Higgs Results from CMS

Outline

4 Introduction
 The preparation and the struggle

1 Results from different channels:
— 4 leptons
— di-photon
— W-pair
— tau leptons
— b-quark pair
d Did Indians do anything at all?

Jammu, September 2013 Sunanda Banerjee
Triggering Discoveries in HEP



July 4, 2012

particle with mass of 125-126 GeV by CMS and ATLAS.

1 Historic seminar at CERN with simultaneous
transmission and live link at ICHEP2012 in Melbourne,
Australia
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What is it about?

During late 60’s-early 70’s, particle physics saw lots of excitemertts

— Both experiments and theory saw many developments and
discoveries

— Experiments saw discovery of neutral current, discovery of
charm, finding 3 generation of lepton/quark, ....

— Theory gave the birth of the Standard Model, explanation of CP
violation, ideas about Supersymmetry, Grand Unification, ...
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Results on July 4

wo experiments found evidence of some new boson — could be t
elusive Higgs boson 6 e
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O ATLAS observes: P53 124 125 126 127 128 129
— Maximum excess at 126.0 GeV at 5.9 o CL Mass (GeV)

— Probability of fluctuation of background to show the excess 1.7x10-°
O CMS observes:

— Excess in 4 different channels at 125.3 GeV

— Level of fluctuation at 5.0-5.1 o CL (3x107)
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My = 152 Gt'ev

The Start: Standard Model vs Ex

periments
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O Standard Model worked beautifully explaining all precision measurements
U The data suggests Higgs boson mass around 100 GeV
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Production of Higgs boson

L Higgs boson can be produced from a number of mechanisms of
which a few have been tested at the LHC

— Gluon fusion (19pb at 8 TeV for SM Higgs)

— Vector boson fusion (WW or ZZ)

— Associated production with vector boson (VH)
— Associated production with top quark (ttH)

(a) (b)
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Higgs boson decays

O Higgs boson is unstable and
will decay to other particles
immediate after it is produced

— Look at all possible
signatures

— At 125 GeV, Higgs boson
can be seen in a number
of final states:

% H(bb) —» 57%

HWW) — 22%
% H(tt) — 6.2%
H(
H(

ZZ) —> 28% B 0_020/;1
vy) — 0.23% . hu
-4 | | | | | | | | | | 1 i | | | | | | | | | 1
1090 100 120 140 160 180 200

M, [GeV]

—

WW

bb

7

Uncert [%]
2,
I
4
| L1 IIIIII 1 L1

Higgs BR + Total
%
| | IIIIII|
o
>
=S
| | IIIIII|

—
Q
L

Higgs Results from CMS S. Banerjee 7



What happens at LHC

O LHC has been extremely ::. - - LHC ::ﬂ
generous: I ; T
— Provided excess of ~4x104 :: : N ::,_
interactions during 2011 at : A
7 TeV cm energy and a " g ¥ 5
factor of ~5 larger number L e %
at 8 TeV during 2012 s "F o !
— CMS collected 95% of the ="'} i o
provided luminosity and © 10" kg (E"> 100 GeV) >< 110 o
90% of those are certified o' b e 31
for physics publications 10° / 1102 %
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LHC 2010 RUN (3.5 TeV beam)

Success of LHC (Misery to Experiments)
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Search in the mode H—-ZZ*)—4l(e/n)

O This is the golden mode: trigger on single or two isolated leptons

O Offline selection demands 4 isolated leptons: 2 pair of oppositely
charged same flavor leptons

O Each pair consistent with Z-decay (one close to Z-mass) and coming

from the same production vertex
O Irreducible background is due to

Z-pair production

C :
U Reducible background is due to
= . t-tbar, Zb-bbar and Z+jets.
\p*(Z1) p, : 43 GeV Additional leptons come from b-
8 TeV DATA decays and greatly reduced
e’(Z2) p;: 10 GeV e : L
A-lepton Mass : 126.9 GeV "7 = using isolation and non-pointing
o criteria

O Signal and background shape
modeled using Monte Carlo and
e*(Z2) p; : 21 GeV using control regions from the
CMS Experiment at LHC, CERN d ata

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354

Lumi section: 115 S from CMS S Banerjee 11
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Higgs to 4 Leptons

O Search for a narrow peak in the
4-lepton mass spectrum on top CMS preliminary | i-1
of a flat and small background — - T T T T T

‘. 5

O Leptons are reconstructed and 3 30 b
identified with high efficiency i 7 i
and precision in energy- : 7 B
momentum measurement has I g ]
excellent 20 Tl b

— Mass resolution @125 GeV ~ ! o | ]
1/2% L | '

d Events are categorized based ok J

on jet multiplicity L }
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' Higgs to 4 leptons
Y Events split into 2 distinct categories:
— Events with at least 2 jets of pr > 30 GeV
% ~20% of signal events are VBF ones
— Untagged events (the remaining events)
% < 5% of signal events are VBF

— Use additional discriminants like di-jet mass, n-separation
between the jets, etc.

O Also use kinematic discriminant based on dilepton mass and angles

-1
Prkg(ma, ma, 01,02, @, 0%, @|myy)
P:-;ig (’nll'} ma, 913 92: (I):! 9*1 (I)l |?n4f)

CMS preliminary Ys=7TeV,L=51f" ys=8TeV,L=196fb"
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L Only excess seen at
125.8 GeV

1 Extract information from

aH o7 Tyl 1D (M), 2D (M., Kp)
i o G T P or 3D (M, Kp, pr/My,)
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D s T SRR O A R Wl ;
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Higgs to 4 leptons

Use information from untagged as well as di-jet tag analyses to

probe production mechanism of Higgs boson

CMSPreIlmlnary \s=7TeV,L=51f" {s=8TeV, L =196 "

Untagged

Dijet tag

\s=7TeV,L=51fb' \s=8TeV,L=19.61b"

CMS Preliminary m, =125.8 GeV
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Mr (gg->H, ttH) = 0.9 03 o4

d Mass measurement performed with a 3D fit using M,,, AM,, K,
— 0.1-0;3% uncertainty due to energy scale

— Mass resolution has 20% uncertam Y 195 840 5
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Higgs to ZZ()

U Use dedicated searches for high mass Higgs boson in a number of
channels: no other candidate with SM cross section

— 4] + 2121: exclude 130-827 (113.5-778) GeV observed (expected)
— 2I2v: exclude 248-930 (254-898) GeV observed (expected)
— 2129: exclude 290-600 (266-600) GeV observed (expected)

~ CMS preliminary,f L=5.0fb" at Vs=7 TeV,J‘L=1 9.6fb" at Ys=8 TeV
| I | | | I | | | I

OE 10
2
08

]
=

:=3

d Combined exclusion:
o el | 200-1000 GeV (obs)
S— 200-950 GeV (exp)

| 1 | | | | | 1 1 | |
200 400 600 800 1000
Higgs boson mass [GeV]
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CMS,

Search in the mode H—yy

d Trigger on two high energy (p;) EM objects

1 Use shower shape variables and isolation criteria to select 2 high
energy photons (minimize fakes)

1 Low mass Higgs has very narrow width. Utilize this using the best
possible resolution for photon energy and direction measurements.

U There is a large irreducible
background due to direct y 's

O Key analysis feature is to
improve energy resolution:
continuous calibration

O Precise determination of di-
photon mass requires precise
location of the production
vertex: use photon pointing
whenever possible

O Reject fakes using optimized
—— . - Kinematics

199s S. Banerjee 17



Higgs to yy »

Events are categorized according to signal to background ratio a#e
energy resolution of the di-photon system

Nice peak is observed over continuous background

Signal and background shapes are modeled by analytic functions:
came from a study of Monte Carlo samples and control regions

O Mass resolution achieved between 2-4 GeV for all categories and
signal to background ratio can be as high as 0.2 for certain categories
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nggs to vy

mass region between 110 and 148 GeV

0 CMS has several independent selection procedure for the channel:
(a) cut-based and (b) use of MVA

O Also there are several classifications depending on the tagging
scheme: untagged, di-jet tag, lepton tags, MET tags

O Untagged data set shows largest statistics: MVA (3.20) and cut
based (3.90) analyses give consistent results within 1.50

. CMSNs=TTeVL-51f'\s-BTeVL- 1951 o 1CMSNS=TTeVL-51f!Ns=8Tev.L= 1951
n - CMS preliminary ~=— Observed =) — . T . w—%
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(- = e Expected (95%)| é_'l 0 4 ¥ T -

O - . = - EFiame i | il 52
= - . = : 4 120
1.5 = S ol ‘

g - ] 215 3 ' 2T
a | ﬁ g i S
F Bl LT 130
2 1.0 10°% ™., B _adY =
0 : = . :
(0)] - i ) i
0 5.- __ 10_4? 3 9 = H—vy 0bs. E
] . - : s Exp. for SMH —:40'
] 7o) I (o \s=7TeV a
i = CMS prehmlnary {ClC) N e 3
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Higgs to vy

Divide the events into separate classes based on S/B and resolutier
to improve analysis sensitivity

— High/low R9; barrel/endcap (4 categories)
O Also classify events by tags for associated production
— Muon, electron, di-jet, MET, unassociated

\s=7TeV L=5.1fb"
CMS Preliminary Vs=8TeV L=19.6ib"

: 6
il 1 31 125.4 + 0.5(stat.) + 0.6(syst.) GeV
Electron | —a—1 Vs =8TeV,L=19615" (MVA) ai I i i
ol % —:j B conbient | sf Y stat+ Syst '
DI;-II_T;:::: = P . :fl:::?.?-:rfm.zs 4: -« Stat Only
Untagged 3| co e -
Untagged 2| - i
Untagged1ﬁ - 3__
Untagged 0 | -
Di-jet:"S """""""" S | o[-
Untagged 3 0 R = i
Untaggedz— h —+ i
Untagged 1| I —all i .
Untaggedo| | —m— I A A W
-10 -5 0 5 . ll::t] e 124 125 126 " (ggv)
U=078 e [< 6.9 GeV at 95% G-«
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CMS,

Higgs to Zy

O Analysis strategy similar to H—yy (signal/background modeling)
— Use dilepton triggers
— Classify in 4 categories based on lepton/photon n and high/low Rq

CMS Preliminary H—=2vy

\s=7TeV, L=5.0fb"
fs=8TeV,L=19.6fb"
Electron + muon channels

—&— Data

40 '!""|""I""

SM

O Prelimimdy
i’;"—“—;"TeVL:S(}fbl
s=8TeVL=1961fb"

— Observed

35 = == Median Expected

"I"1“|'T'I"f'l' B

30 Expected = 1 &

/[ox BR]

—— Background Model
— Signal m, =125 GeV x 100

_ i ; Expected + 20

95%CL

[IIIIIIlIIIllIIlIII]II]lII
‘I‘J'I'"l'1"'I"I‘1"|“I"1"I'"I"]"

Events/(2 GeV)
[ox BR]

,.I,.l.]. ..l..L.l..I..I.J..I.I..I..I.J..I..l.J..l..I..I..I..l .]..l..l..l..l..L.l..l..l. o

-
e e
- -

'1"I'1"]"|'1"|"|‘I'"|"I"1“|“F'1"

oMo 120 130 140 15 T60 170 I8 ?2'0' = '12'5' — '1_%0] — ']3'51 — '12;0] = ']215' = '150
m,, (GeV) mu (GeV)

Higgs Results from CMS S. Banerjee 21



O Use single or di-lepton trigger

O Require 2 oppositely charged leptons (e/u) and missing energy.
O Divide into different categories depending on number of jets

U Require the jets not to be b-jets

O Higgs being a scalar, the leptons will
be close to each other

O Backgrounds are due to WW, WH+jets,
t-tbar, Drell-Yan

O Mixture of large backgrounds implies
sensitivity dominated by uncertainties
on backgrounds

U Analysis challenge lies in the
understanding of the backgrounds and
normalizing to control region

O Undetected neutrinos imply a broad
neutrino signal

xsults from CMS S. Banerjee 22



H—WW®_2l(e/u)2v

CMS uses different as well as same flavour samples. Both these

divided into 3-categories: 0-, 1-, 2-jets (VBF)
O Shape analysis in m-m. plane is also done for different flavour
sample — improves sensitivity

| signal strength, CMS preliminary, L = 24.4 fb™

o 30
(&) [ CMS Preliminary ... Expected SF 1et 7 Tev e
% L \s=7TeV,L=49fb" R :
= ) -1 - =
:g o5 - \l‘i s:!:v 1;\5,’;5‘1 :;15-]1; Injection m_ =125 GeV : SF 0ot 7 Telr "
E B ]:| Injection + o
o)) 7 ]:| Injection + 20 N .
‘w20 .
L . DF 0-fet 7 Tev >
15~ —
L SF 1-jet 8 Tev .
10— ] SF 0-jet 8 Tev .
5 __ ) ol DF 1et 8 TeV R
- l l l =g = L1 | L1 1 1 | | ﬁ.él_[ I I | L1 1 | | |
O—— — i e -1 0 1 2 3
100 200 300 400 500 600 i
Best Fit o/og,,
my [GeV]

O There is a significant excess at low mass: observed (expected)
excess: 4.0 (5.1)o

U Measured signal strength at 125 GeV: 0.8+£0.2
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O Identification of 1 ’s relies on multi-variate discriminants
O Divide into different categories depending on number of jets and p-

ofthe t’s
O Also define categories depending on decay mode of t’s: 0, 1 or 2
leptons (e/y) in the final state

hadron hadron+strip 3 hadrons

Identification of hadronic T decays (t—h)+(t—p)+2 Jets

September 2013 Higgs Results from CMS S. Banerjee 24
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Higgs to Tt

background depending on the di-tau mass

L Background estimation is done depending on the background type: use
shape from MC+normalization from sideband (di-boson+jet, t-tbar); pure
data driven (QCD); MC+fake rate (Z—ee/un); use of Z—puu + replace p
with t

. s o -1

4.0 VS Preliminary, Ys=7-8 TeV,L=24.3 fb", H— 11 EME Pr?"m'.n ary,.tE .7 8 Tev’ I.' 24-'3 ﬂ:’- : I-I|_m ~ 40 Pm"mi':ary' LA TB.“’ SRCA ft’-1'| A

= . [T T T T T T T T T T T T T T L i . % T T T T T T T T T T T T T T]

B - —s— observed . m,, =125 GeV _CI % —e— observed

& 35F — ixfected g _ = 39FF | H(125 GeV) expected :
c f [ + 1o expecte ] e 2 q : + 1o expected :
_g 3.0F [+ 20 expected . 1-Jet [ 3.0F + 26 exr;)ected -
£ 2 . : : B :
8 25F . 25F /’:
< 20k /_' —w—e—  2-Jet(VBF) 20k 2]
158 =

— VHo T+ 1 0\ /_

: : 1 ]

i 0.5 [ b d 2 -

0-0 L L L L | L L L L | L L L L L L] I': Combined 0 q : L IE L 1 Ml L | L |:

110 120 130 140 | i : 110 120 130 140
m,, [GeV] 0 2 4 my, [GeV]

best fit for G/GSM

O Observed exclusion limit 1.81 x SM value: while 0.76 x SM expected
0 Combined signal strength y=1.1+£ 0.4
-Most favoured mass of thesebsgtved excess m, = 120%9, Ge&Vanerice 25



Searches in the mode VH with H—bb

This channel provides by far the largest number of Higgs decays'
but it also provides the largest amount of background

Trigger is based on isolated single leptons or large missing E-

b-jets are identified through displaced tracks. It is critical to reduce
b-tag uncertainties. At high p; this is achieved — also good for Higgs
search

0 Dominant background is due to W/Z+jets as well as t-tbar

CMS ZH->!,I,Mbb
% E g
T )

CMS Preliminary
Ye= 7TeV, L =5.0fb'
fe= BTeV,L=19.0 fb'

Entries /0.25

Data/(B)

Data/(S+B)

-3.5 -3 25 -2 -15 -05 0
log, ,(S/B)

2 lepton event with moderate MET Small signal over large background
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Higgs to bb

Jet energy to the corresponding parton energy. Improves mass
resolution by 15% using a specialized BDT algorithm,

U Backgrounds are estimated using data driven technique
d The methods are validated by applying it to other physics cases

-1 -1
Dm :I ICIMISIPrlelllnllnllalry T I;L;OL,;,;,,I ' |: fs=7TeV,L=50f" {s=8TeV,L=19.0M0°
-1 ] g e
B o Vs=7TeV,L=5.01b 1 o CL_H125 Injected Comined CMS Preliminary m, =125 GeV
g 5— 'IE=8TEV,L=19.0“)_ --e- CL Expected — p=1a0=t
+ | VH(bb), BDT combined GL Expected = 10 |
E i .L‘.\;\S 1 CLsExpec‘l:BdtZG:
j . é B Z{vv)H(bb)
B = 7 vV
O L ] w=1042077 .
'4% 3L 2
2 i
o - |
B 1 Z([T)H(bb)
% 2- - =082+ 097 "
Y _ ,
e 1 W(h)H(bb) |7 e
i ] =111+ 087 ;-("\‘"1'3/_ '
‘l I | | 1 N N | S I | { N O | | I | l‘ '_'-./1) | |
110 115 120 125 130 135 eI - e T |
my, [GeV] Best fit oo,

O > 20 excess which is compatible with Standard Model prediction

O Measured signal strength y = 1.00 + 0.49
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CMS Combined Results

E=7TeV,L<51 1" {5=8TeV,L=196M" Channel Sub-channelsZ&
Combined || CMS Preliminary m,,=125.7 GeV —~
w=0M=014 || Py, =065 ZZ Untagged, VBF
el vy Untagged, VBF, VH
o WW Untagged, VBF, VH
w=1.10=041 bb VH, ttH
H_lgo.??: 0.27 1T Untageed, VBF, VH
H— WW 3 s=7TeV,L<5.1f" {s=8TeV,L<196 "
u=068=020 “ - 080 + O 1 4 el CMS Preliminary m, =125.7 GeV
u-080+0.14 | Pg,=0.52
H—=ZZ
w=092=028
o o Untagged
0 05 1 1.5 2 25
Best fit o/og,, A s
Channel | Expected | Observed VEBF tagged
w=102+034
ZZ 710 6.70
VH tagged
YY 3.90 3.20 Hzg?_ozi 0.49
WW 5.30 3.90
ttH tagged
bb 2.20 2.00 T | | |
_ 4 5 0 2 4
T 2.60 2.80 Higgs Results from Best fit /oy,




Production Mechanism

L Untagged channels dominated by gluon fusion
L Tagged channels sensitive to other production mechanisms

O Coupling fits are performed by introducing scale factors to SM LO
Higgs couplings: «y, K

5 CMS Prefiminary f5=7TeV, L< 511" {5=8TeV. L<196 b R — 5=7TeV.L<51fb" (5=8TeV,L<19.6 b’
= i T T T 1 T T T | IT—L T T T T T 7 C T i
u:‘: L | ! + How I e L ¢ SMHiggs @ Fermiophobic @ Bkg. only
o i + H->ww | o ; R
=. i + Ho 77 -
4 + H-bb =
- % Hoyy i
1
2 e i
g ] A —
D__ N B [ —
| | | | | | 1 | | 1 | | | | | | | 1 B
-1 0 1 2 % P i
H ggh.un 0 0.5 1 1.5
Ky
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Mass of the Resonance

- CMS Prlenminary s = ?lTeV. L<51f" Vs=8TeV,L<19.67" 10 CMS Preliminary {5 -7 TeV, L<5.1 10" (S 8TeV. L< 19.6 o

_I I I : I I : I I : : : I_ IIIII _I [TTTTT T T T TR T I T T T T T T T T T T T T I 77 T ToT T T IT T T I T IT ]

© [Hovw+H-ZZ | % Combined c [Hoyy+HoZZ |—wihsyst. 1

= 20_— B ::] 95 Ry uw{ggH,ttH), ———-no syst g

i * H=z o~  8f n_(VBF.VH) i =

: ] IR l". E

1.51 . - :

I . 6E =

1.0F | - 3 E

: % _ na . -

[ Y, ] 3t ‘ f ]

0.5- - - ’ .

§ . 2k -

i i 1F — :

1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 C T

00 124 125 126 127 :IIIIIIIII I Y Y I|IIII\ I|IIII IIII|IIIIIIIII:
m, (GeV) 23 124 125 126 127 128

m, (GeV)

Use the channels with
the best mass resolution vy my =125.4+0.5+ 0.6 GeV

4 lepton m,=1258+0.5+0.2 GeV
Combined |my,=125.7+£0.3 £ 0.3 GeV
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Spin-Parity

O Use angular distribution of photons in Collins-Soper plane in the yy channel
O Use invariant masses and decay angles of leptons in the 4-lepton channel

Exclude 2* hypothesis at 2.840 by combining ZZ and WW channels

Vo=

7TeV,L=5.1f" {5=8TeV, L=19.6 fis’

2xIn(L, / Ly)

CMS preliminary {s=7TeV, L=5.1f5" (s=8TeV, L= 19.6 f5'
T T T TT T T 1T T

CMS proliminary 0 : | i e CMSprenmmary r 1TV L=5 115! (3-8 TV, L= 106
ﬂ L | LI F=F =F F | T |-_1_.| LI | T 1T _L E r ,___,:0+ : >‘ L U R ‘ — ‘ —
7 0.1 o - o L - R |
o YN ey A = 0.1—
= r ZZ Wo E onp ZZ l2.g9) 5 ZZ+WW .0
| | E 5t —CMSdata | % — CMS data
% 0.08 — CMS data é 0.12 - — % 0.08 - [CL:DS - 0.6%) N
% i _8 C a UL
2 | s O Bl
[B] ) L = B
D‘-‘f 0'06_ o 0.08F J o 0.06_
0.04f e E 0.04f
0.04F -
0.02 . - 0.021
I o A ; s L
0 S % 20 10 0 10 20 30 ol
30 20 -10 0 10 20 3 2xIn(L L) -
Zngy  ©

So far the best measurements came from the 4 lepton channel

Pure 0* hypothesis is favored while a pure 0- hypothesis excluded at 3.30
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SS9 RRCAT, BARC, VECC, IGCAR, ECIL, ATL, IGTR, BHEL
contributed a number of critical components to LHC

0 BARC, VECC, RRCAT contributed heavily to the GRID effort

Finished Decapole & Octupole SC Ca :
" coroctor thagret assembly Precision alignment Jacks were Designed & Developed by a

RRCAT team for LHC Cryo-magnets.
- Each LHC cryo-magnets weighs ~32 Tons

Precisioﬁagnet Positioning MCS&MCDO  Magnetic measurements

System (PHIPS) Jacks teams- ~100 Man-years
VONMLCIHTNIVTL 4V TV I_“UHD

Indian mad PMPS Jacks being Installed in LHC



The CMS collaboration

Belgium

A large collaborative effort Austria Pulgaria
3600 Physicists, Engineers and student /
38 Countries SR CERN Finland
182 Institutions

\

\ Greece

Hungary

Gradually Russia
increasing
Uzbekistan ::::::::::::::::::
Ukraine

. Italy
Slovak Republic

Georgia
g UK \
Belarus Poland
Armenia Turkey
[ ]
ll(ll Spain Portugal
Eston: China
Pakistan shonta
Switzerland
Korea Cyprus

China (Taiwan)

Croatia
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CMS,

Indian participation in CMS

d Participants: Universities of Chandigarh, Delhi + BARC (Mumbai
SINP (Kolkata), TIFR (Mumbai) (since 1993)

O Indian groups participated in
— the design of the detectors,
— building hardware components,
— contributing to the software and detector performance studies
— physics analysis leading to the papers for publication
O Early design work includes
— choice of material for the electromagnetic calorimeter
— detector granularity to balance resolution vs particle identifications .

December G, 19491

TIFR/EHEP/94-12
CMS TN/94 - 238
August 31, 1994

Neutral Pion Rejection and Position Resolution for

Radiation Hardness Study of CeF;, PbWO, Crystals and Gammas as a Function of Granularity for a Phiw(),
Heavy Glass to MeV Neutrons ! Crystal Calorimeter
S. Banerjee, S. Mangla, G. Mazumdar and R. Raghavan ’ S. Baneriee, R. Raghavan

Tata Institute of Fundamental Research, Bombay ults Tata Iustitute of Fundamental Research, Bombay 34



Last Word .

O There is a very strong evidence of Th In praise of charter schools
'e - Britain's banking scandal spreads
a scalar boson of mass around ECONOIMISE  Volswogen overtakes the rest
125—1 26 Gev A power struggle at the Vatican

Observed properties of the Higgs
boson are broadly consistent with A glal'lt |eap fOI'

the Standard Model predictions

These studies have drawn
attention of people from all
quarters

This discovery is achieved by
international collaborations of
thousands of people working over . Ty , :
two decades 7 " . Findingthe
The Indians have been a part of | ol
this from very early days
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Back Up
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Combination of Higgs Results

N _1 0 E;P\Iﬂsl ?FT’TTE:’YI l‘sl ITITIE'!:" ILI |5|-1 fo! 'dS B TEV |._ 12 2 ‘fb CMS Preliminary \s=7TeV,L<51f" {s=8TeV,L< 12, 21b"
[= Q—H —»yw+H-2Z2ZZ — Combined _% : SM Higgs @ Fermiophobic 4 Bkg. only
< O} oo T | '
N sk —H->2Z j E
s 1 st
6 1 2|
5 E s
| |
4t = I
3 / / I
. . 0.5}
2 E
1 :
O:| I | N I I I | | 11 | 1 I I I | L 11 |: Dg UIS 1 L 1 -15
122 124 126 128 .KV (scaling of vector boson couplings.}
my (GeV)
Mass and production strength Couplings consistent

m, = 125.8 + 0.4(stat) £ 0.4 (syst) GeV — Fermions versus vector bosons

~  Signal strengths consistent - Also effective gluon versus
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Large Hadron Collider

Be;g‘ size | (3.5-4.0)x10'2gy Beam Energy
~ 9.9 Cm ) .
X 15 um 7.8x10% cm—2 s~ Luminosity
X 15 um 1377 Bunches/Beam
1.4x10" Protons/Bunch
<s— == == ——
=i - €57 Gons >
" - i \
«* - o ;;_-;;—" ::_&f:':

Bunch Crossing

Proton Collisions

Parton Collisions

New Particle Production
(Higgs, SUSY, ....)

September 2013

Higgs Results from CMS

(3.5-4.0) TeV Proton Proton

1 55107 H collldlng beams
X

0.1 Hz

Ny

p—v;ot— “» g’_p

A A

4.5x108 Hz

b
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ERN accelerator complex
(not to scale)

Pl

LHC 4 TeV
. North Area
ALICE p LHC-b
SPS 450 GeV L .
U TT10
West Area \AT%AS CNGS .. -
AD | Gran Sasso
' TT60 CMS & ATLAS : General purpose,
< AP A 14 GeV Higgs, SUSY ? ?
BOOSTER _soLbe East Area

. 50 MeV, iyl s I

s .n—'l"o o -
¢ : LINAC 2774
&k 4 CTF3

LINAC 3 .y~ *—«; LHC b: B Physics, CP-violation
lons “q," F LEI H
£ ALICE : Heavy Ion, QGP
p protons P antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider
p ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
P neutrons p neutrinos  SPS Super Proton Synchrotron ~ CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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Lone

Early Studies

7

A Early studies also include
— Design of the software system
— Probing new observables from the detectors
— First use of new techniques in analysis
— Comprehensive analysis of finding the final reach of CMS

CMS TN/95 128 Available on CMS information server CMS NOTE 1999/056
mg The Compact Muon Solenoid Experiment ]
<)
, - . : CMS Note )
First Evaluation of the Curvature Sampling 1 WMallng adross: CMS CERN, GH-1211 GENEVA 23, Swi

Pattern Recognition Algorithm in context of
the CMS Inner Tracker

22 October 1999

- !,E'gf,'”""” Study of dE/dx Measurements with the CMS
Tracker

S.Piperov
Sofia University and INRNE - Sofia

S. Banerjee™!, A. Caner™, 8. Dutta”), A, Khanov"!!, F. Palla®), G. Tonelli*)
24 November 1995 Eur Phys J C 39, 52, s41-s61 (2005) .
Digital Object Identifier (DOI) 10.1140/epjed /s2004-02-003-9 EPJ C direct
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH dlsetmniconly

CMS TN/ 96-023
February 23, 1996

Scientific Note

Application of Neural Networks in Summary of the CMS potential for ¢he Higgs boson)discovery
Detecting(Higgs 3t CMS.

S. Abdullin'*?, S. Banerjee?, L. Bellucci®, C. Charlot?, D. Denegri®®, M. Dittmar®, V. Drollinger’, M.N. Dubinin®,
M. Dzelalija.g, D. Green!?, I Iasvili'?, V.A. Ilying, R. Kinnunen!!, S. Kunori' K. Lassila-Perini'!, S. Lehti'!,

K. Mazumdar?, F. Moortgat!?, Th. Muller'®, A. Nikitenko'®#, I. Puljak?, P. Salmi'!, C. Seez!!, S. Slabospitsky'?,
N. Stepanov™?, R. Vidal'®, W. Wu!?, H.D. Yildiz'%, M. Zeyrek!®

S. Banerjee U, A. Khan 2 9 ! University of Maryland, College Park, Maryland, USA
% Tata Institute of Fundamental Research, Mumbai, India
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Hardware contribution

sarsand

27 IFR, together with Panjab University | DERE
constructed the outer hadron calorimeter -
O HO covers central rapidity region |n|<1.3 T o e
occupied by the five muon rings to improve | | | —1
jet and MET resolution | S -
N :
Pseudorapidity, n = —log,(tan(6/2)) | S——— AR
< Basic detector element maps tower - /HBOMn}uleﬂm}r} ?‘“’T‘ﬂ“‘%
' i A A AN A
granularity of 0.0873 x0.0873 in nx® ] % / &, ,{/ ==
% 432 trays are built from 2730 tiles

-------

~L16) Layer 1 HCAL Tower—="
2.800m ‘
ER| ~HO Eayer i) 2k gt
= — 2850m ;p6am R
5
T—r
iz Tracker—s=—

o

e

SINP, TIFR are now contributing

s -mmﬁm:mﬂd_o!_;__ G b " tothe upgrade effort of HCAL

~  CMS - PARA- 003A - 16/04/98 PP (G.F) S. Banerjee 41
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Preshower (ES)

____,_,—'—'——'

_——'_'_'_'_
i P:_?,f____f— n=3!

P -~ n==

/End caps of CMS detector
have 4300 silicon strip
detectors covering area of
about 17 m?

= / i =k _ ) _
i 7’///, 1N : ARC and Delhi university
e ElEZ0l:||W:| i have delivered more than
eCaL <P * EIEZHE 1IN ° 1000 detector modules
Preshower Endcap B %/ il B
. . 7Rl
Higgs discovery : Good 7* |

Motherboards

Jejection.for H »yy mode
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\& 5 Software contributions v
&One of the main architects of the offline software project — starting fierm—"
the very first version of simulation and reconstruction, graduating to
object oriented software to the final version which is deployed from HLT
to analysis. The first success of LHC experiments is how well and quickly
the detectors are understood — largely due to work of a few task forces
which were steered by Indian scientists.

CMS Preliminary 2010,\/s=7TeV Statistical errors only
% 1.6 e yConv. O Nucl. Int.
® 1.4
= — :#:
1.2— P
IS ey o - 5 0 44}
= —— = o
0.8 =5 i < =
S @ @ @ s = &
0.4— o0 oo T - - = - ] [
. ) ' ' 1 " ) " 1 | \ N " " 1 ) I ' " | " n M 1 | ) ! " ! | 1 "
0 10 20 30 40 50 60
R (cm)

O First designer of web based GUI (Graphical User Interface) for data
quality monitoring and coordinating DQM activities of the tracker

O Prototyping the DAQ system with testing of various high speed switches
0 Development of GRID monitoring tools for CMS

O Participation in calibration and overall performance of the hadron

calorimeter system
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Physics studies s
rried out several analyses leading to public version of

analyses and a number of physics publications:

Single particle response in the calorimeter
Event shape distributions at a few CM energies

Studies of underlying events using jets reconstructed from tracks and
using Drell-Yan events

Direct photon production and constraints on parton density function
Measurement of subjet multiplicity in dijet events

Test of QCD in inclusive jet and multi-jet production

Measurement of W charge asymmetry and Wy production

Search of Standard Model Higgs boson in a number of channels
involving leptons, t's and v's

Quarkonia production in heavy ion collisions
Search for excited lepton
Study of mono photon production in view of extra dimension

Search of Supersymmetry in all hadronic final state
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