





How the SM Higgs is produced

LHC Vs=7Tev ¢

GS XS WG 2010
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How the SM Higgs decays

http://goo.gl/uiWwA

Direct decay via:
Gauge coupling.
(WW, 2Z)

Yukawa coupling.
(bb, t1)

—
T TJT

LHC HIGGS XS WG 2010

Branching ratios

—
Q

Decay through loops.
(vv: Zy)

Heavily suppressed BR. : w2y

10'2E

Decay to cc and gg 10°7900 120 140 160 180 200
undetectable at the LHC. M, [GeV]
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The di-photon channel at the LHC...

...Is the most sensitive for m, < 125 GeV.
Where electroweak measurements point to.

... has excellent mass resolution.
Unlike bb, tt, or WW.

... has some background. THOSE THREE Z20L EVENTS..
Allows to gauge sensitivity.
Unlike the golden decay: ZZ—4l.
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The di-photon channel in CMS

* H - yy one of the most sensitive channels
in 110 < my < 150 GeV
* Clean final state:
two high p, isolated photons

\
I

1600 ; CMS preliminary .  Data
7 Vs=7TevL=48fb"' [0 2prompty

(] 1 prompt y 1 fake y
] 2fakey

Events / GeV
=
8

1200 =) oror E

- [Nafreowimass peak 10000 22 W winctr iy

* H - yy sensitivity driven by 800 =
mass resolution and S/B 600 *

*  Mass resolution 4008 E

Ly

f
i

* Photon energy
* Di-photon opening angle % 100 110 120 130 140 150 16?%1(7(%6\})80
* Major Backgrounds
* pp — jet + jet, pp » y + jet with jet faking photon (mainly %)
* PP = vy
* Multivariate analysis (MVA) techniques used to improve H — yy search sensitivity
« provides more optimal event classification
 The analysis uses [ L dt = 4.76 fb"! of CMS data
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Analysis strategy evolution

Cut-based analysis.

q > >
V
[PLB 710 (2012) 403-425] /\’ S

Di-jet tagged events for VBF production. \

Remaining events split by resolution and S/B:

Photon pseudorapidity (barrel / endcap).
Photon shower shape (unconverted / converted / 11°).

Multivariate (MVA) analysis.
[CMS-PAS-HIG-12-001]

Event-by-event boosted decision tree (BDT)
classifier.

Details in the coming slides. :
Sensitivity improvement equivalent to Do MORELUMINOS!
~ 50% more integrated luminosity. Yoo |/
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Anatomy of the analysis

ECal and HCal
Deposit

>| Di-photon

Categorized
massrits | = Results

Di-Photon
MVA

Di-Photon

Classifier
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Anatomy of the analysis

"MIIlTI\lAIIIATE -
ANAlYSES% ” ‘_ o' & . TnlnTIIEEMPEnnnnnnumvn

TECHNIQUES

MIIlT!\lABIATEg@? |
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Mass resolution deconstructed

Photon Di-photon
energies opening
angle

M’ =2EE,(1-cos(a))

5M_1/5Ey1@5Ey2@ da
M 2\ E, E, tan(a/2),

Photon energy resolution Angular resolution
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Angular resolution




Anatomy of the analysis

Jornadas LIP 2012

Primary 5| Per-Event
Vertex I 7| Primary
Probability | ! Vertex
MVA : Probability
1
Primary
- Vertex
Selection
- MVA
' I
1
Selected | Mass-
Isolation |€—| Primary L | Factorized
Vertex Kinematics
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Choosing the best vertex

Main handles: - 2

. ) o /| AR R LN R L L RN LR RN
Di-photon recoil I - WS preliminary -
G d at high 0.35H \'s =7 TeV Run2011B
ood at high p;. : :
Validated with Z—pp 0.3  fim
events. 9 0255— —e— right vertex DATA —:
C —e— wrong vertex DATA
Photon conversion 0-25 E
tracks. 0154, E
Validated with y-jet 01
events. 0.05 "k
OFIII[[‘llllll
-1 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1

BDT output
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Is the best vertex the right one

for this event?

P
Make use of several “‘@e\\\“
RN RARN LAY LALN RARN AR LR RALN RALN AR

event quantities: 0 CMS preliminary -
Total number of vertices. r Ve =TTeVL=1631" ]
025 :' right vertex MC —_

For eaCh Vertex: : v’vrongvertaxMC i
MVA SCO re. 02;- —a— wrong vertex DATA _]
Distance to best vertex. 0.150 E
Di-photon p-. i E
Number of identified ; :
conversions. 005Fh, e E

' ' ' — e S S tas :
Validation in Z HH 0108060402 0 02040608 1
eventS 9 IV“/Aevent
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Anatomy of the analysis
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Di-photon classification

» Uses BDT method on MC background and Higgs boson signal events (m,=123GeV)

* Training variables include photon ID, kinematics, right vertex probability and
estimate mass resolution

. . S .
 Keep Di-photon mass factorized g 3%00F = onim
. . w —_—
» Introduce good resolution as a desired ~ § 3000z = rumenmw
>
feature by weighting signal events by « 2500

1/estimate mass resolution

* MVA output used to make 5 categories
with different S/B

» Separate di-jet tagged category
to select VBF Higgs production

MT*‘\‘\ 0.0 05 10
 Signal event category = 7 di-photon BDT output

migration systematics
» Up to 11% due to photon ID
» Up to 8% due to estimate mass resolution
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M,, =121.9 GeV
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Signal and background modeling

my =120 GeV
1xSM

Jornadas LIP 2012

* Higgs mass modeled using MC with energy scale and resolution correction from
L - ee

» Background mass spectrum modeled by polynomial fit
» Polynomial order between 3 and 5 depending on event category statistics

Events / (1 GeV/c?)
>

CMS preliminary
\s=7TeVL=4.76f"

BDT >=0.88

g

\
!
21\

—4— Data
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—

"o 160
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[ (] He
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Results

= 4 -
& Observed CLs Limit I
N - aesssess Median Expected CLs Limit CMms prgllmlnary. 4
S 3.5~ [ 1o Expected CLs ~N8=7-TeV -L-=4.76 fb™
zT: - [0 + 20 Expected CLs
T [t === - Median Expected (HIG-11-033)
d s i ; i
S
-
>
%, 2
No M¥A
MVA’
1 Og
i

140 145 150
m,, (GeV/c?)

Fey o by o by by by 1y
q10 1156 120 125 130 135

* Expected and observed exclusion limit
at 95% CL
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S Finterpretation Requires LEE CMS preliminary
$ 4 Vs=7TeVL=4.76 fb"
& E :
107 |
= 2
T ] S S R e - v .....................................
B : —— Observed Aéymptofic _13¢
-3 SO SO A
10°F " —4— Observed Ensemble
- : cat0-3 (Non-VBFTag)
: ; cat4 (VBFTag)
10% FEEN EETEETE STSTETETE SPTATATES SR ST A SR
110 15 120 125 130 135 140 145 150

m,, (GeVic?)

* Largest excess observed around 125 GeV
with local significance 2.9 o and
global significance 1.6 ¢
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And the data were made public

http://goo.gl/CVm6s

# After Moriond 2012, new fits disfavor the SM and
motivate for New Physics
red = no Higgs boson

= SM
my, = 125 GeV
) 2 2 %
L = on »vn 2w 2 v 2 wun 2w
LS 4 S 2 = 4 == = 4 = =
F << U A4 U < UL A4 < U << U AR < O
3 O O P -
° [
g 2T l ’
= I
»n L [ ]
§1r>>>§§§§mgjj £ ol e
& _§§§§l¥¥l1ﬁj>~§>\hp

P. Giardino, K. Kannike, M. Raidal, A. Strumia,
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And the data were made public

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM

Jornadas LIP 2012 andre@lip.pt



And the data were made public

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
ONE DOES NOT'SIMPLYA: *

> |
o Bk

DY,
DRAW'SUCH CONCLUSIONS
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Experimentalist’s conclusions

ECAL energy resolution performance ~1%.
First year performance close to ultimate.

Vertex determination without pointing calorimeter.
...despite 10 pileup interactions on average.

Di-jet tag providing insight into VBF production.

Heavily exploited by phenomenologists.

In 110—150 GeV, 1.6 o for m =125 GeV.
"More data required to understand the nature of the excess.”
2012 data has more than double the pileup...
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And with the
trials factor

The Higgs was found!
2.9 sigma
significance!

And you say
it was found ?

Jornadas LIP 2012 andre@lip.pt 24



For discussion




Anatomy of the analysis
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ECAL calibration: isolated electrons

-
o
l\)

(O] L L L L N L . < y LA LB L L
o dMS Prellmlnary 2b11 —+4— w/o transparency correction ' 7 Mean -
8 B \| 5=7 TeV L=4.6 /fb —+— W/ transparency correction g 7 RMS 0.001416
a 101 _ .............. 1 /tfanSparency Correctlon __ Ll Mean 0.9772 |-
R ’?-;M-;s ------------ oy e
o K : : : : s ER
o 0.99 — h— - ]
0.98 E_. ...................................................... : ]
0_97 494E+06'e'\’/é'rit's'""""”'g ................. ................ 4- 4 &1 i
~ 12000 events/bin - 400 bins
0 96 [~ l 1 l 1 I 1 | I 1 1 1 I | L 1 I 1

| Il llllllllllllll
26/04 26/05 25/06 25/07 24/08 23/09 23/10 0 20 40 60
date (day/month)
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ECAL calibration: Z—ee peak

x10°

> = [ ' ' ' [ ' ' ' [ '
[ 12 ~ CMS Preliminary 2011, 7TeV No corrections
© " L=47 b P o
- B Intercalibrations (I1C)
o 10C
= ~ ECAL Barrel —+— [C + transparency
o B
> 8—
R t

6

4

2

0 _ i i L i

60 80 100 120
M, (GeV/c?)
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Photon identification

# of events/0.02

Photon ID MVA discriminates prompt photon from jet faking photon using a
boosted decision tree (BDT) trained on MC simulation events

» Signal sample: prompt photons from H - yy

* Background sample: jets from pp - y + jet
MVA trained separately for Barrel and Endcap
Uses variables related to shower shapel and isolation
MVA output gives a classifier variable discriminating prompt photons from fakes
Photon ID MVA output for the leading photon in preselected di-photon events
with m,, >160 GeV is compared between data and MC

F N F
SO0 =2, Barrel | g %
700 [ 5% Fake-Fake B F
s : ) 3 € 3001
- )
600¢ B 250F
500F o F
s #* 200
400F C
E 150
300F F
200F 100¢-
100 E 50 ;—
91 .0 -0.5 - 0.0 0.5 1.0 91 5 0.0 0.5 1.0
Photon ID BDT output Photon ID BDT output
20 20 AT b
x5} g 15}
1.0 1.0
084 : : ! 0 0813
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Shower shape
(photon energy distribution)
]
]

AW~ o

[T

Isolation

(activity around a photon)
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Side-band background treatment

o = 4 — . : :
: 4 o o Observed CLs Limit i st ;
& " CMS Preliminary e mEERLEEELD Median Expected CLs Limit ;CMS preillmlnary: :
» B ? 35— [ ] +1cExpectedCLs - ¥§'='7'T95V'|'-“='4=£”U """"""
% 350 H \s=7TeV,L=4.76 fb" T F [ +20 Expected CLs H
S - © 3
1 300 5 F
- S E
C 225
250— = E
2001 :T: 2k \ Ry
= T _E
- 1 5_ A'IJ«A p o USSP o
150 JM\AY‘ "N‘ /
- 1 : :
100 c /./ A=
so- | | YA -
:I v e b b by v by v b by e Ly ?1_ol = I115I = I120I = I125I = I130I = I135I = I140I = I14,5I = I150
foo 10 120 130 140 150 160 170 _ 180 m,(GeV/c?)

m,, (GeV/c?)
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Details on the event classes

Dijet

0 1 2 3 tag
SM signal expected | 3.4 (4.4%) | 19.3 (25.0%) | 18.7 (24.2%) | 33.0 (42.8%) | 2.8 (3.6%)
Data (events/GeV) | 4.5 (1.2%) | 55.1 (14.8%) | 81.3 (21.8%) | 229.1 (61.6%) | 2.1 (0.6%)
Oett (GeV) 1.18 1.25 1.64 2.47 1.65
FWHM/2.35 (GeV) 1.09 1.09 1.43 2.08 1.32
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Zoom on the di-photon MVA output

—&— Data

8 Drell-Yan
S Fake-Fake
s Prompt-Fake
%% === Prompt-Prompt

.04
w
(9]
o
o
[Tt

/
% BLELRUIL
: L 4

10 35 0.0 05 0
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Zoom on the best event classes

~ 24 - -
N CMS preliminary —#— Data N CMS prelimi —4— Data N CMS prelimin: —4— Data
(3] ” i - D) preliminary L 18 pi ary
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o [ ° [
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; ~ : 12 (1]
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MVA In terms of simple

classification

500F= | i
—— All
—»— both EB, both R9>0.94 I
400 both EB, !both R9>0.94 I

—e— Iboth EB, both R9>0.94
B —e— Iboth EB, !both R9>0.9
300

200}

100[

-1 . 6 -04 -0. . 0.6
di-photon MVA output
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MVA n p.(yy) bins

- —— All(p_(yy) < 40 GeV) | | | | 120 —— All(p_(yy) > 40 GeV) | | | |
2L —+— both EB, both R9>0.94 | | | B —+— both EB, both R9>0.94 | | | |
181~ both EB, tboth R9>0.94 | | I U both EB, tboth R9>0.94 | LA
1.6 —«— Iboth EB, both R9>0.94 | I I —«— Iboth EB, both R9>0.94 | I |
1ab —— Iboth EB, !both R9>0.94 I : : 0.8l —— Iboth EB, !both R9>0.94 I : l :
o | | - 8 | | |
| | 0.6/ | | [
| | " | P
o | 04r | |
| B I |
AL | 0.2 I
2f | i |1
0 B apii i e L | 0 2 fon TGS P SR e e i e i 1| PR el sl B TR Y
-1 08 -06 -04 -0.2 0 0.2 04 06 038 1 -1 08 -06 -04 -0.2 0 0.2 04 06 038 1
di-photon MVA output di-photon MVA output
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MVA validation on Z—ee

10000 10000 |- 1400 - 2500
= —— Data (4.7 ) r —— Data (4.7 ) E —— Data (4.7 ) r /( Y
[ F 1200 r
8000 — D DYJetsToLL MC 8000 — D DYJetsToLL MC F D DYdJetsToLL MC 2000 —
r L 1000 [ L
6000 :— e 6000 — 4 800 1500 [
g r [
4000 4000 - . 00 1000
L r 400 r
2000 [— 2000 [— 500
L r 200
P P I T I I BT S P P IS T T I T P PP A I IS I PN I BT A ° L
1 08 -06 -04 02 0 02 04 06 08 1 08 -06 -04 02 0 02 04 06 08 1 08 -06 -04 02 0 02 04 06 08 g 04 06 0.
di-photon BDT output di-photon BDT output (both EB) di-photon BDT output (one EB, one EE) di-photon BDT output (both EE)
14 14 18 18
1.3 1.3 1.6 16
12 14 14
14 + i + 12 ﬁ RN ‘ 12 J"
L Lﬂ"LH}:{} T Hy A*»fm‘ TR NS RN S }ﬂ LA M_ﬁ% iy } I ‘M‘LHMH bt b * . FEES IO +++*+++++‘ i \l|l
H #}H TR R PRI i Ty Ty BT TN, P i L TR f +
o.g,% 0.8[- \1‘}1 ‘ 0.8 + I B
08l 08l 06
07 04f 04f
06 s e 04 02 002 04 06 08 04 02 0 02 04 06 08 02758 05 04 02 0 02 04 06 08 02758 05 04 02 0 02 04 06 08
di-photon BDT output di-photon BDT output (both EB) di-photon BDT output (one EB, one EE) di-photon BDT output (both EE)
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Systematic uncertainties

| Sources of systematic uncertainty | Uncertainty |
Per photon Barrel Endcap
Photon identification efficiency 1.0% 2.6%
Energy resolution (Ao /Epmc) Rg > 0.94 (low 7, high ) | 0.22%,0.61% | 0.91%, 0.34%

Ry < 0.94 (low 77, high ) | 0.24%,059% | 0.30%, 0.53%
Energy scale ((Egata — Emc)/Emc) Rg > 0.94 (low 7, high ) | 0.19%,0.71% | 0.88%, 0.19%
Ry < 0.94 (low 7, high 77) | 0.13%,051% | 0.18%, 0.28%

Photon identification BDT +0.025 (shape shift)
(Effect of up to 11% event class migration.)
Photon energy resolution BDT +10% (shape scaling)
(Effect of up to 8% event class migration.)
Per event
Integrated luminosity 4.5%
Vertex finding efficiency 0.4%
Trigger efficiency One or both photons Ry < 0.94 in endcap 0.4%
Other events 0.1%
Dijet selection
Dijet-tagging efficiency VBEF process 10%
Gluon-gluon fusion process 70%
Production cross sections Scale PDF
Gluon-gluon fusion +12.5% -8.2% | +7.9% -7.7%
Vector boson fusion +0.5% -0.3% | +2.7% -2.1%
Associated production with W/Z 1.8% 4.2%
Associated production with tt +3.6% -9.5% 8.5%
Scale and PDF uncertainties (y, pr)-differential

(Effect of up to 16% event class migration.)
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2011 dataset pileup
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Vertex choice efficiency
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Vertex recolil variables

Input variable: ptbal Input variable: ptasym

g M T g S
: 7/ PU vertex 3 2 o :% PU vertex 1=
Z ; o 132 13
2 0.1 n //// N < © 1e
= [ 7 =z 12
< o.08f % 12 e 1=
b 7 12~ 1
r 7 1o 40
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- 4 {1 e
0.04[ / Ja 1a
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[ 4 1% 1z

512 0.02f 13 |
o sumpt2: Y| : 3 13
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T Input variable: logsumpt2
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Converted photon vertexing

ECAL deposit

ull m— ?;{'» AT el z | U ! ' -
pulleono A—— o| / Oeonpersion Conversion track

Conversion vertex

Beamline
(z axis)
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Photon-jet vertex MVA validation

PERVERTEX MVA PER EVENT MVA

= \'s =7 TeV Run 2011A+B =, \'s = 7 TeV Run 2011A+B
:\ Non-Jet Tagged Vertex DATA E g —@— Non-Jet Tagged Vertex DATA
: A - NN\ Non-Jet Tagged Vertex MC
\ — \Z Non-Jet Tagged Vertex MC | N
SIN el Mis-Tagged Vertex MC
10 S —@— Jet Tagged Vertex DATA 1 v
10 E K —@— Jet Tagged Vertex DATA
Jet Tagged Vertex MC E -—~ Jet Tagged Vertex MC
102
\ 10° =
RN e E 61 S0 1000 L S04 SASTISOS 1008 D D, 900 0 2 E SRR ReSediteivte wio! ANINN I I S T W)
-1 -08 06 -04 -02 O 02 04 06 038 1 -1 -0.5 0 0.5 1
BDT Output MVA_ .
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The cover event
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CMS combination

[CMS-PAS-HIG-12-008]




CMS combination

[CMS-PAS-HIG-12-008]
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CMS combination

[CMS-PAS-HIG-12-008]

Local p-value
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CMS combination

[CMS-PAS-HIG-12-008]
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CMS combination

[CMS-PAS-HIG-12-008]
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