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The Higgs boson discovery

B The Brout-Englert-Higgs mechanism

B The search for the Higgs boson
e | EP, Tevatron, early LHC

B Discovery at the LHC
e | HC performance
o ATLAS

B [ndividual channels
Combinations

® properties

B Future Prospects

One discovery leads to another...!

| will focus on
ATLAS results, and
will include some
CMS results
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Matter and forces

8o

the proton: three
bound quarks

Matter:
spin 1/2
fermions

and

mass —
charge -

spin -

name —

Quarks

Antimatter

Leptons
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Three generations
of matter (fermions)
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Gauge invariance

B \We wish to generate the EM, weak, and strong forces from
a gauge invariance of the type

U(1)y x SU(2)y, x SU(3)¢ Standard Model

gauge
o
u
B But ALL masses violate this assumption!
gauge boson fermion mass terms
mass terms because of SU(2)L
M2z 2, myp = m (YLYr + YrYL)

We need a gauge H;j - |
_ We _ Iggs mechanism!
Invariant mechanism R. Brout, F. Englert, P. Higgs, G.S.

to generate mass Guralnik, C.R. Hagen, and T.W.B. Kibble
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Brout-Englert-Higgs mechanism

B The Higgs mechanism V(o)-
postulates the existence of a
Higgs field ¢ ( .

e with its potential, and couplings to
fermions

V(g) = —126T 6+ A (6T¢)" A>0

B The equilibrium stateis @ # 0
and not unique!

® nature makes a choice, partially
hiding the gauge invariance

® gauge bosons W*,W-, Z acquire
mass
e all fermions acquire mass

e prediction of one neutral HO

scalar Higgs boson particle: |
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The Standard Model

=
Gauge invariance

U(1)y x SU(2), x SU(3), g 2
complex doublet N .» l‘
scalar Higgs field Glashow Salam Weinberg

1932- 1926-1996 1933-

Spontaneous symmetry hiding in the electroweak sector
Higgs mechanism: U(1)y x SU(2). — U(1)q
Residual (non-hidden) symmetry: U(1)q,x SU(3)c

N

massless photons massless gluons
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Higgs interactions

SM —= Higgs mechanism with U(1),xSU(2), gauge

¢(x) is a complex doublet === W*, W-, Z acquire mass
left with one massive Higgs boson
v=ll26; T“Z =246 GeV

¢@(x) coupling with massless fermion fields == fermion masses

(2)

nggs couplmgs proportional to mass

Ho___ —imf/v —-——{G\Z{WQ“”/U -""\:gi%g“”/v

\ /H

coloured /

H” \H
<[: v T
charged >£::‘:; H’/ Z
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Higgs decays

B Higgs branching ratios prediction B Higgs width
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Higgs boson mass?

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva Nucl. Phys. B 106, 292 (1976).

Received 7 November 1975

We should perhaps finish with an apology and a caution. We apologize to ¢x-
perimentalists for having no idea what is the mass of 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 Higgs boson should know how it may turn up.
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Higgs boson mass: input from theory

M, is a free parameter of SM , . _
M, is too large: the higgs self-

electroweak symmetry hiding to work

—
ﬂ« i New
BOOlllllllllllllll_ | physics
. my, =2A(m,, )v /:
— 600 m; = 175 GeV |
> = > F
o 2 A
% 400 i ]
- - perturbativity 5 M, is too small: the higgs
200 = potential develops a second
- - (global!) minimum values of the
| | vacluum sfabilityl g scalar field of the order of A
0 [ | | [ | [ | [ |
103 105 10° 1012 1019 1018 V(Q)
A [GeV]
130 GeV ~< My =< 180 GeV
then, in principle consistent with A=Mp, physics
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Higgs search at LEP

B The Large Electron-Positron collided

electrons-positrons
e s~ 206 GeV in 2000

B Higgs coupling to electron too weak
e dominant production through Z and

Higgsstrahlung

® search sensitivity up to

\s - Mz ~ 115 GeV

Stage NE] Year Luminosity
LEP 1 ~ Mo 1989-1995 | 175pb !
LEP 1.5 | 130-140 GeV | 1995 5 pb
LEP 2

200-209! GeV | 2000 220 pb !

Michel Lefebvre, University of Victoria
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Higgs search at LEP

Branching Ratio
o

10

—

1
-

2 /./

. HozZZ

100 105

~115 GeV

e not confirmed by DELPHI, L3, OPAL

Michel Lefebvre, University of Victoria

110 115 120 125 130
M, (GeV)

ALEPH reported a small excess at

Mn > 114.4 GeV at 95% CL
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Higgs production at hadron colliders

B Partons carrying only part of the ~ Proton - e Rr e oo
energy b 1
e (CM energy of hard scatter not ok t AU
known a priori event-by-event ; Tevatron  [LHC: 3
: = : : ,_— H410°
® requires good detector coverage = ] 1:5 T

and missing transverse
momentum capability

B Hadronic environment
e far less clean than at LEP

B Higgs production cross section
iIs small!

® improves with energy
® but beware of pileup of inelastic

33 -2
events/secfor . =10"cm " s

events 10° [ 110
10° ;_MH=125 GEV{ 4 10°
10° | : : - J10°

, [ wJs2012 ' : ' ] ,
10' 1 1l | 10'
0.1 1 10

Vs (TeV)
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Proton-(anti)proton collisions

e Hard scatter

Decay {

Hadronization

Fragmentation - ” %f :
“underlying
Caaao i event”
I
3,0 .0 soft scatter
Distributions “
- - (.i ...... -4.) .....

M. Dobbs and J.B. Hansen,
Comp. Phys. Comm. 134
(2001) 41-46.

P
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Higgs production at hadron colliders

JHEP 1010 (2010) 064} JHEP 1103 (2011) 055

10 T T | T T T T T T E 100 :
: o(pp — H + X) [pb] : I o(pp — H + X) [pb]
Vs =1.96 TeV d Vs=1T TeV
e R ' gg—H MSTW2008
1E g8 L 10 } m; = 173.1 GeV
a—~WH
ol L @ioZH LT 1 . qq—qqH
| aa—aqqH i Fq@—-WH -
i T @—ZH . e
0.01 3 _ 0.1 :_pp—>tfH .....
E pp— ttH ]
0.001 | | | | | | | | 001 . ; i : ; b :
114 120 130 140 150 160 170 180 190 200 115 140 160 180 200 300 400 500
My [GeV] Mg [GeV]

B Different production channels

1 W2
3 ﬁ LAy iz
T - " N\ o
T W,Z
3 4 .4 M

0l

. . . in association
gluon-gluon fusion  vector boson fusion Higgsstrahlung with g-gbar

ggF VBF VH H
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Higgs search at the Tevatron

_ S‘follided
s =1.96 TeV

e stopped on 30 Sep 2011

B For My > 130 GeV,H > W* W-
dominates
B For lower My, best option was HW
and HZ final states
e with leptonic decay of W/Z and
H — b bbar
B Huge effort
e deployment of MVA techniques
B Excluded 149 < My < 182 GeV
at 95% CL
B ~30excessin 115 <My <140 GeV

Michel Lefebvre, University of Victoria

roton-antiproton at

-t
o

Phys. Rev. D 88, 052014 (2013)

& | — Observed Tevatron Run Il L, , < 10 fb™
2 | --- Expected w/o Higgs SM Higgs combination
5 [ EE Expected + 1 s.d.
o] Expected = 2 s.d.
O | == Expected if m,=125 GeV/c®
5
(®))
1
PR N SR T N N WA TN RN RN TN SN S S T S S R S S
100 120 140 160 180 200
m,, (GeV/c?)
S 10° E Tevatron Run Il, L_<10fo" = Observed
m .
> 102 & SM Higgs Combination --=-- Expected w/ Higgs
_g. I Expected = 1 s.d.
2
c 10 g ---0,x1.0(m =125 GeV/cz) Expected = 2 s.d.
o --=- o, x 1.5 (m =125 GeV/c®)
5 | :
X 1o
& 10
m 20
10
10° P Y g

|- l 1 ' Il I 1 1
100 120

L | SR N,
140 160 180

40

200
m,, (GeV/c?)
Alan Astbury Memorial Symposium, 27-28 April 2015 |6


http://prd.aps.org/abstract/PRD/v88/i5/e052014
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Higgs search at the Tevatron

Channel Luminosity mg range
Phys. Rev. D 88, 052014 (2013) mislly om g
W H — fvbb 2-jet channels 4x(5 b-tag categories) 9.45 90-150
W H — fubb 3-jet channels 3x(2 b-tag categories) 9.45 90-150
ZH — vibb (3 b-tag categories) 9.45 90-150
ZH — 707bb 2-jet channels 2x(4 b-tag categories) H — bb 9.45 90-150
ZH — ¢4~ bb 3-jet channels 2% (4 b-tag categories) 9.45 90-150
WH + ZH — jjbb (2 b-tag categories) 9.45 100-150
H C D F ttH — WHbW bbb (4 jets,b jets,>6 jets)x (5 b-tag categories) 9.45 100-150
H— WTW~=  2x(0 jets)+2x (1 jet)+1x(>2 jets)+1x (low-myp) 9.7 110-200
H—WtW- (e'Thad)+(M'Thad) 9.7 130-200
WH — WWTW~  (same-sign leptons)+(tri-leptons) H—»WTW- 9.7 110-200
WH — WW+W~—  (tri-leptons with 1 Thaq) 9.7 130-200
ZH — ZW*W~  (tri-leptons with 1 jet,>2 jets) 9.7 110-200
H— 171 (1 jet)+(>2 jets) H— 717" 6.0 100-150
H — vy 1x(0 jet)+1x(>1 jet)+3x(all jets) H — vy 10.0 100-150
H — ZZ (four leptons) H— ZZ 9.7 120-200
Channel Luminosity mpy range
(b))  (Gev/c?)
W H — fvbb 2-jet channels 2x(4 b-tag categories) 9.7 90-150
W H — fubb 3-jet channels 2x(4 b-tag categories) 9.7 90-150
ZH — vibb (2 b-tag categories) H —bb 9.5 100-150
H DO ZH — ¢7bb  2x(2 b-tag)x (4 lepton categories) 9.7 90-150
H— WTW~- = Fvitr  2x(0 jets,1 jet,>2 jets) 9.7 115-200
H+ X->WW™ — ;ﬁz/'r}idu (3 T categories) 3 115-200
H - WTW~ = ¥¢vjj 2x(2 b-tag categories) x (2 jets, 3 jets _ 9.7 100-200
VH - ety + X Y @ ageaiger ) B ww 9.7 100-200
VH — 0+ X (uue, 3 X eup) 9.7 100-200
VH — 0955 2x(>4 jets) 9.7 100-200
VH — ThadThaapt + X (3 7 categories) . 8.6 100-150
H+X 07} jj  2x(3 7 categories) 9.7 105-150
H — vy (4 categories) H — vy 9.6 100-150
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http://prd.aps.org/abstract/PRD/v88/i5/e052014
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Precision measurements

B Precise Standard Model measurements put
constraints on the Higgs mass

 Higgs couples to mass... look at heavy particles!

80.5 +— 1 ' i ' ' T . .
—LEP2 and Tevatron 41 Higgs mass constraints

| -~ LEP1 and SLD y
68% CL

114 < Mn < 161 GeV 95%CL

\

>
(5 80.4-
o) Direct Indirect:

) searches precision

k measurements.

) Assumes SM
80.31m , [@EV4
114
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ATLAS and Canada

ATLAS celebrated its 22th anniversary on 1 Oct 2014
Over 150 Canadian scientists Evian March
ATLAS Canada Collaboration 1992 with Alan!
e Founded in 1992 ML SpoKesperson, UVic
| ® Spokesperson (07-) Rob McPherson, UVic/IPP
| e Deputy Manuella Vincter, Carleton
éo‘algg::)an e Physics Coordination Andreas Warburton, McGilll
McGill e Computing Coordination Reda Tafirout, TRIUMF
Montréal ® Contributions to the ATLAS detector construction
SFU e (Calorimetry, cryogenics, electronics, trigger, radiation
Toronto e Now much more: trigger, tracking, muon, beam monitor

TRIUMF =m Contributions to the LHC construction (TRIUMF)

_UBC_ B Many ATLAS roles including now
Vchto'r;la o ATLAS Deputy Spokesperson Rob McPherson
or e Higgs working group co-convener Pierre Savard
e Top working group co-convener  Alison Lister

Michel Lefebvre, University of Victoria Alan Astbury Memorial Symposium, 27-28 April 2015 20



BB Canada and the LHC

Canada made important contributions to the
LHC machine: warm insertions and injector
upgrades, with TRIUMF engineering

L2 a
o

- - - i ‘_"

48 + 4 warm
twin-aperture
quadrupoles
for cleaning
Insertions

Michel Lefebvre, University of Victoria Alan Astbury Memorial Symposium, 27-28 April 2015 21



The ATLAS detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter length ~ 46 m
radius ~ 12 m
weight ~ 7000 tonnes

very large detector
to look for very
small things!

~ 108 elebtronic channels
~ 3000 km of cables

|
Emphasis on hermetic
acceptance;
measurements of jets,
electrons, muons

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Michel Lefebvre, University of Victoria Alan Astbury Memorial Symposium, 27-28 April 2015 22



ATLAS calorimetry

® LAr system: 182,468 cells Fe-Scintillator
® Tile system: 10,364 cells Tile barrel |r]| <17 Tile extended barrel

Segmented in depth and
In pseudorapidity n and
azimuthal angle ¢

<
Cu-LAr e e
1.5<|n| <3.2 "

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic
end-cap (EMEC)

Pb-LAr
1.375<|n| < 3.2 4

%u/W—LAr 2
B2 In| < 4.9 N8
LAr forward (FCal) / )

NY3D 2102 © Wuewedx3 SV

o)
elyljet trigger, EM: F = /E[GeV] b
identification, 007 2
E measurement Had: "o Lo
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2002

IC,

LAr cryogenics feedthrough production at UV

24
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Trigger system

B Three-level trigger system
e designed to reduce the data rate

Calo, Muon,
Specialized

from 40 MHz to ~200 Hz e
Taal 33
B Menu now optimized for 7x10 1
-2 a- Front End
cm=s Fast Custom Pipelines
® mprovement of object selections Electronics v
and trigger algorithms t<2.511s § <75 khz
_ — Requgsted
m Good performance in 2012! 5 Datain Ro{ Readout J
500 PCs Buffers
Main triggers at 7x1033 cm2s1 <t>~40ms l ~3kHz
Offline L1 thr L1 rate EF thr EF rate
(GeV) (GeV)  (kHz) (GeV)  (Hz) @5 1033 HLT << Event
e>25 18 17 24 70 Access to Builder
u>25 15 8 24 45 EF full event | Full Event
dilepton 10-15 15 8-18 21 1800NPCS _ Buffers
2y25-40  10-16 12 20-35 17 - <E="4s ~300 MB/s l ~200 Hz
2130-45  11-15 12 20-29 12 & ~
Jet>360 75 2 2 5 Superb performance of | Storage&
MET120 40 2 0 17 Canadian Tier1 computing | offline
centre at TRIUMF _ processing |

Michel Lefebvre, University of Victoria Alan Astbury Memorial Symposium, 27-28 April 2015 25
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Particle identification in ATLAS

/ pr s
[ ] > [',

N :

Dle 10 A 2 /!
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9 U / n i
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QI1enoid . rtd 90
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LHC luminosity, pp collisions

Superb LHC performance!!
Peak luminosity: 7.73 x 1033 cm=2 s

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults

—_
o

(00

i

4

Peak Luminosity [10%° cm2 s°1]
D

— ATLAS
— Online Luminosity

\s =7 TeV

S T I R B R DR TR I T |

\s=7TeV

| D D D D D D D B

Vs=8TeV |

20M collisions
per second!

At

AN

o

|.|||.||.|F?

2 , @ o &

’ - &
0 | L‘LA‘J_JI L1 L1 fpe | ®..°) Q:J_.i
3o pet 3 oct gett ppt W ot yet ppt W odt

Month in 2010

Month in 2011

Month in 2012

A challenge for the experiments to keep up!
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LHC integrated luminosity, pp
Superb LHC performance”

i.c ic/LuminosityPublicResu
I I I I I I I I I | [

= ~ W

2 35 - ATLAS Online Luminosity o

= I .

o, = \/7= o

3 so- _momye 1 | Lat

E 25:_ = 2012 pp Vs =8 TeV -

37 123.3 fb1 gTev

E_) 20_— ey

S SUr =

= » J

o 15¢ =

A = i
10 =
13 15.6 fb1 7 1ev
ob_| 148.9 pb! 7 Tev
yan Ao o oct

Month in Year
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Cross sections and event rates

proton - (anti)proton cross sections

Hizseev ~0.022 0.15 |------mmosmememmeeeeees 10°

r e

~0.5 M in 2012!

15 ) 10° http://www.hep.phy.cam.ac.uk/~wjs/ 10°
Cior ~ 115 mb ~ (3.4 x 107'% m) e
10° |- o, ; — 10
@ 7 % 10% cm? s 10 | Tevaitron LHC 110°
process | o(nb) | R(Hz) Rl '

10° E T
inelastic |~7.5x107|0.53x10” 10* | £
10° 3
Z ~35 250 _ 10 ¢ i
€ w :
o
ttbar ~0.24 1.7 © 10° o
3
¥
C
@
>
o

s [ M =125 GeV{

10 | : : :
Higgs production is nearly 10 wE {0
orders of magnitude less than T T T T e
the total cross section! Vs (TeV) f
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Pile-up

Experimental challenge

B In-time pile-up
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up to 40 events per bunch crossing!!
Y

B Out-of-time pile

event with 25 vertices

J

-

following) bunch crossing
+

e due to multiple collisions per bunch crossing
in 2012

° suPerposition of signal from preceding (

Z—)}J
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SM production cross sections

Standard Model Total Production Cross Section Measurements s.us

Q 107 505 ATLAS Preliminary
N Run1 +/s=7,8TeV
10° F
g LHC pp Vs =7 TeV LHC pp Vs =8 TeV
10° £ P B Theory Theory
g o=y - Observed 45-4.91b! A Observed 203!
10* £
10°
—
O
10° £
o 08 K-, e
o J 13.0 fi
.E"f:l'_n_ MO~
10 F 50 fb
&.V 1V _EOm_ "0
VBF K8
1 F w8
ttH LA\ —
107! g —

PP W Z tt techanWWswz WW H Wt WZ ZZ tiW tiZ

total total total total total total total total total total total total fotal
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots

SM challenges... 1987/07/21
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SM Higgs production

M

gluon-gluon fusion: ggF\

Predicted cross sections for

1=125GeV @8 TeV:22.3 pb

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

1 I | | I | | | I = é
o \s=8TeV ¢
9 W,Z ° L= - b
9 N
3 1 i
vector boson fusion: VBF 2 —
3 e ]
W,z } o _
N\ o 10 §— R _§
i . ) \
Higgsstrahlung: VH - A
T - —
80 100 200 300 400 500 1000
. .y M, [GeV]
in association area of'largest
with g-gbar : ttH interes
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV

Standard Model Higgs decays

Many possible decay channels of the Higgs
the cleanest are also the rarest...

t 1__[ | | I ¥ | | I | | I | | I :§
& : g WW 5
5 bb; B
[ '
210 z F
"y S

C - =

m CC

-

107 E
T

—b
<
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T TR} I I

| I T

-4

I180I I200
M, [GeV]

100 120" 140

Michel Lefebvre, University of Victoria

The most important decays for
searches, with fractions for

My = 125 GeV
58% H — bb

6.3% H— 771

1 051% H — WW® = evpv

1 023% H — v~

eory
pairs

0.014% H — Z 7™ —5 44
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Memorabilia: CAP Congress June 1996
=T H—WW= (v

Z Z = 1))
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e

B T R ATLAS and CMS were
optimized to find the Higgs!

B CHALLENG (NG CHANNEL.
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Higgs searches at 7 TeV

Events /1 GeV

Data - Bkg model

800
700
600
500
400
300
200
100
0
100
50

0
-50

B No convincing excess so far, but a few “fluctuations”...

ATLAS-CONF-2011-16

e

T I T T T T I 1 T

T ' 1 T T T I L T Ll T I

Inclusive diphoton sample

ATLAS Preliminary

] PR T ks L2 TN B

Data 2011
Background model
SM Higgs boson m, =120 GeV (MC)

\s=7TeV, j Ldt=4.9fb"
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B Exclusion for My > 131 GeV at 95% CL
e Higgs cornered!!

Michel Lefebvre, University of Victoria

Events/5 GeV

—
o

o8]

ATLAS-CONF-2011-162

— o DATA

- [ Background

- [J Signal (m =125 GeV)
- [ Signal (mH=15O GeV)
— Signal (mH=1 90 GeV)

H—zZ" -al
[Ldt = 4.8 fb"
\s=7TeV

T | I I I | I I | I I | | I T

ATLAS Preliminary

I I I

250
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-161/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-161/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-162/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-162/
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Discovery 4 July 2012

https://indico.cern.ch/event/197461/

o |||||||l Il||||||l||l|l|||l||||l|| L T T ™TT ™71 ™T 1
E‘ 10 ATLAS Prellmlnary =7TeV (2011), [Ldt=4.8fb" S 4 Eﬁs%\[ ] ' '/—%16
8 1 {s =8 TeV (2012), [Ldt=5.9 b < 10 —\ 26

S K = ’ 2 107 A\ [
1071 A a b 30

-- e et s - . Y 7
E: | YT TR, - “aas 10 .
10 EPS July 2011 .. ] ...
4[ —Obsenes 10 \
10 ---- Expected k baa o d =

-5
10™ E cERN Seminar 12/2011

— Observed " . G 108 = Combined obs. Q’..
10-6 ------ Expected ~ e 5 5 1 0-9 = === Exp. for SMH Higgs | CMS Preliminary 66
107 spring202 ¥ aauly2012 1010 — H—yy H— ZZ + WW +vy
Observed . Observed * F | =——H—2ZZ \s=7TeV,L=5.11"
------ xpecte “e----- Expecte ME :
L ST cuu ATTROTTONN b= com i bl [le-8Ten =538 B
116 118 120 122 124 126 128 130
, _ _ m, [GeV] Higgs boson mass (GeV)
Driven by high resolution ._ , .

channels: yy and ZZ

p-values: probabillity
that the background
fluctuates to give an
excess as large as
the average signal
size measured or
expected for a SM
Higgs boson
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H—-7 7 Y

B ook for two isolated high energy photons }i_ Wt
® need good photon identification
B Large background Y
e jrreducible SM 2-photon production 7 Rejection
q M- @ AW e VWAV s ‘ ‘ ')/ no
T ili*f S2
e fake photons (neutral pions) S N I
® use shower shape in LAr o I

calorimeter segmented readout

B Reconstruct the 2-photon invariant mass
® |ook for a signal mass bump over a large background

M,%,Y = 2F1 FE5(1 — cos a)

/' \

need %ood photon energy calibration opening angle between the two
use Z — ee and MC extrapolation photons: need good photon direction
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H—7 7

Phys Rev D 90, 112015 (2014)

Diphoton selection

v

ttH leptonic

Y

tt H hadronic

v

V H dilepton
(ZH — ¢LH)

v

V H one-lepton
(WH — ¢vH)

!

VH E,i?iss
(ZH — vwH; WH — fvH)

v

V' H hadronic
(WH — jjH; ZH — jjH)

v

VBF tight
(qqV — jjH)

v

VBF loose
(qqV — jjiH)

v

Untagged
(99 — H)

e Use 12 categories targeting different production modes

ttH

VH

VBF

ggF

Events / GeV

Michel Lefebvre, University of Victoria

LR N B LS S B I TR N C I SR CRE ) L m
ook, ATLAS -yy+ov 1 ® Extract background
- [Lt=2031", =8 Tov - from control regions
4000 -]
+ :
By u
L * il
3000F s, ]
; oo :
B oo, y
2000~ vess J
1000 wm’mmm.“ _:
0510 120 130146950 160
m,, [GeV]
Uncertainty group g ® Theory uncertainty
Theory (yield) - =0
Experimental (yield) 0.02 ® QCD scale (ggF: £7%)
Luminos-ity. 0.03 e PDF (ggF: 17%)
MC statistics < 0.01
Theory (migrations) 0.03 ® BR: 5%

Experimental (migrations) 0.02

Resolution
Mass scale 0.02
Background shape 0.02

Alan Astbury M

® |eading uncertaint
despite NNLO+NNL
QCD calculations

emorial Symposium, 27-28 April 2015 39



http://arxiv.org/abs/1408.7084
http://arxiv.org/abs/1408.7084

H—7 7

Phys Rev D 90, 112015 (2014)
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o OF—— e N | z S .0+ Bestft  AmAs
5 105 - —— 68% CL fLdt=451b", /s=7TeV |
B 3 e 95% CL [Ldt=20.31b", /s=8TeV ]
= " 3 X SM .......... ]
Ny 5 +++ B AT _ H—yy.m,;=1254GeV ]
Q : ..' A :
X o=y 0 ¥ T H - + - 2._ * )
=2 : A
e 5 + ?++ +++ ¢ E f
W A L | 1 i L L 1 L 2 M " 1 i i " 1 1 i A L A 1 A A M M 1_— —_
110 120 130 140 150 160 - ]
m,, [GeV] OE— d
local p-value of 5.20 P IUTTION u2NUNOE: |
expected 4.60 ' ' ' B
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H—ZZ" — 4 leptons (e or y)

4] selection

l

High mass two jets
VBF

l

Low mass two jets
W(— jj)H, Z(— jj)H

i

Additional lepton
W(— Iv)H, Z(— l)H

l

ggF

Phys Rev D 91, 012006 (2015)

e Small signal rate

® clean I4 lepton signature, lepton selection efficiency
crucia

e Small background rate
e irreducible: ZZ™) continuum (interference negligible)
® reducible: Z+bb, Z+jets, ttbar
e Use 4 categories: VBF, VH, ggF production modes
® Theory uncertainty dominates

® but jet energy scale systematics important for the VBF

and VH categories
Phys Rev D 91, 012006 (2015)

Source of uncertainty 4u 2e2u  2u2e 4e combined
Electron reconstruction and identification efficiencies - 1.7% 3.3% 4.4% 1.6%
Electron isolation and impact parameter selection - 0.07% 1.1% 1.2% 0.5%
Electron trigger efficiency - 021% 0.05% 021% <0.2%
20 + ee backgrounds - - 3.4%  3.4% 1.3%
Muon reconstruction and identification efficiencies 1.9% 11% 0.8% - 1.5%
Muon trigger efficiency 0.6% 0.03% 0.6% — 0.2%
20 + pp backgrounds 1.6% 1.6% - = 1.2%
QCD scale uncertainty 6.5%
PDF, a, uncertainty 6.0%
H — Z Z* branching ratio uncertainty 4.0%
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H—ZZ" — 4 leptons (e or y)

Phys Rev D 91, 012006 (2015)

> 80T 7T BEEEEEE a
> _l LI I LU I LI | LI I LI I LI I | B REL B I | P L ) I LI IJ 8 E ATLAS # Data E
g == * | ISignal m_=125GeV u = 1.51) ]
8 35_—AT[_AS ¢ Data U = O;H—>ZZI — 41 . e =
- A — = Vs=7TeVv |Ldt=45m" Background ZZ B
(9 L H 77* 4] Signal (m,, = 125 GeV p = 1.51) ] 2 60 R T B sacoround Zeets, 1 .
. L _) _) 4] g 50 :_ 7////% Systematic uncertainty _:
S 30 s-7rev ILdt=4.5 fo B secgrouno 2z - LLI = =
o B -8 Tev _[Ld I - Background Z+jets, tf i 40 | ; o
- S= e t = 20. ~ - p l
GCJ 25 — 77/ Systematic uncertainty Si 30 ;— —;
N | =
20 . E 10 -
- - B P
15 F - 100 200 300 400 500 600
- B - m,, [GeV
: 1 local p-value « [GeV]
10 1 of8A0feAE . T
R i - ATLAS 1 0.2
. © 8ok =
- . O L HZZ 4 9 " -
= i eXpeCted 620 é?, 70 :_E=7Tev ILdt=4.5fb" -Sig""“""‘--“me"“"s”_Z 0.18
5 - [ (5=8Tev _[Ldt=2o.3fb“ [ secorouno 2z z4es z -0.16
50 [ s 120 < m,, < 130 GeV _: 10.14
0 - gnlille. 1012
80 90 100110120 130 140 150 160 170 Ve Ba Lt 1 0.1
V WErpr e -| —0.08
My [0V BEEEEEEEE TR 1 40.06
] _ 30F :t:::::::!'.l’j:; = N
[ 33 5k v < Ve | PR ® . -
B Combined signal strength of T R
— S s is e m ) —<=0.
E S g emma - . g
. 0.34 0.21 SIS NI RE- -_ [PI R
u X B/Bgy is 1.44 tO 31 (stat) 1_0 77 (Syst) s0 e 70 8 90 100 110
m,, [GeV]
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H— ZZ" — 4y candidate (m., = 125.1 Gev)
QATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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ATLAS nggs mass combination

Phys Rev D 90, 052004 (2014)

>200rl|||ll|||l|| > llllllllll llllllll IlllllllllllllllllIIIIIII_
3 = fLdt=451b" Vs=7 TeV ATLAs E 8 35 _ ATLAS ® Daa 7
; 180_— i = . —] B +]
£ s Lk I — Signal (m_ =124.5GeV p=1.66) -
'-g’ 160 [\ s/b weighted sum (_::;ani::d e _: LD K H -y ZZ* iy 4l | I “ -
N 140:_ Mass measurement categories — Signal+background _: 3 30 [ {5 =7TeV: ILdt - 451" - Background ZZ* -
m =+ Background = N Background Z+jets, tf 2
120 — == Signal M *g - (s=8TeV: ILdt =2031b" //- c gmu. ki s‘ 3
- ] @ 25 = /////// Systematic uncertainty =
100(— — > E 7]
» " Ll E 3
= = 20 F ]
60— — B " ‘ g
E 15E . _;
20— E
AW 10
g 8 n
o 6 F -
B -
P 5F
2 OF : C
g 2 :
: + = 0
S 1= =
BT 70 750 140 150 160 80 90 100110120 130 140 150 160 170
m,, [GeV]

m,, [GeV]
e 2-D background PDF: m4l, BDT
® / mass constraint

B Optimize event categories
® converted vs unconverted
® n-regions, pT

Channel Mass measurement [GeV]

H — yy 125.98 + 0.42 (stat) + 0.28 (syst) = 125.98 + 0.50
H—Z7Z*—4¢ | 124.51 + 0.52 (stat) + 0.06 (syst) = 124.51 + 0.52

Combined 125.36 + 0.37 (stat) + 0.18 (syst) 125.36 + 0.41 ZI
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arXiv:1412:2641, accepted in PRD

H—> WW* > /lvliv

Complicated signature: leptons, jets,
missing transverse momentum

® escaping neutrinos: no mass peak

Large background rate, complicated
processes

nj 22 e \WW continuum, top, W+jets, multijets
(fake leptons)

Large signal rate

Pre-

selection

’nj=1

/\

ep ee/pp

en ee/up

ggF-
enriched

VBF-

enriched

ep (8 TeV)

] 1

/\

e ee/pp

scalar Higgs transmit some spin
correlation to W pair leptonic decay:
discriminant against WW continuum

enough to separate the VBF and ggF
production modes

ggF-enriched VBF-enriched

e Event categories
® Niets, Same/different flavour leptons

® ggF or VBF enriched: pr of subleading
epton, mj

e Fitto
e mr for ggF mode
e BDT discriminant for VBF mode

Alan Astbury Memorial Symposium, 27-28 April 2015

mx =\ (B# + )" - | p + pp* |

Eff=/(p£)? + (mye)?

= — 1M 1SS miss

Pt =Dt pr = by

Michel Lefebvre, University of Victoria
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H—-> WW* - /viv

arXiv:1412:2641, accepted in PRD

_'lllllllllll]l[l]ll]lllll_ % :llllIIII\IIITIIIIIIIIITIIIIIw]llll]lllTll:
. L ATLAS H—>WW*. = F =
5 800~ Vs=8TeV, 203" | at Mu = 125.36 GeV .t ATLAS :
& =BIaY. 208k 1 atViy = : EVist H->WW*—lvlv
,C\—> : \/§=7TeV, 4.5fb : +0.23 E \(§=7TeV,4.5fb'1 E
2 600 - (a) m=1, euvee/un | 1 =1.09 T557 ¢ (s=8TeV,20.3fb"
o i ¢ Obs=stat : - :
> T % Bkgesyst 1 +0.29 2F =
n > Bkgxsyst | _ . : ]
- L = 1.02 + Obs(1.0,1.3) 1
| ) . F . _ - ’ ]
400 i +8§§ : HObs=10 -
i OMisia 1 Hypr = 1.27 Tous 1 E gggs:go E
200~ vv ~ ' - : s+30 =
i OTo = : - SR E
: mpy | 3.20 evidence for | s
0 +  VBF production ot A B
> i (b) Background-subtracted R crasollmenslememi b mamdloodi bl
G 150 ¢ Obs-Bkg - 0 1 2 3 4
9 B zEKQiSYSt i B B LA LU RURLE RN I BT R uggF
~ [ '99S : "
£ 100+ . = B ATLAS _
g R - ;= H—->WW*—Ivlv
> i ) 5 \s=7TeV,45fb" _
k. B " 7 4 (s =8TeV, 20.3 fb" ]
o e & + Obs (=128, i=0.94) ]
i ] n 3| ¥ Obs+1o g
C _ . ' (] Obs=20 :
O 0t e 4 , B Obs=30 :
—I 1 1 1 I/I | ; 11 I 11 1 | l 1 1 | I 1 1 1 I_ : -
50 100 150 200 250 ik :
m- [GeV] |
0 PR SR U T U T U U S U [N T T S [ S S S T S U T NN T S W I
local p-value of 6.10 110 120 130 140

Miche! Letebyremommyersity orvicom—XPECted 5.80 Alan Astbury Memorial Symposium, 27-28 April 2015 46



http://arxiv.org/abs/1412.2641
http://arxiv.org/abs/1412.2641

VH—->Vbb V=WZ

J JHEP 01(2015) 069

® | arge branching fraction, dominating the H width

Three channels: 0, 1, 2 leptons

v [ [
q " z “<V q " W . <V q " & <’
q AN T TNH B g N

<, < e

e (Categories
o 2 pr(V)regions
e 4 b-tag regions

o 2jetbins (2 and 3 jets)
Large top and Z+heavy flavour background

For 2 b-tag, use BDT (muwb, pt(V), b-tab discriminant)
Statistically limited

Main experimental uncertainties

® jet energy scale
® Db-tagging

e background modeling (W+bb, +bl)

Michel Lefebvre, University of Victoria

0.06/~ & Giobal Sequential Calib. (GSC)

~ . +Muon-in-Jet Correction
L + Kinematic Likelihood Fit

0.04[

0.021

v
e Pl 1 L.

> | 1 1 1 [ 1 I | 'I ! 1 |. ' 1 I ] | I ' 1 1 ] 1 |4' | 1 | 1 1 | I 1 1 | | | I J I—
8 0.1 ATLAS Simulation 4\ Resolutions  (0gec-0)/0 o]
o | Pythia VH, H > bb MC R SR TN, i
< - 2lep., 2 jets, 2 b-tags ,-4 Y ooe. 11.4GeV  30%

o 0 08; pY inclusive # .% .
E : = - —
o =2

>

(N

\,
.

1

NS TR T
00 20 40 60 80 100 120

L bl o o A
140 160 180 200
118 [GeV]
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VH — Vbb

V =W/

J JHEP 01(2015) 069

e Not yet seen any significant signal
® |ocal p-value of 1.40 expected 2.60

Events / 0.5

Pull (stat.)

'2l_lllllllllllIlllllllllllllllllIllllllllllllllllll

ATLAS —o— Data 2012

b _ 1 B VH(bb) (1=1.0)
/s=8TeV [Ldt=20.31b = Diboson

Ot

I Single top
1 Multijet
B W+hf

0 W+cl

C W+l

Bl Z+hf

= Z+cl
12+l

IIIII|_|,|,| IlIII|,|,|,| IIII[l||| IIIIIl]II IIIIII,III IIII|,||,|| IIII|,|,|,|| IIIlI,tI

E|T|T|'|| IIII|'||'|'| IIIIIﬂ'I IIII|T||| IIIIH||| TTI

—IIII III|II—

-4 35 3 25 -2 15 -1 -05 0 0.5
Iogw(S/B)

S and B taken from BDT output bin
of each event. B from global fit.

Michel Lefebvre, University of Victoria

ZH

WH

Combination

Alan Astbury Memorial Symposium, 27-28 April 2015

Weighted events after subtraction / 20.0 GeV

S I

[
10 ATLAS
- Vs=8TeV JLdt =203 fb"
: 0+1+2 lep., 2+3 jets, 2 tags
8 Weighted by Higgs S/B

Illllll?l T 1 I | IS | Il

T

| S R | I | 7L S ) I |F3N N R )

4t

T T T T
-e- Data 2012

I VH(bb) (1=1.0)
Diboson
[1Uncertainty

| ES - | I L1 1 ] L1 1 l A A I | | I 1

1 1 | I 1 | ] | | 1= - | | 1| 1 I 1 1 | |

~+——

50 100

150 200 250

m,, [GeV]

ATLAS Vs=7TeV, [Ldt=4.7 fb™: Vs=8 TeV, [Ldt=20.3 fo!

lll|ll

TTrrrpnrriua LI L
[ | |

Illllllllllll

| — tot. |
stail tot (stat syst)
0.52 0.44 +0.27
— == 0.05:‘0.49 (fo.42 io.zs) .
| N +0.65 0.50 +0.42\ _|
" " 1'11—0.61 (t0.48 io.sa)
— = | +0.40 +0.31 +0.25 \ —
0.51 -0.37 ‘-0.30 -0.22)
v v by v v by v by v bev v bvvv s v ba s
-1 0 1 2 3 4 5 6 Z

best fit u=o/c__ for m =125 GeV
SM
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A — Tt

arXiv:1501.04943, accepted in JHEP

Direct probe of fermionic coupling

® |arge branching ratio

e complex analysis

Three channels: taus decay mode
e had-had, lep-lep, had-lep ™. .

Two main categories
e VBF

e Boosted (~ggH with pt(H) > 100 GeV)

H: simulation
Z:. embeddings

® signal discrimination, mass determination

BDT with main discriminant the di-tau
invariant mass (MMC missing mass
calculator, key to the analysis)

e solving an underconstrained system of 6 to
8 unknowns related to the neutrinos

e use the measured (px™ss , py™ss) and visible

tau-tau mass as cons

traints

e takes into account the Et™Miss resolution and

tau decay topology

Michel Lefebvre, University of Victoria

Alan Astbury Memorial Symposium, 27-28 April 2015

> 0.22_ T T T T T T T T T | T T T T T T

8 0.2 [yt + e1,,,Boosted  ATLAS
Tol 0 1.8 i ZswE M, (Z—77) = 90.4 GeV 1
E 2 T H(125)>tt  MpealH—t7) = 122.3 GeV
e 0.161 &

FWHM/m, . ~ 30 %

200

150

mYMC [GeV]
Source of Uncertainty Uncertainty on pu
Signal region statistics (data) o1
Jet energy scale lOrward/central =g 13

Herey intercalibration G013
Tau energy scale + 0.07
Tau identification _ | + 0.06
Background normalisation glI’]ad %gg
Background estimate stat. + 0.10
BR (H — 77) + 0.08
Parton shower/Underlying event + 0.04
PDF + 0.03
Total sys. +0-33
0.43

Total 057
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arXiv:1501.04943, accepted in JHEP

| R PR | 1 I I L] 1 I I ) I I 1 l 1 I I 1 5II

F - o : g - .
~ - (s=8TeV,203f" H§1 25; ('(;_:1) ) ; ‘=T 4[ Vs=8Tev, 203" — 95% C.L. ]
.g ] ATLAS B Z- . " Vs=7TeV,45f"' —— ]
g) 10 = I Others d 3 - ATLAS -+ SM prediction |
| Bl Fake ' i ]
77/, Uncert_ - my = 125.36 GeV 3
1 02 2 ]
10 T e R, E
o o
E —r v+t 1 v v 1 111171 - | | | T | | | | .:
-8 1.5 -1 0] 1 2 3 4 5 6 7
= to—o—oa -2 Hoor
~
) !
s osp T p=1.43 1927 (stat.) T952(syst.) =+ 0.09(theory syst.)
-1 -0.5 0 0.5 1
BDT outout -_%104'5—"" '_,_Dala'—
. . E E l:l Background (u=1.4) E
4.50 evidence for the tau Yukawa coupling expected3.40 § r L. — Beckgraamd ) |
Lﬁ 10 ? - H(125)-1t (p=1.4) _§
[ — C H(125)>tt (u=1)
Channel and Category | Expected Significance (o) | Observed Significance (o) B i
TlepTlop VBF 1.15 1.88 102E .
TepTep Boosted 0.57 1.72 { kS a?d B™ - ]
TiepTlep Tobal 1.25 2.40 B%‘I?guggumt B _ - i
TlepThad VBF 2.11 2.23 . 10E How .
TlepThad Boosted 1E 1.01 b'%\(/)ér?taCh g '«‘;T'-As 1 EE :
TlepThad LoOtal 2.33 2.33 ) L s=8TeN 2031 . .
ThadThad VBF 1.70 2.23 from globfﬁl 1 = \s=7TeV, 45 fo! =
ThadThad Boosted 0.82 2.56 ' i:-| o, |, |E
Thad Thad Total 1.99 -4 -3 -2 -1 0 1
Combined 3.43 4.54 |Og10(S / B)
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ATLAS+CMS Higgs mass combination

arXiv:1503:07589, accepted in PRL

B Combination of ATLAS+CMS mass measurements: H—yy, 4l
e 3 signal strengths “profiles” in the fit: gg—H—vy, VBF H—yy, H—4l

’5; 3_] I | l 1 | I | l | I I | I 1 1 | I | | | I IAITLIAIS IHI | | 1 1 l_
< - ATLAS and CMS Ll ATLAS Hozz—a1
o)) - LHCRunt1 .. CMS H—yy .
S 25 CMS H—ZZ -4  —
e - L e=mea - — All combined N
n B '¢‘ ~~~ :
c_g ., “\\ % Best fit i
o 2+ . —— 68%CL =
7 "N % -== ATLAS H—yy
-=-= ATLAS Hezza4z « ] weight ~19%
Welght ~18% 150 L
- i & 1
Ln = 8
i / S ICMS H—ZZ—4]
1 1 1 | | | I 1 1 | | I | — 1 1 | | [ D | | l | 1 1 1 | | 1 1 L . o~ 0
e 124 1245 125 1255 126 1265 127 weight ~23%
e CMS H—yy m,, [GeV]
weight ~40%
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mbination

arXiv:1503:07589, accepted in PRL

ATLAS+CMS Higgs mass co

B Combining mass measurements very compatible with each other

e tension only within each experiments

I 1 1 I I 1 1 1 I I 1 1 1 1 ' 1 I I 1 I 1 1 I 1 I I 1 1 I I I 1 I 1 I I I
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.

ATLAS H—yy F——e——+ 126.02 = 0.51 (= 0.43 = 0.27) GeV
CMS H—yy —== 124.70 + 0.34 ( = 0.31+ 0.15) GeV
ATLAS H—-2ZZ -4l I @ i 124.51+ 0.52 ( £ 0.52 = 0.04) GeV
CMS H—ZZ —4] ——a— 125.59 + 0.45 ( = 0.42 = 0.17) GeV
ATLAS+CMS yy I—E|—I 125.07 + 0.29 ( = 0.25 = 0.14) GeV
ATLAS+CMS 4l : i,T | 125.15 + 0.40 ( = 0.37 = 0.15) GeV
ATLAS+CMS yy+4l l—?—l 125.09 = 0.24 ( = 0.21 = 0.11) GeV
| 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]

\

125.09 =
125.09 =

Michel Lefebvre, University of Victoria

- 0.24 GeV (0.19% precision!)
- 0.21(stat.) £0.11(syst.) GeV
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Combo: Signal strength

ATLAS-CONF-2015-007

ATLAS Preliminary

Input measurements

SM predictions for My = 125.36 GeV

_ Production Cross section (pb) Decay channel Branching ratio (%)
m, = 125.36 GeV + =8
" m,, (GeV) +loon o process Vs=7TTeV s =8TeV (H > bb D 57.1+1.9
Overall: p = 1.17“‘;-; 125.4 ...._. ggF 150+ 1.6 19.2 +2.0 ‘m 825230 %082
H— vy agF: = 1329% |125.4 N VBF 1.22 £0.03 1.57 +£0.04 H — gg 23 0.
VBF: =°-8ﬁ2§ o4 : : : WH 0.573 £0.016 0.698 +0.018 6.26 + 0.35
WH: 1= 1.0 |15 4 E e : ZH 0.332 +0.013 0.412 +0.013 H —>cc 2.88 +0.35
T | S bbH  0.155+0.021 0.202 +0.028 CH —> ZZ* 2 2.73 £0.11
== ORI i ttH 0.086 +0.009 0.128 +0.014 @ 0.228 +0.011
Overall: u = 1.44°%4° |125.36 3 : fe—i
H —» ZZ* -0.33 : : : : tH 0.012 +£0.001 0.018 +£0.001 - Ly 0.157+£0.014
ggF+tlH:u=1.7tz:i 125.36 '—'—' Total m@) H — up 0.022 + 0.001
VBF+VH: u =o.3j;:§ 12536 | | s — l | —
Hoewye TOEMsREE ezl 0 ¢ ¢ W These 5 channels account

ggF:u =0.9872" 12536 < for ~88% of all SM deCayS

VBF: = 1.28tgji 125.36

VH:u=3.0"1% (12536 : ; : N : :
-13 i 5 cavy o | ST T
g o;;F113: E:: o ATLAS Preliminary _;’((s;f,astilc.) Total uncertainty
=20, 125 " : — “\theor
+0.59 2 : X : ; my = 12 . V . y
VBR+VH: p=1.29 0, |10558 L l L : L l . rl—o—O—-i | H 5 36 Ge — O(theory) + 10 On M
i s i Overall:u=0.52::5§ 125.36 '—°—' Combined tg:}g : |--|
WH: = 1.17" 1125 ; EE— G35 +g-}g s
ZH: p = 0.05"% : ; : =1.18™" | . :
- e s s T | a P OT L e
H— uu Overall:u=-0.7f§; 125.5 e _ | |
: W
H—2Zy Overall: i =2.7j§ 1255 \[g —Wy TeV, 4.5-4.7 fb-1 _1 O 1 2 3
- Bip =157 [125 T /s =8 TeV, 20.3 fb" Signal strength (u)

Multilepton: p = 2.11; 125

g 8 ;
vew=13 lsa | j

s =

L
-2 0 2 4
Signal strength (u)

I 1
O | I

u=1.18"%1 cms: 1.00 + 0.14
~0.14

p=1.18*41 = 1.18 + 0.10(stat.) + 0.07 (expt.) Y03 (theo.)
Alan Astbury Memorial Symposium, 27-28 April 2015

\s=7TeV, 4.5-4.7 fb”

Vs =8 TeV, 20.3 fb"
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Combo: Boson vs fermion mediated

ATLAS-CONF-2015-007

£ F _ OVBF+VH/[OggksntH =~ _
HVBF+vE  Heghirel = [0_ P ] = Ryy
boson-mediated vs fermion-mediated VBERVH T geb+itH | gy
I 7_! L T L I L I L I | L I L | X k] I | L ] | I_ : :
> -« Standard Model . i ATLAS Preliminary
+ e -
& B + Bestfi ATLAS Pre“mmary; Vs=7TeV,45-47f0"' 4/s=8TeV,20.3fb""
= - —68%CL ; Vs=7TeV,45-4.7 fo" ] 68%CL: e
- 5=8TeV, 2031 - o
5__ .-95°/°CL \'S_ e’ ' '__' lIlIlllIIllllIllll!llll|ll|ll||llllllll
E —H-WW ] :
4 —HozZ Ry = 0.56*35 ——
™ H _’b _ b '
3 - b — Ry7«=0.1 8_8_@2 e
B o Hyy '
oF Hom g = IS —
'3 E A= 0817513 —
0;_ 2 Rpp = 03313 ———
L o Rcombined = 0. QGtg 3? +
—1__ “a ' mH 125.36 GeV
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contours of most channels

T — E—
Branching ratios cancel!
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Combo: individual signal strength

® assuming SM values for the branching ratios

ATLAS-CONF-2015-007

e consistent with the SM... may hope for a ttH excess!

0.23
Hggr = 1.23%5720

MyBF = 1.23+032
MyH= 0.80 £0.36

Uy = 1.81 £0.80

05 0 05 i 15 2

ATLAS Preliminary

Vs=7TeV,4.5-4.7fb" Vs=8TeV,20.3fb"

68% CL: e R
95% CL.: SSe———
I I 1 I 1 I ! 1 1 1 1 1 1 1 1 I
#
4+:7—

—:r*—
' my = 125.36 GeV
1 1 [ 1 1 1 1 I 1 1 1 1 x 1 1 1 1 l 1 1 1 1 I 1 1 l

25 3

Parameter value

Michel Lefebvre, University of Victoria

19.7 b’ (8 TeV) + 5.1 fb' (7 TeV)

CMS & 68% CL
= 95% CL
0.19 .
=0.85" =
HooH -0.16 :
_ +0.37 ;
HVBF_1'16'0-34 —-..-—
_ +0.38 :
M, = 0.927)70 | eenlpme
+1.08 .
ut‘tH = 290_ 0.94 E*
lllllllIlllllllllllllllllllll

0 1 2 3 4 5 6
Parameter value

Moriond QCD 2015
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H* - ZZ, WW

B Off-shell Higgs boson coupling
e measure the Higgs boson signal strength for Myy » 2My

arXiv:1503.01060, submitted to EPJC

v ‘ NV . Y gg — VV only known to LO and
b @ ] QCD correction for signal known
1q | Inclusively in jet multiplicity:
fessann — include all jets
v g 14 q v — try to reduce ptVV dependence

® three channels considered
20 WW = evuy

3

N
N
J
R
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|

N > B i > N
= A ATLAS (s=8TeV: [Ldt=20.3b" 1 8 30 ATLAS 5=8TeV: fLdt=203 " & [ % ATLAS H-ww-evuv WWCR ]|
..‘L) i ® Data d (@) . H—ZZ — 2Py ® Data ] To) B {s=8TeV, 20.3fb"
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B --- Tota = i I otal (u, = 7 5 “~ SM (stat @ sys |
5 ooz 1 B f G I o i
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B 74 ackiifouid Zilets: 1 Lﬁ 20 i wz ] (0 . (] Top Background
30 p/ ; ” RR Gt B ; Z(—eeluu)+ets = = B qg— WW
[ i o N d ooy WW/Top/Z—tt ] 1+ [] Other Backgrounds
+ @- ; 2 : 1 5 — : Other backgrounds = L
20 - 5 : .
’ } . 10 .
T " ] 0.5
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H* - ZZ, WW

arXiv:1503.01060, submitted to EPJC

B Measurement of an upper limit on the off-shell signal strength

gg—H*"—>VV , A
) O ff-shell ($) Ilmlted StaéIStICSd
: S) = neglect s dependence
Hoff-shell 0_gg—>H*—>VV( ) forgrange considered
off-shell, SM
Observed Median expected | Assumption
RE,|105 1.0 20|05 1.0 2.0
—H*
Hoft-shell 8.1 11.0 o?f-shell/ H Xf?-SheH:l
gg—H*—>VV VBF H*—VV
off-shell 9.1 13.0 | o henr =1
K(gg — VV)

: _ i RB —
® as a function of the unknown K-factor ratio R2. = K(gg — H = VV)

40+
- ATLAS
T Mottsnel Mofteshel

30F fs=8TeV: fLdt=
250
200

95% CL limit on Wost.shell

151
10

35 H->ZZ+WW off-shell

go-H Wy VBFH'>Woq e Expected limit (CLs) -

20.3 b

—— Observed limit (CLs) -

11 1

4274 96 T8 2

RB - K(gg—VV)
H* = Kigg—~F—WV)

Michel Lefebvre, University of Victoria

N}
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2 35— H—>ZZ+WW off-shell [ 2 )
P VBF H*—»VV_ o i B
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H* - ZZ, WW

arXiv:1503.01060, submitted to EPJC

B Combine with on-shell analysis: sensitivity to the Higgs width

gg—H*—>VV , A
Oofshell )

A - A 2 A
Hoff-shell (5) = gg—H*>VV oy Kg,oft-shell () * Kyoff-shen (5)
T off-shell, sM (5)
gg—H—-VV 2 2
I . O on-shell Kg,on-shell KV,on-shell
on-shell = —
gg—H—->VV SM
O on-shell, SM P/ FH - 40
e with current sensitivitY],_ can o_nI%/ get
an upper limit on the higgs width Ee
e sufficient assumption S 30
2 2 2 2 L
Kg,on—shell ) KV,on—shell =< Kg,off—shell ) KV,off—shell g 25
® 95% CL upper limit on I'y/TSM is O 20
2
® 4.5-7.5 (expected 7.1-13.4) 0
® Assuming R®y-= 1 obtain an upper limit
on the Higgs boson total width
o 22.7 MeV (expected 33.0 MeV)
¢ Assuming KvV.on-shell = KV, off-shells FH/FISqul 0

® fi = K2 ;
flnd Rgg — Kg,off-shell/ KQ,OH-SheH

Michel Lefebvre, University of Victoria

Independent of Higgs width

Dependent on Higgs width
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—— Observed limit (CLs)
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Combo: Higgs spin

ATLAS-CONF-2015-008

boson pairs

The SM Higgs boson is predicted to be J°F = 0*
Half integer spin excluded: the Higgs is observed to decay to

B Spin 1 excluded: observation of H — yy and the Landau-Yang

theorem

® also experimentally excluded at more than 99% CL in H—VV decays

e  Phys. Lett. B726 (2013) 120144

B Scenarios considered (A= 1 TeV)

® spin 2
® |nspired by gravitation

A

1
L=~ D X TY + 3k XP T
v 7

Choice of QCD couplings p%( cut-off (GeV)
Kg = Kg Universal couplings - -
kg =0 Low light-quark fraction 300 125
Kg = 2Kg Low gluon fraction 300 125

WW, ZZ and yy modes

Michel Lefebvre, University of Victoria

e (O0* (BSM) or O (fixed CP)
e mixture of 0* and 0 states

L) = {CaKSM [%gszZ,,Z" +8HWWW;W_'M]
_}1% [Ca/KHZZZ/,thﬂV + Sa/KAZZZ,uvZﬂV]

1 + - + W-—
A [Ca,KHWWw'uVW HY 4 Sa/KAWWw/JVW ,uv]} X()

] Lo

T Model Choice of tensor couplings
KsM KHvvV Kavv @
0" Standard Model Higgs boson 1 0 0 0
0} BSM spin-0 CP-even 0 1 0 0
0~ BSM spin-0 CP-odd 0 0 1 /2

CP violation if mixing angle a # 0 and 1
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Combo: Higgs spin

ATLAS-CONF-2015-008

B Study of event kinematics

-

=
o
®©

Arbitrary units

0.06}

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

® eg: expected distribution for prYY

- {s=8TeV —— SWHiggs

i — spin2 QCD xg=x; |
- ——spin2QCD k=0 —
B - spin2 QCD x,=2x; |

O ""50 100 150 200 250 300

kil

20.14
c

=
0.12

Arbitra

0.08}
0.06F

0.04}

0.1

—
LI 1

0.02}

- Vs=8TeV —— SM Higgs =
i = spin2 QCD K =k; -

——spin2QCD k=0 _]
pYTY<1 25 GeV spin2 QCD x,=2k,

® ¢g: kinematics
handle for H—4|

P’ [GeV]

Tested Hypothesis pf}fguzl p?fpl:wﬁ p“og gﬁ pgg‘sT

0 25-10¢ 47-10° 0.85 7.1-10°
0~ 1.8-1073 1.3-10*  0.88 <3.1-107
2t 43-103 29-10% 061 43-107°
2% (kg = 0; pr < 300) <3.1-10° <3.1-10° 052 <3.1-107
2% (kg = 0; pr < 125) 34-10°  39-10* 071 4.3-107°
2% (kg = 2Kg; pr<300) | <3.1-10° <3.1-10° 028 <3.1-107°
2%(kq = 2kg; pr < 125) | 7.8-1073 1.2-107° 080 7.3-107

All considered non-SM spin models excluded at more than 99% CL
Alan Astbury Memorial Symposium, 27-28 April 2015 60

Michel Lefebvre, University of Victoria



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/

Combo: Higgs spin

ATLAS-CONF-2015-008

B Tensor structure of the HVV interaction in the spin-0 hypothesis

e one BSM tensor coupling investigated at a time (others set to 0)

e observed distributions of Kkgvyv/ksm and (Kavvy/ksm) - tana are
compatible with SM values

‘é30_IIIIIIIII|IlllllllllllllllllllIIIII_ (é3OI_IIIIIIIIIIIII|lllllllllllllllllllll_l
o | ATLAS Preliminary H—»2Z2Z*— 4] dJ o [ ATLAS Preliminary H—ZZ* — 4] ]
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| Expected: H — WW* — evuy d | Expected: H — WW* - evuv ]
20 - signal strength fitto data o _4 TeV, 203 ft' A 20 - signal strength fitto data ¢ _4 TeV, 20.3 5" h
- eeeeeee Expected: SM .'\ ] [ Expected: SM 3
15— v ] —
10 V\ = 5
5 H -
. R :&:cfls'im'lw{m[miwl'"'1"“1'"'i'"'|“'}""["'imlmlﬂ_ . y
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And more!

B | have not shown (nor read) everything!
® search for rare decays
e Higgs and associated jets (Higgs production kinematics)
® Higgs pr distribution
e k-framework coupling measurements
B .. .all compatible with THE SM Higgs
e Dput... ttH production?
e but... CMS excess in H—tau+u?
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Future prospects

B Great opportunity to study the new particle
LS1 14 TeV LS3

13-14 TeV

injector upgrade
splice consolidation SPS cryogenics Point 4 - =
8 TeV button collimators (\(ﬁ dispersion e ireartpted HL-L HC installation
—_— R2E project 2 suppression '
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ATLAS Simulation Preliminary
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o o0s oa m ... and Higgs self couplings!

Au/p
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A few concluding words

B The study of the mechanism of electroweak symmetry breaking is
one of the principal goals of the CERN LHC program

e SM: complex doublet scalar field, yielding one Higgs boson

B The discovered resonance is consistent with THE SM Higgs boson
® yields, couplings, spin, CP
e Run 1 channel combination measurements have been made
® extensive search for deviations from the SM prediction
e production and H—VV decay kinematics

® signal strength
e all categories of all observable final states

® couplings

e afundamental scalar! Butis it?

® many lessons learned from Run 1 analyses... on to Run 2 and beyond!
¢ many measurement still limited by systematics (theory, background)

B Soldiering on to Run 2 and beyond
e first need to “rediscover the Higgs” at 13-14 TeV

e the Higgs may well be the “portal” to new physics!
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