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Scientists in Geneva on Wednesday applauded the discovery of a
subatomic particle that looks like the Higgs boson.
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The Nobel Prize in
Physics 2013

Scientists in Geneva o
subatomic particle th3

Photo: Pnicolet via Photo: G-M Greuel via
Wikimedia Commons Wikimedia Commons
Frangois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and '0
Peter W. Higgs "for the theoretical discovery of 2 mechanism that f nﬁlmed

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™
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(Duke University)

m——




Outline

@ Why the discovery of #the a Higgs boson is important

@ Tools for the discovery: LHC and the ATLAS detectors

@ Why we can call the new boson a “Higgs” boson (with
high CL)

@ Future prospects for investigating the Higgs sector with
the ALTAS detector

October 26, 2013 Andrea Bocci
(Duke University)
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Why do Things Weight?

Newton:
Weight proportional to mass

Einstein:
Energy related to mass

October 26, 2013 Andrea Bocci
(Duke University)

N e s e—




Why do Things Weight?

Newton:
Weight proportional to mass

Einstein:
Energy related to mass

Neither explained origin of Mass
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A Short History...
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Complete electromagnetic field equations
by Maxwell:
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The Electromagnetic Interaction

Complete electromagnetic field equations 1860 =

by Maxwell:

1
__F F‘LE’V

L=-F,
F, =0,4,-9,4,

Messenger for the EM interaction is the

photon, a massless spin 1 boson
(EM waves at speed of light)

Today we understand why M,=0 with Gauge invariance is a

symmetry principles: a mass term for A
would break the U(1) local gauge invariance

guiding principle

October 26, 2013 Andrea Bocci
(Duke University)
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Discovery of the Weak_Interaction

At beginning of the 20"century the discovery of the
natural radioactivity as the first observation of forces
beyond gravitational and electromagnetism

- Weak Interaction

Original explanation from Fermi worked quite well for low
energies

In the early 1960's gauge invariance principles used to
understand the character of weak interaction, introducing
invariance under 3-dimensional rotation in (weak) isospin space

- 3 messenger particles: W*, W*, Z

October 26, 2013 Andrea Bocci 12
(Duke University)
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Pulling it all together: the Electroweak Theory

Electromagnetic and weak interaction were unified by
Glashow, Salam and Weinberg under a gauge
iInvariant theory with 4 messenger particles (the
photon, W*, W*, and 2) :

— Electroweak Theory

As for electromagnetism, an exact symmetry
requires all messenger particles to be massless:
however, because the weak interaction is short

range it requires massive messenger particles!
| (direct measurement in 1983 at CERN, W/Z masses

80-90 GeV)
A mechanism had to be introduced to
break the electroweak symmetry
October 26, 2013 Andrea Bocci 13
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The Higgs Mechanism

In 1964 four seminal papers discussed a mechanism
to spontaneously break a gauge symmetry

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P.W. HIGGS

Turid fastéirule -.I_IF H’Hfﬁr'!lrrlll'n‘ ﬂ* F‘f.]l\u'_\. r-'ﬂfl'r'rﬂ”j.' o Eafgmbey rF_r.h-_ “af ealf el
Hecelved 27 July 1964

VoLume 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OcToBER 1964

I BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W, Higgs
Tait Institute of Mathematical Physies, University of Edinburgh, Edinburgh, Scotland
{Received 31 August 1964)

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. 5. Guralnik,™ C, R. Hagen,f and T. W. B. Kibble
Department of Physics, Imperial College, London, England
(BReceived 12 October 1964)

October 26, 2013 Andrea Bocci
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The Higgs Mechanism

In 1964 four seminal papers discussed a mechanism
to spontaneously break a gauge symmetry

e NG
Introducing an additional scalar field, o mas ol
additional term in mass appear / \
Particles move through field which gives AT
them mass proportional to the coupling A
strength W
Minimum of “mexican hat” potential not at e
zero (symmetry breaking) NG
Self-coupling responsible for a physical e 8%, o/
Higgs particle N T T I+
Give mass to W*, W*, and Z, and keep the =
photon mass-less

Lagrangian is symmetric, ground
state is not
— Spontaneous symmetry breaking

October 26, 2013 Andrea Bocci

(Duke University)
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The Higgs Mechanism

In 1964 four seminal papers discussed a mechanism
to spontaneously break a gauge symmetry

et NG

Introducing an additional scalar field, o mas -
additional term in mass appear / N\
Particles move through field which gives Y rstannansnss, N
them mass proportional to the coupling P igtnannunti), |
strength AT '
Minimum of “mexican hat” potential not at VAT
zero (symmetry breaking) AT
Self-coupling responsible for a physical NS S S nm mmn e,/
Higgs particle NS 1T 7
Give mass to W*, W*, and Z, and keep the =T
photon mass-less
Model makes very precise predictions: . _

i i ! Lagrangian is symmetric, ground
decay kinematics, couplings, cross state is not

section, cross section ratio, etc... ~ spontaneous symmetry breaking

Only parameter free is the Higgs mass

October 26, 2013 Andrea Bocci 16
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The Higgs Mechanism

In 1964 four seminal papers discussed a mechanism
to spontaneously break a gauge symmetry

Beautiful and very economic theory (just one
particle and one free parameter).

It surely would have deserved a Nobel Prize right
away!

But there was one thing missing...

@ Model makes very precise predictions: . _
: : ) : Lagrangian is symmetric, ground
decay kinematics, couplings, cross section, state is not
Cross section I’a'[IO, etc... qspontaneous Symmetry breaklng

@ Only parameter free is the Higgs mass

October 26, 2013 Andrea Bocci 17
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The Higgs Mechanism

In 1964 four seminal papers discussed a mechanism
to spontaneously break a gauge symmetry

Beautiful and very economic theory (just one
particle and one free parameter).

It surely would have deserved a Nobel Prize right
away!

But there was one thing missing...

@ Model makes very precise predictions:
decay kine
Cross secti

@ Only parameter free is the Higgs mass

etric, ground
ot
etry breaking
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Searches for The Higgs Boson
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Higgs Hunting in the Early 1970's

Pre-collider era Higgs exclusion summary plot!
(Nucl. Phys. B106 (1976) 292-340)

M, <07 MeV
Prog. Theor. Phys. Val. 54 (1975), Nov. excluded by neutron -electron scattering
Higgs Meson Emission from a Star M, <13 MeV
and a Constraint on Its Mass excluded by neutron - nucleus scattering
Katsuhiko SATO and Humitaka SATO 7] M8 Mev
Research Institute for Fundamental Physics excluded by nuclear 0"~0" transitions
Kyoto University, Kyoto M, <211 MeV
July 3, 1975 ™71 accessible in m-p~Hn at low energies ?
7] M, <350 Mev
o accessible n K-m+H decay?
M, <590 MeV
accessible in 3.7+ 31+H decay?
500 MeV <M, <1500 Mev
h accessible in moderate
1500 MeV < M <4000 MeV
accessible in pp~{p‘pleX
L [ ] | | 1 | 4 at high energies ??
1 3 10 30 10° 300 10’ 3000 i
Higgs Boson Mass (MeVY) 3 GeV
Fig. 3. Present and possible future limits on the Higgs boson mass,
October 26, 2013 Andrea Bocci 20
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Higgs Hunt in the Early 1970's

Pre-collider era Higgs exclusion summary plot!
(Nucl. Phys. B106 (1976) 292-340)
% M, < Q7 MeV

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the nggs boson should know how it may turn up.

500 MeV <M <1500 Mev
accessible n noderd
- 1

1500 Mev< M <4000 MeV
accessible in pp*{p )+ X
.,",, at high energies ??

i l I | 1 1 |
1 3 10 30 10° 300 ©0° 3000

Higgs Boson Mass (MeY) 3 GeV

Fig. 3. Present and possible future limits on the Higgs boson mass.
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Higgs Hunt in the Early 1970's

Pre-collider era Higgs exclusion summary plot!
(Nucl. Phys. B106 (1976) 292-340)
% M, < Q7 MeV

We should perhaps finish with an apology and a caution. We apologize to ex-

that t
big ex
experiments vulnerable to the nggs boson should know how it may turn up.

500 MeV <M <1500 Mev
acmssable n noderd

. 1500 Mev<M <4000 MeV
accessible in pp*(p [Ty 2%
%4 at high energies ??

i l I | 1 1 |
1 3 10 30 10° 300 ©0° 3000

Higgs Boson Mass (MeY) 3 GeV

Fig. 3. Present and possible future limits on the Higgs boson mass.
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Indirect Searches Before LHC

Higgs boson leaves a “trace” in measurements of W and Z
properties through its virtual presence in quantum loop

§ —ja=t 2z mm,=15I2 G?"uf H
9] —oozrses00003 i | ;\/Lf’& _____
. 0.02749:0.00010 ﬁfhé
4 % % e incl. low G° data
o g Use precise measurements to
< | constrain the SM parameters
2_.
| 1
| LEP LHC
0 excluded excluded EW Fits favor a light Higgs:
40 200 T
= +
m,, [GeV] M, =94, GeV
October 26, 2013 Andrea Bocci 23
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Producing and Detecting the Higgs: LHC and the
ATLAS Detector

October 26, 2013 Andrea Bocci 24
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. Producing and Detecting the Higgs: LHC and the

ATL.AS Detector

r

of Higgs:anti-besons,
they might disintegrate.

"So, if we created a negative Higgs field, and bombarded them
with a stream of Higgs anti-bosons, they might disintegrate."

October 26, 2013
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LHC Performance

LHC: proton-proton collider (mainly):

@ Center of mass energy
@ 7 TeVin 2010-2011
@ 8TeVin 2012

@ Bunch intensity: N, ~ 1011

@ Number of bunches: B=1400

@ Luminosity: N B
JbYy

dre B

@ [nstantaneous: [, =

@ Integrated: measured in fb1
(1 b =1024cm?)
N =o0c- f Ldt

Note: LHC operating so far at about
“half” its potential

LHC Operation Page on March 19, 2010

Fill: 953.0 E: 33500 GeV . 19-03-2010 05:24:03

_ BEAM SETUP: RAMP
Energy: 3500 GeV 'r 1.02e+08 m 0.00e+03

HNW .
12000 )
10000
« 800D
= 6000 - H
4000 .
OOI)
T 1
nean

[ 2 =] wenn BEI0 R4S 0D 1S D30 DS DEen 0%kl

Commicnts 19-03-2010 05:23:14 : BIC status and SMP flags
Link Status of Beam Permits
Global Beam Permit | true W true |
Setup Beam | true | m .
Beam Presence
Moveable Devices Allowed In
Stable Beams

LHC Operation in CCC : 77600, 70480 PM Status B1 MPM Status B2 m

At 3.5 TeV with both beams

new energy records being set (with beam)

October 26, 2013
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LHC Performance

LHC: proton-proton collider (mainly):

@ Center of mass energy
@ 7 TeVin 2010-2011
@ 8TeVin 2012

@ Bunch intensity: N, ~ 1011

@ Number of bunches: B=1400

@ Luminosity: szB
JbY

dre B

@ [nstantaneous: [, =

@ Integrated: measured in fb1
(1 b =1024cm?)
N =o0c- f Ldt

Note: LHC operating so far at about
“half” its potential

Run I (2010-2012) Summary

ATLAS Online Luminosity

2010 pp s =7 TeV
m— 2011 pp Vs = 7 TeV
m— 2012 pp s = 8 TeV

2
N

W
o

)
o

July 4%, 2012

-
(8)

Delivered Luminosity [fb ]
N
o

10

o

P\Q‘ 3\}\ Oc,\.
Month in Year

Amount of (usable) data collected by ATLAS
@ 5fblin 2011
@ 21fblin2012

kS
>

October 26, 2013
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The ATLAS Detector

Muon Detectors Electromagnetic Calorimeters
.-')ﬂq}._ II|l||".I
\ I'l_ll'.
\ Solenoid \\
/ \ |\ Forward Calorimeters
\ ' X 1'% _f’ End Cap Toroid

| Toroi Inner Detector ieldi
Barrel Toroid Hadronic Calorimeters Shielding






( How to Plan a Discovery?

* Lay down the needed experimental ingredients...

~ Produce as much Higgs as possible = excellent performance of the
accelerator

~ Detect and reconstruct the Higgs decay product = excellent performance
of the detector

~ Suppress the huge background to make the Higgs signal visible =
excellent calorimeter performance
* ...Knowing what to search for
- Design and build the detector with the stringent quality and performance
to make the discovery possible

October 26, 2013 Andrea Bocci 32
(Duke University)
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How Higygs is produced

LHC is a Higgs Factory:

~10 SM Higgs @125 GeV/minute
(at LHC peak luminosity for 2012)

October 26, 2013

(Duke University)

né“” \Vs=8TeV 7 %
<0 iE
T 108 EL
T ok .
e © R S, |
R
© 1 = =
9 - Wz - ’
107 =
I 0 = 3
q H =
W, Z bremsstrahlung - -
t 1 0-2 E_I | | | | | | | I_E
80 100 200 300 400 1000
M, [GeV]
t T fusion
Andrea Bocci 33



How Higygs is produced

LHC is a Higgs Factory:
~10 SM Higgs @125 GeV/minute

(at LHC peak luminosity for 2012)

102E — | | | | I LI E— 3
g \Vs=8TeV 7 §
¥ 10E =
VB F S z
R S L i
=
© 1 = =
s 0 - 1 -
q z E
W, Z bremsstrahlung e
t 10-2 E_| L v | ! !
4960909 80 100 200 300 400 1000
t tfusion
October 26, 2013 Andrea Bocci 34
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How Higygs is produced

LHC is a Higgs Factory:

19.5 pb | Fermion | _10 S\ Higgs @125 GeV/minute
(87%) | Coupling (at LHC peak luminosity for 2012)
| 10— LI R R B B B R =

- g
0 g
s %
— 8
= :
Boson 13
1.6 pb Coupling
(7%) -
B 1 =
i Wz ‘ -
W2 ' ,
Lipb | e bt
; oo (5%) i S .
W, Z bremsstrahlung i 5
. 1 0-2 :_ 1 | 1 1 1 1 | 1 1 1 [ | | 1 1 1 [ I 1 1 1
| 100 150 200 250 300,
0.1pb | Fermion M, [GeV]
(1%) Coupling Very important to probe all the production
| processes to extract experimentally the maximum
{Etision y amount of information
| o(pb) @125 GeV |
October 26, 2013 I PP 5=t Y I Andrea Bocci 35
(Duke University)
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How ?ﬁggs Q)ecay

1

SM Higgs couples with mass

%
/-
2
2

LHC HIGGS X5 WG 2010

Crigy ~ms

Branching ratios

4
U'gvy ~my

Zy

1 0-3 I L Pl IR B B
100 "| 20 140 160 180 200
M,, [GeV]

October 26, 2013 Andrea Bocci 36
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How Higgs Decay

SM Higgs couples with mass

Thpp~ m? Higgs decays at m«=125GeV

4
U'gyy ~my,

The “Big Five”
Golden Channels:
2> H-vyy

> H-27Z-41(=e,)

Most Sensitive Channel:
2> H-WW - Ivlv (I=e,u)

Fermionic Channels:
= H-1t
= VH - Vhb

October 26, 2013 Andrea Bocci 37
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Analysis of the “Big Five”

¥ very rare, but best
for mass measurement
@ H-2ZZ-4l: extremely clean el 240t VF
(~ no bkg)
@ H->WW - Ivlv: highest rate
@ H -t Direct lepton
coupling, rare with good S/B o
@ VH — Vbb: Fermion coupling e Higgs

+ associate production i*;::;

H — ww~”

@ Event categorization to
maximize sensitivity to
different production mode

2-jet VBF

October 26, 2013 Andrea Bocci 38
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H—YY Channel
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H—Y : Overview

Relatively simple selection: two isolated, high quality reconstructed photons

But very low S/B (~3%): detector requirement and performance essential !

Mombre déwvts

Moy =/ B} EJ(1 = cosagp)

Nombre d'évuts

M

NO HIGGS
BosoN

F

Masse

*

>

YES HIGGS

-

k BOSON
e
y
-
ot
-\.'\.
L™
iy
A
iy
T,

Myvy-background from:

- vy continuum

- Jv

-

with jet are reconstructed as
photons (mainly i/n° — yy)

Need a detector (calorimeter) able to
perform a photon identification with
a nt’ly rejection power of O(10%)!

Andrea Bocci
(Duke University)
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E g
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1|!'
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1w’
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w'
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10

TOT

: W F
popns

. P
: JJ
] 500 pb
4
- F{z QTT
E n-.'ffﬂr q
b y -]
E "ql"‘:l
" ~ 200 nb
r R '] T——\
K’ ~ 30 pb
r
i H = yy
- ~ 50 fb
£
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H—=yY : Overview

1 sector: An =0.2 ATLAS Barrel Electromagntic Calorimeter |

r [17 177 o “ Back (L3)

i Middle (L2)
l Strips (L1)

Lea ickness” 1 .53 mm 1.13 mm > N

Towersin Sampling 3
AgecAn = 00245005

~ Fine granularity
| for the strips key
i for‘ bkg r'ejeCTion

October 26, 2013 - Andrea Bocci 41
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H—Y : Overview

ATLAS Barrel Electromagntic Calorimeter ‘

— \ Middle (L2
Strips (L1)

1 sector : An =0.2

\

atll} m‘mm\\\m\\\mmunu.

N L R TR D MO,

LT EEe— e— T —— |

SN—

LeathMhick

i § 0

Towersin Sampling 3
AgecAn = 00245005

~ Fine granularity
| for the strips key
A for bkg r'ejeCTiOn
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Events / GeV

H—Y : Overview

Relatively simple selection: two isolated, high quality reconstructed photons

But very low S/B (~3%): detector requirement and performance essential !

B Ll I I I I Ll 1 1 I | I 1 1 Ll I I I I Ll I Ll 1 I I | 1 1 1 1 i
1 200 [ ATLAS —_— ’Y'.Y+DY Data ]
~ Data 2012 —— ] Data 7
it Ns=8TeV,[Ldi= 59"  _.— jjData ]
1000~ +++ —}— Stat. uncertainty
- H++++ + Total uncertainty ]
800\ 1 -
i ++ s -
R ++ ++ 1. -
600~ ' +++++++++ " S
- ++++++ -2 . ===
400 oo bty -3
| -~ - =" L | I_i ‘ -~
200_ +++++ Hm lu++‘++ - ] -h..--.
B L T th.‘#m § . -~ -

October 26, 2013

150

m,, [GeV]

Andrea Bocci
(Duke University)

“,,E TOT

~ 50 fb

43



H—Y : Overview

Relatively simple selection: two isolated, high quality reconstructed photons

But very low S/B (~3%): detector requirement and performance essential !
J

" NO HIGGS
BOoAN 7 R 4 barrel ~ Vertex position resolution
: with calo only ~ 1.5 cm
5 -
; Rosar| )  § 016  ATLAS Frolmnary 1+ banmniiiom ]
i :g 0-14;_\"'_s=?TeV,det=4.9fb ; =it £
o Riont ff / front g, 0_12;_2ummmdphmns _;
/A /~._presampler | E o1 Ini<1.37 =
oy =B} ’@ f / o a5 o
= {ivont £ oosf =
YES HIGGES z, O Zyont Zmiqaie z 0.02[ N o =
BOSON ’D 9% 0 0 B0 100 - Tis0

2(¥1)-z(Y2) [MM] A zp0i0tng [MM]

M'Y'Y resolution also important

to have a small bump to emerge

Nombre d'évuts

-

Masse
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H—yy : Results

L 61 ’)’( ) Local p: probability for the background to produce a
m'Y’Y o \/El EZ 1 COS 0612 fluctuation at least as large as the one observed in the data
: > AL DL L L e (e] 3 LI L T T T°T T T 171 LI LI I L T T T°T T T 171 [
B L ATLAS 1 £ 182 .. SM H —|>&/y expected P, ATLAS |
& o Data2011+2012 1 8 1o — Observedp
~ 8000 SM Higgs boson m, =126.8 GeV (fit) ] o] 1 0
42 T ey e Bkg (4th order polynomial) N — 1 — = ... = 16
. 0 N TP \ NS A
S sl - . (/A 26
L - T H-yy . 1 0_3 ...:::::: ...... 3G
“F — 107 B i .......--:::::::::::-'5-' ::: 46
C \s=7TeV JLdt=4.8 o i 102 et
2000— = 10°® Data 2011ys =7 TeV 56
- \-‘s=8TeVJ‘Ldt=20.7 i’ - 107 F — Obs. 2011 . )
_ : : : : : - 10%E ....E 11 Ldt = 4.8 fb
9 s0E E 10° xp. 20 v ‘ 60
g ggg; 3 101 — Obs. 2012 Data 2012 vs = 8 TeV
2 ok = ME ----Exp. 2012 e
i 100E- + + + ' = 118-12 P J Ldt = 20.7 fb I
! 0B = 13
% :;ggé_+ + + :é 18'14 L1 ‘ 1 IIIIII \III\ L1 ‘IIII ‘ IIIIIII \III\ 11 H
s T 110 115 120 125 130 135 140 145 150
m,, [GeV] my [GeV]
Observed local significance to the excess:
“Single” channel discovery!
October 26, 2013 Andrea Bocci 45
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H—yvy: Results

Events divided in not-overlapping sets to maximize sensitivity to signal
yield and different couplings

ATLAS Preliminary

H— vy

VH enriched

VBF enriched

ggF enriched

—*

di-photon selection

v

One-lepton

W(— W)H, Z(— IH

A4

miss

E; " significance

W(— W)H, Z(— vw)H

v

Low-mass two-jet

W(— jpH, Z(—= ji)H

v

High-mass two-jet

VBF

<

v
9 th-n-conversion

ggF

wggF mVBF =WH mZH wmttH
ATLAS Preliminary (simulation) H— vy

Inclusive
Unconv. central low p_

Unconv. central high P

Unconv. rest low p ,
Conv. central low p_,

Conv. central high P,

Conv. restlow p_

Conv. rest high P,

e
Conv. transition

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

ET™ significance
One-lepton

0O 10 20 30 40 50 60 70 80 90 100
signal composition (%)
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Events / 4 GeV

Events - Fit

H—yy : Results

Events divided in not-overlapping sets to maximize sensitivity to signal
yield and different couplings

q q : q

-

Enriched in VBF

E = = =
40 f_ H—)'ﬁl"ﬁl‘ Tight high-mass two-jet g 45— H—}"f‘:r" Cne-lepton -
s E ®  Dataz0iz ~t = s Data2012 =

E Background madel - = Backgraund maodel =
30 -«« SM Higgs boson m, = 126.8 GeV (MC) f‘_.c" ag E o eeeees SM Higgs boson m, = 126.8 GeV (MC) o
25 E_ ATLAS Preliminary o = ATLAS Preliminary 3

= L 20— —]
20 F- + Vs = 8 TeV, ILdt:Eﬂ.?fb' e Vs=8Tev, [Ldt:%?fh‘ =
15 - A = =

= Y 10 == —— IS B —+— —
10 E - . c + . . | =
sE- = = —+— —+— ] =

E - —+— —— —

e ey = =L | [P B : =
1 T T T = st = 1 1 T —
126 = o 10— —
10 E- —= ' 8E —=

aE- . — 7 6E =
| AN | 2
E N " = zE l J l —
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H—7Z./. Channel

GATLAS
EXPERIMENT

http://atlas.ch

Run: 284769
Event: 71902630
Date: 2012-06-16
Time: 13:24:31 CEST



The Good: well
measured objects,
good mass resolution,
clean (high S/B), spin
measurement

The Bad: at M ~125

GeV one Z off-shell,
low rate

The Ugly: background
from SM ZZ also
rare, Poisson stat.
with small sample

H->Z7: Overview

M, = Invariant mass of two pairs L
of opposite-sign same-flavor

isolated leptons * (ﬁ-‘\‘u
" e

Electron (muons) with energy (momentum) \_/\‘
down to 7 GeV (6 GeV)

w
D

Crucial aspects: p

* very tiny rate - maximize acceptance n

and efficiency

* 4 object mass reconstruction = good
energy/momentum scale/resolution

* Background at low Et = good rejection
capability

October 26, 2013
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H->Z7: Overview

: . p
M, = Invariant mass of two pairs o

The Good: well of opposite-sign same-flavor =
measured objects, isolated leptons (Zg
good mass resolution, > —— *‘_ (i'\-.u

. . @60~ e« Data ATLAS Preliminary — U
clean (high S/B), spin o | wep oound 22 o (Z

s L . H-ZZ''—4l
measurement I%50_— - Background Z+jets, tt
B |:| Signal (mH=125 GeV) 5 o

The Bad: at MH~125 402— % Syst.Unc.

GeV one Z of f-shell,  ['s=7TeV:[Ldt=46ib"
low rate Vs = 8 TeV: |Ldt = 20.7 fb”!

20

The Ugly: background |
from SM ZZ also "o
rare, Poisson stat.

with small sample e e 0 el e
p * - -
Only 32 candidates in 120-130 GeV H-ZZ -p'ue’e
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H->Z7: Overview

o T 11 | T T T 1 | T T 1 T T71 | T T T | T T T 1 ‘ T T T 1
E_ 1 05 —_ CE)bs %8‘?22 ATLAS
------- X *
The Good: well 3 10%F — Ob3 2011 H—>ZZ2" -4l
- e S Exp 2011 Vs=7 TeV |Ldt =4.6 fb"
measured objects, —— Obs Combination '
10 ------- Exp Combination

good mass resolution, N
clean (high 5/B), spin  10'F%

measurement 1073
107
The Bad: at M ~125 E
GeV one Z off-shell, 10
low rate 10°F
10™"

The Ugly: backgroun

Vs=8 TeV [Ldt =20.7 fo'd

------- 1o
** ~
'.
.
..

-V
. -
EL PN

. e
M

-4 60

70

-
L1
-
-
| | 11 | I.-| | ‘ I

'13 ||||||\|\|-“.|J“-I\I|III
from SM ZZ also 1090 120 130 140 150 160 170 180

rare, Poisson stat.

m,, [GeV]

with small sample Observed local significance to the excess:

“Single” channel discovery!

October 26, 2013 Andrea Bocci
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17 Nov 2012 07:42:05 CET

Run 214680, Event 271333760

A EXPERIMENT




H->WW: Overview

The Good: The most
sensitive channel in o

130<M <200 GeV }H

The Bad: Mass :
reconstruction not
possible because of
missing energy

The Ugly: irreducible
| background from WW
SM process, plus
more from top (+t and
single top) and Drell
Yan

o

a4 X

o
| /' Selection optimized based on the

assumption of a spin-O resonance
(lepton/neutrino more collinear)

3

——— 2
2 ' 55\ 4
= (\/m}; +p7 + E?’”ss) — (pr, + ET™)

October 26, 2013

Events / 10 GeV

Data - Bkg.

T I T T T I T T T I T T T T
ATLAS

\s=7TeV |Ldt=46fb"

\s=8TeV JLdt =207’

H—=WW*—=lviv + 0/1 jets

800
700
600
500
400
300

-

#- Bkg. subtracted data
|:| SM Higgs boson m, = 125 GeV5

+

L L L
4 Data 2011+2012

== Total sig.+bkg.

B SM Higgs boson
m. = 125 GeV

] ww

[ ]t

I other vv

[ single Top

[] Weiets

ko

|

III|III|IIIfIIIIII|

R L :
e e e 53
60 80 100 120 140 160 180 200 220 240 260
m; [GeV]
SR e N NS

N e — -




The Good: The most

sensitive channel in
130<M <200 GeV

The Bad: Mass
reconstruction not
possible because of
missing energy

The Ugly: irreducible
background from WW
SM process, plus
more from top (+t and
single top) and Drell
Yan

H->WW: Overview

103EIIII|IIII|\I\I|IIII|IIII|II\I‘IIII|IIII|IIII

F 3
,E ATLAS \s=7TeV Jldt=46f" 3
10°E HoWW*Ssiviv \s=8TeV |Ldt=207f" 5
10 ,;_ —e— QObs. - +1 6 —;:
= — Exp. m =1255GeV  [J+20 E
L s = 06
o' T 4 1o
102 ................................. 20
10° é 36
10 =
10-5 ?; 46
L1 1 | 11 1 ‘ L1 1 1 | L1 1 1 | L1 1 I:|

6
10110 120 130 140 150 160 170 180 190 200
m, [GeV]

Observed local significance at 125 GeV:

(max. deviation of 4.10 at m =140 GeV)
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H— 1t /bb
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H— vt /bb

[direct measurement of fermionic coupling]

Reconstruction of t's and b-jets:

* Complex (MVA) identification
algorithms

* B-tagging mainly exploit

b—quar‘k. “feTimF N Validation with SM Candles
* Hadronic taus identified by (WZ/ZZ, 7. - bb)

d@CCly Of 1 or 3 char'ged é T ATLAS IPrleIilmlinzlnri L ;I\Drlﬂ?nlb: e ]
hadrons S I E=7Tevflat=a7m EUncertainty -
= L {5=8TeV J‘Ldt =203 CIVH(bb) (u=1.0) |
- =2 - 04142 lep., 243 jets, 2 tags 1
A h*’ 7] 0-8__ Weighted by Higgs S/B ]
Jsr‘:lll.,-i:;t.ls \\\\\;\\ ‘ "'J" \\\\\- da:c; 0 6:_ . 4 M 8 O _:
' T Z —~ J' W ' - I
- b= - 1
@ = J
: o 04 7
./ -c | i
Q i ]
; 0.2+ _
T-tagging 54 ;
. f:_:»‘, ’f,,,, g C __!_ ]
: «r ",.'__/,..-"/\Danay Length D L M L 2 ’ W
/ ;’f:i'f:;:::‘/ C 1 | IR R NN ST SR SN A NN ST N S N N RN RN RN A

impact W erimary vertex b-tagging 50 100 150 200 250

Parameter
m,, [GeV]
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H— 1t /bb

[direct measurement of fermionic coupling]

14 T TTTT T TTT TTTT T T T T T T TTTT TTTT TTTT T
. ' . . Dg [ ATLAS Preliminary | | | | | ]
Reconstruction of ='s and b-jets: B 120 VHOD) (5 2 8Tev fL a-203m'
* Complex (MVA) identification § [ Observed(CLs) | 1
. -"E' 10_— _____ Expec,ted (CLS) ‘E=7TBV J.Ld1= 471 ]
CllgOI"lTth = 8: -1:10 ]
. . . -l — -
* B-tagging mainly exploit G [ % :
b-quark lifetime 5 O ]
* Hadronic taus identified by 4r .
decay of 1 or 3 charged ol h
hadr'ons 0:I | 1111 | I | | 1111 | | | 1111 | 1111 | 1111 | 1111 | I:
o 10 115 120 125 130 135 140 145 150
\ h . ',"f 8| ——— —— ——— ——— ——— .
'\ _,f\'\\ ;” - Mo " ATLAS Preliminary . Vi
Je ﬂs\\\x\:- b o) 7 —e—ObservedCL, [Ldt=461b",Vs=7TeV —
% \ S T --- Expected CL, [Ldt=13.0fb", ys=8TeV ]
- ,,/J 'E 6 [ ]+20 -
= L = 1o 1
- 50 3
O C
| 24
T-tagging ° 32_
e 2
Track/ 4 E_
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Historic Moment for Particle Physics

New data consolidated the discovery of the new particle, even in few individual
channels alone

End of a long journey started in the 1970's, after 4 generations of accelerators
built in two continents, a dozen of giant multipurpose detectors, and thousands

of physicists, engineers, students, etc.. working to operate the detectors and
analyze the data collected with them
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Historic Moment for Particle Physics

New data consolidated the discovery of the new particle, even in few individual
channels alone

End of a long journey started in the 1970's, after 4 generations of accelerators
built in two continents, a dozen of giant multipurpose detectors, and thousands
of physicists, engineers, students, etc.. working to operate the detectors and
analyze the data collected with them

WA .2 Discovery was made 1 Nobel Pize was awarded
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Historic Moment for Particle Physics

New data consolidated the discovery of the new particle, even in few individual
channels alone

End of a long journey started in the 1970's, after 4 generations of accelerators
built in two continents, a dozen of giant multipurpose detectors, and thousands

of physicists, engineers, students, etc.. working to operate the detectors and
analyze the data collected with them

One (big) question remains:
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Historic Moment for Particle Physics

New data consolidated the discovery of the new particle, even in few individual
channels alone

End of a long journey started in the 1970's, after 4 generations of accelerators
built in two continents, a dozen of giant multipurpose detectors, and thousands

of physicists, engineers, students, etc.. working to operate the detectors and
analyze the data collected with them

One (big) question remains: What have we found?

@ 7

October 26, 2013 Andrea Bocci
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Establish The X(125) Particle Identity
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]fstaﬁ[isﬁ The X(125) Particle Identity

Mass
i Only resonance ,; no »rMore resonances | ; . GIEchIudeTzi’) | ‘ |
5 o) 6 andau-yYoung Ineorem

L ) Close to 125 GeV?, ( Elementary or ) ]
. \ no [ y A% composite? )

Spin0 ? - lor2? > r ) Coupling Strength”
\ J \ / Graviton-like? WV

\ J Higher Dimensions <

- N - _ or2-? =

+ Parity? no P -or mixed?
. J § un
f ] no _[(prod dxeo/
SM cross section? p 10 G0 SUGAEESE
. ) Or enhanced?

Y couplings ]
ratios?

\_
no Other couplings?
Anomalous
Couplings?

Y branching ]
ratios?
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First Steps on The Higgs Sector Land...
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Recent ATLAS Results

Measurements of new boson identity done with full ~26 fb™ of Run 1 datal!on:
Mass

Cross section

Coupling

Spin

Parity

Custodial symmetry

Coupling Ratio

Measurements done for each individual channel and then combined

Only an highlight of (some) results shown here...
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Mass And Signal Yield
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Mass Measurement

[only missing parameter in the SM Higgs Sector]

3 129 ATLAS Prelimi
Eeo;— - Data ., ATLAS Preliminary % e Slochl dondioisarile E Q, - Vs = TTeV:J—'l-_itITJJ,I:](:'E”B 1 M VS. M
el R Al ol & [ {5=8TeV:|Ldt=207 10" vy L
" o i o g o - 1281 |
a0 %% Systunc. & E e ] B X Best fit
§|‘5=7Tev:den=4,s b’ “ j\s:7TeVJ‘Ldt:481b" | B — B68% CL
*He - 8 Tev:JLat = 207 " 20— Te\; Lng;nﬂ),, = - - 95% CL
20; ) J ) } o WU{ oo ,‘J‘ ) ) . E » 127: ......... 99.7% CL P
- [ 3w 3 - —— Am=0
” [ i ARNE cb 126 T e
-2 B A0 P 4 TR B
- 125(—
Precise m measurement from L
' H-yy and H » ZZ — 4| - QW
123
L (‘3 c) ________
— - 5
m., = 126.8 = 0.2(stat) £ 0.7(sys.) IS
. _|_0.6 +O.5 _I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
my; = 124.3_0_5(stat) :|:—O.3 (SYS) 122 123 124 125 126 127 1%%?[6;\%]9
0.5 ' '
my = 125.5 + O.2(stat) j:i_O.G (sys) M,, systematics fully dominated
by the photon energy scale
Consistency with same mass M, systematics mainly from
2 o
hypothesis: 2.40 (1.5%) muon momentum scale
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Signal strength p defined as observed event =

Signal Strength

[correlated with mass measurement]

yield normalized to expected SM vyield

o-BR

(O‘ : BR)SM

No Higgs: p=0
SM Higgs: p=1

October 26, 2013

Andrea Bocci
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Signal Strength

[correlated with mass measurement]

Signal strength p defined as observed event
yield normalized to expected SM vyield

o-BR

October 26,

H = (0 - BR)sm

No Higgs: p=0
SM Higgs: p=1




Signal Strength

[correlated with mass measurement]

R R

ATLAS :225;3‘; Total uncertainty ~ 0-BR No Higgs: p =0
m, = 125.5 GeV Cthes | Efloonp H (0 - BR)sy  SMHiggs:p=1
+0.23 arxivi1307.1427 :
H—- vy - 0.22 ; : N _
0.33 |- 013 — 2 *F arLas — yy+2Z" combined
l-l = 155| ' L 047 : : % = ts=7TeV[Ld1=4_6-4_z31‘b'1 —— H-oyy
0.28 |_ g2 i | : = S 3.5~ Vs=8TeV [Ldt=2071fb" — H_ 77" 4]
038 “arXivi1s07.1427 o 5 % Bestf
* - 0. : P © C Lo .. est fit
noze =4 0.40 | 013 - g ° C sl
u = 1.43'0'35 . 0.17 5 . N 95% CL
' Sl I R B Al 2.5
H s WW* o Il 020 arivii307.1427 1 -
— — v o : | -
to= — 2
w=0.99"% |0 1N :
- 0.09 L
Combined arXivi1307.1427 oE
H-yy, ZZ*, WW* Standar
u=1.33"%2 ; Modél
0.18 : ; -
— | o5 u vs m for yy and ZZ
W,Z H% bb iD.S = I ATL.&‘S_GDNF_2O13_D?9 :l | - | L1 1 1 | I | L1 1 1 | | N T | L1 1 1 | | |
Preliminary o4 . | 0922 123 124 125 126 127 128 ot
0.7 | ’ - ' : my [Ge
n=0.2 :
0.6 |<0.1 : i . . .
= —— : e o Consistency of combined p with
— 1T (8TeV: 13 fb™) . : 0
_ O.?|Cl.7 :
" 0.6 R R I R S
Vs =7TeV [Ldt = 4.6-4.8 fb’ -05 0 05 1 1.5 23]30C§it : 70
i niversity
Vs=8TeV |Ldt= 13-20.7 fb” Signal strength (u) -




Higgs Production Modes
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( Higgs Production Modes

Signal strength relies on the SM assumptions about relative
contribution of the production modes

Disentangle vector-boson mediated and gluon or
fermion-initiated production mechanisms (SM p=1):

u VBF+VH vs. goF+ttH

q

VBE: two forward jets, with little hadronic
activities between them, large separation in
pseudo-rapidity, high invariant mass

g

VH: Associated production with a W/Z, i.e. 2
leptons, or 1 lepton + missEt

Andrea Bocci 72
W H.r z (DUke UniVEFSitY)
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Higgs Production Modes

ATLAS

mH - 125.5 GBV

AIAIY LU L) [ NITRTTA] £

-+

o(stat)
c(sys)
c(theo)

Total uncertainty
*+ 1o + 20

T T T T 1 T T T T T T T T T T | T T T T | L T
ATLAS
! ' Vs=7TeV |Ldt=4.6-4.8fb"
Vs=8TeV |Ldt=2071b"

10

x B/Bgy

—H-y
—H = ZZ* = 4l
— H = WW* — v

IA'I'M’BFM.;’H

+ Standard Model
» Best fit

— 68% CL

-=-- 95% CL

_2||||

0

The ratio u probes production
only (BR cancel out)

H— vy

TR - 1 1IU-9

JJ'ggFmH 0.5

+04 ) : ; : :
-0.4 : [ : yd

+0.2 Y

+ 07
-0.4 \

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

H— ZZ* - 4l

!J'VBF WH +2.4
1 = 0 6 .
*~-09

+1.3
-0.8

+2.0
-0.4

+0.3 [\

Possible to isolate single

processes by "profiling"
October 26, 2013 A
(Du

N — e ——

fs=7TeV [Ldt=4.6-4.8 "

ys=8TeV |Ldt = 20.7 b

ogF e
_ GE e : T
L O I s ol IO P
+0.8 :
-08 : t
H — WW* = Ivly |
+ 20 .............. ; .
m 0.7 o ;
VBE+VH 2 0|2.2 ;
Mograan  —-1.0[+ 05| = N : -
-0.2 \E\, -I _____+_5.=.-: | 15
: + 0.4 . F
Combined - 0.3 B ;o
H_)'YT!‘ ZZ*, WW* + 0.6 II' / .............................
Hygravm _ 1 4'0-7 ' o\ ./ :
IJ’QQFI'T[H - * 0.5 T 0-2 I"-._. E // .
Ol-l ......... | ............. \\E\ ”’/’|.._.|.|..|_.1G

/
H VBF+VH H ggF+ttH

)
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Higgs Production Modes

~ 0.04%
arxivi130/.1427 |hep-ex| 12|

T
-= =3

21In A

14

12

ATLAS

{s=7TeV [Ldt=4.6-4.81b"
Vs=8TeV [Ldt=20.71fb"

!'10

lo 4

m, = 125.5 GeV

— Combined H—=yy, ZZ*, WW*
----SM expected

.
I|II.I|III|III|III|II

S U U

15 2 25 3 35

ggF+ttH

evidence for

VBF production

AIAIV. LU LS NS TA] L

ATLAS
my = 125.5 GeV

-+ o(stat)
c(sys)
c(theo)

Total uncertainty

+ 1o + 20

H— vy

TR - 1 1IU-9

JJ'ggFmH 0.5 |+

+0.4
- 0.4

+ 07
-0.4

0.2

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

H— ZZ* - 4l

VBESVH _ 0 6|2.4
ggF+ttH l 0.9

+1.3
-0.8

+2.0
M -04

0.3\

DE " ]

H—-> WW* - Iviv

VBF+VH

llgantH

2.0

+0.8
-0.8

+2.0
M -0.7

0.5

Combined
Hoyy, ZZ*, WW*

VEF+VH

0.7
=1.4'
IJgan[H 0.5

N
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+0.4
-0.3

i - 0.4

0.2
0.1

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

A Vs=7TeV |[Ldt=464.8fb"

ys=8TeV |Ldt = 20.7 b

/
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Higgs Production Modes

[T T T 1 ! L | T T 1 T 1T 1 I L l LI I-
- y — Total ] Status:
MVH :_ l E :_'_: n _:
~ 5 St 3+ ggF well established
: : — Syst. .
— H———1 E :
Myer E 5 1 * Evidence for VBF
3 s=7TeV [Ldt=481b" ] o
W - e 4 * Indication for VH
ggHettH [ g \s=8TeV [Ldt=20.7fb" ]
HATLAS ................. 1 . Not vet sensitive fo HH
0 2 . HeeH 2011-2012 E
- l | | mHT 26.8 GIeV ]
0 1 2 3 4 S 6
Signal strength
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Spin and Parity
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Spin and Parity

© What are the quantum numbers of observed state X ?
@ JPC: J=spin, P=parity, C=charge conjugation

& Spin0: Standard Model Higgs boson

& The Standard Model Higgs boson is scalar particle (0%).
& CP-mixing/violation in spin-0 can exist but small in many BSM models.

@ Spinl: Landau-Yang theorem
& Landau-Yang theorem forbids the direct decay of an on-shell spin-1 particle
into a pair of massless particles.

& Observation of H—yy rules out the possibility that the new resonance has
spin 1, and fixes C=1 (barring C violating effects in the Higgs sector).

& This theorem strictly applies to an on-shell resonance (i.e. small width
hypothesis).
€ Spin2: graviton
@ Theoretically difficult. Velo-Zwanziger problem with U(1) gauge field.

&€ Who will be responsible for electroweak symmetry breaking?
& Why haven’t we observed analogous KK excitations of SM gauge bosons?

October 26, 2013 Andrea Bocci
(Duke University)

77



Spin and Parity

@ What are the quantum numbers of observed state X ?
@ JPC: J=spin, P=parity, C=charge conjugation

& Spin0: Standard Model Higgs boson

& The Standard Model Higgs boson is scalar particle (0%).
@ CP-mixing/violation in spin-0 can exist but small in many BSM models.
< Spj .
Q Now can get answers directly from Nature
looking at experimental data !
& Observation of H—Yy rules out the possibility that the new resonance has
spin 1, and fixes C=1 (barring C violating effects in the Higgs sector).
& This theorem strictly applies to an on-shell resonance (i.e. small width

hypothesis).
€ Spin2: graviton
@ Theoretically difficult. Velo-Zwanziger problem with U(1) gauge field.

&€ Who will be responsible for electroweak symmetry breaking?
& Why haven’t we observed analogous KK excitations of SM gauge bosons?

particle
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Example: 7" Measurement with H->Z2(*)->4(

Kinematic of production and decay of

+ -
H—ZZ—-4 | channel (5 angles, Z 07vs. 0

mass) sensitive to spin and parity of ? SRR RS e Ea —_ :
S o.05/. ATLAS _Data

the new boson 2 0.25[ :

5 - H— ZZ" — 4l e

D gof 's=7TeV fldt=48 o J=0 E

‘S [ Vs=8TeV [Ldt=207fb" JF=0

= i Data -

= 0.152 R N

o]0 U U r," | [ :

DU ; | | | N0 for (

0.1+ S | -

i | | !

: | | :

0.05 ) | I -

- | | ]

Similar studies of the spin and QI a1y el ]
parity quantum numbers of the 15 10 5 0 5 10 15

q

Higgs boson performed also with

H-vyyand H » WW
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Spin Measurement Summary

CERN-PH-EP-2013-102

ATLAS
JP | production particle AEI‘_AS
S H— yy ¢ Data
Vs =8TeV [Ldt=20.7 fo”
2 2% e Teld v CL_ expected
) 270 H— ZZ* — 4] : P_p*
0 gg—X pseudoscalar (H—2Z*) =7TeV Ldi= 481" :s?l:r:lng J"=0
Vs=8TeV [Ldt=20.7 b’ -
. H — WW* — evuv/uvev
+ exotic 0.030% _ ) A
1 a9—X pseudovector | (H—ZZ* WW¥) —~ 1t fo=aTey fm t=20rl ]
:__’_,w :..._.._.._.._.._.._.._..._.._.._.._.._.._..,..._.._.._.._.._.._. ,_.._.._.._.._.._.._.E ]
1- R exotic 0.27% _f 107
a9 vector (H—zz*ww*) | © 102 120
graviton o 3 3a
. 0.042% (gg) 10 :
+ :
2 gg/gqg—X mlnlmal (Hoyy.ZZ* WW*) ;
couplings al
10 E
A 4o
107}
10°! P P P P
JP=0" JP=1" JP=1 JP=2¢
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Spin Measurement Summary

CERN-PH-EP-2013-102 ‘

ATLAS
JP | production particle Tk
CLs H— vy e Data
0 Vs=8TeV [Ldt=20.7 b + CL, expected
0- ag—X pseudoscalar L .2'2_,",3,‘\ "i "_ZZ* — 4l assuming JF=0"*
= Data compatible with the SM JP=0" quantum number for
1+ the Higgs Boson |
= J°=0-, 1*,1, 2* models are excluded at confidence levels |~ {"
1- above 97_8% e ] 20
o+ Data thus provide evidence for the spin-0 nature of the
Higgs boson, with positive parity being strongly preferred
[PLB 726 (2013) 120-144] -
107}
10°! - ' _
JP=0" JP=1" JP=1 yP=2"
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Higgs Couplings
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2mg/v, Gauge bosons: gy = 2mj /v Ki=g,-/gSM

. gi - Iy
I'y
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2mg/v, Gauge bosons: gy = 2mj /v Ki=g,-/gSM

. oi - Iy
o-B(i— H— f)

Iy

SM Modifiers \
Production Decay Total Width
K2 — O; l{.2 — r'i 1{2 L FH
i SM i SM Y,
O; [ [
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2m¢ /v, Gauge bosons: gy = 2mj /v Ki=gi/gSM

oj- Iy

o-B(i— H— f)

Small Print:
\ « Assume CP-even scalar

SM Modifiers * One single resonance
Production Decay Total 1. _Narrow Width approximation
K2 . Gz KZ — r.i 9 FH
" ol o ST
i { H
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2mg/v, Gauge bosons: gy = 2mj /v Ki=g,-/gSM

H W/Z
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2m¢ /v, Gauge bosons: gy = 2mj /v Ki=g,-/gSM

T
T
- _—_—
T
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2m¢ /v, Gauge bosons: gy = 2mj /v Ki=g,-/gSM

g

DO

77 S — v 0(gg — H) of k2 1~ 1.058k7 + 0.007k7 — 0.065k ¢k
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2mg/v, Gauge bosons: gy = 2mj /v Ki=g,-/gSM

5

2
8l

~ [1.26kp — 0.27k|*

['(H—vy) o| k
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A Coherent Framework For Couplings Determinations

Signal strength mixes different production processes and potentially obscure new physics

Using scale parameter k's (k=1 SM ) fo parametrize the deviations from SM
Higgs coupling o fermions and vector bosons

Fermions: gr = v/2m¢ /v, Gauge bosons: gy = 2mj /v Ki=g,-/gSM

2 2
K, Kk

o-BR(gg = H— vy) = osm(gg = H) - BRsw(H = 77) - gﬁg -
H
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Gauge vs. Yukawa Sector

Test fundamental difference between
, , Yukawa Gauge sector
couplings to fermions and vector bosons o

sector
o Mixed
sector
same scale k, for all bosons.

-
Tree level couplings for k and k, Doty oﬁe¢° Loops (,g) are

Assume same scale k- for all fermions and e °

sensitive to BSM
contributions.
CERN-PH-EP-2013-103 Quark loop
& 4 ATLAS T HS A BEH S
- \s=7TeV |Ldt=45 487" WH — vy @ Combined ! . ) )
3E- 1o - 8 Tov [Lot— 207 1" +SM  x Best Fit Sensitive to relative sign of k_and k, from
25 ' ' 1 interference between W-loop and t-loop in H = vy
1F .
oF 1 68% CL Interval: k. € [0.76, 1.18]
E E K, € [1.05, 1.22]
20 i —
N S N A S S T N N A N e

K \V4 Iniversity)

| —




Gauge vs. Yukawa Sector

Test fundamental difference between
couplings to fermions and vector bosons

sector o o
- \
Assume same scale k_ for all fermions and

Yukawa

same scale k, for all bosons.

Gauge sector

Mixed
sector

Tree level couplings for k and k, Downtype o o .
sensitive to BSM
contributions.

arXiv:1307.1427 [hep-ex] [2] arXiv:1307.1427 [hep e

z--,} 10|_| | LB B B B T T L B I B I B [ - 10:' T T T T T T i

X 95 LAS [y %] = % 9F ATLAS [KV,KF] E

E oo =7TeV |Ldt=4.6481b" —ﬁi”?,?,i”ze% wwe S o 5=7TeV Lot = 464810 —ﬁir';?f'”fg* ww

] - | , , — o ; _ _ -1 1 ’ ?

o £ Vs =8TeV JLdt=20.7 fb - SM expected E B (s=8TeV JLdt=207 10 -- SMexpected |

6E E 6= \ E
- s
‘ i\
3E ; 3F ;
2§— _i 2;_ —i
I |- = 1F 4
oL A )T B | H
Octc 1.2 13 14 .3 Bc -1 05 0 2 9o
Ky, Jnive
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Gauge vs. Yukawa Sector

Test fundamental difference between
couplings to fermions and vector bosons

Gauge sector ‘

o Mixed
sector

Yukawa

same scale k, for all bosons.

sector o o
- \
Assume same scale k_ for all fermions and ik °

Tr‘ee Ievel Coupllngs for k9 and kY PR o Loops (y, g] are
sensitive to BSM
contributions.

arXiv:1307.1427 [hep-ex] [2] 10 arXiv:1307.1427 [hep exJ (2]

s 10'_' [T T rrrrrT L L B I B I B [ - F 1T LI DL T T T T I ™

X 95_ ATLAS [y K] E % 9FE ATLAS [K\.“KF] &

: oo o=TTev Lot = 4.6-4.8 fb” —31“3,3'”;% — £ g 7TV [Lot = 4.6-4.8 1o _30_)";3'”;% w3

~ | R 3 3 - — _ _ -1 1 ! -

V¥ CE EeeTe Jot-207" _gyreected v G-8TeV[loi-2071" geected

6c % Y - 6\ / E
5 k . . - _ =
)i ' Fermiofobic Higgs (k_=0) E
ok /| indirectly excluded > 5¢ E
e : ZE \ :
- i S 1
0 I: 1 | | T | I L1011 I | T‘I‘- L ﬂ‘\ | 1 | | T | | | I | | :I 0 E| I | L I | ?
Octc 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 .3 B¢ -1 0.5 0 2 93
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2
K K
. _F vV
Ratio of parameters A 4, =—F%, x,=—%  etc
’
Ky Ky
—~ 10—+ T T T T T T 3
& of ATLAS [AwzrezhyzKzzl 3
= E e X Combined =
S R Ve=TTev |Ldt = 4.6 4.8.1ib — R Ww*
= = \s=8TeV |Ldt=20.7 b - SM expected E
7B =
— Custodial symmetry: k,= k, ? 6 E
5F- .S
af
aF T
=
1E e
C Lol T
0% 16
;"WZ
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2
K K
. _ F _ "4
Ratio of parameters A~ 4, =—F%, &k, =—%  etc....
KV K-H ‘
ED} D tprrrr e H
) E \s=7TeV|Ldt=4.6-481b" x Best fit E
- \s=8TeV |Ldt=20.7 b —68%CL -
1.8 GCombined Hosyy, ZZ*, WW* 95% CL E
1.6 —
- Probing vertex loop k and k, e E
(for BSM contributions) 12E =
1 =
iy 08k 3
£ sl 0.6F =
H o1 | AP B B B BT IR =
0.8 0.9 1 11 12 13 14 15 16 1.7
g 0
IC..J,
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‘Properties Summariy

ATLAS Total uncertainty
m, = 125.5 GeV +10 ix20

Ky, Ke ./ T /] Couplings parameters are determined at

Ke| \ ~10% level

D T o T
.

' /%! The bottom line is that with current data
e oo b the consistency of the Higgs sector with

FV? VWV

ot 1 e i s

Higgs potential - Higgs Self Coupling
Vodel ? ? i remains as an important experimental probe
s [ T to be explored in HL-LHC
Ky psm=0.14 i
-1 0 1

~ 5=7TeV [Ldt=4.6-481b" Parameter value
/5 =8TeV [Ldt = 20.7 fo" Combined H — vy, ZZ*, WW* |- Bocci 26

(Duke University)
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What's Next?
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LHC Program Timeline

Integrated

- Luminosity
2009 LHC start up, s =900 GeV
2010
2011 s=7-8 eV, L=IR0 EEI: bungh spacing 50 ns
2012 ~25 b’
2013 * oS i

We are here gy, nominal luminosity

2014
2015 @=13-14 TeV, L = 1.10>cm’s! bunch spacing 25 ns
2016 (likely to be more) 4
2017 ~50 fb

2018

2019
2020

2021
2022

2023

‘ Injector & LHC Phase | upgrade to full design luminosity

s =14 TeV, L = 2.1 ngcm'zs': bunch spacing 25 ns
(likely to be more)

‘ HL-LHC Phase-2 upgrade, crab cavities?, IR

s =14 TeV, L = 5.1 DSdcniEs': bunch spacing 25 ns -
Plan for 50% more
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Conclusions

The analysis of the full Run | data confirmed that the new discovered patrticle is
the first spin-0 elementary particle ever observed, with properties compatible with
the ones of the Standard Model Higgs (within current sensitivity)

The Higgs sector exploration opened by this new discovery provides
unprecedented ways to test the predictions of the Standard Model, and maybe
will disclose the path to new physics

Direct measurements of the new boson properties provide also stringent
constraints on theories beyond the standard model (i.e. supersimmetry,
Technicolor, etc..) helping excluding those that do not describe a world with a
scalar boson with M~125 GeV: our world.

The experimental exploration of the Higgs Sector has and will have also
consequences on our understanding of the universe, i.e. meta-stability, etc...

This is probably one of the best time in recent history to be an experimentalist in
our field, with the challenge to keep the experiments up with the expectations of
more and more precise measurements in the Higgs sector
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We are entering the precision measurement era for the Higgs sector
But keep looking for BSM, never know what Nature can reserve us....
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Standard Model Higgs... or New Physics?

(taken from Alexey Drozdetskiy's talk at HCP2012)



«

ew directions in science are launched

by new tools much more often than by

new COTlC@ptS .

The effect of a concept-driven revolution
is to explain old things in new ways.

The effect of a tool-driven revolution is to
discover new things that have to be
explained”

Freeman Dyson
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BacKkup
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ATLAS Preliminary
(5= 14 TeV: [Ldt=300 o' ; [Ldt=3000 b

ATLAS Preliminary
(s =14 TeV: [Ldi=300 b ; |Ldt=3000 fb”’

H—ui  (comb.)
oz (incl.)
(ttH-like)
Mz Hott (VBF-like)
H—ZZ (comb.)
A (VH-like)
‘ (ttH-like)
(VBF-like)
Mg (ggF-like)
o H—WW (comb.)
Mz — = (VBF-like)
e - (+1J}
Az r (+0j)
3 H-Zy  (incl)
A H—yy (comb.)
“ | | (VH-like)
(ttH-like)
hane (VBF-like)
— ()
T )

October 26, 2013 Andrea Bocci

(Duke University)




10*
10°

1[. T T T T T T I T T 1 | T 1 T | T T 1 | T T T
Eﬂj? 10 E ATLAS Simulation Preliminary
E 5 =14 TeV

put [0 5~ ) _
< = | Ldt=30001b BH —pr, m =125 GeV
@ 10%¢ —Z
© = L [
Lﬁ 10" —WW— pvuv

10°

10°

10°

ol
80 100

120

1 | 1 1
160

1 | 1 1
140

IIIIILlI] IIIII.I.lI] IIIIILI.I.| IIIIILI].| IIIIlI.IlI_L

180 200

m,, [GeV]

> 5000

-4000

3000fb" at 14TeV offers new pOSSlbI|ItIeS

ATLAS Simulation Prellmlnary-
Vs =14 TeV
} [ Lat = 3000 i

| N”h il ] i L

;_ } = 5+B toy Monte Carlo_;

= — 5+B model E

— ATL-PHYS-PUB-2013-014 — B-only model —

- : 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 11 1 | 1 1 1 1 I 1 1 1 1 :
SOO‘PUD 110 120 130 140 150 160

m,,, [GeV]
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3000fb at 14TeV offers new possibilities

o 300 ATLAS Preliminary (Simulation) E ttH
Eg.. 15 =14 TeV
2 | Ldt = 3000 b g
Q
2 photon
ATL-PHYS-PUB-2013-007
130 140 150
diphoton mass [GeV]
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