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“The discovery
‘What do we know so far?
sQutlook




The Standard Model

¢ The 'Standard Model' has been T

remarkable successful 9 c ; y
— 3 forces N
— 2 - 3 families of quarks/leptons : I
¢ But the Higgs sector remained I T
unknown...until now v v, v W
¢ A Higgs-like boson has been oo ot
discovered ,lf“ ‘L' g

— What do we know?
— What more can we learn?

¢ Is It alone?
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History of the search

1964 Brout & Englert, Higgs, Gouralnik, Hagen & Kibble,

— Not taken too seriously until...

1967 Used In the formulation of the 'Standard Model'
— Proven to be self-consistent in 1971

¢ 1973 Experimental acceptance of the 'Standard Model'
¢ 1983 Discovery of W and Z bosons

-

-

— Closely linked to the Higgs boson
1993 LEP studies Z's and rules out m <53 GeV

— And indirectly excludes m_>300GeV

2000 LEP limits reach 114.4 GeV
— Hint of production at 115?

2011 LHC excludes 130-550GeV, Tevatron 156-175
— Some indications for a particle at 125?

4" July 2012 New particle found at 126GeV
— Consistent with the Higgs I
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ATLAS

U{'ﬂ Detector characteristics
Muon Detectors Electromagnetic Calorimeters ] Width: ~ 44m
VA i\ - Diameter: 22m
/ \ <« Weight: 7000t
S X% Solenoid |\ CERN AC - ATLAS V1997
o \ : \\ Forward Calorimeters

1 \\ / End Cap Toroid

===—""_~llo-l/

;;-__-_._..__L__ J==
.

|

Floice Inner Detector . . : ieldi
Barrel Toroid Hadronic Calorimeters Shielding

¢ Detector emphasis: robust lepton and jet measurement
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Hunting the Higgs Boson l
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Never forget background

proton - (anti)proton cross sections

¢ LHC backgrounds! o ﬁ

Every event at a lepton N A R

collider is physics;
every event at a
hadron collider is
background

1107
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¢ The rate of jets as 4~

_ Q. 1 - .- NLO PDF
a functionof p, 2 [0 - e Lomor
5 A R m 2010 data, _[L dt =37 pb™
¢ 20-2000GeV > 10_4 - 2011 data,IL dt=1.91b"
tested — 1 8_5 _._I ¢ (only high p_triggers)
¢ Rate falls off by 10° '.i
thirteen orders of 107 =
magnitude e -
¢ We need to 10105 ATLAS Preliminary ~ ®
understand the 10" A
10712 \s =7 TeV °
commaon process 10 '3k anti-k, jets, R=0.6 o
extremely well 104E lvl<2.8
107°
10‘16 | | I I | | | | ] 11 1 1 | | |
10° 10°
" N E pT [GeV] y
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Trigger strategies 2012 J

Single muon p.>24GeV 1, Iviv

Single electron p>24GeV llil, Iviv

Muon pair p. > (13,13) GeV I

Asymmetric Muon pair p. > (18,8) GeV I

Electron pair P >(12,12) GeV Il |
Photon pair P >(12,12) GeV A%

¢ The llll analysis maximises trigger efficiency
The WW however emphasizes comprehensibility
ne two-photon efficiency is over 99%

" e | -_—J
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WI/Z/top measurements

8. 10° 5 ATLAS Prellmlnary
s | 35pbti :
S — = . LHC pp \F 7 TeV
o) ) — 35 pb” Theory
10% g : : : m Data 2010 (L =35 pb™)
= o Data2011(L=1.0-4.7 ™
1P LHC pp Vs = 8 TeV
= mm Theory
= ® Data2012(L=581"
- o . : : :
2L 4
10° E 1of’ i F
= : -3
- 1.0 fb
- 4.7 fo!
10
L ETYE B — a 0t oww
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Higgs production

5e Most co_mmon modes
— Others also exist: ttH, tH , bbH...

¢ Gluon fusion dominated the discovery
— The loop allows not only virtual top quarks in principle

¢ Vector boson fusion and associated also used

— Can be used to tag process

— Improves the purity

—&
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Higgs decay modes used l

¢ H.LZZ
— /77 S lll: Golden mode
— ZZ - llvv: Good High mass
— ZZ - lIbb: Also high-mass
¢ H_-WW
— WW = vlv: Most sensitive
— WW - IvgqQ: highest rate _
. H—>yy 10%E
— Rare, best for low mass —__ |
¢ H-TT
— Uses VBF, low mass 10°5=
¢« H-Dbb
— ttH, WH, ZH useful but hard

Nner-=p

Higgs BR + Total Uncert
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¢ Data to June 2012

¢ From 10s to 100000
events per channel
— Easy!

¢ But total pp events:

8x10

¢ 20 Higgs to llll events

¢ Needs incredible
background rejection
— The green channels

end up the most
sensitive 10 i

Tt cc Yy ww Zy-lly  zZz -
bb MM gg Zy ZZ WW-lviv

10000

100
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Data collection

; ; ; 7; ATLAS IOnlllnIelLlulrnllnI0|S|Ityl | \f_ 7'I|'eV IIIII —:
¢ LHC delivered 5fb™ in 2011 £ o Sueoee -
— Gave first hints for SM Higgs £ 50 raoaverssssw: :
= Al Total Recorded: 5.19 fb™ —f
¢ Vsraised 7-8TeVin2012 £ ° E
¢ Luminosity already triple 20118 -
— 6 fb*allowed Higgs discovery A ]
26/02 28/04 28/06 28/08 29/10
¢ Great effort by LHC team! A 2E s Online Luminosity \s=8Tov
¢« We hOpe for still more by g 12;: [] ATLAS Recorded E
Christmas 3 paR,
o 12 —
S 100 =
£ 8 =
5 6 —
P 4E =
3%’03 2I8}OI4 I2I6}O;5 I2I3}O'I6 I2I1 }07 | 1I8}Oé | 1I5}OSI3 | 1I3/10

Day in 2012

—&
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Pileup passing design

H In 2011 9 :I :I L | 1T T | L | L | L L T 171 T T I:
collisions per L 1L ATLAS Online Luminosity B
Q - [ Vs=8TeV, [Ldt=14.0 b, su>=20.0 ]
2;1 Onscgi]n g i 100 :— [ Vs=7TeV, det =52 <u>= 9.1 —:
= - -
O i ]
©« Changedto £ o -
20in2012 2 © E
o Des_lgn: 23 % a0l -
¢ Thatis how ¢ . -
LHC 20 -
iIncreased the o -
data rate.... 0 5 10 15 20 25 30 35 40
— So we learn Mean Number of Interactions per Crossing
to cope

e e —
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Pileup in 2012

Example: Z - yu
Has multiple
overlayed

Interactions
— 25 seen here

¢ Tracker can
distinguish them by
position

¢ Calorimetry suffers
— Degrades isolation

N EI\/Iiss
t
¢ We are finding
solutions
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¢ Papers submitted 315 July by CMS and ATLAS
— Both claiming observation of a new particle

¢ Focus on region 117-129GeV left from 2011
¢« ATLAS used only 3 strongest channels

IIIIIIIIIIIII|IIII|IIII]III

G
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T
b—:
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o 2 2011 Data
- £ © —Obs.
- WW s 198 _Ekp| JLdt=4.6—4.9 !
¢ Otherswillcome E [ 1 E-7TeV -
when they are s L -
N E
ready 2 .lp
| Cl_s Lfmfts ]

| 110 115 120 125 130 135 140 145 150
my [GeV]
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¢ Rare decay,
— 2 per mille

%ATLAS

— 110<m <150 EXPERIMENT
o Drove ECAL dESign | | Date: 2012-05-23 22:19:29 CEST

— Pointing geometry
¢ To measure mass
need to know vertex
position

\\\\\\\

\\\\\\

¢ Good jet rejection
also essential
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Influence of pileup

CATLAS
3 \’s=7TeV,J.Ldt=4.9 i

E 2 unconverted photons
A m|<1.37

0.02F-

I I | I ! I !
e Data 2011 (f*=

O Data 2011 (B*=1.0 m)

— MC (yy)

15m)_ -

100
Az

CaloPointing

150
[mm]

1/N dN/dm,, / 0.5 GeV

L<10
—— 10<p <15
—— 15<n <20
—— 20<p

—

0.12

0.1

0.08

0.06

0.04

0.02

ATLAS Simulation

99—~ H— vy
my = 125 GeV

\s=8TeV

1 ||||\\| L1 1
0% 118 120 122 124 126

¢ Extrapolate photon directions to beam position
— Measure the difference between positions to check resolution
— Matches simulation, pileup effects small

¢ Estimated resolution therefore ~u independent
— A Likelihood including vertices is used to pick best one

— But getting it right IS nc&&n

' 'W.Murray STFC/RAL |
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¢ Higgs resolution

H - yy mass resolution

assdesed indclasses: Y~ 8 b anassimuision
¢ Understood usin S
L= e s ;é? 015 Hoyy
— Z with needs to be 2 0.08- m,= 125GeV
unfolded 2 Loel °TEEY
— Material effects on ely .
scale taken from MC i
¢ Checked with Z - lly .
_ Statistics limited PI———

— Wil be improved with
more data
— Scale already limits m
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® Unconverted central -

high P,
FWHM = 3.2 GeV
O Converted rest
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H - yy sample makeup

> B T T T T I T T T T | T T T T I T T T T I T T T T I T T T ]
8 1 200 __ ATLAS —_— 'Y’Y+DY Data __
:;; - Data 2012 —s— vj Data N
r= 'i++ Ns=8TeV,| Ldt= 5.9 fb" —— jj Data ]
2 1000 N +++ —}— Stat. uncertainty |
L B + + Total uncertainty
goof- 4t #, —

- ++ + —

600[- t +++++++ " .

_ +++++ - i

[ 'y _

400} +H + +++++++ . ¥
o ¢ o

200[ T Mt . ]

: P e b Y " -*.' 'FH'*-!-...“... % .

¢ Measure sample composition in data: vy, yj or Jj?
— Plus small Drell-Yan
— Use isolation sidebands
¢ Samples are dominated by real di-photon.
— We did reject 99.99% of jets!
M@gnm purity

' 'W.Murray STFC/RAL | R harrord At sboratory 21




H - yy analysis method l

- In principle look at the m(yy) spectrum for a bump

¢ But signhal/background and resolution depend upon other
variables

¢ Split into several categories:

ner-»

s th’
— barrel/forward,
— converted/unconverted

¢ 2-jet category sensitive to VBF added too
— 2 Jets, p.>25GeV

. If [n|>2.5 require >50% associated track p_from primary vertex
. 1If 2.5<|n|>4.5 p.>30GeV

— An>2.8

- m >4OO

~ But .20 Is too many plots to take In l
e 0WEIGNLCAIEGOHES. AL 20T TNEM UD. e
(20
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. yy mass

ATLAS ® Data
Sig+Bkg Fit (m =126.5 GeV)
-------- Bkg (4th order polynomial)

¢ Simple sum of events (top)

¢ Weighted by In(s+b)/b
(bottom)

¢ See significant peaks

X ¥ e e e around 125
IIIIIIIIIIIIIIIIIIIIIIIIIIIII — Weighted sum clearer
}  DataS/B Weighted E — As it should be if real

Sig+Bkg Fit (m =126.5 GeV)

e
-
S

\s=7 TeV, det=4.8fb"
Is=8 TeV, [Ldt=5.9fb"

-------- Bkg (4th order polynomial)

¥ weights / 2 GeV Events - Bkg

Y weights - Bkg

00 110 120 130 140 150 160
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----- 2012 Exp.
— 2012 Qbs.

----- 2011 Exp.
— 2011 Obs.
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ane=
emm=

\s=7TeV: [Ldi= 48
\s=8TeV: [Ldi=59

----- 2011-2012 Exp.
—2011-2012 Obs.

-
mmE
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!

110 115 120 125

130 135 140
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145 150
m,, [GeV]
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¢ Peak near 126, both years
¢ Local excess 4.50
— Best single channel
evidence there is....
¢ Strength exceeds
expectation
" reomerea |~ § 4%/ Data 201142012
N .
i e :
Comres N ,/é \s = 7TeV,J Ldt=4.80 "]
c““fi;d ﬂ/ff \s=8TeV,J.Ldt=5.9 '

resthigh P

SMH—yy
(mH =126 GeV)

[ EL|
m\\?\#\\\\\\\
|

\|1O|||\

Signal strength (u)
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¢ The golden mode
¢ Good energy measurement like yy
— But know production point

¢ Very low backgrounds
— Dominated by real ZZ - |l
¢ But signal rate low
— Z-ee or yu Br only 3%
— Challenge is to maximise efficiency
— ATLAS improved low-p_ electrons w.r.t 2011

« New tracking algorithm, allowing for bremsstrahlung

—&
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http://atlas.ch m B
£\
e

| B/ | Nt
N S

4

Run: 182796
Event: 74566644

> i ; 2011-05-30 07:54:29 CEST
< e > / . 4
efficiency
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Basic analysis steps l

¢ Find events with 4 leptons (e/p) in them
¢ Request a pair Is in region of the Z mass

¢ The second is allowed to be much lower in mass
— Kinematics requires one Z is forced to be off-shell, lighter

Nner-e

Minimum lepton p.. 7Gev (e) /6 GeV (M)
Mass Z, 50 - 106 I
Mass, Z, 17.5-115

¢ Major background:
— ZZ Sl (where Z's are not to do with the Higgs)

* 'Irreducible’
— Zqq (Zbb)
— tt-> WbWb - vibvb
¢ Two prompt leptons plus b quarks are important, so:
— Require isolation
— Require leptons from primary l
__I& | |
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Background Measurement

= 4 > T T T T
100 ATLAS ° Da(tj';‘ - 8100 -ATLAS .
Lo “ Bzz 13 T pufete . ut ]
% H—»ZZ '—4] _ I - Lu/ee U -
S golis=7Tev:[Ldt= 4 BZHetsf € gglis=7TeV:[Ldt=481" 7 N
D [is=8TeV:|Ldt=58fy' LH(125GeV)T = "7 o _gTev: Ldt=5.8fb" 1
i 7, Syst.Unc. - i + .
60 [~ _ _ B 60~ eData -
" No isolation + i - mzz" w j
i i | B Z+jets i
40 - 40 +— Ot —
| _ | WZ .
= I 7 Syst.Unc. ]
20 _ 20 | .
i ¢
0 0
20 40 60 80 100 60 80
m,, [GeV] my, [GeV]
¢ Remove isolation from 1%t or 2™ Z candidate
— Left Is low mass ee candidates
— Right high mass ppu
¢ Also detailed studies of electron take rates
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s =8 TeV:|Ldt = 5.8 fb™

> - '. |D It ' [ T ' | T I ] ; = LA I I Y I L I L L Y ]
8 B ata . ATLAS ] B B m, =125 GeV ATLAS ]
T 25— - Background ZZ( ) *) — (2.80 — e Data (12O<m4l<130 GeV) X ]
%k _ . H—>ZZ -4l - +« F Hozz"' 541
= B - Background Z+jets, tt ] E“’ N - V'JL . ]
< [ []Signal (m =125 GeV) - 701~ \s =7 TeVijLdt =481 -
m 20 " 7 - I \s=8TeV:|Ldt=581b" ]
- %% Syst.Unc. _ 6oF
- _ _— I
15[1s =7 TeV:[Ldt = 4.8 fb” - - .

70 80 90 100
100 150 200 . [Ge\2/]50 >0 60 ., [GeV]
¢« Background shapes matches expectation
— Note peaks at 90 and >180 (1 real Z, 2 real Z's)
— Small peak at 125 GeV seen too...
« Check Z , and Z,, masses for candidates

T QR S — T T
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Background compatibility

£ .....2012 Exp.

104 & — 2012 Obs.

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

= .- 2011 Exp. -eee 20112012 Exp

10° £ — 2011 Obs. — 2011-2012 Obs. \

10—7Ers 7TeV: [Ldt=481%" (sd8TeV: [Ldt=581" R
|II|I|I||\I“\I|\I\I|IIII

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

-
L
Y

--------

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

L
.....
-

110 115 120 125

130

135

140 145 150
m,, [GeV]
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¢ ATLAS expects about
2.7sigma at 126GeV

¢ Observe 3.60 excess at
125

¢ Consistent with a Higgs
— A little high, but not
significant

llllllllllllll
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A EXPERIMENT

Run Number: 204026, Event Number: 33133446
Date: 2012-05-28 07:23:47 CEST

H_-WW_lviv

W.Murray STFC/RAL
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WW - Iviv

— Still one of the 3 most important at 125GeV

— But poor mass information due to 2 undetected neutrinos

Good trigger, reasonable rate

— Largest background is non-resonant WW |
 Also top when looking at WW+1 jet

— Backgrounds measured from control regions

Request two leptons

— 15,25 GeV

— ATLAS only uses e-p pairs in 2012 (ee/pp have more bkgd.)

Require missing E_ (E'®) and p_(Il) for WW
Select signal area with A@ and m,_ selections
— ATLAS prefers cut-based selections

Many backgrounds need estimation from data - tricky I

The most sensitive channel for 130<m ,<200 |
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— . : : . : . : : . . : : . : . . : . : : . : . - > 140 _I T 17T I LI I llllllll | LI I LI I T T 1771 | LI l_

O N [ | | [ I [ 7 B & _
g 351 ATLAS 4 Data %< BG (sys @ stat) — 8 - ATLAS ; \[x)ve\l/tva ﬁ SV(;/(ZS;/? V\C?Ystat) .
™ - B ww [ wZizzwy . o - 4 - ; |
- . y . Single T . = 120 ys-8TeV,[ Ldt=581fb [ [ SingleTop ~ —
o 30 's=8 TeV’.[ Ldt=58fb E g % V\l{nge o ] ~ B ) B Z+jets [] W+jets i
~ — g +ets +ets 7] B . 1
P 25: Howw!? evuviivey + 0 jets J ox [1125 o % 100k H->WW' —evuv/pvev + 0 jets [CJH25Gev] ]
2 = - -
o ~ > = _
> N . LLl — =
W 5o Same-sign 80~ WW control ~
150 o0 E

10 40 - -

: 20f- -

| —

050100 150 200 250 300 350 400 450

A [rad] my [GeV]

¢ Backgrounds are (almost) all found in control regions
— ATLAS same-sign (left) check W+jets
— ATLAS WW control (right) from high m_ events

* Integrals must match data/MC by contruction.

 But scale factors are near 1.

L
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WW signal region

40

20

> — T T l T T T T l T T T T I T T T T | T T T T

ﬂ | I T T T I T T T T T T I T T T I T T T I _] 1 40 I P —
S C ATLA 4 Data %% BG (sys@stat) & - ATLAS ¢ Data 7= SM(sys®stay) -
7 B00F ° m S e 12 120F J © D Esngets
t C \s=8TeV, I Ldt = 5.8 fb E it % Single Top 3 A - Vs=8 T?*Y, Ldt=5.81b [ gﬂ'ets [] W+ets

L . Z+jets Wijets — .

5000 H-WwW' —evuv/pvev CHM25Gev] % 100 H>WW —evpv/uvev + 0/1 jets [ H[125GeV]

N Z J kT +

- ] 80

7 = 60

o
V)
NN
(8))
coe-
o

N my [GeV]

jets

¢ Treat 0/1/2 jets separately
— VBF selection has no relevant candidates

¢ Delicate analyses, complex data/MC mix

¢ Distinct excess seen in 0+1 jets
— In the region signal is expected
— But not well localised
%
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WW limits

I I I 1 1 I 1 1 I I I T 1 1 1 I I | I I 1 1 I 1 % I I ‘ I 1 1 1
102 ATLAS Howw! ' Sivly - —
- —— Observed is=7TeV: |Ldt=4.7f" 7
- Expected ys=8TeV: |Ldt=581b" ]
t1o

EX

95% CL Limit on o/cy,,
)

10445120 125 130 135 140 145 150
my [GeV]
¢ Set bad limits...

¢ 2.8sigma excess around 125GeV

¢ Two neutrinos means mass not well measured
— So broad excess seen

T QR S — T T35
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¢« ATLAS has released no
2012 fermionic Higgs
decay results

— These are important but
delicate

¢ Unique is ttH, H- bb
which I1s fermions in both

production and decay

— Recent 2011 results right:

— ATLAS-CONF-2012-135

— Will benefit from higher
energy

™ e O |
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95% CL Limit on c/cg,

P ()]
o o

wW
(==

Fermion couplings?

ATLAS Preliminary

—o— Observed (CLs)
----- Expected (CLs)
ER
[ ]+26

| |
\s=7TeV, J.Ldt 471"

{iH (H - bb)

110

115

ccccccccccccccccccccccccccccccccccc
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Combined limits

ATLAS | | 2011 + 2012 IData

—— Obs. \s=7TeV: |Ldt=4.6-4.8 " =
- Exp. (s=8TeV: |Ldt=5.8-5.9 fo! =

mi ||||M |||uﬂ mn ||||||M LT

IH |||IHT! |||IF|W IIIIHW ||I||I|1 |I||||"‘ (il

=595%
=199%

i ¥
O o
N L
I|‘|||l

Y

T

ﬂd |||||||J ||||u|J ||||uﬂ ||||uﬂ ||||ud |||||||‘

—
S
(00]

)
() ]]q_ |III|M ||I|ﬂ|1 |||IHH |||IHH Illlﬂ“ TTI

o

200 300 400 500 600
m, [GeV]

¢ Excludes nearly all mass range at high confidence

e e i
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Combined p-value

2 £ ATLAS 2011 -2012
G
8 10
R
10
10—3 S
" (5= 7TeV: Lat= 464815
3 = | S SR
0 (s=8TeV: Lot =5.859 6" 40
10
|
10_8 y - Sig. Expected °0
! 0_9 + — Observed
1910 60
10 A I T S R B
110 | 150 200 300 400 500
m, [GeV]

AT LAS 2011 2012

is=7TeV: [Ldt=46481"  ...Exp
is=8TeV: [Ldt=58591"  [H+o

1 piot-~etiuiiauiagepr ~ =it = Oc
(O B T A T e g [y
B T Attt o6
.10-3 .............. '.1.\..,,:‘. . 30
10
B 4o
10°® .

B R (7. 5
10°® .
-10'9 R .-.---.--.-.'4‘.‘.-.--.--................ 60
107
10_11 | L1 11 I L1 11 | L1 1 1 I L1 1 1 I 1 I‘~I“L | L L1 | L1 |1 L=h
110 115 120 125 130 135 140 145 150
m, [GeV]

¢ Probabilities 2x10° or 5.90...we got it

— Just outside 1o band for signal

™ e O |
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But what did we get?

T QR S — T 39
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ATLAS

Vs=7TeV: [Ldt=4.7-48 b
\s=8TeV: |[Ldt=5.859 fb"

I I I I I I I I 1 I 1
2011 — 2012

+ Best fit
—68% CL
--=195% CL

—H-oyy
—H- zz("‘—> 4]
— H- WW" S viv

¢ 2D fits of rate and mass reduce model dependence

_ m,_=126+0.4+0.4

¢ These channels all have consistent solutions.

— 1 particle assumed from now on
™ ) A |
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The Combined Results

o5 ATLAS 2011 + 2012 Data _]
—— Best fit \s=7TeV: [Ldt=4.6-481" -
-2 InAg) <1 \s=8TeV: |Ldt=5.8-59 fb" =

—
(8)

Signal strength (u)
N

—

o
5

0--- OO A C oo OO Oy i R . = e e s S

-0.5 . | |
110 115 120 125 130 135 140 145 150
my, [GeV]

¢ For a signal at 126 (or 125.3):
— ATLAS just over a sigma above SM rate, 1.4+0.3 @126

¢ This Is consistent with a SM Higgs

e e —
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Channel results

IATL'ASI 201% - 20'12
W,ZH — bb

Vs=7TeV: |Ldt= 471"

H— 1t

Vs = 7 TeV: | Ldt = 4647fb

H— Ww'

Vs =7TeV: |Ldt= 4.7 b
Vs=8TeV: |Ldt=581b"

H-—>y

Vs = 7 TeV: | Ldt = 4.8 b
Vs =8 TeV: ILdt 591"

H-%»ZZ —>4I

Vs =7TeV: |Ldt= 4.8 1"
Vs=8TeV: |Ldt=581b"

!
m, = 126.0 GeV

—elvw

Combined

\s =7 TeV: J-Ldt=4.(-3-4.8fl‘3'1 I_l = 1 4 i 03

\s=8TeV: [Ldt=5.8-591b"

o

-1 0

Signal strength (u)

1

¢ Above zero in all 5 channels (just)

— More powerful ones (WW,ZZ,yy) certainly do.

— Is there too much yy? Not really

' 'W.Murray STFC/RAL |
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Open Parenthesis
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’ W.Murray STFC/RAL ‘ - iRmer;:cr::;;efccl;nro:i,g,ybf:)c;tlleestcco;nmll_aboratory 43




« Pick an m_, hypothesis

« Fit for signal strength at that m

— Compare with expectations for a signal at that mass
¢ Plot the results as a function of m,

¢ S0 what is wrong?

—&
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Limitation of current method

« Pick an m_, hypothesis

« Fit for signal strength at that m,

— Compare with expectations for a signal at that mass
¢ Plot the results as a function of m,

¢ S0 what is wrong?
— Nothing.
— Unless you then use the results to select and report one mass

¢ The above procedure assumes
m testedEm true
H H

¢ So lets start with that....

—&
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Dummy experiment l

- lee ATLAS search . Bl e
— 22K background and 55 sigr
— Two categories
* 90% signal, 99% bkd.
« 10% signal, 1% bkd.
— Mass resolution 1.7GeV

] & 2 &
-

*
—
n_.—.

—

¢ A bit like the ATLAS 2011 yy search

— but just a dummy designed following their papers

— Parameters designed to have 1.40 expected sensitivity
¢ Make toy MC investigations with a signal

— Inject signal

— Constrain g to be non-negative

— Fit with mass fixed or floating to compare results
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¢ ML fit iIn minuit

mass

— Fit 2 background slopes and
rates and 1 signal rate
— Scan 115-135 first

¢ Quite often the best fit has
NOTHING to do with the
signal
— RMS 3.7 (in this window!)

¢« RED selects 'lucky’

experiments with 2.5- 3U\

observed excess ETTRTRE
— 2xexpected, as ATLAS/CMS

— Cluster around the signal

— But RMS still 2.6GeV

¢ ATLAS+CMS were compatible!

Arbitrary units
g =2 3
= = =]

I

=
=

ano}

L
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24 126

—— Rk5= 167

l iCul AKIS = 264

| I L, _.J_-

128 130 132 134
m,, [GeV]

units
N

Arbitra
- X
n =

ik
=

&n




OK’ SO meittEd ¢ mHtrue l

« The resolution on m_ Iis worse than the per-event

resolution!
— The statistics is dominated by background fluctuations

Nner-e

¢ Imagine a 'perfect’ (Asimov) signal
¢ Add a fluctuating background under it
— Just above and just below peak gives 2 chances to fluctuate
— Odds are one of them fluctuates up
— The signal gets pulled to that point
— And grows In size!

¢ This Is not included in the ATLAS/CMS 'expected p-values
for signal' because they assume m ¢=m ‘e

N ] _J
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mu fix
%‘”““E Signal size
= -
&
5 2500¢ Fix, Mean=57.0+-0.2
E % i Float, Mean=78.6+-0.2
muué . \ N\
) U)iA
1500 7 '1""1":':':":":'!;
& e :.:
/ iy e
1000F e T
i ]
' iy e et N
A:=.=.=.-:-:-:-:-:-:=E=E=E=E=E=.- 3

/ e
/;1I:=:=:=:=:=:=:=:=:=:=:=:=:=:=:=:=:=:=:=.=.-1

e
S

S A A L A g g B
1

S N i i

ﬂl] 20 40 &0 B0 100 120 140 160

— 4% bias, coming from p=0
-

— 43% bias!
™ e O |
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180 200
Signal

siq fix

Lo Sional sigifcance
>2000f
8 a0l Fix, Median 1.38
S1600f | Float, Median 1.82
1a00f
1200f
1000
sooff
g0
aool 5
it e

%

05 1 15 2 25 3 35

Green Injects at 125 and fits with m | free

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

W»” Rutherford Appleton Laboratory

4 45 5
Significance

Red injects at 125 and tests at 125 — as expts. Do



Bias versus significance

. m15 : : :
© Vary: 8  Lumi scan
ol | R N | A S - Signalscan
— Signal rate 4L . Fixed signif
— both -
¢ Blas seem to n
be given by -

expected
significance
¢ Universal

curve?
— Need thought

“ <O—> <3 ralses QoL 1 1 | | L1 ’)anjD L1 1 | I | I I | L1 1
0 1 =V 4 5 6 7
alarm be”SI Significance

R L —
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Test of Predictions

¢ | predicted 6 months ago that the gamma-gamma signals
from ATLAS and CMS would converge in mass and
reduce In rate

ATLAS CMS
January Peak 126.5 123.5
Mass
mu 2.0 1.7
ICHEP mass 126.5 125 (124)
mu 1.8 1.5
World Average 125.7

¢ Expected about 0.3 drop, see about 0.2
— Pretty much as expected

¢« ATLAS' mass remains stubbornly high

U I
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End Parenthesis
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™ e O |
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preting couplings l

¢ WE want to test whether what we have is the Higgs boson
— Like the EW fits done at LEP
¢ Need 'pseudo observables' that allow fits:
— http://arxiv.org/abs/arXiv:1209.0040
¢ The LHC cannot measure the total width
— There are always impossible decays like H - gluons
— S0 some assumption is need
¢ Many couplings accessible eventually:
— ZZ, WW, vy, bb, tt, gg, 1T, yu?, invisible?
— Note gg/yy are effective coupling through loops
¢ Too many to fit all at once
« Simplify by grouping the couplings
— e.g. Bosons and fermions

| |
...................................
N 4 Rth fodAppl ton Lbo atory


http://arxiv.org/abs/arXiv:1209.0040

K, K. couplings

; £ T ATLAS Prelminary v Sw o E

¢ Top ”ght: 3;_ Vs = 7TeV, [Ldt = 4.8 fb" i!32elsr;[j{t(1< ) <2-3_;
— W/Z scaled via K, o 1s=sTeV fldt=sssom! o 2INALKK) <60 -

— Fermions by k_ e @ -

— Assume no invisible decay o =

¢ Sign of fermion coupling e > E
tested in photon decay loop AT S T I

; 4 06 08 1 12 14 16 1.8

— We will have some <

sensitivity to sign with
more data
¢ Measuring single top+Higgs
would help this
¢ Bottom right tests W v Z
— Custodial symmetry
iy 1_07+0.35_0.2

2InAQ.,)

7

o O N W A O O N @

!\)r\\II'IIII|IIII|IIII'IIII|II\\|IIII|IIH|H_\

™ e O | )
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New particle search

¢ Another possibility Is to £ 2% ATLAS Preliminary s sm ]
ASSUME a SM nggS i ‘,2:;2&&3:::_?;51 i?zels’r;[/f{t(xy,xgkz.s §
— But allow the loops to have T e
unknown particles 15 .
& ggF’ H_’yy SRR i N 1
¢ Top assumes no invisible s -
decay 05:— | | | | \ \ | "‘| I —:

e (1’1) IS the SM Strength 06 08 1 12 14 16 18 2 22

— compatible with this 3 [ arias preliminary oo

I 1l = 75 Vs = 7TeV, [Ldt =48 nAl ‘”"-'U”det-) ]

¢ Bottom tests for invisible T M I E
branching ratio A E

— Cannot all be invisible as we ~ 4
see |t! af- -

¢ We test many other 1
possibilities ... all look like SM 0.7 02 03 04 05 06 07 08 08

N 0 | BR

. inv.,undet. B
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Higgs Mass

Spin

Parity (mirror symmetric?)
Charge

Lifetime

Interaction with W,Z

Interaction with matter
(quarks/leptons)

Interaction with gluons

Interaction with photons

So what do we know?

Measured — agrees with SM rough prediction
Should be 0. We know it is integer, and not 1
Should be symmetric. Unknown

Zero, as it should be

Unknown, but narrow resonance and no obvious flight, OK.

Rates in WW,ZZ look as expected.

ATLAS information weak here
(But Tevatron has around 3o evidence - twice expected)

Total rates suggest this as expected

1.8+£0.5 (ATLAS) This is less than 2o high

¢ |t Is consistent with the SM Higgs
— With reasonable statistical fluctuations

' 'W.Murray STFC/RAL |
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What does 125-126 tell us?

E March 2012 M = L85 B0
2 ' l:': Ady,, =
. — 0.02750+0.00033
9 === Q.027491+0.00010
4 - == incl. low QF data
E'\-IH 3 I
<]
2 -
1 -
(= LHC
0 excluded £ excluded
40 100 200

m,, [GeV]

¢ In SM m =942 GeV

— So observed mass fits SM with no additions
N ]
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¢ LEP proved 3 light neutrinos —=—

— hence 3 generations?
¢ Now we know neutrinos have
mass maybe 2m >m_ ?

— Could be a heavy neutrino
¢ But Higgs production is

mostly through gluon fusion

— Virtual top in a loop

— A new heavier quark would
Increase the rate a lot

— Whatever mass the quark had

¢ Much harder to believe Iin a
4™ generation today.

' 'W.Murray STFC/RAL | &. R harrord At sboratory

How many neutrinos?

20

10

/ZV
/
| \",II
DELPHI
L3 f//ah\b
OPAL
B +fo \\\\\II'\
| ¢ average measurements, [/ A\

error bars increased |
[ by factor 10

'\
| a"f.f"
/4
J; \
| | | | |

86 88 90 92 94

gg Fusion




Dark Matter?

¢ If thisis a Higgs, In 1=,

. =\ DA
many models it Ko :
couples strongly to 7 =\ e E
dark matter Eout \d % N

¢ 5-50GeV dark ER :
matter will be ;U E “ Trotaet ol CMSSMB8% CL. 3
tested if Higgs £ gul “ -
decays as : :
eXpeCted 10 g_— -XENON100, low L__, dect. extrapolation _g
~ ——XENONIO00, global L _fit, const. extrapolatio -
¢ Not yet, but the ™ T i
; 10 100 1000
blue area will be Mass [GeV/c?]
Cosngge‘meg_ . Xenon plot from ArXiv: 1005.0380v3
~ prediction
OKI SUSY prediction from: JHEP 0812:024,2008

M errera 59
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What about the Higgs field? l

¢ A unique prediction of the Higgs mechanism is the vacuum

energy density
— Unlike the forces, It exists without a source

¢« The energy density of this field conflicts with cosmology

— It is 120 orders of magnitude larger than dark energy — and the
opposite sign
¢ So how do we persuade people it Is there?

¢ Of course we need a quantum theory of gravity

™ e O |
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Evidence: Hto ZZ l

¢ The measured HZZ rate is about 10xHyy
— After allowing for Br,
— So HZZ must be singe vertex, not a loop
¢ The Z interacts with weak charge
— But Z is neutral (Charge and weak charge)

¢ ZZH vertex shows the H must be weak charged
— But in H- ZZ where does the charge go?

™ e O |
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Nner-e

Evidence: Hto ZZ l

¢ The measured HZZ rate is about 10xHyy

— After allowing for Br,
— S0 HZZ must be singe vertex, not a loop

¢ The Z interacts with weak charge

— But Z is neutral (Charge and weak charge)

¢ /ZZH vertex shows
— Butin H- ZZ where

¢ Itis really a 4-point

— One leg 'grounded' in the vacuum
¢ The ZZ decay shows vacuum

participates

— With a (weak) charge!
¢ The apparent 3 point couplings come
from 0,00,0 expanded about v

¢ There IS a field

™ O
' 'W.Murray STFC/RAL |

the H must be weak charged
does the charge go?

coupling
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¢ The mass is
just great
¢ LHC targets 5

modes
s
— WW
=Y
— bb
e T
¢« More coming
one day?
2 Zy

N

N
| l | 1 R1 |
LHC HIGGS XS WG 2010

Branching ratios

i -3 | | | | | g
5 ;)‘: 107 00 200 300 500 1000

T QR S — T 63
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Full 2012 data

NB -5

¢ How will we do?
— The following GUESSES assume SM rates
— They also assume a lot of work
Gluon fusion VBF VH ttH |
7 50 lo 0 0
WWwW 30 lo 0 0
A% 40 20 0.50 0
bb 0 0 20 0.50
T 0 2.90 0.50 0

¢ If true we see 5 decays and 3 production mechanisms
¢ Pretty good for the discovery year! I

U e
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Spin/parity

Nner-e

¢« We know Integer spin, not 1
— To reasonable confidence

¢ We can establish from ZZ/WW/yy
— ~300°vOD
— ~30 2*v O
¢ But there are caveats:
— Spin 2 assumes the production/ helicity structure
« Why make those?
* There are some very hard to separate
— The bosonic decay projects out O+ from a mixed state
« We are not sensitive to mixed (CP violating) systems
¢ So..we WILL learn something
— But most theorists are not expecting surprises here
— The rates match too well the 0* model...

£ s
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Whither LHC?

13-14 TeV collision energy

\ injector \
. upgrade imi
Consodanan Ewngenics_ FE.'EII:IFIS [y} anon = .
Faint 4
)] w0 ool oS ool ol cow(l| ol ceaoll] ccarl] el 2oz
dispersion
buttan collimators, suppression
RZE project callimation,
R2E project :

o experiment beam ) experiment 2 x nominal luminosity expenment
nominal £ nominal lumingsity 4| upgrade | upgrade
luminosity I\ phase 1
T0% radiation

Figure 1: LHC baseline plan for the next ten vears. In terms of energy of the collisions (upper line) and of
luminosity (lower lines). The first long shutdown 2013-14 is to allow design parameters of beam energy and
luminosity. The second one, 2018, is for secure luminosity and reliability as well as to upgrade the LHC
Injectors.

¢ 25fb* by end of year

¢ 300fb* by end of 2021
— With Energy 13+ TeV

— ~50 times the Higgs events reported on so far....
U
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HL-LHC and ATLAS

¢ LHC runs to 2022

¢ 300fb™* at 14TeV expected
— SLHC is proposed thereafter - 3000fb™

¢ ttH,H - yy and H - pu are two interesting studies

300 amLas F'rElII'I'III'IEI'_'f (Simulation)

AL D LA I B B
ATLAS Preliminary (Simulation)
== 14 TaV

det 3000 fb” — | Lt = 3000 /i’ =P

m diphoton
B tthar

Evients f 0.5 Gat

Events/GeVf | 3 ab-1

900 120 130 140 150
diphoton mass [GeV] my, [Ge\]

¢ But in general Higgs couplings must gain from factor 10

PR N TN TR T N T TN T N T T
140 160 180 200

more datal
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HL-LHC Higgs projections

ATLAS Preliminary (Simuiation) o Only SUbset Of Chan ne|S ATLAS Preliminary (Simulation)

(S = 14 TeV: [Ldt=300 " ; [Ldt=3000 fb” {s = 14 TeV: [Ldt=300 fb"; [Ldt=3000 fb"

studied o T
— But impressive o -

performance possible i

H—pup

H—?' TT g

2z ¢ LHC can never measure "~ T
H—syy (+11) nggs W|dth r,/T; F
oy — But ratios of couplings at rorr, [ -
Hoyy (+§) 0(20%) Ievel- /T, F
oy ¢ But systematic errors are ... . g
0 02 04 05 08 1 approximate in these o 02 04 06 03
defy  estimates =i

R L —
' 'W.Murray STFC/RAL | B Rthortord Al boratory 68




Self coupling

¢« Needs observation
of Higgs pairs
— Thats a tall order!
¢ But it Is not enough
— Need to prove triple
Higgs involved
— negative
Interference :(

¢ Dbbyy allows 30

HH observation

— ATLAS+CMS, more
channels, may give
30 coupling
measurement

e e —
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MSSM Higgs

AL -p

m_ _|IIIIIIIII|IIII|IIII|IIIIIIIIIIIIIIII_ QSO_IIII'IIII'IIIIIIIII IIIIIIIII —
§ - ATLAS Preliminary A S  ATLAS
50% MSSM combination ',':: - 50 - ,n;,nax \s=7 TeV -
: JLdt =47-4.81" . - Data 2011 det — 461" 1
40 [ \s=7Tev i 40 :_ — — = Median expected exclusion 4';-" _:
[ E E |:| Observed exclusion 95% CL l:" E
30 I ] 30 - - Observed +10 theory ;" ]
1 ] [ —mmmm Observed -1 theory ]
20§ - T -
',o' —e— QObserved CLs ] ]
et ---- Expected CLs i
10 > + 1o ] ]
+ 20 7 i
LEP i S -
/M/M//M/WM/W/WM OIIIIIHIIIIHIIIIIIIIIIIIIIHIIIII III_
100 150 200 250 300 350 400 450 500 90 100 110 120 130 140 150 160
m, [GeV] m,. [GeV]

¢ No sign of MSSM Higgs
¢ If this Is heavy Higgs then H+ mass should be below top

— Mazbe a second dlscovery soon?
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¢ After 48 years we have found something
remarkably like the SM Higgs boson:
—'A Higgs boson'; Rolf Heuer

— Mass 126.0£0.4£0.4

¢ We need to establish what we have
— We will know more by Christmas for sure

¢ The ATLAS is performing superbly
¢ In 2012 LHC is working remarkably well
— We have twice the discovery data already
— By 2021, 300tb! at 14TeV will allow precise

Summary l

studies
_I& , _J
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Nner-e

¢ Increasing luminosity, factor 10, to 10*cm=s™
— New proton linac & focus elements needed
— Pileup increases by similar factor, 300 events/BX?
— New trackers, calorimetry readout, TDAQ needed to cope

¢ Beams are rapidly 'burnt-off’
— It may be helpful to limit luminosity early on
— Extends beam lifetime, limits pileup

¢ Going from 300fb* to 3000fb* at 14 TeV
— H- ZZ go from 300 to 3000
— Improved measurements clear in ZZ, vyy,
« H- pp and Zy can be measured
— WW, bb, 1t will be improved — but systematics hard to know
— Self-coupling in HH - bbyy and bbtrt looks just possible
« Again, estimates of systematics difficult

SLHC as Higgs factory l

s s

' 'W.Murray STFC/RAL | = Rutherford Appleton Laboratory
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