y i T




Introduction of Sub-atomic World

electron
<10"%cm

proton
(neutron)

nucleus

— ~10""%cm
atom~10"cm

Particle Physics studies the properties of fundamental
building block of matters and their interactions.




Interactions of Particles

1 Force Is explained by exchange of force carriers between
particles (Gravitational, Electromagentic, Strong, Weak)

U Long-range force: light force carrier (y, graviton)

 Short-range force: heavy force carrier (W=, Z9)

Electromagnetic

H”HH*HH

Strong




Standard Model of Elementary Particles

 Elementary Particles
> 100 years’ discoveries
O The SM is in excellent

agreement with the numerous
experimental measurements.

Forces

O The only missing SM particle is
the Higgs boson which is
proposed to responsible for the V
electroweak symmetry breaking, ey
particles acquire mass when Leptons
Interacting with the Higgs field.

=» Hunting for the Higgs boson is one of main goals
In particle physics (LEP, Tevatron, LHC)

Search for Higgs boson




Higgs Mechanism

U The potential in (a) is symmetric
U The potential in (b) the potential is still symmetric,
but the symmetry of the ground state is spontaneously broken.

U Spontaneously symmetry breaking =» Nambu-Goldstone bosons (no spin, mass)

U Peter Higgs showed that Goldstone bosons need not occur when a local symmetry
IS spontaneously broken in a relativistic theory. Instead, the Goldstone mode
provides the third polarisation of a massive vector field. The other mode of the
original scalar doublet remains as a massive spin-zero particle — the Higgs boson.
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Cartoon Explanation of the Higgs Boson

Physicists
“Higgs field”




Cartoon Explanation of the Higgs Boson




Cartoon Explanation of the Higgs Boson

A famous physicist is hard to move across the room.

‘&

a

“Particle” - gain mass

13

ae

Physicists
“Higgs field”



Cartoon Explanation of the Higgs Boson

A less popular physicist is easier to move across the room.
Partlcle —> gain lower mass

1&
2 2,

Physicists
“Higgs field”

A famous physicist is harder to move across the room.
“Particle” - gain higher mass

=source: CermdUCL




Our Tool: High Energy Collider

o Energy Is the currency in particle physics !
o Shorter distance <> Higher energy (A=h/p)
o Heavier matter particle <> Higher energy (E = mc?)

a High energy beam and big machine to study the smallest scale

M,=173.2 GeV/c?

-4— Antiproton
S S S S S S S S

M, =0.938 GeV/c?
Energy = 0.98 TeV




Our Tool: High Energy Collider

Historv of the Universe

o Higher energy beam collisions «»
b e higher temperature (E = T)

o Use high energy collider to
recreate the conditions right after
the Big Bang.

Shortest scale in particle physics

Largest scale in the Universe

€ LHC, time~1013s, Temp ~ 10! K,
Energy ~ 8 TeV, distance # 10° m



Large Electron Positron Collider at CERN

September 12, 2012



Search for Higgs boson at LEP

=>Results: exclude my, < 114.4 GeV/c? at 95% CL
(Physics Letters B 565 (2003) 61-75)

e’ P =
7 /
€ Bjorken process Z*
et v b

e~ Higgsstrahlung

Z

(5]
ml_ad —
— 0 027580 00035
== 0 027480 000712
s incl. low OF data

Preliminary

300




Tevatron at Fermilab (FNAL)
1 Search for Higgs boson at Tevatron (1.96 TeV): 1983 — 2011




=>» Results (arXiv:1207.0449): 2.5¢ excess at m,,;=120-130 GeV

Search for Higgs boson at Tevatron

S (PP — H+X) (pb)

gg—H

o(pp—~H+X) (pb)
\s'=2TeV

M, =175 GeV
CTEQ4M

18 20C

M, (GeV)

95% CL Limit/SM
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Large Hadron Collider at CERN
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September 12, 2012 Search for Higgs boson




Tunnel (26.7 km)

Segtember 12I 2012 Search for Hiﬁgs boson ' o




Particle Acceleration and Collision




Collisions at LHC

Luminosity

Proton Collisions

Parton
(quark, gluon)

Proton-Proton 2835 bunch/beam
Protons/bunch 10"
Beam energy 7 TeV (7x10'2 eV)

103 cm? s

Crossing rate 40 MHz

= 107 - 10°Hz

Particle

Selection of 1 in
10,000,000,000,000




LHC on BBC

3 July 2007
Accezsibilih halp
Text anly

EBC Homepage

Science & Nature
Homepage
In Horizon:

Recent Horizons
;%Et%ﬁmﬁ%m
feb

Contact Us

Like thiz page™?
Send itto a friend!

|| search |i|

Science & Nature RELEEER T

horizon

Tou are here; BBC » Science & Mature = Horizon = Recent Horizans = The Six Billion Dollar Experiment
e olX BlllloN Dollar exXperimen

Tuesday 1 May 2007, 9pm, BEC Two

In the coming months the most comples:
soigntific instrurment ever built will be switched
an, The Large Hadron Collider promises to
recreate the conditions right after the Big Bang.
By revisiting the beginning of time, scientists
hope to unravel some of the deepest secrets of
our Universe,

wWithin these first few moments the building
blocks of the Universe were created, The search
for these fundamental particles has ocoupied
scientists for decades but there remains ane
patticle that has stubbornly refused to appear in
any experiment, The Higgs Boson is so crucial to
our understanding of the Universe that it has
been dubbed the God particle. It explains how
fundarnental particles acquire rmass, or as one
scientist plainly states: "It is what malkes stuff
stuff..."

F IOURMEY: Through space and time
FWOTE: Should we risk creating a black haole?

P WIEW : Highlights from the programme




LHC on New York Times
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At Cern, the Large Hadron Collider could recreste conditions that last prevailed when the universe was less than a triliorth

of a zecond old. Above is one of the collider's mazsive particle detectors, called the Compact Muon Solenoid. More Photos =
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ATLAS and CMS Collaborations

1 Detector: A Toroidal LHC ApparatuS (ATLAS)
—~ 3000 phyS|C|sts - :
—~ 1000 students -
— 175 Institutes
— 38 countries

3 Detector: Compms
—~ 3300 physicists' RV T
—~ 1500 students gy U

— 179 Institutes
—41 countries

20+ years of worldwide collaborative efforts




Academic Ranking of World Universities (Top-25)

EIRanking of WOI’|d U. by SJTU (2010) http://www.arwu. org/ARWUZOlesp

1 Harvard U. UC, San Diego

2 UC, Berkeley 15 U. Pennsylvania

3 Stanford U. 16 U. Washington

4 MIT 17 U. Wisconsin

5 U. Cambridge 18 John Hopkins U.

6 Caltech

7 Princeton U. 20 U. Tokyo

8 Columbia U. 21 U. College London

9 U. Chicago 22 U. Michigan

10 U. Oxford 23 Swiss Federal Inst. of
Technology, Zurich

11 Yale U. 24 Kyoto U.

12 Cornell U. 25 UIUC

13 UC, Los Angeles 26 Imperial College

_



ATLAS Member Institutes

EIRanking of World U. by SJTU (2010) http://www.arwu.org/ARWU2010.jsp

University Name University Name

1 (ATLAS)
2 (ATLAS)
3 (ATLAS)
4 (ATLAS)
5 (ATLAS)
6
7
8 (ATLAS)
9 (ATLAS)
10 (ATLAS)

11 (ATLAS)
12
13

Harvard U.
UC, Berkeley
Stanford U.
MIT

U. Cambridge
Caltech
Princeton U.
Columbia U.
U. Chicago

U. Oxford

Yale U.
Cornell U.
UC, Los Angeles

15 (ATLAS)
16 (ATLAS)
17 (ATLAS)
18

20 (ATLAS)
21 (ATLAS)
22 (ATLAS)
23

24 (ATLAS)
25 (ATLAS)
26

UC, San Diego
U. Pennsylvania
U. Washington
U. Wisconsin
John Hopkins U.

U. Tokyo
U. College London
U. Michigan

Swiss Federal Inst. Of
Technology, Zurich

Kyoto U.
UluC
Imperial College



ATLAS and CMS Member Institutes

EIRanking of World U. by SJTU (2010) http://www.arwu.org/ARWU2010.jsp

1 (ATLAS) Harvard U. 14 (CMS) UC, San Diego

2 (ATLAS) UC, Berkeley 15 (ATLAS) U. Pennsylvania

3 (ATLAS) Stanford U. 16 (ATLAS) U. Washington

4 (ATLAS,CMS) MIT 17 (ATLAS,CMS) U. Wisconsin

5 (ATLAS) U. Cambridge 18 (CMS) John Hopkins U.

6 (CMS) Caltech

7 (CMS) Princeton U. 20 (ATLAYS) U. Tokyo

8 (ATLAS) Columbia U. 21 (ATLAS) U. College London

9 (ATLAS) U. Chicago 22 (ATLAS) U. Michigan

10 (ATLAS) U. Oxford 23 (CMS) Swiss Federal Inst. Of
Technology, Zurich

11 (ATLAYS) Yale U. 24 (ATLAS) Kyoto U.

12 (CMS) Cornell U. 25 (ATLAS) UIUC

13 (CMS) UC, Los Angeles 26 (CMS) Imperial College a



The ATLAS Detector: Huge Camera

Taking pictures at a
rate of 40 Millon/s and

recording pictures at a
I ~ rate of ~1000/second
. |

») Muon Detectors Tile Calorimeter Liquid Argon Calorimete

Ty i

7

46 X 25 x 25 m, 7000 tons
~3000 collaborators

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker




The CMS Detector

MUON CHAMBERS | [ INNER TRACKER | |
= :

Compact Muon Solenoid:
21 x 15 x 15 m, 14,500 tons

CHYSTAL ECAL

A

HCAL
i i -
] B A P, o - -
B ~ -
VERY FORWARD gy i st
CALORIMETER =y | PO
: : . l i =N
“.- i '-: - e
1 Fa S r, - ; — o - -
ey

Total Weight = 14,500 t.
Overall diameter: 14.60 m
Overall length : 21.60 m
Magnetic field : 4 Tesla




Particle Detection

1 Different particles have different signatures in detectors

Muon Spectrometer:
muon identification and
momentum measurement

Neutrir_\o"
L '_/’ ’
Hadronic calorimeter:
Measurement of jets and
missing energy

Proton
i

ely identification and

Neytron BEEEER Electromagnetic calo:
/ energy measurement

. »
*Electrons’

Solenoid magnet
Transition

Lo ::' Tracking system:
Tracking TrﬂCkDrPixel.-'SCT \'\.\. e _":' Charged pal"[iC|e
detector Xl momentum, vertexing




Higgs Boson Mass Constraint

Q Direct searches at LEP (2000):  °T\:° ; v I
Aol =
mH > 114.4 GeV @ 95% C.L. =l % —D[;;?smnnnnaa
- 7 === 0.02749x0.00010
 Direct search at LHC (2012.3) 4] Wil - incllow @ data
my<127GeV @ 95% C.L.  «~, ]
- - <
d Precision electroweak data are -
.. - 2
sensitive to Higgs mass, global _
fit mass: My = 9422 GeV 1_'LEFT ded uded
RS RAMOOD "% 100 200
= 30.455_1 o my [GeV]
= : -‘h“: t
;& il : : A :.“ ‘H"'.': W\/O\I\’\/
= ovast w4 W W wOW W
H i
e a7 1 M3=M%(1-sin?0,)(1+Ap)
155 160 165 170 175 180 85 90 1% Radiative correction: Ap(m,my,a.,...)

Top Mass (GeV)
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Higgs Boson Production at LHC

t
t

_ Yukawa
g g fusion .
t coupling
t T fusion
- 0
5 H
W, Z bremsstrahlung Gauge
coupling

HO

WW, ZZ fusion =9

Gluon-gluon fusion gg—->H and vector-boson
fusion qg—>gqH are dominant
10

\'s=8 TeV

T T TTTTI
11 1intil

LHC HIGGS XS WG 2012

I r|||||r|
[ IIIIIl|

o(pp — H+X) [pb]
P

—

107

T II[IIII

102

IIII

1000
M, [GeV]

@125 GeV: o, =19.5 pb, 7,,, =1.6 pb,
&,, =0.70 pb, o, =0.39 pb, &, =0.13 pb

L ! .
80 100 200 300 400

Inelastic pp cross section at 7 TeV is ~ 60 mb




Higgs Boson Width

» Strong mass dependent = 10°F
y=35MeV@120GeV & |
1.4GeV @200GeV ~ |
8.4GeV @ 300GeV 10

68.0 GeV @ 500 GeV :

1O2§—

LHC HIGGS XS WG 2010

1

> At low mass region (<200 107}
GeV), detector resolution i
dominates mass resolution  10°

100 200 300 500 1000

» At high mass, Intrinsic SGM M, [GeV]
- - | Y FH
width becomes dominant "+ ~3g 7
3
~ 500 GeV - ( il ]
1 TeV
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Higgs Boson Decay

Higgs decay branching

ratio at m,=125 GeV

»bb: 57.7% (huge QCD
background)

»WW: 21.5% (easy
Identification in di-lepton
mode, complex background)

»11. 6.3% (complex final states
with t leptonic and/or hadronic
decays)

»Z7*. 2.6% (“golden-plate”,
clean signature of 4-lepton,
high S/B, excellent mass peak)

»vy: 0.23% (excellent mass
resolution, high sensitivity)

Branching ratios

L L B S L ——<__" %
T~ W 13
5 7
10T et 1
cC ~ .
1025 § =
v 2
10'3 1 L 1 | ; | | I l ] | | | ‘ | =
100 120 140 160 180 200
M, [GeV]

Higgs boson production rate:
1 out of 10* collision events




ATLAS Data Samples

7 TeV data samples (2011)  ~ 20—
. . L 18 nline Luminosity \s=8TeV =

— 4.8 fbt for physics analysis 2 g EucDaens E
- Peak IuminOSity 3-6x1033cm-28-1§ ::;;: Total Deli\..fe.-red:.14.341b'_11 _:
d 8 TeV data samples (2012) & - :
) i > g ICHEP dataset E

— 5.8 fb-! for physics analysis S g gt

8
6
— Peak luminosity 6.8x1033cm2s1* )
- I 1C] o~ 0) PR I S N I
D Data taklng effICIenCy 94 /0 01Ol04 03/05 04/06 06/07 07/08 09/09
1 Significant pileup events Day in 2012

N

-.' -! e — TN E
s ——— v




Major Challenge

1 Large pileup events result in big challenge to the detector,
reconstruction and particle identification !




* Very simple signature, but small rate Br(H->yy) ~ 2x103;
* Important decay mode for the low mass region (100-140 GeV)

S %i | e o Br(H = )~ 50 fb
W y t @mH:lZSGeV

Decay through loops ! ~500 events in
* Irreducible background from yy production 2011+2012 sample!

BRAAAA LA

RAYAVAVAVAVZ SR VAVAVAVAVAVA
a9 Y
“"44%
* Reducible background from yj and jj productions
200090,9 9 MWW o 75 g 0'(7])”3><105 pb

o (yy)~40 pb

al

“/\VVVNA—Y 900000 )

i— LMY 000000 a9 1 o (jj)~6x10" pb

Theoretical uncertainty Ao/o ~30% , not reliable !




Events - Bkg

Diphoton mass m,, as the final discriminant variable
2 .
m* =2E E (1-cosAg, )

Model signal and background using analytical functions:
Signal: Crystal-Ball function (core) + Gaussian (outlier)
Backgrounds: exponentials, polynomials, ...

¢

——— Sig+Bkg Fit (m _=126.5 GeV)

1s=7 TeV, [Ldt=4.8fb"

1s=8 TeV, [Ldt=5.9f0"

Bkg (4th order polynomial)

110 120

A total 59059 events selected, expect ~¥170 signal events at 126 GeV

130 140 150 160
my, [GeV]

L weights / 2 GeV

¥ weights - Bkg

""""" rr«r°*° ‘'l rrsrrgr v | ]
ATLAS }  Data S/B Weighted .
100 = —— Sig+Bkg Fit (m =126.5GeV) A
80— -------- Bkg (4th order polynomial) ]
60— -
40— =
- 15=7TeV, [Ldt=4.8fb" o
201" (5=8 TeV, [Lat=5.1b" H-yy E
3 N N N R S I .
: A
- ‘ ‘
-4
-8 . , . . .
100 110 120 130 140 150 160
m,, [GeV]
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Obs. Sig.  Exp. Sig.

Consistent excesses in both Samples Mass (GeV)  p-value
‘ 2011

-4
2012 127  5x10™ 3.20 1.90
— _ Combined 126.5 2x10°® 4.50 2.50
A mmimum p, at 126.5 GeV
106
P, =2x10" = 450
= 3 LA B I T f
£ 25F  SMH-yy =
%’ E — Best fit ATLAS B
© 2E  m-am<t E
B 15F N
(4] - =
5} 1;._ ................................................................... .é
e P osh :
Ny’ [ Data2011,1s=7TeV, [ Ldt=4.81b" : :
-4 Data 2012, 1s= 8 TeV, [ Ldt = 5.9 fb! E 5
" Observed p_2011+2012 4o -0'5;— —;
10° T e oo e E
of © Observed p, 2011 (with ESS) . gzeszt:gdpgﬁaﬂ;ie ; Data 2011,1s=7 TeV,J Ldt = 4.8 fb™! g
L T oot o *5 15E Data 2012, is=8 TeV. [ Lat = 596"
o7 b L L L -%""“1"f"J“1"'“1“'1'”“1“”1““"
110 115 120 125 130 135 140 145 150 10 115 120 125 130 135 140 145 150
my, [GeV] my [GeV]
The measured signal strength, the excess = o-br —18405
relative to the SM expectation, at 126 GeV: (O' -Br)SM

N | i



Results from CMS ( H=>1y)

CMS Preliminary

E Interpretation Requires LEE
- P 9 Vs=7TeV,L=5.11b"

%]

" . . =

CMS Preliminary —$— S/B Weighted Data '
1 S4B Fit a 1k : . Vs=z8TeV,L=531b"

\s=7TeV,L=5.11b 5

(=]

|

®
G1800 e Bkg Fit Component & A\~ 7 PA\\VZ SEm——
51600 A [J+io s bl mazz ]2
— [ 20 \\ e T
1400 NN S B |\ omserved oympoie) |
..... 1x SM Higgs Expected (Asimov)

7 TeV Observed (Asymptotic)
1 4

8 TeV Observed (Asymptotic)
Lo b e L b b1
130 135 140 145 150
m, (GeV)

= Expected 2.5c

= Observed 4.1c (LEE, 3.20)

IIIIIIIIIIIIIII[Illllllllllll'

=» Signal strength:
M B ology = 1.56 +0.43

o




Results from CMS ( H2>yy)

Interpretation Requires LEE CMS Preliminary

Vs=7TeV,L=5.1fb"
s..BTeVL 53fb‘

—e— S/B Weighted Data

\s=7TeV,L=5.11fb" S+B P
Bkg Fit Component

\s=8TeV,L=5.31" e
[ 20

Local p-value

berved (Asymptotic)
BM Higgs Expected (Asimov)
BV Observed (Asymptotic)

bV Observed (Asymptotic)

5 140 145 _ 150
m, (GeV)

EE, 3.20)
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Higgs = ZZ* - 4/4: the golden channel

AS

The gold-plated channel over a wide range Y
of potential Higgs mass.

Clean signature:

- 4 isolated leptons, full reconstruction;

- Mass peak over backgrounds, good mass
resolution.

Small backgrounds:
Irreducible SM ZZ* production
and reducible Z+jets, top, ...

But even smaller signal rate: . N,
@125 GeV

BR(ZZ —>4()=0.45%, BR(H — ZZ")=2.6% |= ~25 events in
= 0, xBR(H ->ZZ —>40)=2.61b 2011+2012 samples

Selection efficiency to the 4t" power of lepton efficiency:
0.7%4~ 0.25, 0.8* ~ 0.41 = critical to improve lepton selection!

W



Higgs =2 ZZ* 2> 4¢

> T r I L Ll T I | I I | l T I i
e Dat _
3 e ; ATLAS A small cluster of events
0 25 . Background ZZ Ho770 4l -
2 [ [l Background Z+ets, f : populates around 125 GeV
320 [] Signal (m =125 GeV) E

7% Syst.Unc.
{51s =7 TeV:[Ldt = 4.8 fb’

In the region 125 + 5 GeV

B Dataset 2011+2012
1s=8TeV:[Ldt=581b" )

Expected B only 5.1:0.8
Expected S m, =125 GeV 5.3:0.8
Observed in the data 13

2011+ 2012

Data
250
Expected S/B
Reducible/total background

> 40 v

O]

%) 35

‘% 30 =

it q
Single resonant contributions Zly* 2

. I -
Enhanced by relaxing mass ¥
and pT requirements q
7_'0 75 80 85 90 95 100 105

m,, [GeV]



Higgs =2 ZZ* 2> 4/

Consistent excesses in both Samples Mass (GeV) p-value Obs. Sig. Exp. Sig.

2011 and 2012 data ‘ 2011 125 0.6% 2.50 1.60

2012 125.5 0.5% 2.60 2.1c
A minimum po at 125 GeV Combined 125 0.02% 3.60 2.70
4
p,=2x10" = 360

D-Q —“II|||1r[||‘Ilrllll.‘rll“ll[llr' g 4:_"|||||||||||||||||[-|Jii|||||||||||_:
IO g ATLAS | = st i 5
S ol ?bz" Son Ho2Z o d N 2 3.5 | -Eiaelsr::(t) <1 E
10F Ebi'-ggsg \8=7 TeV:{Ldt =4.8 b3 % 3 - 3
e Xp. \s=8 TeV:[Ldt =5.8 fb' - E
. S - 5 25 ATLAS E
F ._ . > HF \s=7TeV: ][Ldl =481fb" 7
107F VAN B D4 \s=8TeV: |Ldt=581" 1
SR .\ S — SR A P 1.5 E
10_25_ s ™ —':_ 1:_ ______________________________________ __:
10°F """""""""" : Fi 3c 0.5F E
10} ‘ | . OFf e A =

- i e Ao A e Jd4c 0.5
10'5lJ!IlIIJllI'IJ‘I|lIII|IJlJ'I1|I1II|IIlI v e e bew v v by w o bwvv o by v by gy g3

110 120 130 140 150 160 170 180 110 120 130 140 150 160 170 180
my [GeV]

my [GeV]

Signal strength at 126 GeV: u=1.4 + 0.6 ‘
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Results from CMS (H2>ZZ2*>44)

CMS Preliminary Vs=T7TeV,L=505f";ys=8TeV,L=5.26 b

CMS Preliminary {s=7TeV,L=5.05fb";fs=8TeV,L=5.26fb"

loose selection cuts

® % - * Data E
8 12— —Data * % i n 2 ) ?:_ MELA>0.5 . E
200 [ z+x 2k Z+X .
r 9] - * |
2 h [ zrzz £ 6 [zv.zz 3
L% 8:— I:ImH=126GeV Lﬁ 5:_ I:ImH:‘|26 GEV_:
6 - :
i 4 g
2; '[ -ng
e T e e e e — ‘1f— - “Jj - - - - . o9 |—§
A e T = e
80 100 120 140 160 180 110 120 130 140 150 160 170 180
m, [GeV] m [GeV]

Single resonant Z->4/ using Enrich the Higgs signal by

tightening the selection cuts

Significance: 3.8c (expected), 3.2c (observed)
JSeptember12,2012, SearcchforHiggsboson A4



Candidate of H>ZZ*2>4l (CMS)

nt(Z,) py: 43 GeV

M,=126.9 GeV e (Z,) p: 10 GeV

w(Z) pr: 24 GeV

e*(Z,) pr:21GeV

l CMS Experiment at LHC, CERN
Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354
Lumi section: 115

JSeptember12,2012  SearchforHiggsboson 4>



H 2> ZZ* - 4u Candidate

aM,, = 125.1 GeV, |\/|12 = 86.3 GeV, M,, = 31.6 GeV
ST QATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST

16




Combined Results from ATLAS

[ Observed significance 6.0c (expected 5.0c)
d Fitted mass: 126.0 £ 0.4 (Stat) +0.4 (Syst) GeV

HATLAS 2011 2012

\s=7TeV: |Ldt=4.6-4.8 b
\s=8TeV: [Ldt=5.8591fb"

ceva e o by v Lo by oy :
110 115 120 125 130 135 140 145 150
my, [GeV]
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Combined Results from CMS

[ Observed significance 5.1c (expected 5.2c)
d Fitted mass: 125.3 £ 0.4 (stat) + O 5 (Syst) GeV
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Observation of a New Particle !

ATION FOR NUCLEAR RESEARCH (CERN)

(=) CERN-PH-EP/2012-220
=2 2012/ 08,01

boson at a mass of 125 GeV with the
experiment at the LHC

Observation of a New Partic
Model Higgs Boson with

2L
BT LB
500, =87V, L=50m'

e CMS Collaboration*®

Evenis/1.5GeV

Abstract

5/(S+B) Weighted

searches for the standard model Higgs boson in proton-
and 8TeV in the CMS experiment at the LHC, using
L to integrated luminosities of up to 5.1 ! at 7 TeV and
is performed in five decay modes: ¢y, ZZ, WW, tH17,
s observed above the expected background, a local signif-
tions, at a mass near 125GeV, signalling the production
ected significance for a standard model Higgs boson of
riations. The excess is most significant in the two decay
solution, 7y and ZZ; a fit to these signals gives a mass of
) GeV. The decay to two photons indicates that the new
different from one.

140 150 .

A search for the Standard Model Higgs bos m, (@GeV)

at the LHC is presented. The datasets used ¢
48! collected at 5= 7TeVin 2011 and 5.1
channels H— ZZ¥W— 4¢, H— ¥y and H— W
published results of searches for H— ZZ),
improved analyses of the H— ZZ*— 4¢ and H-
production of a neutral boson with a measured
This observation, which has a significance of 5
fluctuation probability of 1.7 10-%, is compatibl
Higgs boson.

2011-12 f5=7-8 laV

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

ny contributions to the achievement of this observation.

Submitted to Physics Letters B

ott. B 716 (2012) 30-61




We have a discovery !!!

“We have now found the missing .
cornerstone of particle physics. |
We have a discovery. We have

observed a new particle that is
consisteqt with a Higgs boson.”

“It Is an extraordinary achievement for the lab, and | am
glad that it happened in my lifetime.” — Peter Higgs

It Is a historic milestone, but only the beginning......



NEWS about the Higgs Boson (2012.7.4)

HOME PAGE | TODAY'S PAPER | VIDEO | MOST POPULAR | U.S. Edition ¥ B|B[C] News  Sport  Weather  Travel  Futufe

Ehe New JJork Times

Science NEWS scIENCE & ENVIRONMENT

The Higgs boson discovery is another

giant leap for humankind . |2,

The Cemn discovery of the Higgs particle is up there with putting i il | s
man on the moon — something all humanity can be proud of

WORLD U.S. N.Y./REGION BUSINESS  TECHN

Mid-East US & Canada Business Health Eel=iigdinl=]

Physunsts Fmd Elusive Part
| IIIB

| Themis Bowcock icle discovery
| guardian.co.uk, Wednesday 4 July 2012 12.45 BST

27K Ye Share l]uﬁa

Jump to comments ()

Scientizts in Geneva on Wednesday applauded the discovery

By DEMNIS OVERBYE
Published: July 4, 2012 | B 122 Comments

Scientists gather at Cern. Formal confirmation of the Higgs boson discovery is
expected to follow in the next few months. Photograph: Dienis Balibouse/Reuters
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Prize for Higgs Mechanism

» J. J. Sakurali Prize for Theoretical Particle Physics (2011)

F. Englert, R. Brout

Peter W. Higgs PRL 13 ([.964.8/31) 321
Phys. Lett. 12 (1964.9.15) 132

PRL 13 (1964.10.19) 508

G.S. Guralnik, C.R. Hagen and
T.W.B, Kjbble, PRL 13 (1964.11.16) 585




Thank You !
TR !




P-value

Maost Likely Observation

|

Very Un-likely
Dbservations

L

Very Un-likely
Pipalue  Observations

L

Set of Possible Results

A p-value (shaded green area) is the probability of an
observed (or more extreme) result arising by chance
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What’s Next ?

We have now discovered a Higgs-like new particle at 126 GeV

Only observed in bosonic final states so far, its decay to fermonic final
states has yet to be established;

The overall production rate appears to be consistent with the Standard
Model expectation, but is the higher than expected H->yy rate a statistical
fluctuation? Or something new in the loop?

Some current activities:
Complete the analyses in H->1t and H->bb final states (Kracow?);
Observe the particle in the VBF production mode

Separate ggF and VBF processes, coupling measurements;
Measurements of the particle properties: mass, spin and CP, ...
Improve the precision of the rate measurements;
Continue the search for other Higgs-like particles




Next Step

Higgs has two types of coupling:
- To gauge bosons;
- Yukawa coupling to fermions

() (b)
STy ¥ H 9
ty -—H-U——- W/é--'f'_o____
ITTTITIT
g Yz 44
(d)
g f
TEETEETTY]
HU
t@--------
Qouoopoan -
g t

® “gauge” coupling

® Yukawa coupling

Isolating the two couplings through
the study of both production and

decay processes

vf Ll T T L l T T T T I T T T I T T T T I T T T T '[ T LI T T 1—

- ATLAS 2011 - 2012

C Hoyy o \s=7TeV: [Ldt =48 1"

- / "~ Vs=8TeV: |Ldt=591f"

- [ N

- : RN

= H *

i '\‘

L ", -

X sMm i

I+ Bestfit n

- ——es%CL el .

[ 95% CL . ’

_|‘ 1 L /| I 1 L L l L 1 I 1 1 L I 1 L 1 1 1 ‘I_

-1 0 1 2 3 4 5
M Fattht WBSM




Higgs Spin and Parity

H->ZZ*-4l final state is ideal for Higgs property

measurement thanks to
full reconstruction, good resolution,
low background

With 30 fb1, expect a ~“3o separation between
O*and 0.

JHU generator: 0*

a a
o~ -
8 = O ’E
S Q
e 5 e a0
g E
% g % Q.
- 0.3 E s
a.1
: :
Q 0
0 05 1 15 2 25 3 0B 06 -04-02 0 02 04 06 0B 1

DPhiPlanes |D) CosThetat |D)




Combined Results from ATLAS

_] Tt o1 | rr ¢+ ¢ ¢+ 1 r 1T 1 1T [ r 11T
- ATLAS 2011 - 2012

S \s=7TeV: [Ldt=47-48 b’ + Bestfit

L \s=8TeV: |Ldt=5859fb" — 60%CL
. ----95% CL

The best estimate of the mass:
m = 126.0 £ 0.4(stat) + 0.4(sys) GeV

—H-=y
—H-22" >4
—HowWw S viv

Signal strength (u)

i | I T T I i
ATLAS 2011 -2012 Emﬂ=126‘oeev

W,ZH — bb -

\s=7TeV: L= 47 "

IIIIIIIIIJlIIIIIIIIIlIlI

N H- 1t .
_ \s=7TeV: [Ldt= 46—47fb

N S grgeabeapeae b e N
%20 125 T30 135 140 145 H— WW —>|v|v ;
\s=7TeV: [Ldt=47 " e

my [GeV] \s=8TeV: [Ldt=58 1"
Hoy ?' :
LS BRI B BN B L B B B \s=7TeV: |Ldt=48 1" :

\s= sTavILdt 590" : ——

LI | I'III[ I'Illr T
ATLAS 2011 + 2012 Data 7 H— 27" 5 4

«— Best fit \s=7TeV: ILdl =46-48fb"' E \s=7TeV: [Ldt= 48" :I o
\s=8TeV: |Ldt=58Mm" !

-2 <1 \s=8TeV: |Ldt=5.859" -

. Combined .
18=7ToV: JLat=46-48M0" n=14+03 e

\s=8TeV: [Ldt=58-59 1" :
| l | l l |
40 1

Signal strength (u)

N
o

[[[|IIII]]

—
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o
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O e i

The signal strength at 126 GeV
110 115 120 125 130 135 140 145 150 “=1'4io'3
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Higgs 2 WW?* = /v/iv

I' The SM WW is said to be “irreducible”

o(H>WW*— (v(v)~220 fb
(8 TeV, m;=125 GeV) However, WW from the scalar Higgs is

expected to have different kinematics
= ~2300 events in
2011+2012 samples o
P * W+ o
V. u*
.. o O
. ( (e, y) W e -

w
- Q
Ve ( ;

Main background: The spin correlation leads to a smaller
WW, tt, W/Z+jets, WZ/ZZ/Wy,... average opening angle between the two leptons
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Higgs 2 WW* = /v/iv

0-jet selections — p‘* - 3 10T T T
| pr >30 GeV: 3 - ATLAS Preliminary & oae = 000
—m,, <50 GeV; 2 100~ \s=8TeV, [ Ldt=58 1" Q| Bomete
. Aé <1 8 _.g 80: H—)WW“—)evpvfpvev+Oiets l DH[:25G9V] ]
'[‘ . m — —
. it N + §
| -
The transverse mass as the final '
discriminant ik
174 miss |2 = {f 7SS 2 20
mT:\/(ET + B ) —(pr +E) }
% 100 150 200 250 300
Fit mT to improve sensitivity my [GeV]

125 GeV: 0.75m,, <m, <my, (illustration only)

Ww WZ[ZZ|Wy 1t tW/th/tgb Z]y* +jets W +jet§ Total Bkg. Obs.
H+ 0-jet 101+ 13 12+3 8+2 34+15 19x13 15+7 142+ 16 185
H+ 1-jet 12+5 19+1.1 6+2 3716  0.1+0.1 2+1 26+6 38
H+ 2-jet § 0.34+0.07) 0.10+0.14 0.10+£0.10 0.15+0.10 - - - 0.35+0.18| O

Significant excess over estimated background
in both 0-jet and 1-jet channels !
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Higgs 2 WW?* = /v/iv

Combining with the published 2011 results (http://arxiv.org/abs/1206.0756

A minimum Do value at 125 GeV Data-background
3 > LI BRI B BN B ELLALE IR IR LRLELE BRI B
pO — 3 X 10 N — 2-80- 8 100: ATLAS —+— Bkg. subtracted Data  _|
- _ = - \s=7TeV,| Ldt=4.7 fb" [ ] HizsGev) B
(Expected: p, =0.01 and 2.30) PR S, e :
o C HoWW ' Siviv + 071 jets §
L 60_— =
Observed p-value and signal injection 40t + -
S ATLAS T Howwlowl 20F -
&) 3 —— Obs. C ]
3 182 ;E"P- m,=126GeV  |s_7Tev: [Ldt=4.71b" 0 + _+_++++ —
1o - : =58 1b" - R
ok iz \s=8TeV: [Ldt=581b b L S ]
60 80 100 '120 140 160 180 200 220 240
m; [GeV]

o Br
U= ~1.340.5
(O-'Br)SM

2011: g=0.5£0.6; 2012: ©1=1.9£0.7

NI T T T N N N T A NN M A [ 0 B A A
110 120 130 140 150 160 170 180 190 _ =Y
my [GeV] Compatible within 1.5¢
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Higgs Search Overview

High resolution channels: clean signature, full reconstruction, good
mass resolution. updated with 2012 data for the July 4" seminar.

AN
Channel Mass range ey detector Main
(GeV) requirements backgrounds
H->vy 110-150 photon Y, i, i
H—>ZZ->4l 110-600 lepton 77, Z+jets, top
H—->bb (WH/ZH) 110-130 jets, b-tagging W/Z+jets, top
H-=>tt (I, lty, tTH) 100-150 lepton, jets, ETmiss Z+jets, jets
H->WW->Ivlv 110-600 lepton, jets, ETmiss, b-veto WW, W/Z+jets, top, Wy
H->WW-Ivqq 300-600 lepton, jets, ETmiss, b-veto W+jets, jets
H—>ZZ-llvw 200-600 lepton, ETmiss Z+jets, ZZ, top
H—>ZZ->llqq 200-600 lepton, jets, ETmiss, b-veto Z+jets, ZZ, top

~

Low resolution channels: poor mass resolution, strong dependence on jet
and ETmiss performance, only WW*->Iviv updated with 2012 data.

USEDLCIIDETLLLCULL L EAITLIOLTIOUS DOSOI 03



ATLAS CMS
Si pixels + strips Si pixels + strips
TRACKER TRT — particle identification No particle identification
a/pr ~ 5x10™* pr @ 0.01 o/pr ~ 1.5x10-4 p; @ 0.005
Pb-liquid argon PbWO, crystals
EM CALO o/E ~ 10%/[E uniform o/E ~ 2-5%/VE
longitudinal segmentation no longitudinal segmentation

Fe-scint. + Cu-liquid argon (> 10 A) | Brass-scint. (> 5.8 A + catcher)
HAD CALO

o/E ~ 50%//E & 0.03 a/E ~ 100%//E & 0.05
MDT, CSC, RPC, TGC DT, €SC, RPC

MUON a/pr ~7 % at 1 TeV a/py ~ 5% at 1 TeV
standalone combining with tracker
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Higgs Boson Decays

The decay properties of the Higgs boson are fixed,
If the mass 1s known:

W+ Z, t, b, ¢, g,
H g9, 7v.,Y

W-, Z, t, b, cg,t,y

F(H— f)) = Nc ;55 m3(M%) My

Higgs Boson:

M3 (1-4z+1222) gy » It couples to particles
proportional to their masses

NMNAH—»VvVVv) = 51,!16\’,—
where: §z = 1,8 =2, == MJ/M7, B = velocity
» decays preferentially in the
r(H - gg) = %2280 arp [14- (% - %)« heaviest particles kinematically
allowed

2
F(H - yy) =525 Mj [§Nce? — 7]

_Septemberi2,2012  Searchfortliggsboson 0>



Yukawa Couplings

 Higgs couples to fermion mass

I—Yukawa:_ d(?L(I)dR_|_hC
V+h)— m, —
=—-A,| —— |ddh ——49 ddh
( ﬁ] T
= Me = Av/N2

= Yukawa ffh coupling doesn’t vanish for v=0
= Measuring Yukawa coupling doesn’t prove VEV exists!

g 6666660
--H
g 90099999




Gauge Higgs Couplings

 Higgs couples to gauge boson masses

(D,®) (D,®)— (gz"jzw “‘Wﬂ_(l+ D)+....

vV

 WWh coupling vanishes for v=0! Tests the
connection of My to non-zero VEV




Selected H>ZZ*->41 Candidates
1 Observed candidates with M, between 120 and 130 GeV

Total background: ZZ*
Z+jets and ttbar

Signal m, = 125 GeV

% - | m,=125 GeV ATLAS : 3 %I - | Tot. bkg (120<m <130GeV) A7/ AS Ak 3
O©,80 o Data(120<m <130 GeV) o - *  O80- , paa (120<m4|<14:|30 GeV) ‘o =
> L HoZZ -4l 1 40 S H—-ZZ '—41 -
S 700 Vs =7 TeV:JLdt = 4.8 b - E 2oL Vs=7TeV:[Ldt= 481"~ s
- I (s=8TeV: Ldt=5.8fb" - ] {s=8TeV:[Ldt=58fb" -
:_ i 60:— 30
5 |I i n 25
il

20

15

10

\HIII|IIII|IIII|III\|I

50 60 70 80 90 100
m,, [GeV] my, [GeV]




H > ZZ* - eeee Candidate

Q M, = 124.6 GeV, M,, = 70.6 GeV, M., = 44.7 GeV
GATLAS N ™

EXPERIMENT

http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-85-18
Time: 20:28:11 CEST

Search for Higgs boson



H > ZZ* - 2e2p Candidate

O My, = 123.9 GeV, M,, = 87.9 GeV, My, = 19.6 GeV
GATLAS

EXPERIMENT
http://atlas.ch
i

285113
Event: 12611816
Date: 2012-06-18
Time: 11:@7:47 CEST
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BDT Training and Test Results

d About 28K JHU H(0+) and 28K H(0-) events, one half for
BDT training and another half and SM ZZ for test.

TMVA overtraini heck for classifier: BDT
overtraining check for classifier TMVA

E L] L] L] L] L] L] L] T T T L] L] T L] L] L] T
_ Sign'al (test EEIJI1P|E] s Signaf{training éample] ! ]

Background (test sample)| « Background (training sample) ]

-_Knlmognrnv-Smirnmr test: signal {background) probability = 0.905 (0.623) ~

Selection Cuts:
- 50 GeV < MZ1 < 106 GeV
-17.5GeV < MZ2 <115 GeV
- Lepton pT: 4
pT1>20 GeV, pT2 > 15 GeV, :
pT3>10 GeV, pT4 > 7 GeV n
- |Eta] < 2.5 2
-dR >0.1(0.2) for same 1
(different) flavor di-lepton S, " ]
-120 GeV < M,, <130 GeV %06 04 02 0 02 04 06

BDT response

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

JSeptember12,2012  SearchforHiggsboson /(L



Log-likelihood Ratio and Separation Power

1 Using Binned Log-likelihood Ratio method to determine the

014 e :

separation power between Higgs 0+ and 0- | |  rewopwacon

d 1M MC trials based on Poisson statistics o |

1 Log-likelihood Ratio distributions 2" |

O Expected significance vs int. luminosity = |
Int. Luminosity Significance | Significance 0 B
(fb'l) (no ZZ, BDT) (with ZZ, BDT) S = -2In(L(07)/L(0")
10 (N,=6, N,=5.5) 1.97 ¢ 1.45 ¢ L AL
20 (N,=12, N, =11) 2.74 1.98 ¢ e o o

Z 006  Higes(0) Higgs(0') -

30 (N.=18, N,=16.5) 3.36¢ 2.40 6 5 00 | |
40 (N_=24, N,=22) 3.85¢ 2770 o |
50 (N.=30, N,=27.5) 4.26 6 3.10 o oot | D

S =-2In(L(0)/L(0")




Discovery of SM Particles

1 1897 — e discovery, by J.J. Thompson (cathode ray tube, UK)

1 1919 - proton, Ernest Rutherford (UK)
1 1930 — neutron, James Chadwick (UK)
O 1936 — u, Carl D. Anderson at Caltech

O 1947 - strange quark(K+=usbar, K-=subar) E"’m?ﬂtal‘v
Particles

4 1956 - v, discovery (nuclear reactor)

1962 — v, discovery at BNL "
0 1968 — u and d quark (quark model) ﬁ
0 1974 — ¢ quark (BNL, SLAC,Jy=ccbar) 3
O 1977 - tau discovery (SLAC)

O 1977 — b quark (Upsilon, FNAL)
4 1979 — gluon (DESY) 2
0 1983 -W and Z (CERN) @

Q

tons

u ¢

up | charm

d s

B down [strange|

Ve V!;l

electron mu

el

electron§ mMuon

{

top

b

bBattom

O 1995 - top quark
4 2000 - v_ discovery (Fermilab)

Force Carriers

Three Families of Matter

W
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