Compact Muon Solenoid




Leptons

in the SM the
complete profile

of the Higgs is known
if we specify its mass

the Higgs boson mass
is the last unknown

parameter of the SM
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whether a Higgs
boson is realised in

1 nature is unclear

M. Schumacher

Search for SM Higgs Boson at LHC

Neckarzimmern, 22 February 2012



Knowledge About the Higgs Boson Mass Before LHC

Restauration
of Unitarity

Electroweak Precision
Measurements (>161 GeV excl.)

Direct Searches at
LEP and Tevatron

200 300 400 500 600 700 800 900  100C
M,, (GeV)

the Standard Model prefers a light Higgs boson



Higgs Boson Decay: Branching Ratios
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MH Decay THU PU Total
_ 120 | Ho>vyy | £2.9% | +2.5% | +5.4%
huge common effort by theorists and GeV
experimentalists to compile and agree Hobb | +£1.3% | +1.5% | +2.8%
on central values and uncertainties Ao | *3.6% | #2.5% | *6.1%
. . 150 H->WW +0.3% +0.6% +0.9%
(LHC Higgs Cross Section WG) GeV ’ ’ ’
H>ZZ +0.3% +0.6% +0.9%




Higgs Boson Production at LHC
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WH: NNLO QCD + NLO EW

ZH: NNLO QCD + NLO EW
gt W/zZ g t
g - H

ttH: NLO QCD

ggF: NNLO+NNLL QCD+NLO EW

qgH: NNLO QCD + NLO EW

KunLomLo Scale PDF | Total
(KyLowo) +os error
ggF +25% +12% +8% +20
(+100%) 7% -15%
VBF <1% 1% +4% +5%
(+5-10%)
WH/ +2-6% 1% +4% +5%
ZH (+30%)
ttH - +4% +8% +12
(+5-20%) -10% -18%




Signal Rates in Accessible Channels
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Events expected to be produced with L=1 fb!

- trigger issues and overhelming backgrounds

127 = forbid to search in highest rate channels

150 390 4.6 16 ggfand VBF with H>bb and H>VV->4q
300 89 3.8 0.04




Reminder of the Challenge and Tasks
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10”5 multijet background:
10 3L estimation from data
and/or found to be negligible
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10
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choose production times decay, which
can be triggered and has sufficient rate

suppress reducible backgrounds
—> identification and reconstruction
of physics objects in final state

suppress irreducible backgrounds
—> find discriminating variables
e.g. topological cuts, mass of H candidate
evaluate backgrounds
if possible with as less input from
simulation as possible = data-driven

investigate systematic uncertainties

look at findings and interprete results




Luminosity and Pile-up

Proton Runs 20

10 & 2011

Highest luminosity =

Recorded luminosity

3.6510%3 cm2s!

Total Collisions = 350+ 10'2= 350000000000

=5.257 fb!

excellent performance of LHC
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Event Selection: 15t Step is the Trigger

The trigger is a function of :

II e ——

Event data & Apparatus
Physics channels & Parameters

il REJECTED
1 “i_ # ACCEPTED
ns/B-physic

ATLAS Trigger Operations

e e20_medium (x0.33)

= mui8 (x0.33)

A tau100_medium (x1.5)
v e10_medium_mu6 (x1.2)
*» xe60_noMu

+ j240_adtc_EFFS
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Instantenous luminosity [10*°cm?s]

reduce collision rate of 20 MHz

to recording rate of few 100 Hz

Higgs searches mostly rely
on lepton and photon triggers

Increase in peak luminosity

—> increase in trigger rate

—> increase in p, thresholds
and use di-object triggers
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Understanding of Detector: Example Muons

select samples with one tight muon and one track

Z and J/¥ 9Mtight Ucandidate (,,tag“&“probe“)

- determine efficiencies in data and simulation

€u= Ereco/(track) * €ID/reco *

................................................. €1SO/ID * Etriggerileg/ISO

Efficiency
o
© ©
O O
[
1;

scale factor = data/simulation

0.85 E— ——=b= —E . .
08 E = - correct simulation
0.75 £ ATLAS Preliminary = MC 4 - use uncertainty to derive
= 1 <+ data2011 3 . . .
0.7 det=193 pb chanz =  Systematic uncertainty on event yield
posE 3

5 1feeeeeseeew,eeseeecesss Same procedure for electron, taus,
flavour tagging, ....

0.95 — =




Understanding of Detector: Example Muons (2)

momentum scale and resolution from Z - uu peak position and width
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correct simulation for difference
use uncertainty of correction to determine uncertainty on event yield
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Understanding the Background Processes

In ~ 5 fb-! after selection cuts: ~30M W- p(e)v, ~3M Z > pu,ee, ~60k top pairs

CMS
2 w :
- 10° ; R 5 Lz cMs 95%CL limit i
§ E - : z E § CMS measurement (stat@syst) ?g
© 5211 O : —— theory prediction .
-~ 4 hn— '>1 1 ;
c 107! : =1 ! ; =
o = 22 o : , =
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O ' B I i
5 OF 7 TZ“JE o W2 i
c : : . ; : 77 L
S 1oL _fd L .
= : o - . TT oz S
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Al 36 pb™” . 36pbt 1.1 " L4777
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JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010  CMS-PAS-HIG-11-025

CMS-PAS-EWK-10-012

Excellent agreement between theory prediction and measurement due to
very precise calculations and good understanding of detector performance



Estimating the Background

a) from simulation Only NB = & reco,|D,isolation,cuts * Ak O‘theo*l—

e = efficiency (reco., ID, isolation, topological cuts)
A = acceptance (phase space cuts)

Oieo= INClusive cross section, mostly from theory

L = integrated luminosity

uncertainties: detector performance related ¢ . p isolation
vary efficiency scale factor, E resolutions and scales

acceptance A: compare event generators, choice of as,
renormalisation u, and factorisation u, scales PDF sets

Oiheo- €valuate uncertainty from g, u,, o, PDF sets
L: ~4%

for signal process: only way to estimate uncertainties on expected event yield
and shape of final discriminating observable



Estimating the Background (2)

b) almost completely data driven
- use parametric model for description of mass distribution, fixed in side band
uncertainties from model choice, statistics in sidebands, ...

- select signal free control sample in data to obtain shape and to large
extend also normalisation from data
uncertainties from selection of control sample, pollution of other processes,
agreement of shape in signal and control region, ...

“ABCD-method” assumptions:

- observables X and Y uncorrelated

- control regions B,C,D dominated by

C var X <k background to be estimated

- shape of obervable of interest same in
A and B or Aand C or all regions

D var X > K

varY <| varY > |

prediction in signal region A:  n,(m) = B/D ns(m)



Estimating the Background (3)

c) normalisation from control region in data (inversion of some selection criteria)
ratio of signal/control region and shape of observable from simulation
NB = Kk

| | kB |
signal region Extrapolation control region

Nevts“

invert cuts :

from signal enhancement to uncer_talntles: .
background enhancement pollution of control region
with other processes

backgro

use data to
normmalize background

>

knowledge of k

some observable Ne vtsT Elxtre{polation
- theory uncertainties
(upu,, 08, PDF, ...)
background - detector performance

e (identification, resolution,...)
use theory to compute

change in background ———signar— >

when inverting cuts some observable

most common method, called “data-driven” but still ... input from simulation




Sensitive Search Channels in Different Mass Ranges
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110 115 120 125 130 135 140 145 100 200 300 400 500
Higgs boson mass (GeV) Higgs boson mass (GeV)
my < 120/125 GeV:
H-> 2yy 125 <m < 200 GeV m,> 200 GeV
H-> WW*>Ivlv H > WW->2I2v H > ZZ > 4l, llvv, lljj
H->tt (VBF) H > ZZ->4| H >WW->Ivlv, lvjj

H - bbin VH




I ATLAS _______cms

channel Lumi Mass Range Sub Lumi  Mass range Sub
chan. chan.
H->vyy 4.9 110-150 9 4.8 110-150 5
H>tt 1.1 100-150 4 4.6 110-145 9
H->bb 1.1 110-130 4 4.7 110-135 5
H>OWW->Ivlv | 2.1 110-300 6 4.6 110-600 5
H>WW->Ilvqqg 1.1 240-600 2 e -
H>ZZ->4l 4.8 110-600 3 4.7 110-600 3
A=Zz=2)ew | =om | eeeemmees 4.7 190-600 8
H>ZZ->212v |2.1 200-600 2 4.6 250-600 2
H>ZZ->212q |2.1 200-600 4 4.6 130-164 6
225-600

CMS: 42 subchannels, all published with full 2011 data set
ATLAS: 34+n subchannels, hopefully all finalized for Moriond 2012



High Signal Rates - Early Sensitivity

— 1 O T T T T 4 =
= - s =7TeV SM 15 rule of thumb:
oc - 13 you need to
s B R ,
x 1E ww —rFvad 35 expect 3 signal events
= ] after full selection
10167 WW — VIV S\ to exclude such a
= .' 27 TR hypothesis
1 0-2 = ‘ ZZ — ['Ivv > Events expected to be produced with L=1 fb!
: - -
o0 H=ov o ' h R 120 127 43
107¢ NVBFM i I =6, u E 150 390 4.6 16
N H— I‘vb vV = V Vi Ve 300 89 3.8 0.04
ZH — I'Tbb S NUY q= udscb .
-4 N
10100 200 300 400 500
M, [GeV]

H->WW-=Ivlv second highest rate for M,>150 GeV, earliest sensitivity at LHC

H->WW->Ivqq suffers from large W+jets background
ony considered for M;>240 GeV in ATLAS




CMS: H > WW-Ivlv

No mass reconstruction
—> signal extraction from event counting

Signature: (ee, eu,un considered)
- 2 isolated, high p; leptons
with small opening angle A¢

> —
w_~ /6 "

@

- Large Missing Transverse Energy MET

————— Analysis optimized for 3 exclusive jet
multiplicities (0,1,2 jets) and
for different Higgs mass hypotheses
- p7, M,, M+, A¢ discriminating variables
- VBF selections for the 2-jet case
For 0,1 jet bin: also multivariate technique

300



WW - Iv Iv Preselection

Drell-Yan
uw-21.1 GeV

| \ \

N\
1/ z
© MET
~ 00 6.9 GeV
ut 22,7 GeV |
Simulation

MET requirement

= 800

= 400

= 200
-0

= -200

= -400

= -800

Top

-600 -400 -200

Simu

“éL= MET | o

pairs

= 88 GeV s

0 200 400 600
oo b oo b

lation

apply top-tagger (soft muon, etc.)
veto tagged events

against WZ,ZZ backgrounds: veto 3™ lepton

at this stage 1359/909/703 events in 0,1,2 jet topologies
signal efficiency (M,=130 GeV) = 5.5%



After WW-Ilvlv Preselection

___large A®,
, background dominated by WW-=Ivlv
[2010 Data | | \{ || further jet topology dependent selection

MET
49.9 GeV

o ! ! ! ! ! ! ! ! T T T T I T T T T I T T T T I T T T T
% 100 - data Il oY CMS,Ns =7 TeV > | e data M Dy CMS,Ns =7 TeV
3 . — m,=130  top L=46fb" = © — my130  top ‘L=46fb"
_g L ww W wz/zz 0-jet = 60 ww  mwzzz O-jet
Lo i I Wjets ; : I W+jets
K £
= )
E 50

0)

0 50 100 150 (0] 50 100 150 200
A¢ [degree] m, [GeV]



Final selection for H > WW->Ivlv

my J| data all bkg. pp~ W W~ [ top | Wjets | WZ+ZZ+Wq® [ Z/9* 00 f H— WIW- . —
0O-jet category ,Mmax ,min
120 136 | 1367127 | 100372 | 67£10 | 147447 6115 88192 15708 "y | Pt Pt my | A my
130 | 193 | 19154140 | 1422+100 | 106+16 | 17.6+55 74+16 1374738 452+21 [GeV] | [GeV] | [GeV] | [GeV] [°] [GeV]
160 | 111 | 1017468 | 826454 | 105414 | 30£15 22404 34434 1229456
200 159 | 1408+68 | 1082445 | 2334531 | 34£15 32403 27437 188122 > > < < L]
400 109 | 1108+58 | 598+27 | 359+47 | 55+18 9311 02+02 175408
Tet category 120 20 10 (15) 40 115 | [80,120]
120 72 | 595£59 | 270+47 | 172410 | 54+24 32406 66+23 65203
130 105 | 799+77 | 385+66 | 256+14 | 65+25 10£06 53425 176 £ 08 130 2 10(15) 45 %0 [80,125]
160 8 | 708+6.0 337+55 | 279+14 | 32+14 19+03 42+14 60.2+2.6 160 30 25 50 60 [90,160]
200 111 | 1308+67 | 493+22 | 594428 | 52£18 22%01 146+53 B8L11
400 128 | 1236£53 | #46+22 | 606£29 | 62421 39105 83+32 122405 200 40 25 90 100 | [120,200]
2-jet category
1200 8 | 113+36 13102 | 55528 | 07+06 18L15 19+14 11201 250 55 25 150 140 | [120,250]
B0 10 | 133+40 | 16+02 | 65+32 | 0706 18+15 27%19 27£02 300 70 25 200 | 175 | [120,300]
160 12 | 159+46 19402 | 84139 | 12£08 1815 27£19 122507 !
200 13 | 178450 22402 | 94£42 | 12408 18L15 32421 8AL05 400 90 25 300 175 | [120,400]
100 20 | 238464 35105 | 141£58 | 11408 19£15 35121 25+01
> T T T T I T T T T I T T T T I T T T > T T T T I T T T T I T T T T I T T T T
3 [ e data MDY CMS\s=7TeV 8 | e data MDY CMSN\s=7TeV
e m.=130  top L=46fo" put — m=130  top L=4.6fb"
0 ww Ewzizz O-jet | 0 60 ww [l wz/zz 1-jet
=~ Wijets -~ i ; 1
0 | W | 7 | Wijets |
Q0 ()
= L . = L _
c | | —
o 40[ _ S 401 -




H > WW-Ilvlv: Boosted Decision Tree Analysis

~ [ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ] ~— [ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ]
o | *data MDY CMSNs=7Tev | O | *data MDY CMSN\Ns=7TeV |
> — m=130  top L=461f" P — m=130  top L=461fb"

2 -t oww Ewzizz  Odet, efelutw 2 Fww B wzizz et efeluty

£ 40F W W+ets 4 € 40} MW W+ets .
() ()

e s e esmmEREEE == no significnt deviation
BDT Classifier BDT Classifier from background
expectation observed
~ I I e L e
o < data MDY CMSNs=7TeV o < data MDY CMSNs=7TeV
; | — m=130 top L=46f" ] ; | — mg=130 top L=46f0" |
Ko roww Ewzizz  Oet, e'uipte Q Foww B wzizz et efuinte
"E 40 - W W+iets { . "E' 40 B W+ets -
(0] | () |
20 201 + =
-AM
0 0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
BDT Classifier BDT Classifier



H>WW-Ivlv Background Estimation

signal region (SR): 2 tight leptons, small m,, veto on top-tagged events

W+jets and multijet with ,fake” leptons: Az~35%

define control region (CR) with 1 tight (tf) and 1 loose (l) lepton
determine ¢, from independent sample with non-prompt lepton
weight events in CR by €5, / (1- g5 )

top quark production:Ag5~10 to 25%
CR= top-tagged events determine g, ., from top enriched b-tagged sample
SR=CR x (1

~€top-tag) le top-tag

WW production (for M<200 GeV, otherwise from simulation only):Ag~10%
CR=m;>100 GeV SR=k,,c CR

““““““““““
| *data MDY CMSNs=7TeV |
— m=130  top L=4.61"
| Cww Elwzzz 1-jet |
| B W+jets

D
o

Drell-Yan: Agg~50%
CR =|m-M,|<7.5 GeV subtract non Z background

entries / 5.0 GeV

IS
o

SR = kyc CR from eu sample 2 M%f |
ﬁ""'-ﬂf; - :
other backgrounds (WZ,ZZ, Wy) from simulation % s 100 150 200

m, [GeV]



H>WW-=Ivlvy Uncertainties

background yield: 15% (stat. uncertainty in CRs, dominated by WW)

signal efficiency: 20% dominated by theory uncertainties

ppH+X->WW+X-lvlv+X MRST2004
My/2 € pp=pp S 2My My=165 GeV
5[ selection cuts 7]

WW + 0 jet: Veto jet of p>30 GeV
WW + 1 jet: 1 jet of p>30 GeV
WW + 2 jet: 2 jet of p>30 GeV - VBF like

1 1 !
20 30 70 100

50
Pr° (Gev)

: . . 005, | +12-7%
Theoretically best computation for incl. o, 0.,, 0., - -~
a B 0>1 + (0]
9 O~=0 -0 ; O.=0_.-—- 0 : (0] =
0 total ¥ >1 1 >1 >2 >92 50., 130%
- correlated uncertainties on jet bin cross sections 97“(—)8)
with size between 10 and 30% (_LO)O




ATLAS Py (M7, UF, BF, u)=61.2,33.1,17.8, 11.6 GeV
[IEXPERIMENT  m,= 89.7 GeV, mgy,=24.6 GeV
ttp://atlas.ch

m ,,= 124.6 GeV

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST

Events expected to be produced with L=1fbt  VErY tiny cross section -
thus high efficiency must be conserved

120 127 1.5 43
150 390 4.6 16 Very clean final state:
300 89 3.8 0.04

4 high pt leptons, isolated from primary vertex

M. Schumacher Search for SM Higgs Boson at LHC

Neckarzimmern, 22 February 2012



M., versus M., and Lepton p;-spectra

lowering the p-thresholds increases

—_
pury
o

N
=i signifcantly the sensitivity to low mass
0] .
O o Higgs boson
ENao— £ T
70° >10000| Usortedbyp
£ [ m, =120 GeVic? i
60 § 8000} -
50 : so0o] )
o R o R 11:. " :
3 = =
: 3 o 20 40 60 80 ;[&v;glo
3 My = 120 GeVic? | '
e Tt challenge: lower the p-threshold as much
ol At e i O By as possible but retain good separation and

GeV/c?
bl understanding

Trigger: 2e 12 GeV or 1e 20 to 22 GeV or 2u 10 GeV or 1 u 18 GeV
Offline: 41 p>7 GeV, 2| with pt > 20 GeV
Z1: IM,,-M,| < 15 GeV my (G&V) <120 130 140 150 160 165 180 190 >200
22 M12 <ZM < 11 5 GeV may threshold (GeV) 15 20 25 30 30 35 40 50 60

. min 34




Irreducible Background processes

Irreducible background: qq>2ZZ") >41 gg—>2Z() >4l

! “”W“”“”<u. : «  precise reconstruction

t . 1 - of My, and M,

A 4

estimate from MC simulation (uncertainties as for signal):

qq—~ZZ—~41 qq—ZZ—~41 gg—~ZZ—4 = gg—~ll—4l

crosscheck: normalisation to Z=>Il rate in data

Events /(1)

g & 8 M B

qq—=ZZ—>41 ge—>Z7—41 YA
Onio +07, X E\vic X NZ—’” =
o,q§—>Z—>21 P data 3
NNLO MC L

luminosity uncert. cancel in the ratio the
TH uncertainties ~ 10%

(PDF4LHC prescription + QCD scales)



Reducible Background Processes

Reducible background: Zbb/Zcc, and tt pair production.
i.e. semileptonic B(D) decays
Leptons inside jets, from secondary vertex

lepton

Instrumental background:
QCD and Z/W+light jets. Events with jets faking leptons (mostly electrons)

> \‘\\\\7 LI B B B

L™ 7 > Frr T T
© 40 * DATA © | * DATA
O Mz ATLAS O30 mzz" ATLAS =
o 351 [l Z+jets B 8 - I Z+jets,ff
‘2 30:* % Syst.Unc. E %25; % Syst.Unc. ,
(% C - r .
s H-zZ" 41 1@ ook H-zZ" 41 ]
- [Ldt=4.8fb" ] F [Ldt=4.81b"
20 Ns=7TeV = 5 Ns=TTev ]
15 - g
g 10 .
10 - r
5 - S E
o- 0

70 80 90 100 110 20 40 60 80 100 120
my, [GeV] ms, [GeV]




Signal: Mass Resolution and Efficiencies

% kxxwx{xwxx{xwxw[xwxw[xwxw{xwxw{xwwa %0.08£TTT[TTTT[TTTT[HH[HH[HH[HT% %0.095xxx[xwxw[xxxx{xwxw{xxwx[xwxw{xwij
o 0.1F ATLAS Simulation | 00.07- ATLAS Simulation E Q0.08- ATLAS Simulation 3
o ] o r ] o E 1
~ [ * m=-130Gev ] 0.060 _* mi=130Cev = ~0.07F ® m,=130Gev E
350.08~ — Gaussian fit — = Gaussian fit 1 S C Gaussian fit ]
I 1 % 055 E ©0.06F =
L Hozz"sap ] F H-2Z">4e 1 0 05é HozZ" 2620 E
0-08- ] 0.04/- ; o ]
i F ] 0.04F =
0 04; 6 =(1.98+0.03) GeV N 0.03-°= (2.53+0.06) GeV 4 F ©=(218£0.03) GeV E
“¥ 7L fraction outside * 26: 15% i r fraction outside + 2¢: 18% 1 0.03[ fraction outside + 26: 17% -
[ ] 0.02 { E 0.02" ¢ |
0-02% - C *# 1 E : E
: . ] 0.01- ¢ E 0.01- s -
L ! ! B C ] C ]

QO 90 100 110 120 130 140 150 30 90 100 110 120 130 140 150 %o 90 100 110 120 130 140 150
My [GeV] Meeee [GEV] Myep,, [GEV]

Signal:

Efficiency: 4e/4u/2e2u 14/27/18% at 130 GeV  (45/60/52% at 360 GeV)
Mass resolution: 2.5/2.0/2.2 GeV for 4e/4u/2e2u at 130 geV

For M, ,>350 width dominated by natural width of Higgs boson

Systematic uncertainties:

u efficiency: 0.2% e efficiency: 2 to 8%

e energy resolution: 0.6% on M,, in 4e channel

+ theory uncertainties from total c and modeling of signal in simulation



Estimation of Reducible Backgrounds

Z+jets control sample: full selection w/o isolation and impact parameter
requirements on leptons building m,, pair

Z+uu: dominated by Zbb and Zcc (subtract Z+light jets by applying fake rate)

T T T T T T T
501 ATLAS m o7 A =

T
ATLAS

= 2
f
3 . =%Elight jets 1 8 10°= — Data allpn
- pru/e’e + upn M nb ] E e Data Q—n E
£40- [Ldt = 4.8 fb™ Egvz - 10%¢ = MC Q—p -
:>j r \s =7 TeVv 7z Syst.Unc. ] 1045 # Syst.Unc.
30~ - B
o ] 10° J
20¢ = 1025 ]
n ] F [Ldt=4.8fb" ; >
100 . 102 "Us=7Tev %
; 1L 5 | ; | >
0"20 30 40 50 60 70 80 90 100 110 Nadgitional Muons
mg, [GeV]
>4C“\ [ D L L B L LA L DL
§35 ATLAS ég%-l;Aht jets ]
. 1 1 1 = ‘u/ee + ee s 1
Z+ee: dominated by Z+ light jets 2ok b aomr  BEY o
L?>J)25 \Ns =7 TeV 7z Syst.Unc.
20
15
for both extrapolate from CR to SR °
' %
uncertainty 45 and 40% 5
O ___________________________

20 30 40 50 60 70 80 90 100110
my, [GeV]

top pairs: control region M,, from eu + M,, from same flavour
confirms normalisation from simulation



Results: H>2Z2->4l

> ( T T T I T T > = T T T T I T T T I -
8 101 i Béc-:rlf round ATLAS 8 i ATLAS i
| = Signa (m =125 GeV) ] 12 e DATA _
O = Signal (m =150 GeV) T © T @ Background ]
£ T mmSignal (m =190 GeV) T % L mm Signal (m =190 GeV) ]
S 8 » Syst.unc. 1 £40L mm Signal (m"=360 GeV) _
o L i 10
> d>J - @ Signal (m =520 GeV)
YL Hezzoa ]oa 77 SystUne.” ]
6 [Ldt=4.8 o 5 n H—zZ") 4l g
I \s=7TeV . - [Ldt=48f0" -
4__ - \s=7TeV ]
2 g 5
0 [ il
100 150 200 250 200 400 600
m,, [GeV] m,, [GeV]
prp ete ptpT efeete”
Low-myy High-myp Low-myy High-myy Low-myy High-myy
Int. Luminosity 4.8 fb~1 4.8 fb~1 4.9 fb~1
YAAS 2.1 4+0.3 163 +24 28+06 2524+38 12+03 104+1.5
Z+ jetsand tt  0.16 £ 0.06 0.024+0.01 14405 0.17+0.08 1.6+0.7 0.18+0.08
Total Background 2.2 + 0.3 16.3+24 43+08 254+38 28+0.8 106+ 1.5
Data 3 21 3 27 2 15
myg = 130 GeV 1.00 + 0.17 1.22 + 0.21 0.43 £ 0.08
myg = 150 GeV 21+04 29+04 1.12 + 0.18
myg = 200 GeV 4.9 + 0.7 7.7+ 1.0 3.1+04
myg = 400 GeV 2.0+ 0.3 3.3+05 1.49 + 0.21
myg = 600 GeV 0.34 + 0.04 0.62 £+ 0.10 0.30 £+ 0.06

Data: 71 observed
4u/2e2ulde: 24,30,17

Background exp:
629

4u: 19+3
2u/2e: 3015
4de: 13%2

M,<190 GeV
obs.: 8 exp 9.4

M,>190 GeV
obs: 63 exp: 52.3



Very Low Mass Channels (M, ;<130 GeV)

= 10E | , | | e
S £ Ns=7TeV SM R
&
P 1§_ WW — Fvgq 3 i
@)} E E ~
10777 ‘ WW — IIv S
- .' 77 - I'Tqo :
10°¢ \ ZZ — I'vv >
- H— 't B N
5 ZZ — [T -
10 = ‘\‘ VVBF Ph— v I=e’l’l’ =
E IVH — Fvbb\ ™. V = Ve,V Vy
ZH — I'lbb N q= udscb .
-4 Lt
10100 200 300 400 500
M, [GeV]

H->vyy H->tt (mainly VBF) VH,H->bb




signal topology: 2 isolated photons

ATLAS o r vt A e
| S%%/AMAS

Trigger: e

2y E->20 GeV ‘ e

Offline:

E-(1)> 40GeV

E-(2)> 25 GeV

M. Schumacher Search for SM Higgs Boson at LHC Neckarzimmern, 22 February 2012



H-> 2 Photons: Background Suppression

TOT

1]

R2

reducible: y-jet , 2jet-jet q Ty
g m—%ﬁi%
q

—> discriminate photon from jet
ID efficiency = 65 to 95%
(E; 25 to 80 GeV)
rejection of jets R ~ O(8000)
isolation: E< 5 GeV in AR=0.3
e2=87%

q —P—WY

irreducible: yy

q —P—"\I\J\MY

- excellent reconstruction of MW



H-> 2 y: Mass Reconstruction m? ,=2 E, E, (1-cosx)

energy E

from Z, J/y > ee, W-> ev data +MC:

- energy scale at m, known to
- linearity better than 1%

- “uniformity” (constant term of resolution)

1% (barrel) -1.7 % (end-cap)

opening angle a

1.- Measure
9_ photon direction

2.- Deduce z of PV

3

> 200>_<'1(')"|""|""| """"" LA L LN
3 180 ATLAS Preliminary =
- = Data 2011, \s=7 TeV, J.Ldt =46 -
5 160- E
5 1 40 Ouaa=1.76 0.01 GeV -
~ 05% ] 120:_°Mc-1-59i 0.01 GeV i|<2.47 -
= -+ Data =

1005 — Fit result 3
80— [(JZ—eeMC —

60~ -
40— —
20— —

s_a 1111 1111 I 1111 I 1111 I I 1 [ T -
90 75 80 85 90 95 100 105 110

mee [GeV]

select primary vertex (~10/BX in 6 cm ) via
a) non converted photons:

intersect of photon direction from

1st and 2" sampling with beam line
b) converted photons:

impact in calo. and conversion vertex



H-> 2 y: Mass Reconstruction m? .= 2 E, E, (1-cos«)

1/N dN/dm,, / 0.5 GeV

robust against pileup

LI I LI I T 17T I T 17T I LI I LI I LI I LI I LI I T 17
ATLAS Preliminary
(Simulation)

gg— H-vyy, mH=1 20 GeV

e ey b b by by
Pio 112 114 116 118 120 122 124 126 128 130
m,, [GeV]

mass resolution 1.7 GeV
80% in +-1.40 window

)
et/z

Ocp Ocp

t = (myy —mp — Omy )/ OCB.

ift>—0cp
(1B i e/, ("B —qeg—1) ™3 otherwise

1/N dN/dm,, / 0.5 GeV
o

1/N dN/dm,., / 0.5 GeV

contribution to resolution
from o negligible

L A s o L O L
| ATLAS Preliminary
(Simulation)

01 __B*=1 m
- gg— Hovy, m =120 GeV

Q
L
<%
@)
o
=]
<
kel
=}
=2
=]
«Q
coc v b b b b

AT . - S .
910 112 114 116 118 120 122 124 126 128 130

m,, [GeV]
0.0 [N BRI L
0.08C- ATLAS =
£ (Simulation) 3
0.07F Gep=17GeV =
= Hoyy E
006" m,, = 120 Gev FWHM = 4.1 GeV 3
0.05F =
0.04F =
0.03F =
0.02F =
0.01E =
E | deete?® | | .

Q067705770 115 120 125 130 135" 740

my, [GeV]



H-> 2 Photons: Inclusive Mass Spectrum

inclusive mass spectrum (gg;qn,~39%) 22489 events

Events / GeV

Data - Bkg

900 LI .

800

700

600

500

400

300

200

100

I T T T T I T T T T
Selected diphoton sample

| T T T T | T T T T | T T T
Data 2011

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

ls=7 Tev,J Ldt=4.9fb"

H|-IIII|IIII|IIII|IIII|IIII|IIII|IIII_

m,, [GeV]

G| L1015 0 15 1015 14016

oxBRA G4 BOK DT DG
onelevents 69727269 65 38 30 41 31
Fcey (7 31 35 M 85 71 91 % % 8

background shape described by a single exponential (no simulation used)
(checked with double exponential and 2nd order Bernstein polynom)

syst. uncertainty: difference in 4 GeV window between exp. and MC prediction



H-> 2 Photons: Sample Composition

from double-sideband ,A=B*C/D*“ method

Identification cut

Leading p; photon

Control Control region

region
Leading p_ photon B
fails T MA M

Signal Control region

region
Leading p_ photon B
passes T NA N

PRI B S
- 0 10 15 20 25 30 35

Identification cut

E (1,)[GeV]

Subleading p; photon

L L B N NS B O
Control Control region
region

Subleading p_ photon A B

fails T M M
Signal Control region
region

Subleading p_ photon A B

passes T N N

| 1 | il 1 L 1

EF (1,)[GeV]

dNidm,, [GeV/ |

——————————
900 imi
ATLAS Preliminary e yy+DY data
800 Data 2011
Vs=7TeV, [ Ldt= 4.9fb" —— vj data
700 gt
—_— ata
600 ++++++ 1]
++ —}— Statistical error
500 +++++++ Total
otal error
400 tat gt
i,
300 + ++++++ +
4 44744
20044+ Frottty L bes
+ ‘HH+++++++¢++++++ + e E
100 Ak . ++++“.+¢++++++++m+,.++“+,“,_:
) S e i M e o i YOO D
100 110 120 130 140 150 160
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~y vj i Drell-Yan
Events 16000 + 1100 5230 4890 1130 + 600 165 £ 8
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@ 20000F 3
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ATLAS: H-> 2 Photons - Analysis Optimisation

enhance signal/background ratio
and mass resolution by splitting
in 9 categories:

converted/ non converted

central / foward/ transition
low high p;7 > ()40 GeV

P

Tt

P

60—

VY
pT
1
T thrust axis

50

RARSNRARY

40

Events / 4 GeV

30

20

+

ATLAS

10

(s=7TeV, J Ldt=4.9fb"

Unconverted central, high P,
e Data 2011

Exponential fit

+

oo "T0

P R
150 160
m,, [GeV]

P R B
120 130 140

Category occg FWHM |[Ng Np| S/B
Unconverted central, low pr¢| 1.4 3.4 9.1 1763} 0.05
Unconverted central, high pp§ 1.4 3.3 2.6 235)] 0.11
Unconverted rest, low pry 1.7 4.0 Q7.7 6234 0.02
Unconverted rest, high pp¢ 1.6 3.9 4.7 10064 0.04
Converted central, low py 1.6 3.9 6.0 131§ 0.03
Converted central, high py 1.5 3.6 1.7 184] 0.08
Converted rest, low pry 2.0 4.7 Q7.0 7311 0.01
Converted rest, high pt¢ 1.9 4.5 4.8 1072 0.03
Converted transition 2.3 5.9 8.5 3366| 0.01
All categories 1.7 4.1 2.1 22489 0.02

120~

100

Events / GeV

80

[s=7TeV, j Ldt=4.9fb"

Converted transition

e Data 2011
—— Exponential fit

601
40F
20 :— ++ ]
L ATLAS i
PR SR S TR SR NN T NN TR N T TN (N SN T TN T AN SO SO SN S N SO S N
P20 10 120 130 140 150 160
m,, [GeV]



ATLAS H- 2 y: Systematic Uncertainties

I%nal event yield

Photon reconstruction and identification +11%
Effect of pileup on photon 1dentification  +4%

Isolation cut efficiency +5%
Trigger efficiency +1%
Higgs boson cross section (scales) 2% Category Events
Higgs boson cross section (PDF+ay) +8% Unconverted central, low pry 2.8
1ggs boson pp modeling 1% Unconverted central, high ppy  £0.1
Luminosity +3.9% Unconverted rest, low pry +5.9
Signal mass resolution Unconverted rest, high pp +0.7
Iaa%orimeter energy resolution +12% Converted central, low py +1.8
Photon energy calibration 0% Converted central, high py +0.1
Effect of pileup on energy resolution +3% Converted rest, low pry 479
Photon angular resolution +1% Converted rest, high pr, 10.8
Signal mass position Converted transition +1.7

Photon energy scale +0.7 GeV

Signal category migration

Higgs boson pt modeling +8%
Conversion rate T4.07%
Background model + (0.1 — 7.9) events




CMS: SM H->tt with 4.6 fb-! (110-145 GeV)

t2evw 18 %
2uvwv 17 %
T2TqV 65 %

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

® mu + had

¥ e + had
T e+mu

mu + mu

— im0y

He+e
® had + had T P,Vs =70 GeV
M P; =20 GeV
3.0% Missing E; = 97 GeV
three combinations of B Visible Mass(rt) = 75 GeV
decay modes considered > e TI (ji) = 580 GeV

An (j) = 3.5
M+Thag » M+Thyg  UFE€



CMS: SM H>tt with 4.6 fb! (110-145GeV)

1.05
1.04¢

select T decay products s
1.02¢ ! 1 ][
- Thag €NErgy scale A=3% o —+ ——tt

0.99F —e— Data/MC

;‘+
Scale

- Thoq Efficiency A=6% og T oot

0.97f oo
0.96}
0.95

T decay
Inc  1+x° EB 1+n° EE 1+n° 3n

backgrounds:  reducible ------------—--- -~ —> irreducible
vor VBF
q %
g
i q
q Z
Z jj (QCD)
500xsignal 10000xsignal 17xsignal

kinematics, colour flow,... mass reconstruction



CMS: SM H->tr examples of topological cuts

[22)
=18000
2
L1 6000
14000
12000
10000
8000
6000
4000
2000

e(u) t,,4 Channels:
M.(LMET) <40 GeV
-> suppress W backgrounds

eu channel:
projection on bisector of tau decays 2 000
=>
Ll
4000
Transverse i
Plane ) Pp=pra-C+pra-0+Er-C 3000
PYS = pr1-C+pra-C
Fead D Vvis 2000
E P,
---------------------- i 1000

B s P; — 0.85P¥™® > —25 GeV
T 2

CMS Prellmlnary 2011 4 6 b \l_ 7 TeV
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H i 5x SM H(120) —» =t
[ 1z—>=<
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[ acb
| —

TuTh
T

100
M. (11, MET) [GeV]

CMS Prenmmary 2011 4.6 fb TNs=7 TeV T.T,

—IO— Observed ;
{31 5x H(A20)>Ttt
1zt

I

B Electroweak
[ Fakes

-100 0] 100
- 0.85 vVis [G
P, x py [GeV]

-200



CMS: SM H->tt categories

optimize sensitivity by splitting in jet/topology categories

—> past has shown: VBF has highest sensitivity

but all production modes considered: gg—->H, VBF, W(Z)H, ttH

VBF Boosted
—
/Z
->--H
W/Z
>
VBF
>= 2jets >30GeV
An>4, M;>400GeV BOO_STED
No additional jets with P;>30GeV One jet P;>150GeV

In the rapidity gap

0/1 Jet

0/1 Jet
at most 1 jet with P;>30 GeV
if 1 jet, then P.<150 GeV




CMS: SM H->tt VBF selection

v

\

exploit different colour flow

A
T

CMS Prellmlnary 2011, 4 6 fb \!_ = 7 TeV 1,
I —

0 Observed
[T 5x SMH(120) —» =t
| Z—>TT

Electroweak
QCD
tt

220
200
180
160
140
120
100

Events

] !"'!

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIrI‘lllll

'
3

/o do/dy

Events

veto on 3rd jet btw. tagging jets

0.30 p—

T B e o A mnam

- D. Zeppenfeld et al., Phys.Rev.D54:6680 (1996)

QCD blkgd

-I!IIIIII|IIII|II\I|III\

CMS Prellmlnary 2011, 4 6 fb \f— = 7 TeV T,

Ny =13 — 1] = 1j3 — 5
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200

150

100

50

1 1
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/1 Qcb

I—

1000
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Mass Reconstruction: Missing Mass Calculator

Elagin, Murat, Pranko, Safonov, Nucl.Instrum.Meth. A654 (2011) 481

idea: also fully reconstruct t 4-vectors - invariant di-tau mass

assumption: MET only from neutrinos
lep,

tt—~>had had 2v: 6 unknowns 2x (px,py,pz) T vy
tt>lep had 3v: 7 unknowns: 2 x(Px,Py,Pz) +m,, z \
tt>lep lep 4v: 8 unknowns: 2 x(Px,Py,Pz) + 2x m,, T, <: Vo Vige

lep,

four kinematic constraints (non linear equations)

2 MET,,, from vs only 2 m_constraints

- need to assume 2 to 4 values for neutrino momenta to solve equations

scan phase space and solve equations for each point



Missing Mass Calculator
calculate probability for each phase-

scan phase space
solve equations for each point space point to stem from 2 tau decays

[2]
Tt
71 Ag, €(-05,0.5) g10°;
1T} -
Priss1 = Puisa +Ag, i
10°
> 102 S E
n E ;
A, €(—0.5,0.5) 10E =
Driss1 = Pris 1 +A¢1 E E
10 01 02 03 04 05 06 07 0.8
AR

phase space weight = P(AR;, pr1) x P(ARy, pra) x P(AFr,) x P(AFr,)

includes weight for MET resolution P(Fr, )= ( (AEFz,y)Q)
B




Missing Mass Calculator

nits

Arbitrary u

distribution of weighted mass choose the mass bin with
solutions for one event highest weight sum
AR RN R AR RS R RERRNRARRNRERRE N g L L R S
0.18 Reaiisic resoluton, 1 event — hadhed channel £ 900 H-str, lep-had channel, My=115 GeVic?
CH-1t, M =115 GeV/c ] — o
A4 e ---- lep-had channel ] o Missing Mass Calculatcr
014 Bres10 Gevie 10 Gev o« leprlep channel g e =+wemes Callinear Approsimation
0.12- 3 £ 1700
- - -
o x E < 600 :
o B Elagin, Murat,
0.08]- E
: . Pranko, Safonov
0.06 E .
: arXiv: 1012.4686
5 300
0.04 E
F 200
0.02- 7
Lo : 100
766570 110”120”730 14010 o NS S S
GeV/c: 0 5 100 150 200 250 300 350
M, (GeV/c) M, (GoVic

ATLAS and CMS are using a similar method CMS: o\,/M ~21%

no detailed comparison for VBF topology btw. collinear mass and MMC



CMS: SM H>xtt Mass Distributions and Event Yields
VBF Boosted 0/1 Jet

55 CMS, \s=7 TeV,L=4.6 fb' All channels 20 CMS, \s=7 TeV,L=4.6 fb! All channels CMS.\S=7TeV, L=4.6 i
r— . T T T T T T T T T — T T T T T T T T T T s= eV, L =4. All ch: |
% [ I e (5%) H—>tt :nH=1zo: % 18 I e (5%) H—>tt :nH=1zo ;- ——T T -(5 .) H T c, b
[ —e— observed —e— observed === (Ox) A—=Tt my=120]
g 20 - E Z—Tt E g 16 i E Z—1t 3 10° F El ;bserved -
—_ .U o tt ] — tt F T
Eﬁ L 1 B clectroweak EF B clectroweak = - [l
- 3 multijets ] 14 3 multijets E‘: B clectroweak
g 15 i VBF Category — g 12 Boosted Category =) ) multijets
S L H B S E 1 02 0/1-Jet Category
10 o
8
6 4
10E
4 :
2
%0 100 200 300 0o 100 200 300 1) ISP PN SOV
[GeV] [GeV] 0 100 200 300
e
M Mec m,, [GeV]

Signal 61 1412 18020
Background 14010 1050170 830004000

largest background Z->tt - estimate from “embedding”
WH+jets, multijet with fake ts - use events with same charge sign



Estimation of Z- Tt via ,,Embedding”

©® Z->tt: Z2>un same topology in collinear approximation
apart from energy deposits of myon and tau lepton decay products
BR(H->uu) negligible - signal free

¢ select Z->uu in data
& replace u in data with T decay from simulation

€ re-reconstruct event (e.g. MET)

Advantage:
- underlying event - pile up
- detector noise - fake MET

from data itself



Z-pu + jets event (,,data”)

combined muons ~——————____

. Schumacher

Search for SM Higgs Boson

Z-tr-eh ,mini event”

hadronic T decay

electron

\
&
o
o

€Tjoq + WThag channels ATLAS Preliminary

\V)
o)
o

—¢— Embedded Z/y* — p

-Z/’Y*%’C’CMC

N
o
o

Events /10 Ge

i I \s=7TeV,ILdt=1.06 !

150 200 250 300
MMC m._, [GeV]

at LHC Neckarzimmern, 22 February 2012



CMS: SM H->tt Expected Sensitivity

beware: December expected limits, now ~15% worse (source unknown)

CMS Preliminary 4.6 fb™' \s=7 TeV = 35 ————
E T T T T T T T T l. .I T T . T T i w : . N :
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0/1-jet+VBF~0/1Jet+Boost
BR(H>thag) ~ 3.5 x BR(H=ew) significant improvement

lower P threshold and fake rate over inclusive analysis
foruw.rte



CMS: H>bb with 4.7 fb-! (110 - 135 GeV)

gluon fusion and VBF not usable, overwhelmed by backgrounds

—> associated production with weak gauge boson

bl g WY\ || [

/ 51‘4, m104 78\ \_ — —

HZ?W, PT225ﬁ3 P e H p-Zview H .2:3-tagged
92299 \ Ao (b, MET) 3.0 jets

b]e %% I+MET

Pr MET "

h\ \783) & 19/7’;/6’// ) -

o1y oo |

\\ \} \\\})/A\ y /’// /y

use topologies with large boost of Higgs (100 to 160 GeV on PT,,))
—> better signal-to-background ratio by supression of top backgrounds

mass resolution ~10%
5 subchannels: WH->Ilv bb ZH->1lbb ZH->vv bb (I=e,u)




CMS: H>bb with 4.7 fb-1 (100 — 160 GeV)

boosted decision tree analysis

T
. CMS

[o] — FroorporoT
g 4 2 10*c CMS
3107 Fs=7Tev, L=47 1" E 2 Z‘E?Z;e:fsh
S [ W(uv)H(bb) S 0Pk (e'e*)H(bb)
o 10°E < oo E
; 1025
102 AAAAA - E
S ok
10¢ . :
..... 1e
1 _ :
L
10‘1 _ 10 %
N 0.6 -0.4 0.2

- T T T
) 3 S10kcms ]
4.7 fb @ [Vs=7TeV,L=4.7 fb" ]
. $ 10° FZ(VHED) =
[T
E 102; _____ . E
] S "
10F o E
E 107 E
e b e b B I | E L
0 02 04 06 08 1

m,,, analyis

\\0

0.6

[ P ]
-08 -06 -04 -02 O 0.2

. BDT output
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70 CMS ® Data
Vs=7TeV,L=4.7fb' — VHA25GeV)
’ — vV
60F PP — VH; H— bb Bl VH(125 GeV)
C—wvv
Tz +bb
[ Z + udscg

Events /15 GeV

no siginficant excess
signal/background ~1/10

backgrounds from various control regions: uncertainty 10 to 35%




Additional high mass channels

1 O = T T T T ;
= s =7TeV SM -
1= WW — Fvag E
1ok ‘ WW — I'viv S
S 77 — I1qQ :
102 ZZ — I'Tvv e
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- MWH — Fvbb\ ™. vV = v Vi Ve
ZH — I'lbb N q-= udscb .
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M, [GeV]

ZZ->llqq ZZ-2llvw ZZ->llkt WW->Ivqq

LHC HIGGS XS WG 2011



H>ZZ->I1lvwand Z - |l qq

nent at LHC, Cl
:Thu 8 23: 2 T
659 / 21497971
] a 4

M= M, + 15 GeV P, > 55 GeV
MET, b-veto, veto 3™ lepton

final discriminant: transverse mass

1

- (\/pT(%)2+M(€€)2+\/E%“552+M(%)2) (vl 25

c\/

Jet: 207
Jet: 114 GeV

e: 114 GeV

e: 177 GeV,

M2|2j = 580 GeV

one or two Z candidates, no MET
separate in 0,1,2 bjets,

final discriminat M,,,
mass resolution~10GeV



CMS: H>ZZ-> 1l vwand Z - 1l qq

so T
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Interlude: Methodology of Hypothesis Testing at LHC

only basic ideas, for details and technical issues see:

1 1 I Glen Cowan, Kyle Cranmer, Eilam Gross, and Ofer Vitells. Asymptotic formulae for
prOflle IIkeIIhOOd likelihood-based tests of new physics. Fur.Phys.J., C71:1554, 2011.

Eilam Gross and Ofer Vitells. Trial factors for the look elsewhere effect in high en-
IOOk elseWhere eﬁ:eCt ergy physics. The European Physical Journal C - Particles and Fields, 70:525-530, 2010.

10.1140/epjc/s10052-010-1470-8.

CLg method

A. L. Read. Presentation of search results: the CLs technique. J. Phys. G: Nucl. Part.
Phys., 28, 2002.

A. L. Read. Modified frequentist analysis of search results (the CLs method). in Proceedings
of the First Workshop on Confidence Limits, CERN, Geneva, Switzerland, 2000.

Thomas Junk. Confidence level computation for combining searches with small statistics.
Nucl. Instrum. Meth., A434:435-443, 1999.

LHC combination procedure  srrpryspus2oiiii - CMS NOTE-2011/005



Basics of Hypothesis Testing

Specify what are you looking for: obervation or exclusion of signal

Phrase null hypothesis H, as opposite to what you are interested in

as you can only falsify/reject hypothesis but not approve them

Observation of Higgs - H,: no Higgs, only SM background processes
Exclusion of Higgs = H,: Higgs and SM background processes

Quantify agreement with H,

by choosing a test statistic t

(any function of your data)

at LHC: perfect agreement t=0
deviation t>0

Get probability densitiy function for
t=q, and calculate p-value

Po = /OO f(q0|0) dqo
q

0.0bs

f(q,|0)

qD.obs

p-value

/

%



P-Value, Significance and Confidence Level

if p-Value < predefined value (signifcance level, error of first kind)

then reject null hypothesis

convention: for discovery require p-value (BG only) <2.87x107
for exclusion require p-value (Higgs+BG) < 0.05

p= —F€ dx=1-®(Z
Z 2 ( )

p-value / = (D—l (l _p)

|
k—Zo— X

p-value can be translated in significance via Standard Gauss pdf.
a significance of 5 (1.64) corresponds to P= 2.87x10-7 (0.05)

if p-Value is x then one says ,this hypothesis is
excluded with a confidence level of CL=1-x"
the frequency of false exclusion (error of 1st kind) is x.



Choices to take and optimal test

Decisions to take:

|) test statistics t = ratio of (profiled) likelihoods

ii) how to deal with syst. uncertainties = nuisance parameters + profiling
iii) derivation of pdfs for t under hypotheses - often asymptotics usable

mediq ju'] fixing the significance level a for H,
fa,h) I.e. for p-value < a reject H,

_best test maximizes power of H,

w.r.t. alternative hypothesis H,

f(d, )

/

without systematics best test is given by the Neyman-Pearson-Lemma:
best test statistic = ratio of likelihoods under simple hypothesis H, and H,

typ = L(data | signal+background) / L(data | background)



Test Statistic at LHC: Ratio of Profiled Likelihood

H- 5(9) signal yield and shape of final discriminant 0 = Y - Ogm

b(@) background yield and shape of final discriminant

g, estimate for nuisance parameters ¢

—> parametrize systematic uncertainties on yields and shapes from
e.g. efficiencies, theo.o, extrapolation from control to signal region

contrained from data via auxilary measurements p(80)

Complete likelinood function is given by:
L(data|u-s(0) +b(8)) = P(data|u-s(8) +b(8)) - p(0]0)

Fix u only under null hypothesis H, and estimate it from data via
maximum likelihood method under alternative hypothesis H,

~

L(,LL, é) ,ﬁt fixed under H,

)\(M) — - 0 maximum likelihood estimate under H,
L(,U, 9) . @ maximum likelihood estimates under H,




Ratio of Profiled Likelihoods: Simple Example

Assume: simple counting experiment in signal region SR with unknown
background expecation b (b is nuisance parameter)

Control region CR for background e.g sideband
yields in SR and CR related via SR =1/t CR
(t known, uncertainty would give additional nuisance parameter)

Observation gives: n events in SR m events in CR

Each follow Poisson distribution: 1 ~ Poisson(s+b) m ~ Poisson(7b)

n m
Common likelihood function: L(s.b) = (5 +0) o~ (s1b) () o~ Th
’ n! m!
Test statistic = ratio of profiled likelihoods: A
L(s.,b
(in nominator s is fixed under H, )\(3) — ( ’ A)
s=0 for discovery, L (§7 b)

s= nominal signal value for exclusion)



Profiled Likelihood Test Statistic for Discovery

H,: only background - u=0 H,: signal and background,
u parametrises strength w.r.t. SM Higgs predicton

test statistic qy M0) btw. 0: H, like and 1:H, like

(2 \0) >0

G = ) > q, between 0 and infinifity
0 i< 0:Hylike  >>0 H,-like

one sided test, only positive signal strength considered as deviation from H,

1

f(q,0)

Local p-value

107"

ATLAS+CMS |

(Toy Data)

o 102 | — 100
Po = / S (qol0) dqo m[GeV]
a

O,obs _



The ,,Look Elsewhere Effect” (LEE)

So far: local p-value/ significance = prob. to see such an excess at fixed M,
as we specified M, in the alternative hypothesis H,

o L(0,mg) - > -1
the = —2In 0 i = /tﬁx’obsﬂtﬁxm)dtﬁx Zie = 071 = pgy)

now ask: prob. to see such an excess anywhere in given mass range
- let mass be a nuisance parameter in fit of new test statistic

L(0) T Fltpe]0)dt
~ A float — oa oa
(M7m) P t tﬁoat,obs foat float

tﬁoat — _2111 L
Proat @lso called global p-value. calculation very cumbersome. lot of MC experiments

__ Pfloat trial factor ~ number of independent search regions

Ftrials = De in considered mass range.
X can be calculated approximately with little MC simulation




Profiled Likelihood Test Statistic for Exclusion

H,: signal+background - u=1

H,: background only

u parametrises strength w.r.t. SM Higgs predicton

test statistic q,;:

A
A

L 1(0,6(0))

120 2n(p) i<

for negative signal strength set it to 0 and determine then nuisance pars.
one sided test, only signal strength< u considered as inconsistent with H,

(a,0)

different test statistic then for discovery

here values ~0 are signal+background
like observations




The ,,Problem* with the Pure Frequentist Method

oo
P, = P(q, > (’jbeS | signal+background) = N f(q.ln, szs) dq,,
qp°°
Pure frequentist would stop and say: ,signal+background” hypothesis
is exlcuded with a confidence level CLg,gof 1- p,

,Problem®: Spurious exclusion of signals with no sensitivity (s<<b)

o F (3R large s

—» cyitieal rey'os\

J/C(i,.\OB

-~

A ?)»

signal+BG-like &< - BG only like, even less than exp. from BG only

by construction: probabilty to reject u if u is true is a
probability to reject w if u=0 is only slighty greater than o for s<<b.
—> probability to exlcude hypotheses with zero signal ~a. ,spurios exclusion”



A Solution: the CLg Method

Spurious exclusion caused by downwards fluctuation of background

—> penalize such outcomes in an ,ad hoc* way

106 3 CMS Preliminary \s=7 TeV L, =0-2-0.9 fb- &
Higgs Combination at m, = 250 GeV

10°} :._f(q )for signal+bkgd pseudo -data (u=2)
F —f(q )for bkgd-only pseudo-data (n=2)

[ —4a, observed (u=2)

l-p = P(qu>q0b5\background-only) = / f(qp\o,éng) aq,
ngs

B = Pl > " |simal+backgromd) = / 0,

q,‘is

Number of toys

CLs:pu/<1_pb> e }CM[)
Py

Caveat: p, ist not equal p,
different test statistic o 5 10 15 20

Test Statistic CL

If CLg<5% we call a u hypothesis excluded at 95% CL (but true coverage larger)

upper limit on u: adjust/find smalles value of u to value for which CLg < 5%




Comparison of Different Limit Derivations at 95% CL

simple counting experiment with a background expectation of 7 events

i B 5 i : : § s i T T T l T T l“,‘l T T l T T T l  —— T T ]
S 1 ‘ ]
“ - p—
> - .
S 12— ]
L - p—
P - p—

10— o
8— |
B Expected bkg. ]
6 e : 16% Exclusion Power 7]
- —— Feldman Cousins 7]
4 __ """ CI's+b __
= —— PCL -
2 [ = I CLs —
L P Y Bayesian ]
— —’" —i |
0 i SSSSSSss R ; [ i | i i | i | i | L L | [ ] | ] ]
0 2 4 6 8 10 12 14

Number of observed events

If CLg<5% we call a u hypothesis excluded at 95% CL (true coverage larger)
CLg and Bayesian limit with flat prior in signal rate mathematically identical
in praxis also very similar results for test statistics used at LHC (Tevatron, LEP)



Typical Exclusion Plot Looks Like This ...

nggs production cross sectlon we exclude divided by
the expected Higgs cross section in the Standard Model

= “Observed” (example data)
-===  Higgs excluded at 95% CL below this line

---- Expected without Higgs
. Expected region at 68% Confidence Level

0/0'

1 1 1 117

|
|

lIIIIIl

|:| Expected region at 95% Confidence Level

95% CL Limit on Ol
)

T TrTTTd

-1 Lo L IC ' e
10 200 300 400 500 600
E. Gross mass of Higgs [GeV]

expected limit: median value of u which will be excluded under H, BG-only
green and yellow bands are 68% (95%) confidence ntervals around this




Interpretation of Results is Threefold

3.

c L ATLAS 2011 J-Ldt~1.o4-4.9 o' . . )

2 s7Tev — Observed signal +background hypothesis exclusion:

E C ---- Bkg. Expected . .

el - o for each hypothetical signal mass

R s — - determine minimum signal strength u

1 which can be excluded at 95% CL
CL, Limits_:

i | S %74 background hypothesis compability:
2 Y evaluate p-value for each hypothetical
e ;,."""""""'"';;j;;;;'E"X;e';;;,";;;" signal mass - local p-\_/alue
o %/ —Obseved - + global p-value from trials factor

<3 |

compability with SM Higgs boson hypothesis:
estimate best signal strength compatible
with observation

— Observed
(c) [ -2In(u) <1

150 200 300 400 500 600

m,, [GeV]




First Combination of ATLAS and CMS on 18.11.2011

——— e B I == S S S CMS PAS HIG-11-023,
ATLAS + CMS Preliminary, \'s = 7 TeV | —— Observed ATL-CONF-201-157
L, = 1.0-2.3 fb"/experiment S5 Expected = 1o

V = \\\: NI N .:'::'.:'E::'.:: DRI ------- EXpeCted + 20

SIS P e enciudec

T I T RT

—_
o

based on data
recorded until
end of August 2011

[1111] Tevatron excluded
N wul o0 LHC excluded

95% CL limit on o/og,,

—

....... LEP (95%CL)
= my < 114.4 GeV

AR .......................... ................... i Tevatron (95%CL)

156 <my< 177 GeV

'1 | | Il 1 . Il 1 | 1 I: 1 | L 111
10400 200 300 400 500 600
Higgs boson mass (GeV/c?)

Excluded 95% CL : 141-476 GeV (exp 124 - 520 GeV )
ATLAS alone: 146-230, 256-282, 296-459 (exp 131 —-450 GeV )
CMS alone: 145-216, 226-288, 310-400 (exp 130 - 440 GeV )
max deviation with local significance of 30 (m,~144 GeV)



I ATLAS _______cms

channel Lumi Mass Range Sub Lumi  Mass range Sub
chan. chan.
H->vyy 4.9 110-150 9 4.8 110-150 5
H->tt 1.1 not incl. 4 4.6 110-145 9
H->bb 1.1 not incl. 4 4.7 110-135 5
H>OWW->Ivlv 2.1 110-300 6 4.6 110-600 5
H>WW->Ilvqg 1.1 240-600 2 === mmeeeeeee- -
H>ZZ->4l 4.8 110-600 3 4.7 110-600 3
H>ZZ->2|12v ---- = -==------ 4.7 190-600 8
H>ZZ->212v 2.1 200-600 2 4.6 250-600 2
H>ZZ->212q 2.1 200-600 4.6 130-164 6

225-600

CMS 42 channels + 156 to 222 6 ATLAS 26 channels in combination
correlation of uncertainties taken into account:
eg. luminosity, identification efficiencies, E scale and resolution, PDF, ....



ATLAS: Exclusion limits for H>ZZ->4l
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CMS: Exclusion limits for H>ZZ->4l

B i Vso7TevL=47 Lok CMS Ns=7TeVL=47fb

§T wmee w81 L @] M,>100 GeV:
3 ‘I “mmem ] S o { Data: 72
5 af & || : 512;‘ -Gy 1 BGExp.:67+6
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0-“ 2F
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0
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H>ZZ->4l Observed “Excesses’

@ 1 ;DMS Ns =7 TeV L=4.7;|3-1 CMS
g - local: 20 at 320 GeV
St Yy local: 1.50 at 126 GeV

—
Q
N

local: 2.50 at 119 GeV
global: <10 for M<600 GeV

10'3;

1.5 for M<160 GeV
| == wW/0O ma. uncertainties
= with m4c uncertainties 120 140 my[Gev] .
oA ——— + some more in excluded range
110 200 300 400 500 600
mu [GeV]
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local:
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H->2 vy : Exclusion Limits
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H->2 y: Observed ,,Excesses*

Local p
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max. deviation at my~126.51£0.9 GeV:
local p,-value: 0.27% (2.9 o)

global p,-value: ~7% (1.50)

expected from SM Higgs: ~ 1.40

Local p-value
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max. deviation at m, = 124 GeV:
local py,-value: 0.09% (3.10)

global p,-value: 3.9% (1.80)

fitted signal strength: 2.1£0.6 x SM



CMS H->yy from Dec 11 to Feb 12: New Dijet Class

T T T T T T T

m, = 124 GeV CMS, \/g = 7 TeV
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—ill— Single class

Dijet-tagged

Both photons in barrel, Rg“i">0.94
Both photons in barrel, Rg‘i"<0.94
One or both in endcap, Rg‘i">0.94

One or both in endcap, RJ""<0.94
L

Best fit oS/Sgm

/ RN / ....... "\
H : R S T e 2

LA N A7

—_

HHH[ T T T 1T TP TTTTTT 3\ TTTTIT

Local p-value
)

-t
Q
N

,,,,,,,,,,,,, i .30
10° Vv
Combined CMS \VUs=7TeV,L=4.8fb"
¢ Pseudo-data ensemble
104 e Dijet-tagged class
-------- Other 4 classes
e e e 40
110 115 120 125 130 135 140 145 150
my, (GeV)

Feb. 2012:m, = 124 GeV:
local py,-value: 0.09% (3.10)
global p,-value: 3.9% (1.80)
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ATLAS: Exclusion by Individual Channels
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CMS: Exclusion by Individual Channels
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Combined Exclusion Limits
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ATLAS: 2.5 o deficit w.r.t BG only at 300 to 400 GeV, global probability 30%



Combined Exclusion Limit: Low Mass Range
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Consistency with Background-Only Hypothesis
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Consistency with BG-Only: Low Mass
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Best Fit for Signal Strength w.r.t. SM Rate
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Current Knowledge about the Higgs boson mass

Indirect Prediction in SM
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the Standard Model still prefers a light Higgs boson

only M= 115.5 to 127 GeV not excluded
only more data can tell whether excesses are hint for a new particle
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Higgs production at low My, increased by 20% to 30% from 7 to 8 TeV center-of-mass
rough estimate: 0.8 fb-'@ 8 TeV aquivalent to 1.0 fb-'at 7 TeV

MORE DATA - 2012 run:
~ 20 fb-" of delivered luminosity needed to:
U achieve 50 evidence at m~ 125 GeV with ~ 3o per channel (ATLAS alone)
[ achieve 50 evidence down to ~ 116 GeV (ATLAS+CMS combined)

4 exclude my ~ 125 GeV if the excess is due to a fluctuation
“Contingency”: analysis improvements; Vs=8 TeV (~ 10% sensitivity gain)

(Fabiola Gianotti, Dec 13t)

M. Schumacher

Search for SM Higgs Boson at LHC

Neckarzimmern, 22 February 2012



2012: the year of the Higgs boson (or not) ...
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95% CL limit on O’/O’SM
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CMS: SM H>tt and H>bb Exclusion Limits
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CMS: H>ZZ-> Il vv and H>ZZ > |1l qq
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ATLAS: Limits for High Mass Channels
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ATLAS: H - vt and H->bb with 1.1 fb-1
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Comparison of Hypothesis Testing Techniques

LLR test statistics

Tevatron Ratio of profiled Extracted from  Nuisance
likelihoods priors parameters
randomized

from priors

LHC sampling of test statistic is frequentist, LEP and Tevatron Bayes-frequentist hybrid.
CL_ can be used together with any of these — must be specified! No longer sufficient to write

€.g. the CLs method was used”. Higgs Days at Santander 2011 (A. Read)




CMS: LEE from Local to Global P-values
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Figure 16 shows the probability of observing a minimum local p-value equal or smaller than
some predefined threshold. This probability is the global p-value. One can see that the global
p-value corresponding to the observed p,,;, =0.005 is 0.026, which implies a global significance
of 1.90. An example of a p-value scan obtained in one of the 500 pseudo-data sets is shown in
Fig. 17.
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CMS H—>2 Photons: November 2011
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CMS: H~ yy - Analysis Optimisation

enhance signal/background ratio and mass resolution by splitting in 5 categories:

converted/ non converted (Ry™"<>94) and barrel/endcap () > 4 classes

Sth class new since December 2011: VBF topology (2 jets, m;, An,...)
improves sensitivity by 10%

Both photons in barrel One or both in endcap Dijet
Rg"™ >0.94 | R{"™M <0.94 | R§"™ >0.94 | R§™ <0.94 tag
SM signal expected | 25.2 (33.5%) | 26.6 (35.3%) | 9.5(12.6%) | 11.4(14.9%) | 2.8 (3.7%)
Data (events/GeV) | 97.5(22.8%) | 143.4 (33.6%) | 76.7 (17.9%) | 107.4 (25.1%) | 2.3 (0.5%)
et (GeV) 1.39 1.84 2.76 3.19 1.71
FWHM/2.35 (GeV) 1.19 1.53 2.81 3.18 1.37
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Dec: 2011 Consistency with BG-Only: Low Mass
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(~ 1.40 per channel)

Global p,-value:
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1.4% (2.20) mass range 110 to 600 GeV

Max. deviation for m;~119 and 124 GeV

Minimal local p-value: 0.5% (2.60)

Global p-value
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ATLAS: Best Fit for Signal Strength in H-> 2 Photons
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