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Introduction Ul

 The search for the Higgs boson is a major component of
the LHC physics program
« Electroweak symmetry breaking mechanism (W and Z masses)
 Mechanism in Standard Model (SM) to generate fermion masses

— SM does not predict m,,, constraints from electroweak precision
measurements and direct searches at LEP and Tevatron
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Large Hadron Collider I

« pp collider at CERN ¥ £ T
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CMS

Compast

Gluon Fusion Vector Boson Fusion
q
W, Z
ql
Dominant Sub-dominant

Gluon fusion is the most

relevant production mode at

the LHC (pp collisions)

— |In contrast to associated

production (“Higgsstrahlung”)

at LEP and Tevatron
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Higgs Production @ LHC  l'lir

Associated Production

Z,W

K|

Small rate, but clean signature
(useful for H—bb)
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Key:
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The Search...
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CMS

Corrpact Mason Sclencis

e H—//—llvv

* Clean: leptons in final state,
Z mass constraint

« ~6 X BR(ZZ—4I)
e Larger acceptance (2/ vs 4l)

Search with CMS in 2011:

« Analyzed 4.6 fb"

o« H—/Z—llvv analysis
targets high mass Standard
Model Higgs (m,, > 250 GeV)

. Published in JHEP (DOI:
10.1007/JHEP03(2012)040)
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Select ZZ—Ilvv events:

(1) ee/uu pair consistent with Z—// decay
(2) large missing transverse energy (MET) from Z—ov

Backgrounds:

Analysis Strategy

- ZZ, WZ, WWw, Top, Z+jets

- H—->WW—lvlv treated as background
No Higgs mass peak! Looking for an excess over

background expectations...

Signal extracted in transverse mass (M,) of [[+MET system

2
M-Er — (\/;JT(H)E + M(f’f')z + \/E%ﬁﬁs2 + M[{'ﬂ“)z) — (pr(00) + E?iﬁsjz
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E Pile-up i

To achieve high luminosity, LHC crams ‘?0;-'”"-::. e Ny <5 3
as many protons as possible into each g ", N8
bunch... -

- Avg. of ten pp interactions/event in 2011 i

| W ol

Challenges for analysis: 10
0 100

Mlssmg =

(4]

» |Less efficient isolation cuts

« Poorer jet energy resolution

« Poorer MET resolution ~Muon isolation efficiency

=
(& ] [= 3
Solutions: N S S ~ :+;
.96 %*_%_ =
« Exploit excellent tracking resolution to pick out o.9s- %b’*lk =
only (charged) particles from primary vertex 0.94f e ;
3 . . DBEELE it %H*-{— &
« Compute “energy density” to estimate and 00l [ N‘ ~ ]
remove contributions from pile-up — ++ :
0-91;_ « Stdlso ~
It's even more intense in 2012, but 0.8F | ‘ g
analyzers will adapt! B e S R
PV Multiplicity
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H—77—llvv Candidate i

« High p,dilepton
(dimuon shown)

e Dilepton mass =
89 GeV (near m,)

Z, pt: 282.2 GeV
mass: 88.7 GeV

Muon, pt: 89.6 GeV|

Compact Muon Solenoid

pfMet, pt: 290.9 GeV|

I \ Higgs Candidate:
«00 WA pt: 20.7 GeV
transverse mass: 599.6 GeV
CMS Experiment at LHC, CERN

Data recorded: ThuApr 28 23:14:53 2011 CEST

Run/Event: 163659 / 21497971
Lumi section: 28

 Large MET (291 GeV) and
large M. (600 GeV)

May 15, 2012 Kevin Sung 10



cMS, | : - -
Event Selection "

* Acquire events with single/double muon, double electron triggers

- Per electron (muon) efficiency of ~99% (~95%)

« Two well identified, isolated leptons (e or «) of opposite charge, p,.> 20 GeV
- |\my,—m,| <15 GeV
— Dilepton p, > 55 GeV

CMS preliminary,\s=7TeV, 4.6 fb™’
T T T T T T T 17T T

i I I Higgs (250 GeV)

- MET > 70 GeV I e
i . wz
* Reject events with: € 107 2 e oate)
- E —e— Dimuon events (Data)
- 3" well identified, isolated E i
leptons with p,. > 10 GeV to S 10* 1 b
reduce WZ, 727 £
- Identified b-decays to reduce top 2

- Ajet aligned with MET (4¢<0.5)
to reduce Z+jets

0 05 1 1.5 2 2.5 3
AO(MET, Nearest Jet)
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Background Estimation

Z7Z, WZ Background

» Estimate using samples generated with MadGraph

- Scaled to NLO cross section
Non-resonant backgrounds

e Top, WW, Z—tt, and H—WW—lvlv
 Normalize from control sample of ex events under Z peak
Ztjets

* Use y+jets events to model Z+jets

May 15, 2012
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eu Method i

Non-resonant backgrounds
o Top, WW, Z—tr, and H—WW—lvlv
- Dominated by top and Ww
e Such processes are lepton flavor symmetric
* Procedure:

— Count eu events under Z peak:

Nyy = 0y X Ne;u Nee = e X Ne;u

- a, and q, include combinatoric factor (’2) and correction

factor for e/u efficiency differences, obtained from ee and uu
mass side-bands:

a,=N,/N,, = 0.42 % 0.02
a,=N,/N, =0.58+0.02
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Cormact Wason Sctences

window

- |\my,—m, > 15 GeV
- M_.> 150 GeV (rejects most Z—17)

Top/WWwW Control Region

« Define a top and WIW dominated control region by looking outside the mass

e Check that eu method gives sensible
estimate of top and WWw

 Dielectron channel shown here
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= y+jets Method i

Use y+jets events to model Z+jets
- Assumption: “fake” MET from response/resolution of hadronic recoil
Select single photon events with p,. > 55 GeV

Need to re-scale photon sample to mimic Z events:

- p,spectra are different

- Photon events obtained via triggers that have luminosity
dependent pre-scales

- Use data with MET < 50 GeV to derive photon-dilepton weights
inp, N_,and N,,

jet?

Estimate of Z+jets from weighted photon events passing
analysis selection (except lepton and mass cuts)

- M, computed by assigning a “mass” from sampling simulated
Z events

May 15, 2012 Kevin Sung 16
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Cormpact Mson Solencks

Z+jets Control Region

« Define a Z+jets dominated control region & s = st ~Das
b ing A¢(jet, MET) cut and applying & " ° Doy
y removing 4¢(jet, | ) cut and applying ¢ o Orer
loose MET and M, requirements: 5 10f Wz o

& 100]
- MET > 50 GeV Y o)
60 -
- MT> 150 GelV a0f
20F
* Dimuon channel shown here 0 = e
dilepton mass [GeV/c?]
> = D > 350 o
& B JLdt =461 Dgﬂtets & - JLdt =461 Dgﬂtets
s Al Inclusi EJ\?FZDNVW = 00 ETOP/WW
> 10 = nclusive g 250; Inclusive Wz
g E !EIZZZ(ZSO) *g - !ﬁézaso)
LI>J L 0 200~
L C
10 £ 150;—
il 1002—
’ + 50
50 100 150 200 %0 200 300 400 500
7 [GeV] My [GeVic’]
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Compact b

Contamination in y+jets i

* Photon sample contains events with real MET (ex.
Wy—lvy and Zy—vvy), so estimate is an upper bound

 Difficult to define a control region in data to have a handle
on normalization

* From simulation, estimate purity of photon sample with
MET > 70 GeV'is ~60%

B Z+jets

10° =
= Zvv+y

> — ala [ ] [ ]

& L e =€3; MET distribution of weighted photon
o = . . .

S - . ets sample with expected contamination
; -Z||+"{

o

i

10

o Z+jets prediction is taken as half
of y+jets estimate with 100%
relative uncertainty

0 50 100 150 200
E; [GeV]
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M .-shape Analysis (1) Uity

2
M3 = (\/;;T(u-)%rmurf ~ \/Egﬁﬁﬂhmff’)z) — (Pr(0t) + Emiss)2

« M. is transverse mass of dilepton+MET system

- Assumption: MET from di-neutrino decaying from Z

« Perform a shape analysis: use differences in M, distribution

between signal and background for additional discrimination,
iImproved sensitivity over cut-and-count

- Final results from binned likelihood fit of A,

- Shape templates for SM backgrounds derived from
background estimation methods previously discussed

May 15, 2012 Kevin Sung 20



Comoant

@ M .-shape Analysis (2) i

« Cuts on MET and M, dependent on m,, hypothesis

my (GeV) 250 300 350 100 500 600
ETSS (GeV) | > 70 ~ 80 ~ 80 ~ 80 ~ 80 > 80
Mr (GeV) | [180,300] [250,350] [250,400] [250,450] [250,600] [250,750]

« M. is better discriminator for higher m,,...

> T | T T T | T T T | T T T | T T T | | > 50 [ 1 I 1 I | I 1 1 1 | 1 1 T T | T T T T ]
$§ 25/ CMS,Ns=7TeV,L =46 fo’ 1§ [CMSNs=7TeV,L=46 fbo’ ]
o N — Higgs (m_=300 GeV) i o L | —— Higgs (m =400 GeV)| |
: - Z+Jets i E 40 = Z+Jets |
) 20=.=I — Top/WW - v - —— Top/WW -
I= - Il wz 1€ i Wz i
g - m zz . g 30 N zz B
L 15__ —— Data ] L i —s— Data i
108 )L ] 20, -
| ‘ ‘ i 0 i
5 — i

260 280 300 320 340 250 300 350 400 450
M, (GeV) M; (GeV)
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M _.-shape Systematics (1) i

« Systematic uncertainties in the shape analysis can be categorized
to 3 types:
(1) Normalization: uncertainty on overall shape normalization
(2) Statistical: account for bin-by-bin statistical uncertainties
(3) Shape Variation: uncertainty on shape itself

(1) is accounted for by the uncertainty on predicted yields

(2) is estimated by varylng bins in a correlated way by the

statistical uncertainty ineachbin 3 " — Contral
% E— o
* “Bounding shapes” to evaluate 2 47 | ) E
bin-by-bin statistical uncertainty s f
for Z+jets background = °F E
 The “up” (“down”) shape is g 2| ¥
constructed by varying each bin § L
+10 (-10) s
O_IZAlfOI | |2(|30‘ | I2E|SOI | IS_OO
mT (GeV)
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M _.-shape Systematics (2)  lir

e (3) is estimated by comparing with a reasonable alternative shape

- The variation is “mirrored” to obtain a pair of “bounding shapes”

%J L --I Cént;al -
O] 25f Py Up ]
* “Bounding shapes” to evaluate N ey - Down
shape uncertainty for non- g 2T g E
resonant background S |
w Ur } ~
* Here, the alternative shape is °o = I
. o 1f :H+: —
constructed from simulated € g
events Z 05- e
0: R RS IR SR RS
240 260 280 300
mT (GeV)
Process Central Shape Shape variation
Higgs signal POWHEG with NLO k-factors | Vary u, and u,
77 MadGraph Pythia
wZz MadGraph Pythia
Non-resonant ey data Simulated events
Z+tjets y+jets data N/A (covered by bin-by-bin statistical)
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M .-shape Systematics (3)

« Expected limits on ¢/0,, computed with and without shape
uncertainty

- Performance degrades only up to a few %
« Statistical uncertainty on the shape is the leading effect

without shape uncertainty with shape uncertainty
Mass || Median || 68% C.L. band | 95% C.L. band | Median || 68% C.L. band | 95% C.L. band
Expected Expected

250 1.38 [1.00, 1.92] [0.75, 2.55] 1.38 [1.00, 1.92] [0.75, 2.56]
300 0.92 [0.66, 1.28] [0.50, 1.69] 0.93 [0.67, 1.29] [0.51, 1.72]
350 0.62 [0.45, 0.86] [0.34, 1.15] 0.63 [0.45, 0.87] [0.34, 1.16]
400 0.63 [0.45, 0.87] [0.34, 1.16] 0.63 [0.46, 0.88] [0.34, 1.17]
500 1.06 10.76, 1.47] [0.57, 1.95] 1.08 [0.78, 1.50] [0.58, 1.99]
600 2.20 [1.59, 3.06] [1.19, 4.06] 2.23 [1.61, 3.10] [1.21, 4.12]
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Event Yields for 4.6 /b i

« Example yields after selection for m,, = 250, 300, 350

- Dominant bkgs are typically ZZ and non-resonant processes

- Z+jets expectation is taken as midpoint of estimate from
yt+jets sample with 100% uncertainty

- Observed data consistent with SM bkg-only expectations

my, =250
Channel 77 WZ Top/ WW/ W+Tets Z+Tets Total mﬁ(250) Data
U 30+0.194+2.9 21+03+£25 63+37+6 20+ 20 | 133 £ 21 14+ 1.8 139
ee 20+£0.15+2.1 144+0.244+1.8 454+51+44 13+ 13 93 +15 97+14 99
m,, = 300
| Channel 77 WZ Top/WW /W+Jets Z+]ets Total mH(300) Data
Uu 21 +£0.16 £2 11+£022+1.3 20+£1.2+34 5245.2 ‘ 57 +6.8 14+1.9 60
ee 14+013+1.5 || 7.8 +0.18 =0.98 14+16+24 3.6 £3.6 40+5 10+14 35
m, =350
[ Channel | 77 WZ | Top/WW/W+Jets | Z+Jets [ Total mH(350)
Uu 24 +0.17 2.3 124+£0.23+1.5 2012434 | 6.1 6.1 62+7.6 16 2.5
ee 17 +0.14 £ 1.8 8.7+0.19+1.1 14+16+24 | 42+472 44+ 5.5 124+1.9
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Systematic Uncertainties I"hir

* Uncertainties on Source Uncertainty [%)
" Luminosity 4.5
S| g na I/baCkg roun d PDF for Higgs production (gluon-fusion) 8.2-10.4
normal |Zat|0nS PDF for Higgs production (VBF) 3.8-7.6
PDF for qq —+ ZZ 4.8
I PDF for qq — WZ 5.5
’ La rg eSt th €0 retl Cal QCD scale for Higgs production (gluon-fusion) | 7.6-11.1
unce rta | nty frO m Zero- QCD scale for Higgs production (VBEF) 0.4-2
width line shape in 0D e o 7 =
H|ggS MC _QCD scale for gg — WZ 8.5
Higgs boson line shape 10-30
° La rgeSt experl mental T_;lgtg;ri identification and isolation ; e
unce rta | nt|eS | N Lepton momentum scale 5 (for ee), 2 (for pp)
. Jet energy scale 1-1.5
estimates of non- biet Veto 12
Pile-u 1-3
resonant bkg (Sma” Non-resonant background 15
control region) and Zjets 0

Z+jets (y+jets impurity)
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Statistical Analysis v

e Apply statistic techniques to quantify search results
- Characterize exclusion of signal or significance of an excess

* To facilitate comparison and combination, CMS and
ATLAS have agreed on a common method: “CLs-LHC”

— Likelihood ratio method constructed to have several desired
statistical properties

In limit setting procedure, get likelihood profile with “toy
experiments” based on expected signal and bkg

- Systematic uncertainties correspond to nuisance parameters in
the maximum likelihood fits of M, distribution

May 15, 2012 Kevin Sung 28
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Limits with 4.6 /b 1

a—— T 17T 10 T T ]
g CMS\Ns=7TeV,L=46fb" &2 _CMS\E - 7TeV,L=461" .
g 10 E_ _E E - e Expec{eg rsnae;ilan) ]
- - - [ | % -
& | S Spected 52t
T i | E B — Observed 7
N u i — |
P o
T 102
- e Upper limit (expected) C
m - [ uEBer jimit (68% CL band; B
X - Upper limit (95% CL band
T B — Upper limit ':)b.'served%v | B
© g 6, X BR(H — ZZ — 212v), SM - i
‘3 | 1 1 1 | 111 | 1 1 1 | 1 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
10 250 300 350 400 _450 500 550 600 250 300 350 400 450 500 550 600
Higgs mass, m, (GeV) Higgs mass, m, (GeV)
Limit on o, x BR(H—-ZZ—2I2v) Limit on o / 0,

* No significant excess observed
« EXxpected exclusion region is /290, 490] GeV at 95% C.L.
Observed exclusion region is /270, 440] GelV at 95% C.L.
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95% CL limit on o/cy,,

CMS Combined Higgs Limits

i
i
g
Expected Limits
1 02 I ‘CMS‘ P':e“}.mha;’y’ I\;sl = I7 ‘i’e\lf I:::::::I::: Expede{ég[nqlll)?ned IIIII 1
- Combined, L =4.6-4.7f" H— bb (4.7 17 |3
Nt T eeeeenes H— 1t @6fo) |
H— vy (4.7107) |4
--------- H— WW (4.6 1b™)
-------- HoZZ 4 (4710
i e T H—2Z 22t (4617 |]
[ — H— ZZ — 212q (4.6
10 : S DN SN ElCeebi, H— ZZ — 21 2v (461b1) .
_ s e S i
».. i » -.-w'""‘_'
e
1 “. :: : ".: AR g W T LL Tt ait e
b
1 1 %ril 1 1 1 1 1 1 1 Il 1 ! 1 l 1 1 1 1
100 200 300 400 500 600

Higgs boson mass (GeV/c?)

95% CL limit on 6/cg,,

Observed Limits

102k CMS Preliminary, \'s = 7 TeV o Combined :
" Combined, L =4.6-47f" H= 00 @7ty
L3 SN B TLTELE H— 1t (467 |
<= Hoyy @717 |
----- H— WW (461" ||
—_— Ho2Z @717 |]
10 2
W
AN
- \ :': ’ \ “ ¢'."
1 y | '} B “.‘. - '/:-...__/‘__ ............
o el
L 1 1 1 1 L 1 1 1 1 L 1 1 1 1 1 l 1 1 1 L
100 200 300 400 500 600

Higgs boson mass (GeV/c?)

« H—7//—Illvv channel has best expected sensitivity for m,
above 320 GeV

 Combining all CMS Higgs channels:

- Expected exclusion region is [117, 543] GeV at 95% C.L.
- Observed exclusion region is /127, 600] GeV at 95% C.L.

May 15, 2012
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Summary iy

* CMS has performed a search for SM Higgs boson on the full

2011 dataset

* No excess observed in the H—Z/Z—[lvv channel; exclude

SM Higgs boson in mass region /270, 440] GeV at 95% C.L.

 Combining all channels, CMS excludes a SM Higgs boson in

the mass region /127, 600] GeV at 95% C.L.

March 2012
S — 80.5 T
o 10} CMs,Ns =7 TeV —*— Observed S L OLEPEWWG (2011) 68% CL (excluding M ,m __&direct Higgs exclusion)
B b L=46-48fb" 58 Expected (68%) S L @ 68% CL (by area) M, (2012, m e r
© R " . N w " top e
N ======- Expected (95%) N - q(,
S N LEP excluded - 80.45 — Ak
= = Tevatron excluded i
£ I CMS excluded
o | ﬂ ....... 3 804
SIS 2
o) " =
(®)] § “' ______ E [
N 8035 —
N B
SENT
A J N 803 —
10 R P R R P ] i | ]
100 200 300 400 500 600 PP o [ TNV N T N T T T T (Y SNO M MNP | Y | IS N N T B

155 160 165 170 175 180 185 190 195
m,,, (GeV)

Higgs boson mass (GeV)

2012 data taking is underway at the LHC, new results soon!
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The CMS Detector

SILICON TRACKER
CMS Detector "=

~1m*  ~B6M channels

MICTOSHIpS (80-180um)

Pixels ~200m®  ~8.6M Channets

CRYSTAL ELECTROMAGNETIC
Tra-: ker = : CALORIMETER (ECAL)
by ~J0% SCimtlllating POWO, Crysials

HEAL
Solenoid

PRESHOWER
SHlcon stigs

Muons ! .. , " ~ ~18ME ~137K channeis

STEEL RETURN YOKE
~13000 Tonnes

SUPERCONDUCTING
SOLENOID
Nigbium- Stanium col WY =
camying ~18000 A T D FORWARD
CALORIMETER
Sies! + quarnz fores

HADRON CALORIMETER (HCAL) ~2% channets
Total weight : 14000 tonnes Brass + plasiic scinmlator MUON CHAMBERS

Overall diameter :15.0m ~TK channets Barel: 250 Dilit Tube & 480 Resisive Plate Chambers
Overall length : 28.7 m Endcaps: 473 Gaihode Sirip & 432 Resistive Plale Ghambers
Magnetic field :3.8T
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CMS

~66M pixels

- 3 barrel layers
- 2X2 endcap disks

~10M strips

- 10 barrel layers
- 2X9 endcap disks

a(d,) ~ 15um
a/p,~ 1% @ 40 GeV

May 15, 2012

Tracker

n=>0 n=025

100cm -

I I 1 I
0 50 100 150 200

Kevin Sung
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Electromagnetic Calorimeter I'lir

« ~76k PbWO, crystals
* o(E)/E~ 1% @ 50 GeV

3.045m

(L1 1 5B EEEEEEEE =

',.'"F
4R
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=
Al

12090m 61700 barrel crystals 16000

endcap
crystals

=1
b-:\'% ,:__’\"_T:f:’ /
N <«
ot
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¥
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ik \'\;\'
P

\

R

b

1
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\T\

<

“-_-_"2.6 “'_.'-3 .0
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Hadronic Calorimeter

« Sampling calorimeter with brass + plastic scintillator layers
 WLS fibers feed to photodiodes
o o/E~100%/NE

May 15, 2012
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Muon Chambers Ulty

 Drift tubes, cathode strip chambers, resistive plate chambers

* 25000 m” of detection planes
e O(100um) resolution

= 2Ll eta<08 RPC 1, 2

400 600 Q00 1000 1200
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CMS

% = _I I I I H N
| Event Yields for 4.6 /b I
« Observed and expected yields for each m,, hypothesis
separated in ee and yu channels
Channel 77 WZ Top/WW /W +]ets Z+]ets Total mH(250) | Data
i 30+0.19+29 21403425 63 +3.7+6 20+20 | 133421 14+1.8 139
ee 20015+ 21 144+024+18 45+51+4.4 13+13 93 +15 97+14 99
Channel 77 WZ Top/WW /W +]ets Z+]ets Total mH(300) | Data
1 21 +£0.16+2 114+022+1.3 2012434 52452 | 57168 14+19 60
ee 144+013+1.5 | 7.8+0.18 +0.98 14+16+24 3.6+36 40+5 10+1.4 35
Channel 77 WZ Top/WW /W +]ets Z+]ets Total mH(350) | Data
i 244017 +23 124+0.23+1.5 2012434 61+61 | 62+76 16+25 62
ee 174+014+1.8 | 87+£019+1.1 14+16+24 42442 | 44+£55 12+19 38
Channel 7 WZ Top/WW/W+]Jets Z+]ets Total mH(400) | Data
U 26 +£0.18+25 134+0.23+£1.5 2012434 64+64 | 64E+79 14+18 65
ee 184+0.15+19 | 91+0.19+1.1 14+164+24 45+45 | 45+58 908+14 42
Channel 77 WZ Top/WW /W +]ets Z+]ets Total mH(500) | Data
i 2840.19+27 13+024+1.6 2012434 68+68 | 67+83 | 6.1+0.87 70
ee 194+0.15+2 944+024+1.2 14+16+24 47 + 4.7 47 +6 4.5+ 0.67 42
Channel 77 WZ Top/WW /W +]ets Z+]ets Total mH(600) | Data
1 28640.19+27 144+024+1.6 2012434 6.8+68 | 6883 27 +04 70
ee 194+0.15+2 95+024+1.2 14+16+24 48+48 | 48+6.1 1.94+0.3 42
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CMS Higgs Combination I
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« 95% C.L. exclusion 127 <m, <600

« Largest excess at 124 GeV dominated by H—yy; smaller excess
at 119.5 GeV by H—ZZ—4] with smaller contribution from
H—-WW—lvly
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 Limits derived from unbinned likelihood fit to m,, distribution

» Largest observed excesses

- 119.5 GeV: Global — 1.60 (Local — 2.50)
- 320.0 GeV: Global — 1.00 (Local — 2.00)
 95% C.L. exclusion for [134,158], [180,3095], [340,465]
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 Excess at 124 GeV with contribution from VBF-tagged and non-VBF-
tagged events

- Global — 1.80 (Local — 3.10)
« 95% C.L. exclusion for 128 <m, < 132
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