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Higgs Mechanism (1964)

» J. J. Sakurai Prize for Theoretical Particle Physics (2011)
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Higgs Mechanism
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
{Reeceived 31 August 1964)

In a recent note' it was shown that the Gold-
stone theorem,® that Lorentz-covariant field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson® has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutrat Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.

The simplest theory which exhibits this be-
havior is a gauge-invariant version of a model
used by Goldstone® himself: Two real® scalar

fields ,, ¢, and a real vector field 4  interact
through the Lagrangian density
2 2
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e is a dimensionless coupling constant, and the
metric is taken as —+++. L is invariant under
simultaneous gauge transformations of the {irst
kind on ¢, 2 iy, and of the second kind on 4 .
Let us suppose that Vi{e,®) =0, ¥'*{y,*) =0; then
spontaneous breakdown of U(l) symmetry occurs.
Consider the equations [derived from (1) by
treating A, Aw,, and A, as small quantities |
governing the propagation of small oscillations
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about the “vacuum” solution ¢, {x} =0, @ilx) =@y
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Equation (2b) deseribes waves whose quanta have
(bare) mass 2e,{V""(¢,*)}*"*; Egs. (2a) and (2¢)
may be transformed, by the introduction of new
variables

= — 5 =1 ;
BP A“ Le.,.ol B#(Awll.

¢ =4 B -8B =F (3)
T T U T 1y

into the form

a R“:O, ] Guyrech 2 oo, (4)
M v 0
Equation (4} describes vector waves whose quant
have (bare) mass €@y In the absence of the gaug
field coupling (¢ =0) the situation is quite differ-
ent: Equations (2a) and (2c¢) describe zero-mass
scalar and vector bosons, respectively. In pass
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term.?

When one considers theoretical models in

which spontaneous breakdown of symmetry under

a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion.® The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3}: Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y =0,

I, =0 members of the octet.” There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe
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massive vector bosons, There are two =3
vector doublets, degenerate in mass between

¥ =+1 but with an electromagnetic mass split-
ting between J; =24, and the I, =+1 components
of a ¥=0, /=1 triplet whose mass is entirely
electromagnetic. The two ¥ =0, J=0 gauge
fields remain massless: This is associated
with the residual unbroken symmetry under the
Abelian group generated by ¥ and J,. It may be
expected that when a further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break ¥ conservation, one
of these gauge fields will acquire mass, leaving
the photon as the only massless vector particle.
A detailed discussion of these questions will be

It is worth noting that an essential feature of
the type of theory which has been described in
this note is the prediction of incomplete multi-

plets of scalar and vector bosons.? It is to be
expected that this feature will appear also in

theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.?

'P. W. Higgs, to be published.

i, Goldstone, Nuovo Cimento 19, 154 (1961}
J. Goldstone, A, Salam, and 8, Weinberg, Phys. Rev.
127, 965 (1962),
", . Anderson, Phys. Rev. 130, 439 (1963).

‘In the present note the model is discussed mainly in
classical terms; nothing is proved about the quantized
theory. It should be understood, therefore, thatl the
conclusions which are presented concerning the masses
of particles are conjectures based on the quantization
of linearized classical field equations, However, es-
sentially the same conclusions have been reached in-
dependently by F. Englert and R. Brout, Phys. Rev.
Letters 13, 321 {1964): These authors discuss the
same model guantum mechanically in lowest order
perturbation theory about the self-consistent vacuum.

*1n the theory of superconductivity such a term arises
from collective excitations of the Fermi gas.

fSee, for example, $. L. Glashow and M. Gell-Mann,
Ann. Phys, (N,Y,) 15, 437 (1961).

"These are just the parameters which, if the scalar
oetet interacts with baryons and mesons, lead to the
Gell-Mann~Okubo and electromagnetic mass splittings:
See S. Coleman and 8. L. Glashow, Phys, Rev, 134,
BET1 (1964).

*Tentative proposals that incomplete SU(3} octets of
scalar particles exist have been made by a number of
people. Such a role, as an isolated ¥ =21, l={ state,
was proposed for the x meson (725 MeV) by Y. Nambu
and J, J. Sskurai, Phys. Rev. Letters 11, 42 (1963).
More recently the possibility that the o meson (385
MeV) may be the ¥ = =0 member of an incomplete
octet has been congldered by L, M. Brown, Phys. Rev.
Letters 13, 42 (1984).

“In the theory of superconductivity the scalar fields
are associated with fermion pairs; the doubly charged
excitation responsible for the quantization of mag-
netie flux is then the surviving member of a U{1) doub-
let.




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

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

jet
jet
¥

Jet

Tevatron at Fermi National Accelerator Laboratory (Fermilab)
——
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Historv of the Universe

a Higher energy beam collisions <>
higher temperature (E = «T)

o High energy collider to recreate
the Big Bang in Lab.

THE UNIVERSE BECOMES TRANSPARENT

10%°cm DM?

Decoupling of Formation of 103
Matter-Radiation Atoms

10-5cm— R ¥4

LHC, time~ 1013 s, Temp =~ 10!7 K,
Energy ~ 8 TeV, distance ~ 10-1° m




Brief History of the Higgs Search

1 1964 Brout & Englert, Higgs, Guralnik, Hagen & Kibble
1 1967 Weinberg, Salam, Glashow integrated it in the SM

1973 Exp. Confirmation of weak neutral current(Z) of the
SM (Nobel Prize in 1979)

1 1983 Discovery of W and Z bosons at CERN
(Nobel Prize in 1984) , closely linked to the Higgs boson

1 1993 CERN/LEP1 studies Z's and rules out my<53 GeV
— And indirectly excludes my; > 300 GeV

1 2000 CERN/LEP2 lower limit reaches 114.4 GeV

d 2012 Fermilab/Tevatron observed ~2.5¢ excess at [120,130]
1 2012.7 Discovery of the Higgs boson at LHC

1 2013.10 Nobel Prize in Physics



Search for Higgs boson at LEP

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

1 Aa, =

ot y H 8 — 0.02758+0.00035
7 / : % ‘-_. 0.0274%0;.00012 4

o «== incl. low Q- data : -

. o=
€ Bjorken process Z* <

300

e~ Higgsstrahlung 7




Searches for Higgs Boson at LEP and LHC

6 Flarch 2012 mLum: =152 G?"Ur

1 Direct searches at LEP (2000): _
my; > 114.4 GeV @ 95% C.L. =
 Direct search at LHC (2012.3) 44
my < 127 GeV @ 95% C.L. ‘% s-

(5] f
Aot = i
— 0.02750+0.00033
=== 0,027 489+0.00010

% % e incl. low Q° data

I Precision electroweak data are 5
sensitive to Higgs mass, global .
fit mass: - +29 |LEP LHC
4 G eV 0 excluded £ excluded
S — wm 40 100 200
L O LEPEWWG (2011) 68% CL (sxcluding M, m__ & diroct Higgs axckusion) -
b @ 55% CL {by avea) M,, [2012). m_ : ITIH [GE"J]
S 80457 e
S { H } :
= [ WA W W woW W
= 80.35}; H b
s M2, =M?,(1-sin26,,)(1+Ap)

Radiative correction: Ap(m,m,,a.,...)

155 160 165 170 175 180 185 190 195
Top Mass (GeV)




Search for Higgs boson at Fermilab/Tevatron

=» Results (arXiv:1207.0449): 2.5c excess at m;=120-130 GeV
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Large Hadron Collider at CERN

Torold Magnets  Solenoid Magnet  SCT Tracker Pixel Defector TRT Tracker
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LHC: 27 km, the world’s largest g S AN || S X
proton-proton collider (7-14 TeV) Vo WW was born ...



The birth of the WWW at CERN

JTim Berners-Lee, a British scientist at CERN, invented the World
Wide Web (WWW) 1n 1989. The web was originally conceived and
developed to meet the demand for automatic information-sharing
between scientists in universities/institutes around the world.




KK % F B 55 H 0 (CERN) R BU 3R 1 (LHC)

LHCZ H Firth 5t I % K RE & = Y 57~ X 4 AL (7-14 TeV)
ATLAS Collaboration (38 countries, 174 institutes, ~ 3000)
CMS Collaboration (41 countries, 179 institutes, ~3000)
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ATLAS and CMS Member Institutes

dRanking of World U. by SITU: http://www.arwu.org/ARWU2010.jsp

University Name University Name

1 (ATLAS)

2 (ATLAS)

3 (ATLAS)

4 (ATLAS,CMS)
5 (ATLAS)

6 (CMS)

7 (CMS)

8 (ATLAS)

9 (ATLAS)

10 (ATLAS)

11 (ATLAS)
12 (CMS)
13 (CMS)

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

14 (CMS)
15 (ATLAS)
16 (ATLAS)

17 (ATLAS,CMS)

18 (CMS)

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

24 (ATLAS)
25 (ATLAS)
26 (CMS)

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.
UIuC
Imperial College

——C
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Proton_Event_720pH264.mov

LHC: JJiF-JFX#

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 10%* cm? s

Crossing rate 40 MHz

Proton Collisions =~ 107 - 10°Hz

A, S Hig§§ > 77* D 4l 72H
JLENIOFLr 22—
Particle | Selection of 1 in
10,000,000,000,000
jet

—



The ATLAS Detector: Huge Camera

Wa) Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

WAL 4T IR

46 x 25 x 25 2K, 7000 I
~3000 AN A

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker




Particle Detection

) Different particles have different signatures in detectors

Muon Spectrometer:
muon identification and
momentum measurement

”
Neutrino
’

Hadronic calorimeter:
Measurement of jets and
missing energy

Proton
o

Neutron SEEERINR Electromagnetic calo:
\ / ely identification and
! s / o
Ve ¢ energy measurement
\ ” *EleCtron?
%‘Ph(-)ton :' .
Solenoid magnet \.: ; 7

Radiation RS Tracking system:

Tracking € Tracker _ s

PRelSCT A Charged particle
detector R momentum, vertexing




Higgs Boson Production at LHC

; . Gluon-gluon fusion gg—>H and vector-boson
t - fusion gg—->q9gqgH are dominant

: Yukawa 102
t coupling

g g fusion \'s=8 TeV

T T TTTTI
1 1 1hitil

LHC HIGGS X5 WG 2012

T r|||||r|
[ IIIIIl|

o(pp — H+X) [pb]
)

—
T 1 IIIIIII
1 1 IIIIIII

10

T ||r||||

W, Z bremsstrahlung Gauge 102 o | |
Coupling 80 100 200 300 400

IIII

1000
M, [GeV]

@125 GeV: o, =19.5 pb, 7,,. =1.6 pb,
o, =0.70 pb, 0, =039 pb, 5, =0.13 pb

HO

: q _ . :
L Inelastic pp cross section at 7 TeV is ~ 60 mb

—




Higgs Boson Decay

Higgs decay branching

ratio at my=125 GeV
»bb: 57.7% (huge QCD bkgd)

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

»1T: 6.3% (complex final states
with t leptonic and/or hadronic
decays)

»77%:2.6% (“gold-plated”,
clean signature of 4-lepton,
high S/B, excellent mass peak)

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

Branching ratios

T I T E T T l T T T T '—?\L\_I\I;u
bB . f/’\/‘/\;';"\f g

£Z

—
A T T TTJ T

LHC HIGGS XS WG 2010

—
o
lIIJ:;
—
Q
«©-
|

0 /o /] :

10'31 | | ;ll[ll lllll
100 120 140 160 180 200

M, [GeV]

Higgs boson production rate:
1 out of 10*2 collision events

——r




LHC Data Samples and Major Challenges

, LHC 2011 RUN (3.5 TeV/beam) LHC 2012 RUN (4 TeV/beam)

1 1 T T T T T T 25 I T T I T T T

—o— ATLAS 5.626 fh™! —o— ATLAS 23.269 fb™!
T gll-a- cMse136f Il &8 —a— CMS 23.269 fb~!
= —o— LHCb1.217 fb~! £ 50 H—o— LHCb 2.192 fb~' ]
ey 5 ||~ AUICE 4.877 pb’ Fry —o— ALICE 9.678 pb-!
§ | PRELIMINARY | § PRELIMINARY
E al | 5 15 | |
2 3
(1] [1+]
= 3t N —
0 o 10t |
£ £
3 i K
g E
= 1t B} —
2 a
0 — 4 ;’!". | 0 K a— - - - e
Mar Apr May Jun Jul Aug Sep Oct Mar AprMay Jun Jul AugSep Oct Nov Dec Jan
Month in 2011 Month in 2012

{generated 2012-06-21 00-39 including fill 2267) (generated 2013-01-29 15:28 including il 3433}




Major Challenge (Large Pileup)

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




Boosted Decision Trees (BDT)
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Observation of a new Particle (July 4, 2012)

E 2200 Selected diphoton sample —E @ 12{] —_I R : IF_UIS st I_—
P ®  Data 201 and 2012 E 3 - ATLAS PrEIiminary ;1..?.'&“1'3 ﬁwzi;fmﬁrsw] i
5 Sig + Bkg inclusive fit (mH =126.5 GeV) 3 (=] 10{] '_ — J K] D & |:| Einlgle Top __
|.|>J = 4th order polynomial _E : s=8 TEV Ldt=5.6fo - Z+jots |:| Wejats -1
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= = & 8o —
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| | | | | f |
2 35F * Data lirmi ATLAS 2011-2012 { m, = 1260 Gev
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Strong Evidence for a New Particle

= ATLAS 2011 - 2012
8 E ie7mev: - assot 2012 ICHEP (summer)
- \s=8TeV: [Ldt=5.85.9fb" . .
1 =» Significance 6.0c (exp 5.00)
1353 2>M,=126.02£0.4£0.4 GeV
I
N S
) S— e
1IGI-1‘10 115 120 125 130 I135 140 145 150 0_0109:. w T T =
My [GeV] 10°E _IL;bS Prel(;mmary Is=7TeV, |Ldt = 4.6-4.8 b=
1032: serve s . fi
1__:::::S:N?ZB:X:D:G_C;?C%:::::::::?:T: ;/:J:L:d;::1'3:?(; :7:]([:)?{ %
J 2012 Full Datasets | R VIS SR
= Significance 9.96 (exp 7.56)  '%F .
>M,;=125.520.240.6 GeV o ST
102'E N
10-24:-




Update of Higgs Signal Strength

=> Signal strength: p=1.3+0.2(ATLAS)

> =0.8 £0.14 (CMS)

S XBr
r
s JHEP 06 (2013) 081
js=7TeV.L<51f" {s=8TeV,L<196 "
Combined CMS Preliminary m,=125.7 GeV
n=080+014| p =065
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H— bb
n=115+062
H— 1t
n=110+041
H— vy
u=077+027
H— WW
u=068+020
H—- ZZ
u=0.92+0.28
1 | 1 1 1 1 | 1 1 1 1

0 11 11

15 2 .
Best fit GIGSM

2.5

PLB726 (2013) 88-119

PLB726 (2013) 120-114

ATLAS Prelim. |—o(stat)  Total uncertainty
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W= 11792751 =
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H—- ZZ* - 4l My —_—i
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CMS H->yy Candidate

CMES Experiment & the LHC
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ATLAS H - ZZ* - 4u Candidate
Q M,, = 125.1 GeV, M, = 86.3 GeV, My, = 31.6 GeV
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Discovery of the Higgs Boson

~~,

at
(18 Decombec 20N 500 ° 4 %/

'c YEAR o 7

. HIGGS 2%

10 120 130 140 150
m., (GeV)

G %
S/(S+B) Weighted Events /1.5 GeV.

300 400 500
m, [GeV]

AYAAAS

Phys. Lett. B 716 (2012) 1-29 (ATLAS)

http://www.sciencemag.org/site/special/btoy2012/
Phys. Lett. B 716 (2012) 30-61 (CMS)




NEWS: Higgs Boson (2012.7.4)

HOME PAGE | TODAY'S PAPER | VIDEO | MOST POPULAR ‘ U.S. Edition ¥ EE

News Sport Weather Travel Future
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The Higgs boson discovery iS another Mid-East US & Canada Business Health EeUSIIGHIGE]
giant leap for humankind

[BIBIC] BB_IA
PhySlClStS Fmd Elusive Péﬁ The Cern discovery of the Higgs particle is up there with putting T.eﬁ?g

~ man on the moon — something all humanity can be proud of

BlB[C]
PYCCKAA
CAVY>KBA

B K [ =8

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

Jump to comments (...)

; 4 <
Scientists in Geneva on Wednesday applauded the discovery

By DENNIS OVERBYE

2012 | @ 122 Comments

Published: July 4

L
&) '__‘J

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




— La «particule 4
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TR e e La particule qu,
Dcouverte du bosan de Higgs T accélérer notrg
Particule élémentaire! .

In praise of charter schools

Britain’ :

ntain's bankmg scandal Spreads
Volkswagen Overtakes the rest
A power struggle at the Vatican

Whe
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(aasty g Ay e W s s 61
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Lebosonde Higgs |
enfin cerne

La «particule .
de Dieu» existe |

CERN black board, Jul 2012




Is it the SM Higgs Boson?

¢ Higgs production (m, = 125 GeV)

g- (Yukawa coupling) =V2 x mg/v

® :vector bosons 9y (Gauge coupling) = 2m,*/v
* Spin (0) and Parity (Even) (v is the vacuum expectation value)

¢ Couplings (new force!) @:fermions

L



Higgs Spin and CP

0 ATLAS/CMS strongly prefer Higgs with spin 0 and CP even (SM Higgs).
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It is the SM Higgs Boson !!!

L ATLAS and CMS Results are consistent with the SM Higgs
boson which has spin 0 and CP even.

ATLAS CMS

Mass 125.5 + 0.2(stat) * 0.6(syst) 125.7 £ 0.3(stat) * 0.3(syst)
Data favors 0* vs

Spin 0 97.8% CL 99.8% CL

Spin 1 99.7% CL 99.9% CL

Spin 2* 99.9% CL 99.4% CL (100%ggQ)

« Each experiment:
— Couplings to bosons determined at the 10% level
— Rejecting zero couplings to fermions at >5c¢

PLB726 (2013) 88-119

* Observation of
_ PLB/726 (2013) 120-114
— VBF production at 3.36 (ATLAS) JHEP 06 ((2013)>081

- VBF+VH production at 3.2¢ (CMS) CMS-HIG-13-005




Nobel Prize in Physics in 2013

Congratulations to Professors

Francois Englert & Peter Higgs \,,,
for the \ i

2013 Nobel Prize in Physics =7

‘ s 7 Vi A

e

Higgs Press Material from CMS

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and
Peter W. Higgs “ for the theoretical discovery of a mechanism that contributes to
our understanding of the origin of mass of subatomic particles, and which recently
was confirmed through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN’s Large Hadron Collider ”

> i [ H R ER I 28 B s M Higgs K I T R ETTMR
ATLASSERAH: Beepr. FEBLR. WERKE. BEA%E. EEXK
CMSSEIRH:  HReAT. bR K







Looking Forward

] Before the Higgs discovery, all known elementary
particles had spin 1 (Bosons) or spin 7; (Fermions).

] The Higgs boson has spin 0, so it is not only a new
particle, but a new type of elementary particle

1 For this reason, many see the discovery of the Higgs
boson as one of the most important steps forward 1n
physics in the last half a century:

it opens a new era of physics
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After the nggs Discovery ......

—_—— e S N i

iggs Factories are proposing in

Japan (ILC), Europe (FCC) and China (CEPC)...
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A Series of CEPC Workshops
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CEPC in the News

[ Xinhua Net] Chinese scientists plan better machine to hunt “God particle”

[F£R] PERNEREHERT —RHPERBFHBEYIRR L FHN TR0

[FFR] PERERERES T — AT IEREFIEY

(B AR “EEANEES | FEE—AA" [FENFER] E4EDEFEFIM

R A XInEsS : LENFEIASHNHED
[FERFR] RETHHERMCHTBE

[AIP - Physics Today] Particle physicists
brainstorm long-term collider options
[Nature] China plans super collider

The 2

China plans super colhder

Proposals for two accelerators could see country become collider capital of the world.

llllllllllllllll Chinz hopes that twould alsobe a m.!pplw Electron-post wncomdtnandhmn
stone 103 next-generation colltder — asuper  coltders such as the L1 cach
or decades, Europe and the Uniled  proton-proton colbder — inthe ametunnad.  other. Hadron ¢ Illduur
States have led the way when it comes Puropean and US teams have both shown together peotons (2 kind ol Thdmn
mh@ummpmﬂe colliders. 5uta  inieret in butiding thetr own super collider  that comprises three fundamental particles
p-upoulty(:hmm s quictly gathertng  (see Nature 503, 177; 2013), bat the huge ullcdquuts) high energics to see what
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1936 — p, Carl D. Anderson (Caltech, 3£ H)
1956 — v, discovery (Homestake, 3£ &)

1962 — v, discovery (BNL, £ H)

1968 — u and d quark (quark model, 3&H)
1968 — strange quark(Kaon, £ &)

1974 — ¢ quark (Jhy, BNL, SLAC, £H)

1977 — tau discovery (SLAC, £H)

1977 — b quark (Upsilon, Fermilab, 3&H)

1979 — gluon (DESY, &)

1983 — W and Z (CERN, EX#)

1988 — atmospheric neutrino oscillation (HZ)
1995 — top quark (Fermilab, 3£ H)

2000 - v, discovery (Fermilab, 3£ )

2001 — solar neutrino oscillation (SNO, Ji£-X)
2012 — Higgs boson (CERN/LHC, Bk#H)
2012 — reactor neutrino oscillation (Dayabay, # &) Leptons
2013 — Z¢(3900) four-quark state (BESIII, HEH)
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@ ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Laboratoire Européen pour la Physique des Particules
European Laboratory for Particle Physics

Dr. Peter Jenni

CERN
CH - 1211 GENEVA 23 Professor Haijun YANG
Switzerland Department of Physics
Telephone: +41 22 767 30 46 SHANGHAI JIAO TONG UNIVERSITY
Fax: +41 22 767 83 50 800 Dongchuan Road
e-mail : peterjenni@cern.ch Shanghai 200240

P. R. of China

Geneva, 9th October 2012

Dear Professor Yang,

With great pleasure we can hereby also formally confirm that the ATLAS Collaboration
has decided, during its Collaboration Board meeting at Montreux on 5t October 2012, to
welcome your group from the Shanghai Jiao Tong University in the ATLAS Collaboration as a
new Institute being part of the ATLAS Chinese Cluster. The Collaboration expressed unanimous
support for your admission.

As a next step your admission will be also announced to the next ATLAS Resources
Review Board (RRB) on 29th October 2012, the governing CERN body for the ATLAS resources

BESEATLAS ATUASIOR & A2012610A .
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ruitfu llaboration witk u anc ur team 1 e

1utuie, aiiu aie yt:aa:u‘ Uial We Cail siiai€ Uie exciliig LIC pliysics aliead 0L us. Ilease tansiit

all our best wishes also to the other members of your team.

With our best regards,

g Giancthy g
Fabiola Gianotti Peter Jenni
Spokesperson Former Spokesperson
ATLAS Collaboration ATLAS Collaboration

Cc: Professor Xiangdong Ji (Dean of Physics Department, SJTU)
Professor Shan Jin (ATLAS Chinese National Contact Physicist, [HEP)
Professor Liang Li (SJTU)
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1 CEPC Project

COLLISION COURSE

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe's particle-physics laboratory.

nature..

Home | News

EDTECOTEDIEYT e
[ Ealert EIRSS W Facebook [ Twitter Hadron Collider China’s electron-posit Ilich
~ma Circumference: 27 km 52??“? g:s g):vaSI RREer
i A MACMILLAN Energy: 14 TeV China'’s super proton collider
52 km; <70 TeV

China plans super collider Submit today!

US/European super e esgertt China-hosted international
proton collider T % electron-positron collider

Sl s Recet 100km; 100 TeV % * i 80km;240GeV
China-hosted international

Proposals for two accelerators could see country become cellider capital of the world.

22 July 2014 1 ﬁurson ‘I:n?userwsnuzﬂui:i i T " super proton collider
lature ovember ", d
80 km; <100 TeV
) por | 9, Rights & Permissions 2. Peer-review website vows to fight International !
scientist's subpoena 3 FrsRe SR (B s I
Linear Collider | "reseeees m— EXisting s+ Proposed

Nature | 14 November 2014

aEHTe e :
<1 TeV TeV, teraelectronvolt; GeV, gigaelectronvolt

3. Green List promotes best conservation
areas
WNature | 14 November 2014

A proposal by China that is quietly gathering momentum has raised the possibility that the country

could soon position itself at the forefront of particle physics.”
—— Nature

GEANT4/Mokka School@ Nankai, §

Aug11-15 2014 : s 2 :
= iISTEP 2014, Aug20-29 2014

CERG and we have opportunities to study and communicate with experts in HEP field.



Higgs Hadronic Decay in
Z - 2q Channel

1 2

400 ————T—T—
I — SM all ffh
— I — Fh
E300F —WW fusion ]
e i Z7 fusion
o :
Bo0of ]
w [
. . . m
Production type and cross section of e+e- 2> Higgs. @ |
=100}
CEPC @ 5 ab™’ Current Status Responsable & perspective O [
H (Model IHEP, CCNU i
Irr::iep((enger?t) 8 Mev 0 rurill IPEPEPEPEL EPEPEPEE P S E i =
a(ZH) 0.7 % IHEP, CCNU 200 250 300 350 400 450 500
Higgs CP Theoretically Investigated THU, HKU s (GeV)
A(o*Br)/(c*Br) Higgs 1
0.22% (qqH channel) SJTU, IHEP
22-28% SJTU, IHEP
99 1.8—2.4% SJTU, IHEP a
HoWW* 1.3% IHEP, PKU gg'
HoTT 1.2% Efforts initialized IHEP, USTC
H-zz* 5.1% SDU
Hoyy 8% ~12% (WH) WhU, IHEP
Hop ? UCAS, IHEP T,
HolInv. 0.3% IHEP, HKU, HKUST —
Zy. yy
wH, H>bb 3.8% PKU, IHEP -
Il W qq Z boson
decay
At dhe Energy of 250 GeV, We focus on the ZH Final state

Process. SJTU group take on the H->2j, Z->2j/2| task.



The Discovery of Higgs

However, The Higgs couplings must be measured to at least 10% to reveal TeV scale

new physics.

LHC has high productivity, no tagging signal and huge background especially in Higgs to
jet decay channel. So the ultimate precision in Higgs coupling measurement is limited to

10% to 20%.

g(hAA)/g(hAA) -1 LHC/ILC1/ILC/ILCTeV

- I 1§ [
g | - 0z -
2 | ArXiv: 1207, 2516 )
%m A . _ i 'T
o 1T
& ° ——TI---TI--- Iu EF.IHIII{“
T il L L
]':|": o1 F ] ]
W Z |bg v t c ltinv
A2 -

0500 q20' a0 1e0 180 . 200

My, [GeV]
e+e- machine has those advantages: low background - triggerless mode, precisely

known/adjustable initial state, allowance of model independent measurement.
So, a precise Higgs factory must be a lepton machine (ILC, LEP3, TLEP..., CEPC).
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1 CEPC Project

—o—

For more than twenty years, an advanced electron- A\
positron collider has been put forward as a key T ,P e 2iom)
component of the future program of elementary et ot

particle physics.
Now the technology to build this electron-
positron collider has come of age.

Boos ter{sQ Km)

CEPC Coi
- Collidgy Ringl’ﬁl}h’m) P2

B

: ,/”';.// ,/ 4 4

CEPC project was proposed in 2012, it
has the advantage of higher luminosity to
cost ratio and the potential to be upgraded to
a  proton-proton  collider to reach
unprecedented high energy and discover

Google earth
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Cartoon Explanation of the Higgs Boson

Physicists
“Higgs field”




Cartoon Explanation of the Higgs Boson

A famous physi
“Particle”

i —

Physicists
“Higgs field”




Cartoon Explanation of the Higgs Boson

A famous physicist is hard to move across
the room.
“Particle” = gajn mass

Physicists
“Higgs field”
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Cartoon Explanation of the Higgs Boson

A less popular physicist is easier to move across the room.
“Particle” = gain lower mass

2
382 °

Physicists
“Higgs field”

a

A famous physi harder to move agross the room.
“Particle” = gain higher mass

=source: Gern/UCL




Concluding Remarks

To imitate J.F. Kennedy’s famous

* gspeech in 1961 when he announced

the US will send man to the moon in a
decade, one can say:

We choose the CEPC-SPPC as
our next project, not because it
IS easy, but because It Is hard,
because that goal will serve to
organize and measure the best of
our energies and skills, because
that challenge Is one that we are
willing to accept, one we are
unwilling to postpone, and one
which we intend to win.
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Energy Frontier Facilities

pp colliders:
LHC at 14 TeV with 300 fb™*

HL-LHC at 14 TeV with 3000 fb™
HE-LHC at 33 TeV and VLHC at 100 TeV

e"e” colliders:
Linear: ILC 250/500/1000 GeV, CLIC 350/1400/3000 GeV
Circular: TLEP @ 240 and 350 GeV ... &

a - UURTIES Dasacian B s
Electrons Positrons

TLEP (80-100 km,
e'e,upto

W\ ~350 GeV c.m.)
VHE-LHC
(pp, up to
100 TeV c.m.)

& e* (120 GeV) - p (7, 16 & 50 TeV) collisions {[(V)HE-]TLHeC)

Others:
- collider
yy collider




Next Generation High Energy Colliders

4 Lake Geneva

TLEPat CERN 4
80- 100 km

- Kitakami mountain in
Tokoku (30km)

F E CEPC-SPPC
50-70A 8, ]
-TRK OHT X
REBTET




World HEP Planning Status

All three regions — Europe, North America and Asia — have been carrying out
strategic HEP planning in the last 1-1/2 years since the Higgs discovery.

European Strategic Plan — identified four high priority items:

» LHC and luminosity upgrade

> New energy frontier lepton and proton accelerators (CLIC and FCC/TLEP)
» Support for the ILC in Japan

» Support for neutrino experiments in the US and Japan

US Snowmass meeting and P5 process:

» P5 draft report due in March, final report in May
» Full support for the LHC and upgrade
» Fermilab will be a neutrino/muon lab (LBNE, NOVA, MicroBooNE, muon g-2, muZ2e, etc.)

Japan’s plan:
» To host the ILC — but need support from the Japanese government and non-HEP science communities

» Also need support from foreign countries for cost sharing (~50%)
» First stage of the ILC can be 250 GeV for Higgs factory

China’s plan:
» Dig a big circular tunnel (which is cheap and almost trivial in China)
» First use it for CEPC, a Higgs factory

» Then use it for SppC, a world no.1 energy frontier machine e



Comments

 CERN is busy with the LHC and its upgrade.

« US seems to be content with leading the intensity frontier
and has no plan to build a big accelerator in the near future.

« Japan has hands full with the ILC.

« Therefore, there is a window of opportunity for China to
become a world leader in HEP by constructing a big ring
collider as a Higgs factory and upgradable to a pp collider.

 CERN’s FCC 1s both a competitor and collaborator. If we
work with the FCC team properly, it can be a big help.

* ICFA’s statement on February 21, 2014:

“ICFA supports studies of enerqy frontier circular
colliders and encourages global coordination.”




Tevatronim

A symposium celebrating extraordinary contributions to science, technology & society

pact

June 11, 2012

Ramsey Auditorium

Fermilab &
Batavia, lllinois, USA

‘graphic

1:00 p.m. Symposium

6:00 p.m. Reception

Mo
Featuring speakers honoring three "W
decades of Tevatron history and a performance \l—: \
by Winifred Haun & Dancers =\
A\~
7

Watch the symposium live

Registration not required to attend

Please also join us for the 45th Fermilab Users' Meeting
Showcasing recent results from Fermilab's experimental program
June 12-13, 2012



What did the Tevatron cost?

e Tevatron accelerator

— $120M (1983) = S277M (2012 S)
e Main Injector project

— $290M (1994) = S450M (2012 S)
e Detectors and upgrades

— Guess: 2 x S500M (collider detectors) + S300M (FT)
e QOperations

— Say 20 years at S100M/year = S2 billion

e Total cost = $4 bi"ion
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Balance sheet

e 20 vyear investment in Tevatron ~ S4B

e Students S4B

e Magnets and MRI $5-10B } ~ S508B total
e Computing S40B

Very rough calculation — but confirms our gut feeling that
investment in fundamental science pays off

| think there is an opportunity for someone to repeat this
exercise more rigorously

cf. STFC study of SRS Impact
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http://www.stfc.ac.uk/2428.aspx

PhD Student Training

e Value of a PhD student

— S$2.2M (US Census Bureau, 2002) = $S2.8M (2012 S)
e Number of students trained at the Tevatron

— 904 (CDF + D@)

— 492 (Fixed Target)

— 18 (Smaller Collider experiments)

— 1414 total

e Financial Impact = $3.96 bi"ion
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Superconducting Magnets

£t |

B

e Tevatron was the first
installation of mass-

produced superconducting

magnets on an industrial
scale




Superconducting Magnets

e National medal of
Technology (1989)

e Historic engineering

NTERN
0 ,W N

o — landmark (1993)
AL ENGINEFjye i
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Superconducting Magnets

e Current value of SC Magnet Industry
— $1.5 Billion p.a.

e Value of MRI industry (the major customer for SC magnets)
— S5 Billion p.a.

e This industry would probably have succeeded anyway —
what we can realistically claim is that the large scale
investment in this technology at the Tevatron significantly
accelerated its development

— Guess — one to two years faster than otherwise?

e Financial Impact = $5'10 bi"iOn
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Computing

Peak Luminosity (1/emA2/sec)
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Tevatron Collider Luminosity
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1*1985 Run « 1987 Run “Run O “Run 13 “Run 1b “Run it |

e |ncreases in luminosity — driven by physics — created the

challenge of processing ever larger datasets
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Computing — Linux PC farms

MicroVAXes
Unix Farms in Run |

Computing requirements for Run Il led to pioneering
adoption of PC Farms running Linux for large scale data
handling

— Fermilab PC Farm Exhibit in Supercomputing
Conference SC 1997

— Linux Torvalds and Red Hat CEO Robert Young visit
Fermilab; Fermi Linux released 1998

More than 90% of the world's supercomputers now use
Linux
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Distributed Computing

e Concept of Computing as a Utility
— “The Grid” (1998)

e Grid resources used for Monte
Carlo generation and large scale
reprocessing of Run Il data

— D@ data shipped over the
internet to Canada, France,
Germany, Netherlands UK, and
US universities, and processed
data shipped back
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Cloud Computing

e Remotely accessible
Linux farms are
now a commercial
service

n3,000 N — Amazon EC2
peers ﬁ“;‘.‘:’ yf‘” i —
New Y .
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Cloud Computing

e Value of Cloud Computing Industry today
— $150 Billion p.a. (Gartner)

e This industry would definitely have succeeded anyway —
but let’s assume that the stimulus given by the Tevatron
experiments, work with Red Hat etc. gave just a 3 month
speed-up to its development

e Financial Impact = $40 bi"ion
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Looking Forward

U Simplest guess:
— Have spin-0 quarks and spin-0 leptons, 1.e., scalar quarks/leptons

d How do they behave ?

— Similar to ordinary quarks and leptons, they are likely to decay
into each other via weak interaction

— Unlike ordinary quarks and leptons, they are quite heavy
U How many spin-0 quarks and leptons may be expected ?
— Simple guess is as many as ordinary quarks and leptons

— If this 1s true, we may envisage some sort of symmetry between
fermions (ordinary quarks and leptons) & r Pal‘“des

bosons (scalar quarks and scalar leptons)
» Is this supersymmetry ? Q . "

Maybe, or maybe not !

'1'- Supersyrrmetnc
"shadow " partlcl
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COMPOSITION OF THE COSMOS

A WA
"~ 5%

Free Hydrogen _/

and Helium:
4%

Dark Matter: H%%}ﬁ : ~ 25%

25%

e MEAEE: ~ 70% (> FHIINEIK)
Saul Perlmutter, Brian P. Schmidt, Adam G. Riess
Nobel Prize in physics, 2011

> LHCA al g~ A st/ 11 TeV X ARELIS 1l S (ki 1, X85k
TR B BRI FRAE T (LSP),  LSPI= ¥ /5 Hfig 126 KL 1
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Higgs Production at Lepton Colliders
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Higgs Production at e"e” Collider
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Why e‘e- Higgs Factory

g(hAA)/g(hAA) |5M',1 LHC,'IILU ”l,'C”LCT?V O Precise verify the SM- searching for

a2l I possible new physics, Higgs couplings
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Observables and Expected Accuracy
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Indirect Indirect . ) . )
Al F Ty (30%7 ) (10% 7) 1.5% 1.0% ongoing, 0.15%
AZ e ! Bl 6.5 - 3.1% a4 -1.0% - 3% angoing, 1.4%
A Bitey 11-51% | 75- 2.1% 1.5% 2.5% < 3% 0.7%
Al ! S 5.7 - 2.1% 45— 1L0P 1.3% 1% 1% 0.25%
Mgz | By 5.7 - 2.1% 45 - 1.0% 1.3% 1.5% ~19 0.2%
< 30 ~22%
Ao / granm (2 expts) - . (1% at 3 TeV) -
Agay | Ba = 0% = 1% -- - 10% 7%
Atee  Pite 8.5 - 5.1% 5.4 2.0% 3.5% 2.5% = 3% 0.4%
Ages./ Bisee - - 3.7% 2% 2% 0.65%
Agin / Br 15 - 6.9% 11 —2.7% 1.4% 1% 1% 0.22%
Agee ! BHie 14 - 8.7% 8.0 -3.9% -- 5% 3% 30




Typical Sensitivities to test BSM Physics

How large are potential deviations from BSM physics? How well do we
need to measure them to be sensitive?

To be sensitive to a deviation A, the measurement precision needs to be

much better than A, at least A/3 and preferably A/51

Since the couplings of the 125 GeV Higgs boson are found to be very close
to SM = deviations from BSM physics must be small.

Typical effect on coupling from heavy state M or new physics at scale M:

L

2
ﬂ.ﬂe[ﬂ ~5% @M~1TeV

(Han et al., hep-ph/0302188, Gupta et al. arXiv:1206.3560, ...)

Typical sizes of coupling
modification from some
selected BSM models

Ky Fop Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM | ~ —0.0013% ~ 1.6% < 1.5%
Composite ~ —3% ~—(3-9% | ~ —9%
Top Partner ~ —2% ~ —2%
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CERN, Geneva, Switzerland




J. Ellis
SUSY2013

.+

Let us be patient ... <l

¥

« If you have a problem, postulate a new particle:

— QM and Special Relativity: Antimatter

— Nuclear spectra: Neutron
— Continuous spectrum in 3 decay: Neutrino
— Nucleon-nucleon interactions: Pion

— Absence of lepton number violation: Second neutrino

— Flavour SU(3): Q-

— Flavour SU(3): Quarks

— FCNC: Charm

— CP violation: Third generation

— Strong dynamics: Gluons

— Weak interactions: W=, 70

— Renormalizability: H (48 years)

— Naturalness: Supersymmetry? (40 years)
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Linear
Colliders

ILC
CLIC
SLC-type .

Adv.
Concepts

CLICHE, + A
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T — AR REXT E AL

O CERN/LEP — W, Z factory (1989 —2000)
O Fermilab/Tevatron — discovery of top quark (1985 - 2011)
1 CERN/LHC — discovery of Higgs, top factory (2009-2030)
1 SLAC/BaBar — b factory (1999-2008, CP violation)

1 KEK/Belle — b quark factory (1999-2010, CP violation)

1 IHEP/BEPCII — t-c factory (1988-)
 Fermilab/ProjectX — neutrino factory
1 KEK/J-PARC neutrino factory(2009)

Discovery of Higgs at LHC in 2012
Higgs factory

=» ILC (Japan, 30km)

= TLEP (Europe, 80-100km) /
=» CEPC-SPPC (China, 50-70km) Leptons
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LHC on BBC

bbc.co.uk e | TV | Radio | Talk | Where I live | A-Z Inds . = ||]
i::el:ﬁgg? hel SClence & NCfI'ure TV & Radio Follow-up ' -
Text only . ROI!ZO:‘-\_

BBC Homepage You are here: BBC > Science & Mature = Horizon > Recent Horizons = The Six Billion Dollar Experiment

e IX DIION ' C]f xenmen

Tuesday 1 May 2007, 9pm, BBC Two

Science & Nature
Homepage

In the coming months the most complex
scientific instrument ever built will be switched
on, 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,

Within these first few morments the building

Contact Us blocks of the Universe were created, The search
- for these fundamental particles has occupied
Like this page? scientists for decades but there remains one

particle 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
fundamental particles acquire mass, or as one
scientist plainly states: "It is what makes stuff
stuff..."

Send itto a friend!

» JOURMEY: Through space and time
» VOTE: Should we risk creating a black hole?
» VIEW: Highlights from the programme




LHC on New York Times
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At Cern, the Large Hadron Collider could recreate conditions that last prevailed when the universe was less than a trilionth
of a second old. Ahove is one of the collider's massive particle detectors, called the Compact Muon Solenoid. More Photos =

By DENNIS OVERBYE MOST POPULAR
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ATLAS and CMS Collaborations

1 Detector: A Toroidal LHC ApparatuS (ATLAS)
—~ 3000 physicists. ~ b A
—~ 1000 students
— 175 institutes :

— 38 countries

1 Detector: Comp
—~ 3300 physicistsp*
—~ 1500 students
— 179 institutes

— 41 countries

20+ years of worldwide collaborative efforts




Standard
Model:

Electron

(Planck length)

10-33 &em

LARGE DISTANCES SsHORT DISTANCES
LOW EMNERGIES HIGH EMERGIES

Ex ?-e riments
stop here




EAPTHEERNRKI

1897 — e discovery, J.J. Thompson (J=[H)

1919 — proton, Ernest Rutherford (3&H)

1930 — neutron, James Chadwick (F<H)

1936 — p, Carl D. Anderson (Caltech, £H)
1956 — v, discovery (Homestake, 35 H)

1962 — v, discovery (BNL, 3£ H)

1968 — u and d quark (quark model, 3£ &)
1968 — strange quark(Kaon, 3 H)

1974 — ¢ quark (Jhy, BNL, SLAC, 3£ H)

1977 — tau discovery (SLAC, 3£ H)

1977 — b quark (Upsilon, Fermilab, 3£ &)

1979 — gluon (DESY, &)

1983 — W and Z (CERN, BEX#)

1988 — atmospheric neutrino oscillation (HZ)
1995 — top quark (Fermilab, 3£ H)

2000 — v, discovery (Fermilab, 3£ H)

2001 — solar neutrino oscillation (SNO, £ X)
2012 — reactor neutrino oscillation (Dayabay, # &)

2012 — Higgs boson (CERN/LHC, Rk#H)

Elementary

Particles

electron mu':;'r"l :
neutrinod neutrino § neutring

Force Carriers

electron§ muan tau

Leptons Quarks

| Il Ml
Three Families of Matter

109



Higgs Mechanism

[ The potential in (a) is symmetric
U The potential in (b) the potential is still symmetric,
but the symmetry of the ground state 1s spontaneously broken.

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

O Peter Higgs showed that Goldstone bosons need not occur when a local symmetry
1s 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.

—




[4] F. Englert, R. Brout, Broken symmetry and the mass of gauge vector mesons,
Phys. Rev. Lett. 13 (1964) 321.

[2] PW. Higgs, Broken symmetries, massless particles and gauge fields, Phys.
Lett. 12 (1964) 132.

[6] PW. Higgs, Broken symmetries and the masses of gauge bosons, Phys. Rev.
Lett. 13 (1964) 508.

[7] G.5. Guralnik, C.R. Hagen, TW.B. Kibble, Global conservation laws and mass-
less particles, Phys. Rev. Lett. 13 (1964) 585.




Higgs Properties Measurement with Full Datasets

H— yy, ZZ*, WW™* analyses

update using full datasets
collected in 2011-2012

- 46fbt@ 7TeV

-20.7 fbt @ 8TeV

Higgs mass from H— yy and

H—-Z7Z7*— 41

Signal strengths (1 = 6/cg)y,)

Sensitivity to VBF
Higgs Couplings
Higgs Spin and parity

New ATLAS Higgs Papers

(arXiv:1307.1427, PLB726(2013)88-119
(Mass, Couplings)
arXiv:1307.1432, PLB726(2013)120-144

N

\ (Spin-parity) )

New ATLAS Higgs Pub Notes

ATLAS-CONF-2013-012 (yy)
ATLAS-CONF-2013-013 (Z2Z*)
ATLAS-CONF-2013-031 (WW¥*)

ATLAS-CONF-2013-040 (Spin)
ATLAS-CONF-2013-079 (VH — bb) [~ Property
ATLAS-CONF-2012-160 (H — 1) measurement
ATLAS-CONF-2013-075 (WW*)
ATLAS-CONF-2013-029 (vy)
ATLAS-CONF-2013-108 (1)

ATLAS-CONF-2013-009(Zy) n
ATLAS-CONF-2013-010(uy)

ATLAS-CONF-2013-067(HMH->WW)
ATLAS-CONF-2013-072 (diff s H>1) —  Sagrches

ATLAS-CONF-2013-075(VH>WW)
\  ATLAS-CONF-2013-080(tt +H->77) j
S=CONF-2013-081(t->cH)




Events/ 2 GeV

Events - Fitted bkg

ipop— -~ -~ 1~ "~ 1 T T T T p—
B Selected diphoton sample 7
8000 |— L] Data 201 1+201 2 __
B Sig+Bkg Fit (m =126.8 GeV) ]
T hegy  mmmemses Bkg (4th order polynomial) 7
6000— ATLAS Preliminary ]
o H—yy -
4000— —
T Vs=7TeV, ILdt -48f0" N
2000 — -
 {s=8TeV, ILdt =207 fb" ]
500; | | 1 | | ;
400 - —=
300 E- —=
200FE- + =
we 1404, TSIV
-100 + ¢ ! + o 7T ¢ * =
-2Q0 1 1 1 1 1 é
100 110 120 130 140 150 160
m,, [GeV]
5 A L e e o s s e e LA
3| —— Al systematics ATLAS Preliminary
[ omeee- Without mass scale uncertainties H .
r . . =YY -
—— Without systematic -
2.5 — -+ Best fit —
2k =
1.5 -
1= T V57 TeV, J Ldt=4.8 16" —
| —— 68%CL i
05 L= 95‘|’ﬁ> CL | | (s=8TeV, | Ldt =207 fo' ]
124 125 126 127 128 129 130

my [GeV]

Update of H = vy

Higgs Significance
- Expected 4.10
- Observed 7.40

D_O 1 Oi :rl T T | T 177 | T 17T | L | L | L ‘ T .| T .l 17T |j:
= 107 ——— Obsewedp (category)  ATLAS Preliminary
S —— — Expected p " (category) —
S {0?—— Observed & (inclusive) H—vy —
—  — — Expected pg (inclusive) -
1 - N\ = 1o
102 = _____-—"":,Jgg
[ =T e — =]
1045 —— T T =40
10-5:: Data 2011, Vs =7 TeV ::50
N Ldt= 4.8 fo" B
107F |60
1010 Data 2012, {s =8 TeV -
ol Ldt-20.7f" 70
T —

10—14 1111 | | I | | T - | | I | | I | | I | ‘ | I | | I ‘_
11 115 120 125 130 135 140 145 150
my, [GeV]

Best fitted mass:
M, = 126.8 +=0.2(stat) £ 0.7(syst) GeV

Best fitted

+0.25/ o\,
Signal strength [.65 + 0.24(stat) ™ ;15 (syst)

0.18
—c




Update of H>ZZ*->4l

_||\\\‘\||||\\\\‘IIII|\ ‘
S~ ATLAS Internal 2011 + 2012 Data
T Vs=7TeV: [Ldt=46f0" H— zZz" - 4
4 Vs=8Tev: [Ldt = 20.7 !

40— ® Data2011+2012

- _ ATLAS
L M H B
- I SV Higgs Boson H—ZZ* 4l

- m,=124.3 GeV (fit)
- [_]Background Z, ZZ*
C [l Background Z+jets, i

s=7TeV JLdt=4.6fb"
Vs=8TeV JLdt=20.7 fo"

35

Events/5 GeV

+ Bestfit
—68% CL
---95% CL

Signal strength (u)

3} 30— %% Syst.Unc,
i o5

2_ : [ ]
i 20

- e 4

0

1 | | ‘ I | | | ‘ 1111 | | | | | ‘ 1|
122 123 124 125 126 127 128
my [GeV]

[T T T T T T TTT T
T ATLAS Internal + Dat
[ E=7TeV: |Ldt=451" M Bkg

T Vs=8TeV: |Ldt=203 10" [0 statssyst

212"'7" 1

X
=]

'}

o

N

Event/ 3.0 GeV
=

Best fit mass:
M, =124.3 +0.6(stat) £ 0.3(syst) GeV

Best fit signal strength:
. pn=17+0.5(-0.4) @ 124.3 GeV
o Dl p=15+ 0.4 @ 125.5 GeV

m,[GeV] Tz4¢/Tz = (4.43+0.34 (stat) = 0.16 (syst)) x 107°

—T



Update of H > WW* 2 /v/v

 Final discriminant

myp = \/(ng + E}lﬂ‘i%)Q + |pf + Emiss|2

Due to spin correlation between W
The signal has the following prope
Large P.(ll), small m,, small A,

45
4
3.5
3
2.5
2
1.5
1
0.5

Signal strength (u)

15 12

o

4
0

IIII|IIII|II,U"'I|IIII|IIII|IIII|IIII|1_1_],,J-T"I'IIll_

ATLAS Preliminary H=WW' —viv

s=7TeV:|Ldt=461b"

/s = 8 TeV:|Ldt = 20.7 fb’

— 21 (u,m) = 2.3
....... -2 In(u,m) = 6.0

— HWW" s Ivlv (2011+2012)
t =% Hoyy(2011+2012)

P e HZZ 01 (201142012)

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIT

[ERL

AT IR I P Bl A arariirs
0 125 130 135 140 145 150 155

m, [GeV]

800
700
600
500
400
300
200
100

Events/ 10 GeV

100
80
60
40
20

-20

Data - Bkg.

Vs=7TeV |Ldt=46f"

Vs=8TeV |Ldt=207fb"

H-WW*slviv + 0/1 jets
%

= ATLAS

—¢— Bkg. subtracted data
|:| SM Higgs boson m, = 125 Ge

_+_

L L L B

- Data 2011+2012

== Total sig.+bkg.

I sM Higgs boson
m, = 125 GeV

] ww

[

I other vv

[ ] single Top

[] WHets

B 2

|

III|II III|III|IIIﬁII|III|

6

0 80 100 120 140 160 180 200 220 240 260
]

m; [GeV

ATLAS best-fit signal strength:

ICHEP(4.6+5.8 fb1): p=1.3 £0.5
2012 (4.6+20.7 fbl): p=1.0 & 0.3

p

—k




easurements

Higgs Mass M

2 TS T — s L(Amy , fuyy(Amig) , frse(Amyg) , Fugg(Amg) , 8(Amy)
§3_5:_ Vs=8TeV: [Ldt =207 " 74 A(Amy) = I = - . =
5 F (Ampy, [y, flag. Ty, 0)
% 3 igae;;g . A VY +06
S 95% CL Amyg = My — mH = 2.37,5 (stat) £0.6(sys) GeV
2;_ \ r%m— II"-, :q%',:j_;q Tngzz}rL?jltiTT;Ea iy /
L , Xj ; B I'%, Vs =8 Tev: |Ldt=20.7 i ."ll
150 | e {3
1%- : _ T Ix\ /
S \ /
0.5:— \ / -2InA{D)
C 6— \ IJII.I
oG s AR\ /
my, [GeV] B
. 4 -1-—-|2a
Best fit mass for H - yy and 4l :
My (yy)= 126.6 +=0.2(stat) = 0.7(syst) GeV I
M, (4))= 124.3 +0.6(stat) + 0.3(syst) GeV T
~{1o
Best fit mass for combination: e T RN

ATLAS: 125.5 +0.2(stat) * 0.6(syst) GeV
CMS:125.7%0.3(stat) + 0.3(syst) GeV

Mass compatibility: 1.2%, 2.5¢c

—



Search for High Mass H 2> WW, ZZ

JExtend the Higgs search to high mass assume

SM-like width and decay.

WW* 2 [y 77*% 4|

5105"' T T T M I 31035 | !
= E ATLAS Prelimin __'__ Ef: gg:ﬁg; E - ATLAS Preliminary —— Obs ggF
E [ HoWwoewv, SMwidth i e o | T — Exp ggF
X 4L fs5=8TeV [Ldt=207 " o o 102E [Lat =20.7 b M=o -
© E — Om = F [lt2c E
5 = _g - \s=8 TeV — o.,*xBR
= = IS .
E E= — 10 _|
o F 32
2 [ &
& 1E
107 -
- WW .
10-3 Il I 1L L1 I 1 L 1 L l il L 11 I L L 11 I 11 1 L | L L1 L I L 1 1L - I l J -
300 400 500 600 700 800 900 1000 200 400 600 800 1000
m, [GeV] my [GeV]

95% C.L. exclusion of a SM-like heavy Higgs up to ~ 650 GeV




Latest Update of H - 171

ATLAS Preliminary —flg |B)
u=0

- -1 (e =
JL—20.3fb fs=8TeV _f(g_ |S+B)

H— 11 S
' n=0

=» Observed 4.1c, expected 3.2c B
for 125 GeV Higgs. o 10

() = 3 1
g 70F- ATLAS Preliminary —4—Data 3 ,
T .nF HotrVBF+Boosted ~— —— H(1Z)-mr=ld) o 107"
> 60 | 7 -
£ F [Lat=203" B Others - 102
g,’ 5[]:— [s=8TeV I Fakes =
w = %/ Uncert. ] 103
z 405 E
o 30 E 10*
s SO : { p =2.0x 107 (4.10)
< 205 = 10° " b =0.18(0.9
= - 7 ps+b - ( . G)
- 10__ 7 10'6|\\\‘\\\I|II\\ ol b b b b
c = 0 5 10 15 20 25 30 35 40 45 50
; ° L L L B B B qu=0
ADI:} | == H(125)— 11 (u=1.4) + ] s 6 T[T T[T T T [T T T[T T [ TT T[T T T[T ITTTI
o . = i 0 - Hott ]
D 4O wwm H(110)— Tt (u=1.8) ] o : _ 1
ol L emes H{150)— =5 g\ s 4 = C _ _ ¥ Bestfit ]
§ [ J—H— @ 5 |Ldt=203M" oo
3. D: H i -““-L.,. XI - 1,"§ =8Tey - 68% Contour ]
T 777 T e % - ATLAS Prelimi 4+ SM prediction =
60 80 100 120 140 160 180 200 5 4 FEIMNAY & sackground only
miMC [GeV] = a0 E
: ATUAS-CONF-2013-079 C ]
W.Z H - bb el ok E
_ .07 [204 '_——' C ]
“_0-2'0643'1‘.‘.\.‘.".......I‘... C i
H— Tt (8TeV: 203 b f§1§, AILASCONFROT08 1; ]
= 1 4705 T03 3 L oL E
ST DU DUURE RN T == 0 : ;
\IE:?TEVJLdt=4.6.4_8fb_1 _0.5 O .0.5 1 1.5 2 _32 \||-|1|||Icl}l|||1|||||2|\II\:|3IIIIAIIII5|||||6‘II\ 7
{s=8TeV [Ldt=207/203 " Signal strength (1) T B/B

SM i iI ﬁ



Candidate of VBF H 2 171

o> . J Run: 204153
Event: 35369265

: E EXPERIMENT 2012-05-30 20:31:28 UTC

v .
s 14/ L 4
\ b
8 '.’I\?»'«"-”
" q

/; ' g = 5 i
uon Rt": 53 G&V. e Pt = 34 GeV
MET = 1021GeV, M_, = 127 GeV, M,




Update of Higgs Signal Strength

=>Signal strength: p=1.3X£0.2(ATLAS)  ATLAS-CONF-2013-034
=>u=0.8 =0.14 (CMS) ATLAS-CONF-2013-108

S XBr i — o(statistical) Total uncertaint
n=-—-— CMS'HIG'13'005 ATLAS Prelim. — o(syst.incl.theo.) +1 ’
(s xBr),, my = 125.5 GeV (theory) + i onu
\s=7TeV,L<51®" {s=8TeV,L<19.6 " y ~0Z3Phys. Leti 6720 (2013) 88 1
. - o :
Combined CMS Preliminary m,=125.7 GeV _ 4 g0 0% ; ——
k=080+044| p =065 H= 028|101 i | i
H N ZZ* N 4| +gg5 F’hys Lett? B 726 (2013) 88 ; .
H— bb 1 43+0 40 +g%g Lo
w=115+0.62 H= 03 s 000 i | o
+020[Phys Lett 5726(2013)88 [, -,
Ho WW > v | 02 | T
s ——
H—}T_‘L’ u—099+031 +3j1§ :
n=110+041 028|108 i Lo
Combined +g}3 Phys Lett: B 726 (2013) 88 P
H—yy, ZZ*, WW* . :
H— Y i n=1 33+0 o1 g_g : ——
w=077+£027 - 018+3?15.‘..i....|‘... e
_ 105 ATLAS-CONF-2013-079
H— WW W,Z H— bb el
w=068+0.20 o[04 | = —
=0.2 :
K 706(0'1.‘..i....|‘......‘|..‘.
+03 |ATLAS-CONF-2013-108
H— ZZ H — 17 (8TeV: 20.3 fb) |- 03 5 ;
n=092+028 oy -04 | —t
O 1 1 1 IU|5I ll 1 1 1 1 | 1 1 1 1 | 1 1 1 I2 5 +g% : | I I I'TT‘ »
BE.‘St flt Gfﬁ E=7Tev [Ldt= 46487 ~0. 5 0 05 17 15 2
Vs=8TeV [Ldt=207/203 " Signal strength (u)

—i



Is it the SM Higgs Boson?

¢ Higgs production (m, = 125 GeV)

g- (Yukawa coupling) =V2 x mg/v

® :vector bosons 9y (Gauge coupling) = 2m,*/v
(v Is the vacuum expectation value)

¢ Couplings (new force!) @:fermions

% Spin and Parity

—



sinh(17,, — 17y,) 2[JT }J

2 m
1+ (pY /m Yy
Pt 004

2

o Data 2012
| P = 0f (SM)
Background

Events /0.1

i

ATLAS Preliminary

Data 2012, .[Ldt 207fb Vs=8TeV —eo—
IIIII |\III|\III|\III|\Illlllll‘llll‘llll‘lll\IIII—

Nominal analysis |
H— vy

I

o

01t 02 03 04 05 06 0.7 08 09 1

|cos6*|

o
o @
o ® o
® O A

o IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

Entries (normalised to unity)

Spin for H - yy

1 Using events in signal mass window [123.6, 128.6] GeV

 The photon polar angle |cos0*| in the resonance rest frame
(Collins-Soper frame) 1s sensitive to the spin of Higgs.

JP—'D (SM} hypothesm ATLAS Prellmlnary_

—— JP=2 (100%gg) hypothesis J-Ldt 20.7 fb‘—
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In(L(D)IL(E})S
=» Data agree with spin 0*
hypothesis (1-CL,) ~ 58.8%.
=>» Spin 2 is disfavored at
99.3% C.L. (or 2.90).
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Spin for H > WW

1 Combine several variables in a MV A discriminant (Boosted

Decision Trees, BDT)
. . I
 Variables used: My, P+, Ag,, m;
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H->77Z*->4l : Spin and CP

1 Fully reconstructed final state allows measuring Spin/CP:
— Five kinematic angles (production, decay)

— Invariant mass of the primary Z and the secondary Z

e #; (6,) is the angle between the negative final state lepton and the direction of flight of Z; (Z,) in
the Z rest frame.

e O is the angle between the decay planes of the four final state leptons expressed in the four lepton
rest frame.

e O, is the angle defined between the decay plane of the leading lepton pair and a plane defined by
the vector of the Z; in the four lepton rest frame and the positive direction of the parton axis.

e 0" is the production angle of the Z; defined in the four lepton rest frame.

Discriminate 0 (SM) hypothesis against:
— 0" (CPodd), 1%, 1-
— 2" (pseudo-tensor)

— 27 _ (graviton-like tensor, minimal coupling)




H->77*->41 : Spin and CP
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Higgs Production: ggF vs.VBF

HyBF+VH VS Mgt potentlally modified by B/Bgy
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Fermion and Vector Couplings

2-parameter benchmark model: o-B(gg—H—yy) x§ -fc,f,',
Ky = K=Kz (>O) o . H} B (H . ) — 3
KE=K =K, =K =K =K sM{E5 M vy KH

(Gluon coupling are related to top, b,
and their interference in tree level loop ¢
diagrams)
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Assume no BSM contributions
to loops: gg—> H and H->yy, 2
and no BSM decays (no
Invisible decays)

> ke = 0is excluded (>50) 0

Double minimum from
interference between vector(W) -2
and fermion (top) in H>vyy
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New heavy particles may contribute to loops

Constraints on BSM Loops

_ ATLAS Total uncertainty
Intrqduce eﬁeptlve K, K, to allow heavy BSM m, = 125.5 GeV t16 +9
particles contribute to the loops - ;
Tree-level coup!ings: Ky, Kz Ky, Ky, K, €1C et to 1 Ky| |
« Absorb all difference into loop couplings Model: O R 1 /AR
« Indirectly fixed normalization of Higgs width Kv» Ke ya
Ke| :
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08 E Couplings tested for anomalies w.r.t.
O'eg_ ] fermion and boson, W/Z and vertex loop
08 09 1 11 12 13 14 15 16 17 contributions at =10-15% precision
Ky

2D Compatibility with SM: 14%
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It is the SM Higgs Boson !!!

L ATLAS and CMS Results are consistent with the SM Higgs
boson which has spin 0 and CP even.

Mass 125.5 + 0.2(stat) * 0.6(syst) 125.7 £ 0.3(stat) * 0.3(syst)
Data favors 0* vs

Spin 0 97.8% CL 99.8% CL

Spin 1 99.7% CL 99.9% CL

Spin 2* 99.9% CL 99.4% CL (100%ggQ)

CINS preliming ry NEe T TaW Lesfh’ fEeETel Le 196w
T

| T T I T T
- L
°1 p(2*) = 0.6% Ezes
i — CMS data
i . [CL™ =06%) |

« Each experiment:
— Couplings to bosons determined at the 10% level
— Rejecting zero couplings to fermions at >5¢

o
2

0.08—

Combination

Probabhility density

0.06

* Observation of ool
— VBF production at 3.30 (ATLAS) ;
- VBF+VH production at 3.2¢ (CMS)
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1Nambu (1960)

RN ERBB ORFE)

Nambu (1960)

Goldstone (1961)

Goldstone Boson l

(X&)
Higgs (1964
b GRS 9gs (964
TR H A FIEHE
Englert, Brout (1964)
Higgs (1964)
Massive Gauge Boson %% Eﬁ%
@A RE)

Weinberg a
Salam (e

SU(2) x U(1) 9588

In 1967 Steven Weinberg [44] finally tied the pieces together.

130
Abdus Salam [45] presented essentially the same model in a Nobel Symposium about half a year later.



