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A new kind of particle:
The 'higgs' discovery at the LHC
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BREAKTHROUGH
of the YEAR

The HIGGS

From the editorial:

The top Breakthrough of the Year—the discovery of the Higgs boson—was an unusually
easy choice, representing both a triumph of the human intellect and the culmination of decades
of work by many thousands of physicists and engineers.
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* Implications

e Summary

21.1.2013

Lutz Feld | RWTH Aachen




Introduction

» electromagnetic and strong interactions :
— mediated by massless bosons: the photon y and the gluons g, ,
— described by U(1) and SU(3) local gauge symmetries

e weak interactions are different :
— mediated by massive bosons: Z° (m, ~ 91 GeV),W*(m,, ~ 80 GeV)

rey"
(charge —e)

— violate parity: distinguish between left- and right-handed states ) \/V
— description by SU(2), xU(1), local gauge symmetry predicts

massless gauge bosons E
— fermion mass terms —m,ge = —m, (8¢, + € e, ) are forbidden I
since L and R transform differently “
— furthermore: scattering of massive W bosons violates unitarity at high energy
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Spontaneous symmetry breaking

introduce a field ¢ with V () = 1o @ + 2 (@Tgo)z <0, 1>0

local SU(2), xU(1), gauge symmetry couples ¢ to gauge bosons y, Z° and W *,
2
ed. [goW|

ground state (vacuum) breaks gauge symmetry
P =0, +Ap +Ap,

g oW[ = m, W?
Ag, adds missing longitudinal state to gauge boson
Ag, = H remains as a new, massive, scalar boson:
the 'higgs boson'’

M., =~/24 ¢, with ¢, = 246 GeV

2 2
9eW[ =g (@, + H)W[ =..0°p,HW?... = ..gM, HW ...
bosons couple to higgs boson proportional to their mass

: m
fermions can be coupled to ¢ by Yukawa terms - G_g,pe, +c.c. = —m.ee ——-eeH

2
fermions couple to higgs boson proportional to their mass

@ has to be a scalar in order not to break Lorentz invariance of the ground state
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A bit of history

— spontaneous breaking of gauge symmetry introduced into particle physics in 1964
by [Englert and Brout], [Higgs], and [Guralnik, Hagen and Kibble]

— based on earlier work to explain super-conductivity [Anderson]

and low energy hadron interactions [Nambul]
— Higgs was the first to explicity mention the existence of a massive scalar particle (in 1964):
{82-4¢2V'" (92 HAag,) =0, (2b)

uy _ m N
3 F egoo{a (Acpl) €9 A u}' (2¢)

Equation (2b) describes waves whose quanta have
(bare) mass 2¢,{V'"(¢,2)}*'?; Eqs. (2a) and (2c)

— Weinberg, Salam and Glashow formed the electro-weak standard model in 1967
— t'Hooft showed in 1971 that such a theory is renormalisable

— experimental discovery of weak neutral currents (Z) 1973 (at RWTH)
— experimental proof of W and Z in 1983



The Higgs Field
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The Higgs Field

—fills all space

— generates the masses of bosons and fermions:
masses are in fact coupling strenghts

— breaks the electro — weak symmetry and mixes
y,W=,Z fromthe SU(2) xU(1), gauge bosons

Comment 1: it generates only about 1% of the proton mass
.e. our mass (99% are kinetic energy of quarks and gluons)

Comment 2: the mexican hat form of the potential is
not explained by the theory
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The Higgs Particle

excitation of higgs field

* mass: not predicted by theory

spin: zero

parity: even

couplings to bosons and fermions:
proportional to their mass

regularizes WW scattering
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established

verifying these properties will tell
if a new particle actually is ,the higgs’



Theoretical Constraints on the Higgs mass

Higgs potential V (¢) = t’p'p + A <¢T¢)2 1’ <0,

Higgs mass M, = \/ﬂgoo
800

Aisarunning coupling — A=A4(A)

600

400

M, [GeV]

for large M, (large 2(M,, )):

A>0

A will grow and violate unitarity at scale A

200
for small M, (small A(M,,)):

A will go negative at scale A
— rim of mexican hat bends down
— vacuum unstable

— M, constrained to a certain range for the
theory to remain valid up to a scale A
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Experimental constraints on the Higgs mass

Indirect constraints

H
I,PH\\
W
W

Global it of all precision electro-weak data to
standard model gives a preferred higgs mass of

+34
M, = [92 26} GeV (68% CL)

Direct searches at LEP:
M, >114.4 GeV (95% CL)

Including this constraint gives
M, <185 GeV (95% CL)

=

6 July 2008 M i =.154 GeV

5) 7

5 _ Aal'l’]«':).(l‘ = |

. i —0.02758+0.00035

L% - 0.02749+0.00012 -

4 - % % e incl. low Q° data N

3 |

2 _

1 - |
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How can we find the Higgs?

o

CERN Director General Rolf Heuer explaining the principle...
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LHC Workshop Aachen 1990 RN Ve

EURDPEAN COMMITTEE FOR FUTURE ACCELERATORS

Large Hadron Collider
Workshop

Carlo Rubbia,
PROCEEDINGS .
VOL.1 CERN Director General (1990)

Editors: G. Jarlskog

“Based on what we know today, we
believe that the design parameters for
the LHC are sound and the machine
can be built.”

Aachen, 4-9 October 1990
]
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Large Hadron Collider LHC at CERN

24.11.2012 Lutz Feld | RWTH Aachen



RWTHAACHEN
UNIVERSITY

Genf Geneva

[ 4 |
Schweiz Switzerlan
il

ﬁ Frankreich |

W R
Genfer See  Lake Geneva -

‘______—--"

24.11.2012 Lutz Feld | RWTH Aachen 17



LHC in figures

W en . 3
N , \ . . y

— = \ 27 km circumference

_,rﬂ_ = 9593 magnets

‘ cooled to -271,3°C (1,9 K)
i :-'._?l = by 120t liquid helium

e L
v

ﬁ._h‘ ﬂ'__‘;if-‘-'-”";'* ; 10'> protons at 99,9999991% of the speed of light

» o ey 11 245 revolutions per second
3 ~’- e , 10° proton-proton-collisionen per second

\

cost: about 3 billion Euro over 15 years
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Luminosity
CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-06 00:32 UTC

N
%))
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Date ( UTC) [https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults]
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LHC Performance e

Parameter Nominal

Vs (TeV) 7 7 8 14

Number of bunches 368 1380 1380 2808

Norm. Emittance (mm rad) 24-4 1.9-24 2.2-25 3.75

Inst. Lumi (103% cm2s1) 0.02 0.4 0.76 1

o. ., ~ (2 mbarn

Linello“ g 1}_> N =Lo ~ 720 MHz > 40MHz — PILE-UP
= cm S
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Total weight 14000t C IVI S
ECAL 76k scintillating o ;

verall diameter
Overall diameter 15 m PbWO, crystals

Overall length 28.7 m MUON ENDCAPS

HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid IRONYOKE

' : ¥ 7 | Preshower
design guided by __ A=~ | ¥. : i O Pvab,,, SiStips ~16m?
H 92294“. - ! 1 ) F 4~ ~137kch

! Foward Cal
Steel + quartz
Fibers 2~k ch

Tracker Pixels & Tracker

* Pixels (100x150 um?)
ECAL ~1 m2~66M ch
HCAL *Si Strips (80-180 um)

~200 m2 ~9.6M ch
Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC) 8
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CMS Collaboration
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Pixels

Strips
Preshower
ECAL Endcap
ECAL Barrel
HCAL Outer
HCAL Forward
HCAL Endcap
HCAL Barrel
muon RPC
muon DT
muon CSC

0 10 20 30 40 50 60 70 80 90 100

CMSSuhistern muon CSC  muon DT muon RPC  HCAL Barrel HCAL Endcai HCAL Forward HCAL Outer ECAL Barrel ECAL Endcai Preshower Striﬁ Pixels

October 3, 2012 CMS Wedr
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Aachen in CMS e

1. + 3. Physikalisches Institut: Profs. Erdmann, Feld, Hebbeker, Schael, Stahl
+ 26 physicists

+ 9 engineers

+ 24 PhD students
+ 27 students

+ 12 technicians

since 1994

R&D and construction of
Silicon Tracker =
and Myon Chambers

Tier-2 Computing Centre

Data analysis: Top-Quarks, Higgs, Supersymmetry, ...
Upgrades of Pixel, Tracker and Myon System

DFG Graduate School: ,Particle and Astro-particle Physics in the Light of LHC’
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The ATLAS Detector e

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

21.1.2013 Lutz Feld | RWTH Aachen 27



. RWTHAACHEN
Cross Sections UNIVERSITY

Gtot

10’ Tevétron LHC

i 6, (E;" > s/20)

o (nb)
3,

Oy
S,

o (E. > 100 GeV)

jet

10"
i higgs: 0.1 Hz
10° o,
10° b Ou(E > Vs4)
10® [e(M=120 GeV) challenges:

. 200 GeV trigger system
0 500 GeV background suppression
10‘7 | a1 a1 a3l 2 5 s s aanl

0.1 1 10

Vs (TeV)

[J. Stirling, http://mstwpdf.hepforge.org/plots/plots.html]
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[pb]

Production Cross Section, Oyt

. RWNTHAACHEN
Vector Boson Cross Section Measurements UNvErRsITY

Single Boson and Di-Boson Production

CMS

W

§ 7 TeV CMS measurement (stat®syst)

1 05 _-_ Z E 8 TeV CMS measurement (stat®syst) —

. : 7 TeV Theory prediction =

Do : —p——i -

=1) g . ' —— 8TeV Theory prediction n

10*E . =1) i —

- - = 0 : : ; =

L - =2 : . _ _ _

3L S I : ! ; |

107 23 i :W"";z?: s s S

= : . —_— ! : 5 -

- Q 23] : —— : § Vo

[~ =4j: ; : ; : : C

10°E | : N | ; WW 5 | =

= ! ? : =4 : i, - ; .

~ et : . i 8 7 T

10 ¢ E; =30 GeV '+ E;>10GeV —

= In™®1<2.4 ' AR(y.)>07 3

1E B : L 491 L 49f'! T3

— | 36, 19 pb ! 36 pb | 35 11fb 53y
JHEP10(2011)132 PLE701(2011)535 CMS-PAS-EWK-11-010 (WZ)

21.1.2013

JHEPO1{2012)010
CMS-PAS-SMP-12-011 (W/Z 8 TeV)

CMS-PAS-SMP-12-005,
007, 013, 014 [(WW ZZ)
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production
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The Higgs Boson UNIVERSITY
102 I — T —T ™

decay
T T TR w 1 _—I—‘* T /I’ f“-‘_‘_ B o
—_ H ke E = 33
T M \s=8TeV % ® F bb ] §
< ol g o 7z 1%
& 90t ; if m, ~125 GeV then = T . §
& £ 10 g9 E
® o(pp—H +X)~15pb e ?7\
— inL =5fb™: 75'000 higgs bosons
-2 -
I'(H)~4MeV 10 -
10-2 iL._l._.J.. L ...J....l_..] S S — .L.i...l...i_l._.'._l_._l\_. . S _-:- ) { ZY :
100 150 200 250 300 y
MH [Gevl 3 / | |
g t 10°=700 120 140 160 180 200
g g fusion: t H®
g t
q
cC WW, ZZ fusion : He
o) <.
B 7}
Q .
W2z —
A W,z < <
(@]
| .
o - Ho
q W, Z bremsstrahlung . . .
— analyses are split into different categories
rt
o mass
B ¢ at . 1-3% 1-7% 20% 10% 20%
o > HO resolution
"t
g
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di-jet tagging: qq=2>qqH->qqyy

q

WW, ZZ fusion ;

q

il
i f,ﬂf--

i Q;ngperlment at LHC, CERN
ﬁata recorded: Mon Sep 26 20:18:07 2011 CEST
EunjEvent 177201 / 625786854

Lumi section: 450
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Sensitivity of different channels VUNIVE

p-value: probability that background fluctuates to an excess as large as expected from the SM higgs

CMS \s=7TeV,L=5.1f" {s=8TeV,L=5.3fb"
GJ 1_I I I | I ! | ] I I I I —-I--I--I--I--l-l-l--I--I--|--I--I--I--I | | | I I___ 16
= 420
? 36
o -
c_g J4c
O
-
150
66
— Expected p-values
-11| | = Combined
10| —tom 170
— | H->2Z
| = H—-> WW
[ | =——H-o11
10™ = Hobb | | |
1 | | 1 | 1 | 1 | [ 1 | | 1 1 | | | 1 | 1 1 1 1 | | | 1 1
110 115 120 125 130 135 140 145

m,, (GeV)

highest sensitivity in channels with best mass resolution: H>yy and H>ZZ
mass resolution = significance!
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Significance

f(x; u,0)

0.3173 lo

4.55 x1072 20

2.7 x1073 30

6.3x107° do

02 5.7x1077 5o
L1 2.0x1079 6o

(x—W)/o
T T

background observation
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H-2>YyY

Higgs production /,/' Higys decay to photons
e ECAL energy resolution decides » —
. F\Ch ["\Jﬁ
e yYy mass resolution 3-4 GeV oD TN
* multi-variate analysis for photon ID /}?“};‘“iﬂ
e . g “
and event classification A L
f} L E L=y }

CMS (s=7TeV,L=51fb"'"Vs=8TeV,L=5.3fb"

> N T r 1t 111 > 7000:— L . L DL L AL I L =
Q L CMS > ———T 8 = ATLAS Selected diphoton sample ;
O . O Unweighted QN 6000( e  Data2011+2012 —
0 B 01500 ‘5 E Sig+Bkg Fit (mH=1 26.5 GeV) -
1500 = T 0 N e Bkg (4th order polynomial) =
- 2 g 4000 ATLAS Preliminary 3
i [} : - - , =
5 111000F s000F =
> E =
w1000 2000 s =7TeV,det =48 —
© = - -
g . 10002 {5 =8 TeV, f Ldt=130 1" =
(@) i — = ——t—————— e b ey =
S £00 " 4 Deta u; 300;— —;
; e S+B Fit _“-'_,C'J 200;_ + _;
— | eeees B Fit Component o) 100E- E
C-E - CJ+1o - Ui 05 l | L + = + + + =
| 20 1 e 1 H ? H*'E_
L K RARAENENT AN
x 0 o v v b b b -100 + + + + =
@ 110 120 130 140 150 '20[130:0 TS0 7w 180 w0 50 Tzso
m,, (GeV) m,, [GeV]
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H-2>YyY

Higgs production / Higys decay to photons
e ECAL energy resolution decides »
y
e yYy mass resolution 3-4 GeV :
 multi-variate analysis for photon ID TTH T
and event classification
p 8
CMS Vs=7TeV,L=51fb"{s=8TeV,L=53fb"
g g oo 10°FT '
Tg = < 5 10° I__SM H—)w expected p ATLAS Prehmlna F
o 10" N L 10— Observed p_
— ' E | 3
S ; '-'-. 1 1
3 ; .--..--‘ 26 101 Ly _;—_-__::___—________ 2((;
102777 e JOCT TR - 102 = —
E e = 10-3 e B ——— oy X 30
10-3_ v 36 * 5----'05-'-2-0-'1--'---- o= e e e ———— 40
g —— Observed ::82___ Ex: 20111 det=4.8 fbo’
104— ----- Exp. for SM Higgs Boson 107 r-_---gbs gg;lzz-.-.-.- B TR TV 50
E ——— 7 TeV Observed 83 Xp .
— 10 E — L
N v ~— 8 TeV Observed {40 10'9 Er--z-mf‘x::'-z%:ls?é‘-v ------- L ?E-j??Ib- '''''''''''''''' 6o
10‘5JllIIJJJlllJJllllJJlllllJIIllIIJJIllIJJ 10—10||I:nH|_|||||||e|||||||||||||||||||||||||
110 15 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150
m, (GeV)
my [GeV]
significance 4.1o significance  6.1o
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I+ RWNTHAACHEN
H>ZZ UNIVERSITY
Z |-
HO
Z |*
proton ‘ I -
CMS ATLAS
o5 CMS preliminary Ns=7TeV,L=51f"'Vs=8TeV,L=122f"

> —T | T T T | T T T | T T T | T T T | T T T —T— > — . .

3 I * Data i §35:_ * Data ~ ATLAS Preliminary

- - 2+ . 2 r Il Background zz"” U770l

» 20 | o 27 — :3’30:— [ Background Z+iets, tt

= i I [z i - [ Signal (m =125 GeV)
2 - [ |me=126Gev 1 25_—%/3 stUnc

Wos) ] PSS
L | - I
: | “Hs=7TeV:[Ldt=46 b

10l N s\s=8TeV: [Ldt=13.0 fb’'
E 10
S -

N T |
80 100 120 140 160 180 100 150 200 - [Gegleo
m,, (GeV) :

21.1.2013 Lutz Feld | RWTH Aachen 39



It RWTHAACHEN

H>ZZ UNIVERSITY
Z |-
HO
Z I
proton ‘I_
CMS ATLAS
CMS prellmmary 'i.n'_—?TeVL 51fb" ys=8TeV,L=12.2 fb"
Q} 1 % ||||||| I | | I | |||| E= Q_O 02_I T I] T T 1T [I T I] T IIA[T.LIAISIFlllj I.I | L j
- r!'v—"w m v 3 =10%r — Ob 2012 reliminary
f_? 1Ly -1 ﬂ L Jo 8 1 — 2012 H— zZ"— 4l ]
S 000y SR I Y A NI
o = ! 3. 10; T Gba Combination  'S=7 TeV: JLdt =4.6 b5
T nzl B e Exp Combination  ys=8 TeV:[Ldt =13.0 fb’]
T 102 : : :
Q e 0 - E
= =k 110
10 = - — Observed = 10" g ‘
- - - Expected . 120
107 5 107 E
S ' 4e :
107 & i ': = 10°¢ \E 30
10° : - 10'@— ~:
= i : = 56 - it i E40
[ I : : : -1 105 1111 | 11 1. I | 11 1 1 | 1 111 | 111 1 | HE | | 1 11 I:
10000 200 300 400 500 Y000 110 120 130 140 150 160 17(()3 \1/80
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significance 450 significance  4.1c
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The low mass resolution channels

H->WW (gg->H, qq>qqH)

102 | = observed
F --- median expected ]
expected + 10 H— WW — 2i2v ]

i expected = 20 L=49f0" (7TeV) + 121" (8 TeV) ]
— signal injection m =125 GeV x 20 (stat.)

CMS preliminary-|

95% CL limit on o/ag,,
o
I

\‘III HIHlHHHIHlHHHIF

200

300

400 500 600

Higgs mass [GeV]

broad excess
observed : 3.1 sigma
expected: 4.1 sigma

21.1.2013

H->ttv (gg—~>H, gqg>qgH,>VH)

CMS, Preliminary, H— 11, L =17 fb"

§5.0 T
o [ —— observed
- 45 E expected
S 4.0 E_ [ * 1o expected
5 F [ ]+ 20 expected
E 35F
_
o 30
X 25F 3
o E 3
2.0 3
E———\_ E
1.5 ;— /
10F
0.5F : ]
oob—— v o vy 1
1" 120 130 140
m,, [GeV]
mild excess
1.3 sigma
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95% Asymptotic CL Limit on c/cg,,

H->bb (qq—=>VH)

AL S LT L DL L B DL B
CMS Preliminary
B a4 —a— CL_ Observed N
[ IESTRNLEA .o~ CLoH125 injected |
51 1s=8TeV,L=1211b --e-- CL, Expected -
L VH(bb), combined CLg Expectedt 10 ]
B CL Expected+ 26
41~ =]
3
2__ -,
] or-ce——————l ]
b | L1 P
110 115 120 125 130 135
my [GeV]
mild excess
2.2 sigma
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Combination of all Observed Yields

Testing the SM higgs hypothesis

95% CL limit on o/og,,

CMS Preliminary ys=7TeV.L=51fb' {s=8TeV,L=122"
T T T T T T 17T T T T TTTTTT[TTTITTTITIT T T T T T T T T T T T T T ITITITTTT0dT

: | | |+Obser\.feld :

----- Expected (68%)
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»
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higgs masses excluded at 95% CL up to 700 GeV

except between 121 and 128 GeV



Combination of all Observed Yields
cMms  Testing the background hypothesis A1 AS

CMS Preliminary ys =7 TeV,L=5.1f0" {s=8TeV,L=-12.21f"
! | [ S S - -

1= I O5'"I'_'"I""I""I""I'
SR A 5 & 1OF —Conpgtgpened  ATLAS Preliminary
ToF L N\J 0 e iy fu-acest
Q kb ~ N4 — s = _ 12 fhy
©10°F \ '/ N 10f T BB OREES ecreg \s =8TeV, JLdt = 13 fb”
Q LT =50 qE-oCoIIEEIooNITITITITTTTT R - Q
o - < - L0 e Wl MR Sl
A —- L
10°} S 160 10°F Tt IITTTTT
— "‘ — 5 ________::_-_‘.\ ____________
i “._‘ 17c 10
13 [ — - 5 N A =S
O e 7 TTE agymptoti
| H—bb 0 _8c 100k N e
| —H—1r A —
47— H 7 11 With MSS
10 __—H—>EW R _ 10 ____I ___________________________________
| | —H->2ZZ ', _ 10713 | .
111 | 1111 | | | | 1 1 11 | 1 11 I‘LI 1 11 | [ 115
110 115 120 125 130 135 140 145
my (GeV)
significance significance
observed: 6.90 observed: 700
expected: 7180 expected: 590

probability to observe 7o in the absence of a signal: 10

107" = (50%)40 i.e. like flipping a coin 40 times and getting 40 heads
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All analysed Higgs decays RWTHAACHEN

Vs=7TeV.L= 51" Vs=8TeV,L =122 (s=7TeV,L= 516" {s=8TeV,L =122
CMS Preliminary  my = 125.8 GeV CMS Preliminary  m, = 125.8 GeV
H— bb ‘-
: Untagged -
H— 1t L
VBF tagged . m
H— vy P—-——
: VVH tagged -
H— WW —
ttH tagged B
H— ZZ ] g9
I R T BRI | E cooo by by : l : ' : ! : : : |
-2 0 2
0 0.5 1 1.5 2 2.5 :
T T Best fit 6/cy,, Best it 6/og,,
O
o | u=-2 -088+021
. SM-Higgs o
Higgs SM
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All analysed Higgs decays

Vs=7TeV.L= 51fb' \s=8TeV,L=122fb"
CMS | CMS Preliminary m, = 125.8 GeV

RWTHAACHEN
UNIVERSITY

ATLAS
— 1

H — bb

H— tt

H—yy

| | |
ATLAS Preliminary { m, =125 GeV
W,ZH — bb =

Vs =7 TeV: [Ldt=47 " -
Vs=8TeV: [Ldt=13 b
H— 1t

\s=7TeV: [Ldt=46 f’ o
\s=8TeV: [Ldt=13 b i

H—wWW" = i

L)
Vs=8TeV: [Ldt=131b" i

H— vy :
\s=7TeV: [Ldt=4.8 " : ——
\s =8T9V:fL{qt)= 131" :

H—=ZZ ' — 4]

Vs=7TeV: [Lat=46" ——
\s=8TeV: [Ldt=13 b i

H—- WW

Combined uw=135+0.24

1
Vs=7TeV: fLdt=46-48m" | —e—
Vs=8TeV: fLat=13 1"

H— ZZ

0 0.5 1 1.5 2 2.5
Best fit G/GSM

no

(o2
i pu=—=088+0.21
Higgs SM-Higgs oo,
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-1 0 +1
Signal strength (u)

error bars should be taken seriously!

(=135+0.19 (stat)+=0.15 (syst)
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All analysed Higgs decays

Vs=7TeV.L= 51fb' {s=8TeV,L=122fb"

CMS Preliminary m, = 125.8 GeV We have discovered a new particle!
lts mass is 125.8 + 0.6 GeV.
H s bb ! It decays to yy
— spin0or2
H— 1t - — its a boson

All known elementary particles
are spin 1/2 or1

H s WW i —> anew kind of particle
Branching ratios as expected
H— ZZ - for SM Higgs

0o o5 1 gs' 't'f_tz / 2.5 BUT: uncertainties are still large!
eSSl TIl /0 :
T T sM Need more data to find out

what this new particle really is.

no

Higgs SM-Higgs






IRWTHAACHEN
UNIVERSITY

tagesschau 04.07.2012

5.12.2012 Lutz Feld | RWTH Aachen 48



5vl [hep-ex] 31 Jul 2012

23

arXiv:1207.7

CMS

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)
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CMS 24 2012/08/01

CMS-HIG-12-028

Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC

The CMS Collaboration*

Abstract

Results are presented from searches for the standard model Higgs boson in proton-
proton collisions at /s = 7 and 8TeV in the CMS experiment at the LHC, using
data samples corresponding to integrated luminosities of up to 5.1fb ™" at 7 TeV and
53fb ! at 8TeV. The search is performed in five decay modes: 7y, ZZ, WW, 777~
and bb. An excess of events is observed above the expected background, a local signif-
icance of 5.0 standard deviations, at a mass near 125GeV, signalling the production
of a new particle. The expected significance for a standard model Higgs boson of
that mass is 5.8 standard deviations. The excess is most significant in the two decay
modes with the best mass resolution, 7y and ZZ; a fit to these signals gives a mass of
125.3 £ 0.4 (stat.) £ 0.5 (syst.) GeV. The decay to two photons indicates that the new
particle is a boson with spin different from one.

This paper is dedicated to the memory of our colleagues who worked on CMS
but have since passed away.

In recognition of their many contributions to the achievement of this observation.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2012-218
Accepted by: Physics Letters B

Observation of a New Particle in the Search for the Standard
Model Higgs Boson with the ATLAS Detector at the LHC

The ATLAS Collaboration

This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the
full impact and significance of their contributions to the experiment.

Abstract

A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector
at the LHC is presented. The datasets used correspond to integrated luminosities of approximately
48fb ! collected at 5 =7TeVin 2011 and 5.8 fb! at 5 = 8 TeV in 2012. Individual searches in the
channels H— ZZ"'— 4{, H— yy and H— WI"" = evuv in the 8 TeV data are combined with previously
published results of searches for H— ZZ'*), WI"*), bb and "t~ in the 7 TeV data and results from
improved analyses of the H— ZZ'"'— 4( and H— yy channels in the 7 TeV data. Clear evidence for the
production of a neutral boson with a measured mass of 126.0 + 0.4 (stat) + 0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7 < 107, is compatible with the production and decay of the Standard Model
Higgs boson.

arXiv:1207.7214v2 [hep-ex] 31 Aug 2012
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Observed Mass

CMS

CMS Preliminary {s=7TeV,L=51fb"' ys=8TeV,L=1221fb"
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Mass M =125.8 = 0.4 (stat) == 0.4 (syst) GeV
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ATLAS

7 P -
ATLAS Preliminary Combined (stat+sys)

. Vs=7TeV:|Ldt=4.6-4.8fb"' ----- Combined (stat only)
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B 20
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1 1o
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my, [GeV]
270
disagreement

my, =1252+0.3 (stat) = 0.6 (syst) GeV
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CMS

CMS Preliminary =7 TeV, L<5.1 fb" V5=8TeV, L <122 fb" ATLAS
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relative coupling to Z and W
as expected (custodial symmetry)

g 209

HO ttfusion:

9

21.1.2013 Lutz Feld | RWTH Aachen 51



-2AInL

-2AInL

Couplings
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Spin

CMS

From lepton anglesinH — ZZ — 4l :

CMS Preliminary Vs=7TeV,L=5.051t"Vs=8TeV,L=122110"
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ATLAS

Look at photon angle (Collins-Soper-Frame) in the channelH — y » -

Y RIS B LA DL B R L IR I I
3 2500F. — 8=0 hypathesis ATLAS Preliminary
= - —— S=2 hypothesis ]
B —— observed 7]
20001 |
1500} -
1000 —
5001~ =

9% "% 6 4 2 0 2 4 6 8 10
-In(L(0)/L(2))

exclusion of spin 2* at 91% CL
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Parity
Look at kinematic correlations between the 4 leptons in the channel H — ZZ — 41.
N.B. observation of this channel already implies that H cannot be a pure pseudo-scalar.

CMS ATLAS
CMS Preliminary Vs=7TeV,L=51b'Ns=8TeV,.L=1221fb" e
£ 30001 5045:
Q C l:l SM, 0+ £ 0.4~ ATLAS Preliminary —Data
g L - - H— ZZ” — 4] Signal hypothesis
= 2500 0.35 |
Qo - Iﬂl 0 TF (s=7Tev:Ldt=46m" (m =125 GeV)
x [~ I -
g 2000  — cms data 0.3- Vs=8Tev:[Ldt=130" _J'I:u= 0*
9 - - BDTanalysis
© 0.25 y i F =0
© 1500 5 HE TYH T
2 r 0.2 : I
& C | F
1000~ 0.15 TR
5 0.1 |
500 |
. 0.05 |
il ‘.'I‘I | | [t Lo 0: ,-"‘I o 1 _I"_L_‘_F_J_‘__ !
%520 0 o0 10 20 30 30 T 0 5 10

-2xIn(L /Ly,) log(L(H )/L(H))

pure pseudo-scalar in fact excluded at 98%-99% CL
consistent with pure scalar state
still room for a mixture and CP violation in the higgs sector
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Implications

If the new boson is the/a higgs boson,
i.e. a scalar, related to spontaneous breaking of electroweak symmetry ...
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a new kind of particle:

clectron neuinno

Leptons
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first elementary spin-0 particle



inertia is not a property of the bare particles

............ | e F=ma israther F =gg,a

Le ptons
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clectron neuinno

Leptons
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Atoms
4.6%

Dark

Matter if there is a higgs field
23% then there might be more

scalar fields around...
(link to inflation?)

vacuum filled with higgs field

V (ng)N
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m i = 152 G?V

5 A0y =
. % —0.02750£0.00033
I (IR A 0.02749+0.00010
4 % % e+ incl. low Q° data
3 -
2 -
1 -
|LEP / LHC
0 excluded ... A excluded
40 100 200
m,, [GeV]

Standard Model is complete!

And it fits well!

21.1.2013
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A 4th fermion generation is excluded!

Also: not a lot of room for other new physics in the loop ...
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— 600
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W
o,
- 400 New Physics might appear well
= - below the Planck scale!
EDD:—
D_"|"|"|"|"|_

103 106 109 1012 1019 1pl8
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Discovery of the higgs boson
poses the hierarchy problem

Supersymmetry!

SUSY can explain the origin of spontaneous symmetry breaking

N.B. M,, > 130 GeV would have been incompatible with SUSY
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. but maybe what we see is yet something else ...



NTHAACHEN
Summary UNIVERSITY
2010-2012:
p p collisions: 6'000'000'000'000'000
recorded by ATLAS and CMS: 10'000'000'000
higgs bosons produced: 800'000
higgs boson candidates: around 400

anew bosonhasbeen discovered
7 o significance per experiment
M =126 GeV with 0.5% uncertainty

LHC has achieved one of its two main goals:
we have found

either the higgs boson

or new physics

2013/14: LHC shut-down
2015 ... alot more data at 13.x TeV to study our new friend in detail
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Additional Material



CMS Projection

Expected uncertainties on
Higgs boson signal strength

[ T T I T | I
10fb'at J5=7 and B TeV

3001 at 5= 14 TeV
300 fb" at y5 = 14 TeV wio theory unc.

HovyYy | :
H— ZZ | |

H — WW | |

H—o1t1 | |

H— bb | I
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