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Colliders
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Statistics and Limit Setting

chi* fit: g y, measurement
2 Z (y,-—ptl-) . model prediction (nuisance parameter)
L = L + o. uncertainty (statistical and systematical)

I

chi? fit with correlated errors:
% A ~1 : :
X = E i E j(yl.—ptl.)covij (yj—uj) cov; covariance (error) matrix

Parameter Fit:

INSIE(X X, .. X,) x, model parameter
X 4
X2min+4 ”””””””””””” 95% confidence level

-, 68% confidence level
2 |
Komin | T good fit if:
| > x> /degrees of freedom ~ 1
Xk,O Xk min
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er fit) from 4 experiments:

+26  (95%)
+1o (68%) confidence level bands
-26  (95%)

,,,,,,,,,,,,,,,,,,,,,,,, 95% confidence level

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 68% confidence level

good fit if:
> /degrees of freedom ~ 1
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nsities

ability density was used

P(a<x<b)= f f(x) dx

a

N!
-~ used for statistical uncertainties

Note, Poisson distribution approaches Gaussian distribution for large
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Limit Setting Philosophies

Baysian Method:

+ based on the experiment posterior, exclusion limits are calculated
+ low probability models are excluded
+ probabilities are assigned to models using a prior

‘natural method” but choice of prior is arbitrary

Frequentist Method:

+ based on Monte Carlo toy experiments probabilities are assigned to all
possible experimental outcomes

+ exclusion limit is set by that model which excludes this experimental outcome
with certain confidence interval

computationally expensive and might give unphysical results
(e.g. negative cross sections)
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ethod

background + signa)
/L. choose cross section as “prior”

Probability: /
1-CL

~=(x*(0)=xz)

excluded e

additional constraint:

"""""" 1 O > Ogg because OSig> 0

e
Q
\'%
a

w

o

CL — CL = confidence level
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t depends on choice of prior!
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* Frequentist limit: exclude all theories which produce

the data at small probability o
less than 1-CL (typically: CL=0.95)

o: also called
p-value

=P (N<N,)<1-CL

mu=1.7 " mu=29 Y mu=4.1 "
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S.Schmitt

Frequentist limit:
sum (integrate)
over observations
upto N_

Repeat for each model

1-P-F

95%

excluded

mu=5.3"

~ set limit with 95% confidence level for mu=4.6
+~ experiment has a 5% probability to happen

aaaaa
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Frequentist Method

In case of many observables x_a combined discriminator variable is often
ginec: D = D(xl,xz,x&...Xk)

+ large discriminator means high probability
+ small discriminator means low probability

Often, the output from artificial neural nets or other multivariate methods is used
as discriminator variable

A

Background
Background +Signal

' calculate smallest signal with:

a< 1-CL

measurement D
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Problem with Frequentist Method

(same problem applies to Baysian Method as well)
Problem in case of a very small measurement value with P(BG)< (1-CL)
+ would require a negative signal cross section:

Background
+ Signal Background

-

L ]

measurement D

unphysical solution!
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Use ratio of two probabilities CL_ instead of o to test against CL

CLSB=(x=J' P(X|signal+bgr)dX - CL.,
s= |

CL,=[, . P(X[bg)dY CLy

X=X,

o Standard model has CLS=1 and is never excluded

:'? Observed X é‘ - | Observed X
E I near bgr maximum g-' " | downward fluctuation
o 04 o
o i =)
> z
@© I @©
S 02 S
o [ o
0.1-
CLp~0.6 HE CLp~0.05
CL~1.7« -2 0 2 . 4_ CL~20
Test statistic X Test statistic X

S.Schmitt
s > CL; by definition!
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Another Example CL_, Method

Definition: A  Background Background +
CL 01
o= °F IBIR="——

CL, i
e

measurement D

4 Background Background +
0.2 = ﬂ
0.5

A

05 = 01
0.2

measurement D
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Another Example CL_, Method

Definition: A Background : Background +
ol — CLgp 0.01 = 01—%1 E
CL, : i
measurement D
4 Background Background *
o= 201
0.5
measurement D
A Background +
Background
o= 201
0.2
excluded at 95% CL

measurement D
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onstraints
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n, Including radiative
= = 1 - po=1+A '
P 72 cos” b o p corrections
5 ma . D 2
sin“By =1-—8 |=| 8in" 6 = (1 +Ax)sin“Oy
m;
ma, = o =| my = i 1+ Ar
Y /2sin?6wGr Y V2sin®6wGr (1+47)
0
Lowest order a(0) |[=| a(m)= 1{'!( ,5)
SM predictions _ — o (5)
With @ Ac = Aoyept + Ak, + Aoy
. D 5
sinN“ @ Ap, Ak, Ar = f (m:=, log(my), ... .
W p ( 1=, 10g(/774) ) sin? Qeﬁ
9a: 9 H —
As Yy : |—| 9, 9y
W : W |
b ZIW ZIW ZW ZIW 53

g,q \/7T1 gv \/j( 3_2“:‘}5"12ﬂc—:‘ﬁ)
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ol

Final

Ar e 0.23099 + 0.00053
ASLD) s 0.23098 + 0.00026
A(P) 8 0.23159 + 0.00041
Q" x 0.2324 £ 0.0012
Preliminary
A v 0.23212 £ 0.00029
A F—*—— 023223+ 0.00081
Average ! 0.23150 + 0.00016
102 yidof 10585
>
@
)
I
e 102 Aol = 0.02761 & 0.00036
EEE m_~= 91 1873 £ 0.0021 GeV
BSS m=174.3+ 5.1 GeV
0.23

Take the top mass from direct
measurements and use the radiative
corrections to determine the Higgs mass.

 3acos’6, m;
16zsin* g, M,

Ha In M,

487sin*6,| M,

Ar(m,M,) =

| S - ¥ [}_L‘I"-EH
- I ?
Sin®0.y = (1 = gy/gx)/4 \

Theoretical prediction of sin?0 4 as
function of the Higgs mass.

outdated
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1 —LEP1 and SLD
Eﬂ,ﬁ—! - LEP2 and Tevatron (prel.)
68% CL

175 200
m, [GeV]
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SM EEET -

Ll k28 MSSM .
80.20 L both models EE=E0 7
o IHeilne!'lﬂe';,.rl+tar, IHDEIIik, Stn;cki?gelr, U‘T’eber, ‘Iu'lufeilglelin [I]E:
160 165 170 175 180 185
m, [GeV]
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]- 0 ¥ . *
, P = — , D=11,D
V2 \v+ h :
annihilation has tiny Higgs coupling!
ess (Higgs-Strahlung): e*e — ZH
¢" Z
7.
"""" e ZZH coupling is large!
§~. H

e
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at LEP

aviest fermions:

re (double) b-tag (lifetime)

ptom =114 GeV (E_ =m, +m,)

S
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bbjj-candidate at ALEPH
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LEP

Higgs excluded with:

— Observed

-——- Expected for
background

e

de

i115.3

L o T

m, < 114.4 GeV
(expected 115.3)

at 95% CL

The bands shows the
1 sigma and 2 sigma contours
of the expected limit

112 114 116 118 120

m_(GeV/c?)

23
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g
2
|1TT.II

33

"LEP exclusion at 85% CL |

s 3

Theory unceriainty
—— Fit including theory errors
---- Fit excluding theory errors

M, [GeV]
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""" o(pp—~H+X) (pb)
...... H Ns'=2 TeV
M, = 175 GeV
CTEQ4M

6(pp — H+X) (pb)

A
| ". }
T
7 Z
W

qq—HZ T
"'""""’*'*M :
a'.-.m'.'.:::::::::.':::ﬂ:::: -------- e, 39,09 Ht .
99,qq—-Hbb ..,
! l ! ! L | ! ! L | ! L ! | ! ! !
120 140 160 180 20C
M, (GeV)

25 Standard Model of Particle Physics SS 2013



_{n‘rjr{n,r-

— — =
— — - — =

— -

o —
T e e o — = e e

U ] = T T T T T 1 T 1 L L
10 g_-_‘ T T a“‘,J- ‘\‘J--- |___.._._|_ | I |_

— e o = — = =

Branching Ratio

lJIIll|J]II JIIIJJI]|||

200 300 500 700
Searches are performed at about 100 channels! ™y [GeV]
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esS

lﬂ T T T T T T T T | T T T T T T T T T T T T T T T T T T T T
E::_E CDE J'DU"EH"H i OhEErEd
=3 853 wiipe T EXpESET
- Experted-+16
1

130 140 150 160 170 180 190 200

m{(GeV)
= B L -StrervidHmit
- Expected of ~ i
W:o 1 F
[]+2c 1 =2
— Observed | 3
: 10F
S
X
e
=
1 Standard Model =
- Stardzad-Mdt
1101203040150 160" 470480 790 200 120 130 140 150 160 170 180 190 200

Higgs Mass (GeV) m, (GeV)
H
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95% CL Limit/SM
sk
—

Tevatron Run II Preliminary, <L> = 5.9 fb™

LEpExclusmn!""!""%""fé;z;iﬁiaﬁ'
| Exclusmn

s s - = - = - - - R e e i LI IR - - | - - - - - - - - - - - - - o - o - o - o R e A

_ll ........ Expected..:..a ........... R
- = (bserved = 5 ____________ |

B 10 Expected - i
B 1420 Expected

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

_________________________________________________________________________________________

____________________________________________________________________________

-------- -(-———-——-TevatronExclusmn
.................... L ..||I.||. S

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




Fits to electro-weak data:
mH == 89 +35-26 GeV

m,, < 158 GeV (95% CL)

=2
Assumption for fit: <
* SMincluding Higgs

If existing, Higgs seems to be light!

29

* Direct searches at LEP:
m, > 114.4 GeV @ 95 % CL

* Direct searches at Tevatron

http://lepewwg.web.cern.ch/LEPEWWG/

6§ -0 m =158 GaV
:';-Them;;f uncertainty
5 . = ﬁul{-lﬂd - -
3 ';. — 0.027581+0.00035
1 LY e 0.02749£0.00012
4 - % % een incl. low @QF data -
3 — ]
2 -] -
1 - =]
0 | Equ udgd. Preli!'ninary-
30 100 300
m, [Ge
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SM Higgs production
IIIIIIIIIIIIII | T T 1T T 17T | T T T T 17T | T T 1T T 177

t_‘_
anlil
| III(I)III

o] |
i gg—H

1041 —

ol

E_qq—qqH

103E

qq—ZH
gg.qq — ttH

ge.qq — ttH

E qb — qtH

TeVALHC Higgs working group
1 AN T T T A T T Y A A A

100 120 140 160 180 200

qq —

TeV4LHC Higgs workingl eroup
1 1 1 1 1

200 300 400 500
my, [GeV]

100

proton-proton at LHC s'?=14 TeV

much larger cross sections!
also higher luminosity!
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Run Number: 189280,
Event Number: 143576946
Date: 2011-09-14, 11:37:11 CE’

EtCut>0.3 GeV

PtCut>3.0 GeV
Vertex Cuts:
- 7 direction <lcm
- Rphi <lcm

:,‘:1 * Muon: blue
- ' Cells:Tiles, EMC




T F I T T T 1 1 T 1 L N B O e ®
- N S L. | S

’ WwW™ o

o —
e e o — = e e

— e o = — = =

Branching Ratio

JIIIJJIJlIl

500 700
m, [GeV]
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Exp. Obs. Exp. Obs.

H—vy (4.9 fb -
"""" = Ho11 {4?fb})

H-bb (46-47fb™" e
- — H WWo iv (4.7 Tb7) - =

H—> WW - lvqq (4.7 fb’ b
H— ZZ— Il (4.8 fb" }
H— ZZ- llqq (4.7 fb™)
H— ZZ— livv (4.7 fb™)

_[ L dt ~ 4.6-4.9fb", {s=7 TeV

95% CL limit on G/GSM
o

1 E =
10" —ATLAS 2011 Prehmmary CLslimits  —
100 200 300 400 500 600

m, [GeV]
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(i'; 1_ ATLAS Preliminary 2011 blat'a'_'f
By Toes: _[ Ldt=46-49%" —~

10 ot ——-Exp.  J L/ 7 E 959
- \s=7TeV /7 -

10-2 s - CEEE T T PP PR PP L PP TP TEEE R — ggcyo
10 .
10-6 ;_u - |!: T T 1 T Y I T T T e _;

100 200 300 400 500 600

m,, [GeV]
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= 13_' ATLAS Preliminary 2011 Data -
o — Obs, _[Ldt=4.6-4.9 ' o~ -

10°g ft——kxp.  J .3 95%
- \s=7TeV /- -

10-2 s - CEEE T T PP PR PP L PP TP TEEE R — ggcyo
- < significant? -
10-32_ _E
10_6;_.|..:..?:|....|....|....|....|._;
100 200 300 400 500 600
m,, [GeV]
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—
o

2 [ ATLAS Prelimnary 2011 Data -
e i -
i — Qbs. y -
g B cmme Exp .[ Ldt —- 46'49 fb )
E t Htlo s =7 TeV _
1
1
O 1 —
P - -
O - -
m B —

10"

IG‘Ls Limlits | | | |
100 200 300 400 500 600
m, [GeV]
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CLs

ll-'( LAS Preliminary 2011 Data

<« Significant?

-
-
-‘*‘
L™
-
-

%_ _____________ nsg e S 95%

99%

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

— QObs.
-- Exp.

| | |IIII||| | ||IIIII| | |IIII||] |

ILdt=4.6-4.9 o
\s=7TeV
gIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘I.IIIIII IIIIIII§
110 115 120 125 130 135 140 145 150

my, [GeV]
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- ATLAS Preliminary 2011 Data -
10 —— Obs. o
- Exp. Ldt = 4.6-4.9 0" -
B P e N | _
— +2 0 \s=7 TeV -

less than 3 sigma! -
no Higgs evidence (yet)

95% CL Limit on o/c,,

—

CLs Limits

110 115 120 125 130 135 140 145 150
m, [GeV
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% :I 1 1 1 I 1 1 1 I I 1 I T I I 1 I I 1 | 1 1 1 1 1 1 1 l:
U] 800, Inclusive diphoton sample _:
- ®  Data 2011 -
E 700E Background model . T N
T C™NW 1 e SM Higgs b =120GeV (MC) & - ' : ' -
E s00F- iggs boson m_ eV (MC) E 10— Observed P, Data 2011, \s =7 TeV -
- - e SM H — yy expected §
500 \JE:?TeV,J.Ldt=4.9 fo! =3 ,L Y exp Po JLdt= 49" ]
400} ft = SR T N A
E ; 10_1 =TT e =
300— —] ;gc_;. __________________________________________________________________ _§
- . 2L _
200 3 107E E
- = 30 .
100— ATLAS Preliminary — S 0 50 = =
- - = ATLAS Preliminary 3
= | aee®l | | | . - ]
— 10'4 I 1 1 1 1 | L1 1 1 I 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 11 | L1 1 1 I
o 10— 1T TS 110 115 120 /125 130 135 140 145 150
8 50 .
E 0 1
)] 3
5 -50 tt —=
1 _10 TR T R S R N TS S S AT S T T R SR S U B R R R t = I t t
g P00 70 120 180 140 150 160 note, Signal too strong
Q m, [GeV] for Higgs!
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—a— Observed

10 cMs, Vs =7 TeV :
" L=4.6-4.81b" {555 Expected (68%)|1
. Expected (95%)|

95% CL limit on 6/0g,,

101 -

100 200 300 400 500
Higgs boson mass (GeV)

40

95% CL limit on 6/0g,,

- CMS, \'s =7 TeV el
 L=46481f5 B Expected (65%).
N Expected (95%) |

—
o

—_—

10-1 |

110 115 120 125 130 135 140 145
Higgs boson mass (GeV)

sistent with ATLAS results, Higgs?
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6 :
- 1 Aaf’d =
5 31 —0.02750:0.00083 [
7 31+ 0.02749:0.00010 §
4 - - incl. low Q° data
N, o ' :
g 8-
2 —
1 -
| LEP : Linle
0 Excluded "\ # Excluded
T T T T T I r T
30 100 300
m, [GeV]
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rences)

Non-excluded region
Is the most difficult!

small window around
125 GeV not excluded
at 95% CL

— Updates July 4th 2012!
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] — | T 1 T CMS Preliminary ys=7TeV,L=5.05 fo! i ys=8TeV,L=5.26 fbo!
D ] > [ T | T T T | T T T | T T T | T T T | T T T |_
g - L 2 ata , ATLA : 8 12 | - Dala ]
© 25 — - Background ZZ Ho 77"l — - - | . X .
2 L - Background Z+jets, ft - — _ il
s ) ® 101 : =
b vo [ [] signal (m =125 GeV) B *g - |:| Zy ZZ :
" W systunc. T Z sl | D m, =126 GeV -
15 (s =7 TeV: Lot = 4.8 fb” . i .
" s =8TeV:[Ldt=5.8 b i 6 T
10 ] N
. | 4 __
5 H 2 -
— 0 1 1 L
0 100 150 200 250 80 100 120 140 160 180
m,, [GeV] my, [GeV]

— ZZ — leptons
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file:///home/schoning/heidelberg/lehre/SM13/4l-FloatingScale-NoMuProf2-300.gif

3500 ATLAS + Dpata
—— Sig+Bkg Fit {m_=126.5 GeV)
-------- Bkg (4th order polynomial)

[ 2 GaV

3000
g
2 2500
L
2000

1500E" j5=7 TeV, [Ldt=4.8b" %;2000 = CMS Preliminary —e— S/B Weighted Data
1000 (5.8 Tev, [Lat=5.9tb" C _ _ -1 —— S+BFit
'[ H—yy G1800 - ls=7TeV,L=51 fb_ ------ Bkg Fit Component
500 1
(a) N L @=8T€V,L=53fb [ Jzio
@ 2ppE ©1600 20
5 1 AN 1400 F
g -1{m t - K A +# - ; :
:'Eﬂ“ -{b-}-i----i----i----i----i---- *GEJ-IZOO:_
3 K 4 Data S/B Weighted . >1000F
o 100 —— Sig+Bkg Fit (m =126.5 GeV) L C
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" 1 | £ 600k
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- " - ) -
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woF J 200
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- ATLAS 2011-2012  __ .
ks Vs=7TeV: [Ldt=4.6-4.8 10" - Exp.
Vs =8 TeV: |Ldt=5.8-5.9 fb! M+1c

_________________________________________________ % = Combined obs. »
= === Exp. for SMH Higgs T 60
—— Hobb ——
----------------------------------------- O [=—Ho1r CMS Preliminary ™
= Hm Vs=7TeV.L=5.11b"
IIII IIII|IIII|\III|III "' _H_)WW usy ‘ =y : '1
110 115 120 125 130 135 140 145 150 — HZZ IEbi o\, L=SSI" S
my, [GeV] 116 118 120 122 124 126 128 130

Higgs boson mass (GeV)
S
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W,ZH — bb
Vs = 7 TeV: | Ldt = 4.7 b
Vs —8TeV: | Ldt— 13"

H— 1t
Vs =7 TeV: [Ldt = 4.6 b
Vs = arevadt 1311:1

H—)WW —>Iv|v

Vs=8TeV: [Ldt = 136"

H—)‘Y'}j’
Vs=7TeV: |Ldt= 481b1
\s = sTerLdt 13"

H—)ZZ —>4I

\s = YTQV%Ldt 46"
Vs=8TeV: |Ldt=13fb"

| | |
ATLAS Preliminary

|
my = 126 GeV

Combined
Vs =7 TeV: ]Ldt -46-48f0"
Vs = 8TeV: [Ldt = 131"

p=130£0.23

-1 0
Signal strength (u)

H — bb
n=1.15+0.62

H—o1t
w=1.10%+0.41

H— vy
u=0.77+0.27

H - WW
u=0.68+0.20

H— ZZ
n=092+028

Standard

\s=7TeV,L<51fb" \s=8TeV,L<19.6fb"

CMS Preliminary m, =125.7 GeV
PSM = 0.65
-
=
+

——

I - I T [ - E 10 1 | L 01 1 I 10 1
0 0.5 1 2 2.5

Best fit 0'!0'

ent with SM expectation
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Summary

» Indirect constraints predict a light Higgs in the Standard Model
» Experimentally a Higgs with m ~ 125 GeV is most difficult too find

» Direct searches exclude (June 2012) Higgs except for a small
region around m_~125 GeV

» Excess of Higgs candidate events at m_~125 by ATLAS and CMS.
More events are seen than expected by SM Higgs model.

» Interestingly, m_~125-130 GeV is theoretically also favored by

vacuum stability and triviality reasons (— Werner Rodejohann).
No new physics required up to very high mass scales!
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