat
] o 4 Data > s Data  —ZHye 1500 abes, 8 disoson. E 7
2 D@ Runll, Pr:hr_n;n;;:r' et g oo = -;:l" i g 9? MJDT > 0.0 Do Prelil_ll_lnr:airy (841073
S o il 3 PreTag 5 & w 4
PRl I¥‘M 52000 wh S 75 ) 3
£ op % N ~ F vt
2 mw £ ks % 6 ll I 1
i CIVH (500) z s o 3 st E
y w g =
10 B & 1000 4 |
N i [ | P = | | 3
o £ [ ]
6 S E
aii 2|
4 e E
2
0 0
e o0 =S 160 100120140 160 180 200
Wishym,, Gevie! Z Mass (GeV/c?) Py (GeY)
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Most important Channel: h — bb

A0 V()42 jets

D@ Runll, Preliminary e
L5 g : S :
0 il = single most discriminant variable

Dijet invariant mass

08 unl, Prelminary
L A5t

entries / 12.00 GeV/c?

V(-hv)e2 jets, 2 btags

E’m £ DO Runll Preliminary ;mlm
x‘ L5 »
S:B ~ 1:4000 L= Wt
o Top
2 mw
a0 OV s0)
€
. 22 b-tags
S:B~1:400 e
m
100

S:B~1:75

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 109



h — bb Control Regions

Multijet-enriched

Events / 10 GeV

WHjets-enriched

Top-enriched

ZH->vvbb EW Control sample (one b-tag)
ZH>v7bb EW. : ( g

>
> i s >
D 4! DO Preliminary (8.4 fb
&40 ey ¢ 4
2400 Top a
~ 350 W V+hisvy >
@ 411, 2
g0 H
D 25 “>"

15
DiJet Invariant Mass (GeV)
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Searching for a similar process

WW/WZ vj

Background to WH->Ivbb.
Small signal in large W+jets background

Requires same optimizations/techniques as
for the Higgs searches:

« Exploit dijet mass distribution.
« Use multivariate techniques.

+ Constrain systematic uncertainties using
side-band regions in data.

o %
VAR Vs VAVAVAVAY

P. Bechtle: Higgs

PRL 102, 161801 (2009)

g [opoun + Data
< 2500F [ Diboson Signal
g £ T W+ets
& 2000 [[]Z+jets
f [ Top
15001 [CJMultijet
1000~
5001~
[J’ 1 L T T TT
01 02 03 04 05 06 07 08 09 1
RF Output
2 D@, 1.1 fb' -+-Data - Background
g 20 B Diboson Signal
= 200 — =1 s.d. on Background
£
g 100
o
0
7z * Prob = 045
hBNE %° Prob = 0.45
o7 2
2@ [y  eal I
EIE i P I PO ~LL,
AlZ 2 s S 1y e |
50 100 150 200 250 300

Dijet Mass (GeV)
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Now let’s look at the Tevatron Limits

CDF Run Il Preliminary, L <8.2 fb™

T T T T™ T T = r— a3 T — Obscrved
5 i LEP Exclusion CDF s D@ Preliminary, L=4.3-8.6 fb
210 “ Exclusion| = | SMHiggs Combination
£ =+ Expected e £ [
i —— Observed - p
- 410 Expected 3
- +20 Expected (3]
o ®
2 Y}
>
b
o0
1B
1 / ~-—— LEP Exclusion
i [ D@ Exclus
&—— CDF Exclusion July 17,2011 B PO fe S

P. Bechtle: Hi

100 110 120 130 140 150 160 170 180 190 200

m,(GeV/c?)

July 17,2011

I i I i
100 110 120 130 140 150 160 170 180 190 200

m; (GeV/c’)

Atmy = 115 GeV:

Exp. limit: 1.49 x SM
Obs. limit: 1.55 x SM

Atmy, = 165 GeV:

Exp. limit: 0.79 x SM
Obs. limit: 0.75 x SM

Atmy, =115 GeV:

Exp. limit: 1.90x SM
Obs. limit: 1.83 x SM

At my, = 165 GeV:

Exp. limit: 0.87 x SM
Obs. limit: 0.71 x SM

ggs
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Visualizing the Tevatron Limits

Tevatron Run II Preliminary, L < 8.6 b

ry, L = 8.6 fb™"

Tevatron Run 11 Pr

my =115 GeV/c?

----e- Signal+Background
Background
= Tevatron Data

3 6
10° | " 72 __* Tevatron Data]
q‘:, m,=115 GeV/c Background
=107 [ Il Signal
04 Biaitiea, July 17, 2011
*e
103 e i
10’ e
—
10 | '14
1
10"
2 =
0| |
3 | I_
10
-4 -3 -2 1

P. Bechtle: Higgs

July 17, 2011

2

E) [3 8
Integrated Expected Signal
CDF + DO Run I Preliminary, L < 8.6 fb"'

10 12 14

s " DataBackground
o200 il Signal
:EIOO —— =1 s.d. on Background
@
0
-100
L my=115 GeV/c* |
=200 r Tuly 17,2011 :
A !
4 35 -3 25 2 -15 -1 05 0
log, (s/b)
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Data d

Datg ex|

P. Bechtle: Higgs

Visualizing the Tevatron

ficit

cess

LLR
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Interplay of the Searches in the SM

" [ Combined

10? |- CMS Preliminary

95% CL limit on o/cg,,

100 200 300 400 500 600
Higgs boson mass (GeV/c?)

universitétbonnl

P. Bechtle: Higgs Terascale Intro School 20.03.2014 115



CMS and ATLAS SM Combinations
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CMS and ATLAS SM Combinations
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CMS Projections for 2011 /12

10 ————————
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@ Could cover the full SM range in 2012
@ At least in a LHC combination . .. _— "
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CMS Projections for 2011 /12
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@ Could cover the full SM range in 2012
@ At least in a LHC combination . .. _— "
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