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The Successful SM

® The SM describes fundamental constituents of matter and

interactions elegantly through gauge invariance € G
V. SRR
® The fundamental matter is made of spin /2 fermions IGStOﬂ;
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The Successful SM

® The SM describes fundamental constituents of matter and

interactions elegantly through gauge invariance € G
ey ¢ Y,
® The fundamental matter is made of spin /2 fermions IEStOng

® Interactions are mediated by spin | gauge bosons

® Requiring theory invariant under gauge transformations

-  Electro-weak(EWK) interactions: SU(2)®U(I)

-  Strong interactions: SU(3) electro-weak interactions
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The Successful SM

® The SM describes fundamental constituents of matter and
interactions elegantly through gauge invariance

® The fundamental matter is made of spin /2 fermions

® Interactions are mediated by spin | gauge bosons

® Requiring theory invariant under gauge transformations

-  Electro-weak(EWK) interactions: SU(2)®U(I)

-  Strong interactions: SU(3) electro-weak interactions
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strong interactions
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® The SM has been highly predictive

® The discovery of the W/Z bosons and the rigorous precision
measurements at the EWK scale
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The Incomplete SM

|.  The fermions and bosons are massless as a consequence of the gauge invariance
® The electro weak symmetry must be broken when particles acquire mass
2.  The SM has unphysical predictions of some physical observables

®  Such as the WW longitudinal scattering amplitude violates unitarity

W W W
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The Incomplete SM

|.  The fermions and bosons are massless as a consequence of the gauge invariance
® The electro weak symmetry must be broken when particles acquire mass
2.  The SM has unphysical predictions of some physical observables

®  Such as the WW longitudinal scattering amplitude violates unitarity

W W W

W W I

® Higgs mechanism (1960s):“spontaneous symmetry breaking in the EWK sector”
®  Generate particle masses without perturbing the gauge invariance, ensures good high energy behavior

® This is by no means “the only way”, but by far the most “economical way”
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The Higgs Mechanism (1)

® Spontaneous symmetry breaking mechanism:a simple example with scalar field

L=T-V = %mqba“qb — (%M%Z T ?@4)

® Impose Y2 <0and A >0 — There is no mass term! 1 V(¢>

® The potential is invariant under parity

V(g) =V(=9)

® The ground state (vacuum) v breaks the parity symmetry ¢

T
v=1/—p?/\

vacuum expectation value

Friday, June 28, 2013



The Higgs Mechanism (1)

® Spontaneous symmetry breaking mechanism:a simple example with scalar field

L=T-V = % L PO P — (%u2¢2 + ?@4)

A
® Impose Y2 <0and A >0 — There is no mass term! | V(¢)
® The potential is invariant under parity
V(¢) = V(=9)
® The ground state (vacuum) v breaks the parity symmetry ¢>
®  Expand the field near the vacuum to study the particle spectrum

b=+
T T

_ Moy 2, 2
£—2 un0fn — (Ao n” + ... UZ\/—,LLQ/)\

W h t 0 vacuum expectation value
= e now have a mass term!
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The Higgs Mechanism (ll)

® The Higgs mechanism,“electroweak symmetry
breaking mechanism in the SM”
‘ 4 4
® SU(2) complex scalar doublet with 4 real components
® Construct a potential that is invariant under
electroweak symmetry, but not its ground state
®  Expanding the fields near the vacuum leads to X

- one real Higgs field “Higgs boson”

- the other 3 get “eaten” by W/Z to generate the
mass and longitudinal polarizations of W/Z
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The Higgs Mechanism (ll)

® The Higgs mechanism,“electroweak symmetry
breaking mechanism in the SM”
‘ 4 4
® SU(2) complex scalar doublet with 4 real components
® Construct a potential that is invariant under
electroweak symmetry, but not its ground state
®  Expanding the fields near the vacuum leads to X

- one real Higgs field “Higgs boson”

- the other 3 get “eaten” by W/Z to generate the
mass and longitudinal polarizations of W/Z

® The fermions acquire masses by Yukawa couplings
with the Higgs field

® WW longitudinal scattering amplitude unitarized by

HWWY interaction
— >. —
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The Higgs Mechanism (ll)

® The Higgs mechanism,“electroweak symmetry
breaking mechanism in the SM”

® SU(2) complex scalar doublet with 4 real components

® Construct a potential that is invariant under
electroweak symmetry, but not its ground state

®  Expanding the fields near the vacuum leads to

- one real Higgs field “Higgs boson”

- the other 3 get “eaten” by W/Z to generate the
mass and longitudinal polarizations of W/Z

® The fermions acquire masses by Yukawa couplings
with the Higgs field

® WW longitudinal scattering amplitude unitarized by
HWW interaction

® EWSB — one physical scalar Higgs boson

® Its mass is the only unknown parameter
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Direct Higgs Searches Prior to the LHC

® |arge Electron Positron (LEP)

® The electron-positron collider that ran until ~2000 at a center-of-mass energy up to ~ 209 GeV
® It excludes the SM Higgs with mass < |114.4 GeV at 95% C.L.
® Tevatron

® The proton--anti-proton collider that ran till 201 | at a center-of-mass energy ~ 2 TeV

® It excludes SM Higgs with mass in the range [156-177] GeV
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Constraints from EWK Precision Measurements

2 _ ma 1 @
® EWK precision measurements can be used to constrain

the Higgs mass if it contains high order corrections t

from Higgs loop
\'A% \'A%
® e.g. the W mass measurement

Artop ~ 0.03 - (1;7;g)§v)2

® All relevant EWK precision measurements are
combined in a global fit for the Higgs mass H

,‘
\

'\I
Wf\/\/\,f\/\/\aw

Arg ~ 0.003 - (log% — 2)

Z

e | EP EWK working group fit

= mMH <161 GeV at 95% C.L.
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Successful end to Runl
~5/fb at 7 TeV 23/fb at 8 TeV

e e e TS (g MM NS

Technical Stop I

25| Luminosity Target - Original | Machine Development
[ Luminosity Target - Extension ool
B8 CMS Delivered Luminosity
First fll: 2469 Last fill: 3378
Proton-Proton: 5 = 8 TeV
Original Estimate = 16.37 fb '

Extended Run Estimate = 21.98 fb'
CMS Delivered = 23.26 fb !
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o(pp — H+X) [pb]

10

The SM Higgs Production at the LHC

The SM Higgs is mainly produced in gluon fusion at the LHC

mH=125 GeV
O(ggH) ~ 20 pb
O(qqH) ~ 1.6 pb

\

\'s= 8 TeV

LHCXGGS XS WG 2012

|
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Detecting the SM Higgs Boson

® Higgs can be detected in multiple channels

® The relative sensitivity of each channel o 10 38
depends on experimental constraints = - T \'s =8TeV ¢
oC : 18
m 3
®  Final states with multi-leptons and well % 1 EVBE HA v WW — I'vaqq 3 %
measured objects are key channels ® EWH Evbh WW — [y 13

® Two of the most important channels for the 10" __ """" 77 > Mqq

Higgs search in the full mass range = i :

ZZ — I'Tvv i

A 77 M|

O — ]

Channel Feature - -

WW Large signal rate 3 TH — B\ Xt |

(—2I2v) | early discovery channel 107 F I=e.u \ Y <

u V =VeV,iVy T -

77 Excellent mass resolution, A q= Ud|SCk|> | NNl | ......... L~
(—4l) Complex topology for 10 100 150 200 250

property measurements
M, [GeV]
H
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Measuring Major Objects in CMS

® Particle-Flow (PF) event reconstruction in CMS

®  Combine full information from all subsystems to give a coherent description of all stable particles

® Tracker performance and reconstruction of the tracks are cornerstones of PF

-  precise reconstruction of charged particles and determination of the primary vertex position

Key: Om m 2m
Muon

Electron

Charged Hadron (e.g. Pion)

~ = — - Neutral Hadron (e.g. Neutron)

----- Photon

B=38T

P
,

Tracker

i ," ECAL |

Transverse slice
through CMS

im

superconducting
solenoid
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Roadmap to the Discovery

20




First 7 TeV Collision March 30,2010 CMS center
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Roadmap to the Higgs-like Particle Discovery (1)

I Feb. 2011, WW in 36/pb |

B — upper limit, Observed
] Opert BR(H - WW — 212v), SM >
ggarsess o BR(H—WW —=200),SM4

---------- upper limit, Expected + 1o

---------- upper limit, Expected + 20 o

T I N | 1 1 1 1
100 200 300 400 500 600

Higgs boson mass [GeV/c?]
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Roadmap to the nggs like Particle Dlscovery (I)

T T T T T T T T
a Feb 20I I WW in 36/pb i
- upper limit, Observed
] S BR(H - WW — 212v), SM
LELLLLLL O,y " BRH—=> WW — 212v), SM4

upper limit, Expected + 1o

upper limit, Expected + 20
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Roadmap to the Higgs-like Particle Discovery (l)

A T T T T T T T T T T T T T T T T T T T T T T T T 2 T 1 T T
il A —— Combined
OE R Feb. 2011, WW in 36/pb § 5 107 August 2011, 1.5/fb H > bb ((1111 ]:‘tt);)
. — Tt .
~ e - upper limit, Observed B - confirm Tevatron : SICIEIETE n — \\(/\YIW (1 g :‘E)
1& ) _ 0gg—>H -BR(H—= WW — 212v), SM (- S exclusion ........... H : 77 — 4 §1 :7 fb'%
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Roadmap to the nggs like Particle Dlscovery (I)

a Feb. 2011, WW in 36/pb i

- upper limit, Observed
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What do we know of this
new particle?

(As of May 201 3)

Test the compatibility of data with the SM Prediction,
starting from SM tensor structure assumption

26
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What have we learned about the new particle?

Mass

125.7 £ 0.3 (stat) + 0.3 (syst) GeV

-2AInL

—
=)

= N WO & OO0 O N OO ©
TTETTTTTTTTTTTTTTTT T T TTTTITITITTI [TTTTTTT

o
T

ZZ 125.8 £ 0.5 (stat) = 0.2 (syst) GeV
YY 1254 £ 0.5 (stat) £ 0.6 (syst) GeV

" H — vy + H— ZZ |~ Combined
B — H—=yy
u,,u (9gH,ttH),

MW(VBF,VH)

— H—>2Z
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What have we learned about the new particle?

Mass 125.7 £ 0.3 (stat) + 0.3 (syst) GeV
Significance > 100

CMS Preliminary (s=7TeV,L=51f0";{s=8TeV,L=19.6fb"

> 70 _I | I I I I | I I I I | I I I I | I I I I | I I I I |_

8 - ' e Data 1

2 % Ayl B

Expected | Observed P - a1l zy 22 E

Decay| .. " - £ 50r ]
Significance | Significance o e s m,=126 GeV]

LL] - ]

ZZ 7.1 0 6.7 0 40: _ ]
WW| 530 390 30 % u -
390 320 - :

LA 20 4 ]
TT 260 280 i §
—>» 340 § —

bb 220 200 107 E
0700 200 300 400 500 600

my, [GeV]
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What have we learned about the new particle?

Mass 125.7 £ 0.3 (stat) + 0.3 (syst) GeV
Significance > 100
Productions Mainly from gg Fusion
Overall signal strength 5 Fermion vs W/Z couplings
I I I I I | I I I I | I I I I I I
- _ > H—
Combined CMS Preliminary m, = 125.7 GeV 1 i + T
w=080+014 | Pg,=0.92 g i %+ H—-WW
=. i + H->ZZ
Untagged % 2 4r- H = bb
w=0.78=+0.16 §_ B + H—vyy
0 I _
U
VBF tagged N - -
w=1.02:x0.34 ™ < o |
VH tagged - B 7
u=1.02=+=0.49 L |
O - —
ttH tagged B ]
r——
u=-0.15+2.86 - |
| | | | | | | | | | | | | | | | | | | | |
-4 2 0 2 4 -1 0 1 2
Best fit O/OSM 29 Fermion(top) coupling ggH, ttH

Friday, June 28, 2013



What have we learned about the new particle?

Mass 125.7 £ 0.3 (stat) + 0.3 (syst) GeV
Significance > 100
Productions Mainly from gg Fusion
Decays Mainly ZZ/WW/yY, evidence from bb/TT
Overall signal strength 5 W/Z coupling ratio relative to SM prediction
_I . [T T T T T T T T | | I ||_| T T 1T | T T T T T T TT1 ‘ll T 171111 T
Combined CMS Preliminary m,=125.7 GeV - - H—-VV (0/1 jet) — Observed ]
u=08020.14 | p  =0.65 — 4.5¢ A KoK B
: < - wzr =2 © ----Exp. for SMH |3
H - bb 1 Al 4.0 \ ' ' =
w=1.15+ 0.62 N ' 355_ \ ! E
H%ur=11.1oio.41 T 3.0 Test o.f E
' n custodial -
= : 2.9 symmetry -
w=0.77 = 0.27 e I 2.0 =
| 1.5 =
H— WW sl - ]
u=0.68 =+ 0.20 : 1 OZ Z
H— 27 ; 3 E
w=0.92x0.28 " 0'55 \ ]
R c By b by OO_||||||||||| \,I [ I B N R
0 05 1 }3.5 : 2 / 2.5 0 0.5 1 15 )
est fit o/o —
M Myz (K= 1)
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What have we learned about the new particle?

Mass 125.7 £ 0.3 (stat) + 0.3 (syst) GeV
Significance >100
Productions Mainly from gg Fusion
Decays Mainly ZZ/WW/YY, evidence from bb/TT
Couplings No significant deviations from SM Prediction
Test the deviations of couplings relative to the SM prediction K; — ﬁ
1,
20 CMS Preliminary s=7TeV,L<5.1fb"' {s=8TeV,L<19.6fb" CMS Preliminary Vs=7TeV,L=<51f" {s=8TeV,L<19.6 b’
— . B 1T 1T 1T T T T T1 | 1T 1T 1T 1T 1T T T°71 | 1T 1T 1T 1T T T T°1 _I_ — C T T
“ s "™ OveraResuits | | 0 SWHgss e Femiopnobio o Big.only

16 - ' Individual

- ST . - Channels
1.4 S~ — i

- i N\ - 1
1.2 i/ \ ¢ ] a

- P | - -
1.0 P | ~ -

- | , ; - O[]_ ...........................................
0.8~ o ] i e i
0.6 \\ / / - i

B : ~ ’,."' 7 I
04 el ] B
0.2 — -
0.0_ [N I [N I N [N N | [N I [N N [ [ | | [N I [ [ [ [N A | T -2 :

0.0 0.5 1.0 15 O 0.5 1 LR
Vv

Ky |
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What have we learned about the new particle?

Mass 125.7 £ 0.3 (stat) + 0.3 (syst) GeV
Significance >100
Productions Mainly from gg Fusion
Decays Mainly ZZ/WW/yyY, evidence from bb/TT
Couplings No significant deviations from SM Prediction

No assumption of SM couplings in

SM couplings in the loop, no BSM the loop, with an overall BSM width
CMS Preliminary il 68% CL CMS Preliminary "l 68% CL
== 95% CL : == 95% CL
KV +
KW + .
KZ —I*— E
: KT *
K -Ih
Kt * t ;

Kb +

L b e Pow = 0-78
C l— -
” | | | | psﬁn o BRBSM-_ [ky=1] psm =0.88
Lo v v v v b v v e b 8 il b Lo b b b L1
O 05 1 15 2 25 3 0051152253354455
parameter value parameter value
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Going beyond the SM Tensor
Structure

What is the underlying physics that describes the interaction
between the new particle and known SM particles!?

33
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X—=VV Scattering Amplitudes

® A general description of the scattering amplitudes based on effective couplings

SM 0+
AJ:()(X — V1V2) = U_l (g£0>m2ve”1<e§ )
scenario X production X — V'V decay comments
0 gg — X g&o) + 0 SM Higgs boson scalar

34
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X—=VV Scattering Amplitudes

® A general description of the scattering amplitudes based on effective couplings

SM 0+ 0-
A o(X =WV = ot ( O e g f*<2>,w>
scenario X production X — V'V decay comments
0 gg — X (O) + 0 SM Higgs boson scalar
0~ gg — X (O) #£0 pseudo-scalar
35
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X—=VV Scattering Amplitudes

® A general description of the scattering amplitudes based on effective couplings

SM 0+ 0+ ngh order 0 0-
Aj_o(X = WVa) = vt ( (0)m2 2 Xl |+ (O)f*(l)f*(2) vy g O)f*(l) Wf:((f) 5\2 4+ (O)f*(l)f*(Z),W>
scenario X production X — V'V decay comments
0 gg — X (0) + 0 SM Higgs boson scalar
0~ gg — X (O) £ 0 pseudo-scalar
OZ gg — X (0) £ 0 scalar with higher-dimension operators
36
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X—=VV Scattering Amplitudes

® A general description of the scattering amplitudes based on effective couplings

SM 0+ \g 0+ High order N 0- )

Aj_o(X = WNV) = U—1< (0)m2 2 s+ (O)f*(1>f*(2) w/+90)f*(1) uuf;((f) 615\612 n (O)f*(1)f*(2),w

Experimental measurements of those tensor structures are crucial to
confirm the SM Higgs mechanism or other new physics

scenario X production X — V'V decay comments
0 gg — X (0) + 0 SM Higgs boson scalar
0~ gg — X (O) £ 0 pseudo-scalar
OZ gg — X (0) £ 0 scalar with higher-dimension operators
37
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AJ:()(X — V1V2) —

AJ:1(X — V1V2)

X—=VV Scattering Amplitudes

® A general description of the scattering amplitudes based on effective couplings

SM 0+ 0+ High order 0 0-
p 1 ( OIm?2 exes|+ (O)f*(l)f*(2),uv 4+ ggo)f*(l)’wf:((f)jx—z n (O)f*(l)f*(Z),W

b1 [(€7q) (e3ex) + (€30) (€1 ex)] + b €apmpese; ey q”

A2 (X = NiVe) = A7} [2g$2>t e fr@re 40g@t,, 58 1293 pe(Vpa p+(2)05

q°q°
A2

S T
_|_m (29(2)75/“/6 e *1/ + 29(2) qAZat (eTVGSOé — ETO‘EEV) + g(2) qA2 t V€T6§>

q ql/ * a3 ¥ 2 q“a XU _*XP O

+g

* vV rx * vV p*k q q * o *
Lo, (f (pw p2(2) 4 pr(2pv g <1>) +gPLL g | pr@as px@)

~

C] ~O *xV * *UV *
(2) V A4 e,ul/paqpq (61 (q€2)+€2 (qel))]

scenario X production X — V'V decay comments
0 gg — X (0) + 0 SM Higgs boson scalar
0~ gg — X (O) £ 0 pseudo-scalar
OZ gg — X (0) £ 0 scalar with higher-dimension operators
1t qq7 — X b2 # 0 exotic pseudo-vector
1~ qq — X b1 # 0 exotic vector
2.5 @7 % 0 in (2) = g§2) £ 0 graviton-like tensor with minimal couplings
2;{ g #0 g #0 tensor with higher-dimension operators
2, (2) # 0 (2) £ 0 “pseudo-tensor”
38
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Experimental Methods to Probe the
Tensor Structure

including the spin and parity of the new particle

39
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Full Kinematics Description in X—=ZZ—4|

® Full kinematics: total 12 degrees of freedom

® For a given m(4l), 7 mass-angular variables describe the full kinematics in COM

+

H -
/’ ;
[ Zl
0
» invariant masses: 71,172 p X / 0* 0 Z
<_ — - e
. , g - ",
» production angles: @*7 D, i 5 ) U ¢ P
. / -
» decay angles: 01,05, ¢ , et
0, €

P

® The kinematic distributions of the variables depend on the X—VV scattering amplitudes

® Predictions can be made both from generators and analytical calculations

Yanyan Gao,Andrei Gritsan et al, Phys.Rev.D 81,075002 (2010),
Sarah Bolognese,Yanyan Gao,Andrei Gritsan et al, Phys. Rev. D 86, 09503 1(2012)

40

Friday, June 28, 2013



X—=VV Helicity Amplitudes

® The scattering amplitude can also be written as the sum of all helicity amplitudes

® E.G.a Higgs like spin O resonance has 3 helicity amplitudes which are uniquely predicted by theory

Z X Z
Aoo(g, mz1,mz2) -, S >

Ay (G, mz1,mz2) <—<—9 9-——»

A——(@ mzi, mZZ)

© © O

41
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X—=VV Helicity Amplitudes

® The scattering amplitude can also be written as the sum of all helicity amplitudes

® E.G.a Higgs like spin O resonance has 3 helicity amplitudes which are uniquely predicted by theory

Z X Z
Aoo(g, mz1,mz2) -, S >

Q.._.

® The helicity amplitudes can be directly probed in experimental angular distributions

A++ (!7, mzi, mZQ)

1TE
A__(g,mz1,mz2) g “ ) |

© © O

do ~ ‘ZAabPab(Q)|2dledmZ2dQ
a,b

® The full 7D differential cross-sections P(mZh mzo, Q‘m4g) can be analytically calculated and used

to study the underlying X—VV interactions

42
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Kinematics of Signal Models with Different Spin/Parity

X->ZZ-4l Perfect match between generator (data points) and analytical calculations (lines)
EHHlHHlHHHHlHHE 30:_""|""|""|""|""_: 25__""|""|""|""|""__

25~ . - Red: 0+ (SM) ] . ]

. 1 25 Blue: 0- E : ]

20}
Green: Oh+ -

20\ =N
T 15_
15} I y
B L& o X
B 10— —
10 i i
5 - s g
0 | | Lo | Lo [ |
1 0.6 0.2 0.2 0.6 1 9.14 1.88 0.63 0.63 1.88 3.14
COSE)1 [0))
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Kinematics of Signal Models with Different Spin/Parity

X—-ZZ-4l Perfect match between generator (data points) and analytical calculations (lines)
EHHlHHlHHHHlHH 30:_""|""|""|""|""_: 25__""|""|""|""|""_

251 - Red: 0+ (SM) : i

: 251 Blue: 0- - -

B ] 20
A Green: Oh+

1 20
] [t 15
] 15F
. E 10 .
i 10(# B
g _: 5:_ ] 5:— —
" 0: 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 : B 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
S -1 -0.6 -0.2 0.2 0.6 1 -9.14 -1.88 -0.63 0.63 1.88 3.14

X WW-2l2v SM Higgs

Spin 2 (minimal couplings)
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g
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H—=>WW-=2I2v

Dilepton, large MET, low Jet activity, no mass peak

45
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Analysis Challenges

® large backgrounds and no mass peak
O

= 10’

Background Signal

10°
10*
10°
107
10
1

m 6
m 10
X
@)

W+jets Z+jets  Top WW ZZ HWW (125)

v)  (2)) @R2v) 2R2v) (212v)  (212v)

46

Friday, June 28, 2013



Analysis Challenges

® large backgrounds and no mass peak
O

= 10’

Reducible backgrounds

Background Signal

W/Z+|ets
10°

10*
10°
10°

10

m 6
m 10
X
@)

—> | W+jets Z+jets  Top WW ZZ HWW (125)

v)  (2)) @R2v) 2R2v) (212v)  (212v)
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® large backgrounds and no mass peak

Analysis Challenges

Reducible backgrounds

W/Z+|ets

~~

O

—
N

oC
oM
X
®

10’
10°
10°
10*
10°
10°

10
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Background Signal

W+jets Z+jets

Top

WW 7 HWW (125)

(v) ()

(212v)

2R2v)  (212v)  (212v)

Irreducible backgrounds
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® large backgrounds and no mass peak

Analysis Challenges

Reducible backgrounds

W/Z+|ets

~~

O

—
N

oC
oM
X
®

10’
10°
10°
10*
10°
10°

10

® Key in the analysis

Background Signal

W+jets Z+jets

Top

WW 7 HWW (125)

(v) ()

® Optimize selections to reduce reducible background

® Exploit full kinematics to separate HWW and WW

49

(212v)

2R2v)  (212v)  (212v)

Irreducible backgrounds
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Analysis Overview

CMS preliminary\'s =8 TeV,L. =195 fb’!
» data
JH(125) — WW
] W+j§*t)s
ww W4y

selection WM di-boson
tOp

(7))
C
. 7
e WW selection S10

® Reject reducible backgrounds

10°

P2 Emsg 2 oy . Jet ang,. P!
P 20/;080‘/1‘3 Vet "T>45 ey, M btay” Cuts

m

n CU[ n,

4
T CUfS ®// Cuyp
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Analysis Overview

CMS preliminary\'s =8 TeV,L. =195 fb’!
» data
JH(125) — WW
] W+j§*t)s
ww Wy

selection WM di-boson
tOp

n
5107
® WW selection S10
® Reject reducible backgrounds

® Distinguish the WW background using the

spin and mass of the Higgs o

® |Low dilepton opening angles (A®y)

41
®  Transverse mass (dilepton and MET) 107 ,
- |
B |
B |
10° & :
- |
- 1
S N
'OT //2; 205;’.7;5‘80(/{82 Vefo pr 345 '/et VG{O a’”lb\,agﬂ)r CU[S ,h// CU[ ,777 CU,S 4 ®// CU)‘
: W HWW like
e Ve i; e+
momentum - spin -
direction direction WW like
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Analysis Overview

® WW selection

® Reject reducible backgrounds

® Distinguish the WW background using the
spin and mass of the Higgs

® |Low dilepton opening angles (A®y)

®  Transverse mass (dilepton and MET)

® Two complementary approaches to extract

the Higgs production cross-section
® Cutand count

®  Use full shape of kinematic distributions

52

CMS preliminary\'s =8 TeV,L. =195 fb’!
» data
JH(125) — WW
] W+j§*t)s
ww W4y
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10° l Z+jets
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10°
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Analysis Overview

® WW selection

® Reject reducible backgrounds

® Distinguish the WW background using the
spin and mass of the Higgs

® Low dilepton opening angles (A®y)

® Transverse mass (dilepton and MET)

® Two complementary approaches to extract

the Higgs production cross-section
® Cutand count
®  Use full shape of kinematic distributions
® Optimize search in categories
® number of jets: 0/1/2
® |epton flavor: ee/ep/p

® 0-Jet eM is the most sensitive channel

53

CMS preliminary\'s =8 TeV,L. =195 fb’!
* data
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Events After the WWYV Selection

(@] — 1 T 1 | L | LI | L | LI | LI | L | LI | L (@] L | LI | LI | LI | LI | L | LI | LI | L
o = . — i i
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H—=>WW Cross-section Extraction

® Exploit full kinematic phase space in el channel with less backgrounds (Brell-Yan)
® Dilepton invariant mass and transverse mass (I[+MET)

® Data in the background region can be used to constrain both background normalization and shape

M, =125 GeV Background
CMS preliminary L = 19.5 fo'' (8TeV) CMS prelimi =19.5fb" (8TeV)

-
(=]
o

©
o

o0
o

60

40

30

Dilepton Invariant Mass [GeV]

20

Dilepton Invariant Mass [GeV]

| | | | | | | | | | | | | |
60 70 80 90 100 110 120 0

Transverse Mass (II+MET)[GeV] Transverse Mass (II+MET) [GAeV]
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Summary of the Results

® The SM Higgs boson is excluded up to 600 GeV in the high mass range

® We observe an excess in the low mass region

mH = 125 | Expected Observed
Significance 5.1 4.0
H=0/0sm I 0.76 £ 0.13(stat) + 0.16(syst)

currently the most precise signal
measurement of all decay channels

-k
o
\S]

—_
o

CMS Preliminary
\s=7 TeV,L=4.9 fb"
\s=8 TeV, L =19.5 fb™
. H->WW-—2I2v 0/1-jet

m— Observed

- = = Median Expected

- Expected + 10
I:I Expected = 20

Injection mH=1 25GeV = 10
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Kinematic Distributions in Signal Regions

® Closer look at the signal region, apply all cut-based selections except the variable plotted

e Kinematic distributions agree well with the SM Higgs + background hypothesis

(\Io B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ] NO | | | | | | | | | | | | | | | | | | | | | | | I _]
S B Z S B 7
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O - Bl H125 [ W+ets fs=8TeV,L=19.51" ] O 250 H125 [ W+ets fs=8TeV,L=19.51fb"]
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T 800 - wWw ’ - - - I ZhT ww ’ -
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S 2501 . c i i
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> B 7 S = _
© - . © i ]

200 . 150 (— —
150 — i i
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100 | m — i = I
B RS | - 50 | * -
50 |- ‘* - _ ;t i
B : B -4 . ]
: ﬂ *;t-"t-'ﬁ-l-'.' A ﬂ ¢t + -
O B 0. . @ O é&%*
25 ; ]
©Q 2F + T Q -
= : = .
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Results in Different Final States

signal strength, CMS preliminary, L = 24.4 fb’

SF 1-jet 7 TeV o
SF 0-jet 7 TeV ®
DF 1-jet 7 TeV ®
DF 0-jet 7 TeV °
SF 1-jet 8 TeV : °
SF 0-jet 8 TeV o
DF 1-jet 8 TeV P
DF 0-jet 8 TeV : B
| | | | | | | | | | | ol | | | | | | | | |
=t —0- T 2 3
Best Fit o/og,
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The “golden channel” for both SM Higgs search and Higgs property measurements

59

Friday, June 28, 2013



Analysis Overview

® The m(4l) is the most important variable

CMS Preliminary Vs=7TeV,L=5.1fb";Vs=8TeV,L=19.6fb™

70 I 1T T 1 | I I | I I | I I | I I I
% ] | | Ty Data §
O i ] : :
o 60 ] z+x ] relatively simpler
=~ i 7, 77 ] background composition
c 50— —
G>) E 8 o® mH=1 26 GeV—
W 40f

30

N Events between [120.5-131.5]

|—I—F|—|

20

Exp Bkg mH(126) Data

10

Total 9.4 18.6 25

BT [ T 1

I = T i e = SRR | MRl
0 200 300 400 500 600

my, [GeV]

—h
-
o

® Analysis is statistically limited (~0.8 signal events/fb)

® Need to exploit full kinematics to improve the search sensitivity
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Full Kinematics Description

® Full kinematics: total 12 degrees of freedom

® For a given m(4l), 7 mass-angular variables describe the full kinematics in COM

» invariant masses: 1071, 11 72

» production angles: 0*, o, % i
» decay angles: 01,05, 0 7 ZZ

V4
\
o P

® These variables directly probe underlying physics (scattering amplitudes) of X—VV interaction

- ldeally they can be used to fit data to measure the underlying XVV couplings
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Selected Mass-Angular Distributions

® Selected signal models Data points: Ideal MC events Lines: Analytical Calculations
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Single Kinematic Discriminant for SM Higgs Search

® W/ith current statistics, it is not feasible to compare directly the full 7D mass-angular variables

® We construct single kinematic discriminant for each m(4l)

®  Matrix Element Likelihood Analysis

4

a R 4 —1
Psio P bke(Mz,, mz,, 2may)

KD — — ]. —
7)Sig -+ 7Dbkg i Psig (m21 s TN Z5 4 Q|m4€)

® Peak towards | for SM Higgs and toward 0 for the other processes

® P and Py are calculated with two complementary approaches based on
®  Analytical angular distribution

®  Vector algebra matrix elements based on the 4-momenta of the final state particles
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Effect of Kinematic Discriminants

® [ncluding the kinematic discriminant improves the search sensitivity by ~ 15%

CMS Preliminary (s=7TeV,L=5.1fb";Vs=8TeV,L=19.6fb™

20 I'T T T T T T I'T 171 I'T T I'T 11 T T T T
% E | | | | | . Ili)ata | |E
O 18 ]
™ F ] z+x .
~ 16[ : =
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10__ : E E | | | | | . Ili)ata | |E
: ] 18 7
ol l - o [ ] z+x i
_ Iy ~ 16 . —]
oF B A 7'z
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m4| [GeV] 6:_ _E
- ¢
4 T
2|t =
0

110 120 130 140 150 160 170 180
my, [GeV]

64

Friday, June 28, 2013



H—// Cross-section Extraction

® The kinematic discriminant is combined with m(4l) for the Higgs search

Data overlaid with Background

CMS preliminary Vs=7TeV,L=5.1fb" {s=8TeV,L=19.6fb"

Q
X 1
0.9
0.8
0.8
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0.6 0.6
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04 0.4
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0.2 0.2
0.1
s
00 110 120 130 140 150 160 170 180
m,, (GeV)
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H—/Z/Z Cross-section Extraction

® The kinematic discriminant is combined with m(4l) for the Higgs search

Data overlaid with Background Data overlaid with Signal
CMS preliminary Vs =7TeV,L=5.1fo" {s=8TeV,L=19.6 b CMS preliminary Vs=7TeV,L=5.1fb" ys=8TeV,L=19.6fb"
Q
X 1
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H—/Z/Z Cross-section Extraction

® The kinematic discriminant is combined with m(4l) for the Higgs search

Data overlaid with Background Data overlaid with Signal

CMS preliminary Vs =7TeV,L=5.1fo" {s=8TeV,L=19.6 b CMS preliminary Vs =7TeV,L=5.11b" Vs=8TeV, L=19.6 fbo"

Q

»; I1 3
0.9
0.8

0.8

0.7
0.6 0.6
0.5
0.4 0.4
0.3
0.2 0.2

0.1

00 110 120 130 140 150 160 170 180 900 110 120 130 140 150 160 170 180
m,, (GeV) m,, (GeV)

® We observed an excess with a local p-value corresponding to 6.70 (7.00 expected)

iw=o/osy = 0.917057 mg = 125.8 + 0.5(stat) £ 0.2(syst) GeV
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Explore the XVV Tensor Structures

® The current statistics does not allow a
full measurements of the underlying
tensor structure

® As a first step we can compare data
with a few bench mark models

® Parity Odd O-

® (simple) spin | and 2 scenarios

68
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Explore the XVV Tensor Structures

® The current statistics does not allow a
full measurements of the underlying
tensor structure

® As a first step we can compare data
with a few bench mark models

® Parity Odd O-
® (simple) spin | and 2 scenarios

® The hypothesis separation relies on
both background rejection and signal
model separations

Dipy = Pig |1 Pbkg(leamZmQ‘méLE)Pbkg(méM)
© Puig + Pokg Psig(mz, , mz,, Qmar) Psig(mar)
= = T
D.p— 7DSl\/[ — |1+ 7DJP (mZ17mZ27 Q|m4£)
J — — —
Psvt + Pyp I Psm (mzl RUVAY Q|m4£)_
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Explore the XVV Tensor Structures

CMS preliminary \s=7TeV,L=5.1fb'\s=8TeV,L=19.6 fo’

-FB 7:LIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIJ:
® The current statistics does not allow a & - data -
full measurements of the underlying o 6 — 0,m,=126 GeV Dbkg > 0.5 7
tensor structure i J =0, my=126 GeV .
s [ 12Z/zy -
- [ z+X ]
® As a first step we can compare data - -
with a few bench mark models 4:_ B
e  Parity Odd 0- 31 e ? -
® (simple) spin | and 2 scenarios 2 .
® The hypothesis separation relies on 1= -
both background rejection and signal L ] e T
. I Y e a1 ma_
model separations % 010203040506070809 1
Dy
. —1
Doy — Psig _ |4 P vke(Mz,, Mz, , Qmar) Pokg (M)
bkg = = (1 =
Psig + 7)bkg Psig(le y T Z5 Q|m4£)73sig(m4e)
— - - _J_
D Psm Pre(mz,,mz,, 2ma)
Jp — — ]_ —|— —
Psvt + Pyp I Psm (mzl RUVAY Q|m4£) |
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Parity Results

® Parity (assuming spin 0)

Data is more consistent with 0+

disfavors a pure CP-odd state

71

Pseudoexperiments

CMS preliminary Vs=7TeV,L=5.1fb' ys=8TeV,L=19.6fb"

0-17SM Higgs vs 0-

Y 7 4
0.08—
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0.02-
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Parity Results

CMS preliminary Vs=7TeV,L=5.1fb' ys=8TeV,L=19.6fb"

. Parity (assuming SPin O) ﬂ _I T 1 | T 1T 1 | 1T 1T 1 | T T 1 | T T 1 | T T 1 _L
S 0.1 » —
O ' SM Higgs vs 0-
o N I :
° ata is more consistent wit =
S i ZZ — CMS data
< 0.08
e  disfavors a pure CP-odd state 8 .
9 _
3 ]
® Fit the fraction of O- Y 0.06 -
D_ ]
® CP violating component (gl, g4) ]
0.04 —
AJ:O(X N VlVQ) — (g(O)m2 6*6* + g(O)f*(l)f*(2),ul/) :
0.02 —
frac(0~) = 0.007)¢2 :
- SRR (s e /I I I | | | .-I-'-T"l---l
(-)30 -20 -10 0 10 20 30
® Increasing important as luminosity goes up -2 X In(LO_ / Lo+)
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Explore Higher Spin Hypotheses

Explore both ZZ and WWV final states

73
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Explore Higher Spin Hypotheses

Explore both ZZ and WWV final states

® Data is more consistent with spin 0

®  disfavors several spin-1 and 2 bench marks

CMS preliminary

with < 5% CLs value

Vs=7TeV,L=5.1fb' \s=8TeV,L=19.6fb"

42, _I T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 _l
g’ 0.1 SM Higgs vs spin-2 - _
) B minimal coupling  ]2(g9) B
g - — CMS data ]
= 008 WW+ZZ (CLy™ =06%) ]
CU ]
O B
e _
o 0.06 _
0.04 -. _
002 I';l‘ _

0 L o e
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-2 x In(L . /Lo+)

2m(99)
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X—>WW—2I2v SM Higgs
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Summary and Outlook

75




Is the particle the SM Higgs boson!?

Mass 125.7 + 0.3 (stat) £ 0.3 (syst) GeV
Overall signal strength 0.80 +£0.14
Couplings with SM particles | Consistent with SM prediction within large errors
Spin and parity Data favors the SM prediction 0+
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Is the particle the SM Higgs boson!?

Mass 125.7 + 0.3 (stat) £ 0.3 (syst) GeV
Overall signal strength 0.80 +£0.14

Couplings with SM particles | Consistent with SM prediction within large errors

Spin and parity Data favors the SM prediction 0+

® Still early to tell — many impostors!
® The spin and parity studies are currently model dependent and not conclusive

® The coupling measurements are not precise enough to test many other BSM scenarios

Predicted deviations in couplings compared to the SM Higgs mechanism

AhVV Ahtt Ahbb

R. Gupta et al, mixed-in Singlet 6% 6% 6%
ariXiv:1206.3560

Composite Higgs 8% tens of % tens of %
MSSM <I% 3% 10%-100%

® Need more data to reveal its true nature and establish its connection with the EVWSB
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How well can we measure the Higgs couplings at (HL)LHC?

nominal LHC HL-LHC
LS| LS2 LS3 HL-LHC
2013 » |2015-2017 > | 2019-2021 >

phase | phase 2 2024-2034(?)

upgrade upgrade
20/fb @ 8 TeV 1 00/fb P8 300/fb@ 14 TeV P8 3000/ at |4 TeV
5/fb @ 7 TeV @13 TeV
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How well can we measure the Higgs couplings at (HL)LHC?

nominal LHC HL-LHC
LS| LS2 LS3 HL-LHC
2013 > |2015-2017 > | 2019-2021 >
phase | phase 2 2024-2034(?)
upgrade rade
20/fb @ 8TeV 100/fb Pg 300/fb@ 14 TeV upg 3000/fb at 4 TeV

5/fb @ 7 TeV @I13TeV

® Higgs coupling measurements projected with two types of scenarios
® Scenario |:systematic uncertainties stays the same

® Scenario 2: theory uncertainties halved and experimental uncertainties scales with /L

o 300/ fb 3000 / fb
Scenario | Scenario 2 | Scenario | Scenario 2
Ahyy 6.5 5.1 5.4 |.5
AhVV 5.7 2.7 4.5 1.0
Ahgg | 5.7 7.5 2.7
Ahbb |5 6.9 || 2.7
Ahtt | 4 8.7 8.0 3.9
AhTT 8.5 5.1 5.4 2.0
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Challenges on CMS in High Luminosity

® High luminosity — high pileup

®  Expect on average 140 pile up interactions in the
HL-LHC (7 times the current condition)
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Challenges on CMS in High Luminosity

event with 78 vertices reconstructed from a
special high intensity run

® High luminosity — high pileup

®  Expect on average 140 pile up interactions in the —— _ ‘
HL-LHC (7 times the current condition) e _°

® The high performance of tracker has
been the key element in maintaining
our performance so far
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Challenges on CMS in High Luminosity

® High luminosity — high pileup

®  Expect on average 140 pile up interactions in the
HL-LHC (7 times the current condition)

® The high performance of tracker has
been the key element in maintaining
our performance so far

® The high pileup environment poses severe
challenges to the physics object performances

®  Expect degradation in lepton efficiency, MET
resolution and b-tag efficiencies etc
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Challenges on CMS in High Luminosity

event with 78 vertices reconstructed from a
special high intensity run

® High luminosity — high pileup

®  Expect on average 140 pile up interactions in the — . , S
HL-LHC (7 times the current condition) — ---———--- . "

® The high performance of tracker has
been the key element in maintaining

our performance so far S PR SO PP SO SO SO
¢ | . (a)
.y
: : , > e T
® The high pileup environment poses severe © | LT Mve
challenges to the physics object performances .g 0.8 20 T P
£ b
®  Expect degradation in lepton efficiency, MET = Tracking Efficiency with
resolution and b-tag efficiencies etc 0.6 the current detector
® Detector upgrades are necessary to maintain or _
improve current performance in face of high PU 0.4
®  Especially the objects with low-medium pT, the _
typical decay products of the light new particle 0.2k NoPlleg—————
—+— 1E34 cm‘:s‘ (25ns)
: | | —+— 2E34 cm™“s’(25ns)
® These upgrades are underway (pixel/ —_ 2E34 cms” (50 )
TraCker/HCAL/ECAL etC) 0 lllllllllllllllllllllllljllllllllllllllllllllllll
25 -2-15 -1-05 0 05 1 15 2 25
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Conclusion

® After Runl, LHC discovered a light Higgs candidate with 125 GeV

®  With current statistics, the new particle is consistent with a SM Higgs boson

® More data is needed to reveal the nature of this particle and eventually the EWWSB mechanism
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Conclusion

® After Runl, LHC discovered a light Higgs candidate with 125 GeV
®  With current statistics, the new particle is consistent with a SM Higgs boson
® More data is needed to reveal the nature of this particle and eventually the EWWSB mechanism

® | HC has planned high luminosity and high energy running in the next a couple of decades
®  Precision measurements on the CP violating component (<~10% for 300/fb)

®  Precision measurements on Higgs couplings ( <~ 10% with 300/fb)
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Conclusion

® After Runl, LHC discovered a light Higgs candidate with 125 GeV

®  With current statistics, the new particle is consistent with a SM Higgs boson
® More data is needed to reveal the nature of this particle and eventually the EWWSB mechanism

® | HC has planned high luminosity and high energy running in the next a couple of decades
®  Precision measurements on the CP violating component (<~10% for 300/fb)

®  Precision measurements on Higgs couplings ( <~ 10% with 300/fb)

H-WW/zZ or H-Ww/zZ or H-WW/ZZ 4 ?
H—bb/TT H—bb/TT H—bb/TT --

4 05 0 05 1 15 2 25 3 14 05 0 05 1 15 2 25 3 105 0 05 1 15 2 25 3
Best fit o/o, Best fit o/cy,, Best fit o/og),

® Together with some other positive NP sighatures (hopefully), Higgs
measurements can help shed light on the EWSB
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Backup Slides
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The WWYV Selection

® Two oppositely charged isolated leptons

1 2 CMS Experiment at LHC.CERN
pT > 20 G@V pT > 10 GGV Data recorded: Mon Aug 2 05:02:51 2090 CEST

RunvEvent: 142132/92434735

® Llarge missing energy

e Different flavor (eM) final state:

WW — (e v)(utv)

- MET > 20 GeV

® Same flavor (ee/p) final state

- Combine the MET related variables in a
MVA to maximize DY reduction

® Top veto MET
49.9 GeV

® Remove events with soft muons or b-jets
® Dilepton pT > 30 GeV

®  Further reduce W/Z+jets and W/Z+Y/y*

All bkg Ww Top WHjets Drell-Yan WLZ/ZZ  WIZ+y(*)
Expected O-et [4233+£220 3146+ 192 417+45 33491 128+22 (18171 89+22
backgrounds et 2899+ 152 | 976+ 111 1369+56 288+83 131+£28 886156 46+ 12
12/fb at 8 TeV Jet * * - i : o )
2Jet | 3229+ 137 | 47321 1865+ 100 220+58 579+70 512%35 41.3%39
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W+]ets Background Estimation

® W+Jets events are reduced by tight lepton identification and isolation criteria

W
— €<

g @->1" (")

®  The residual background is due to jets faking the leptons

® The residual background is estimated in a data-driven way

FR Calibration B\
Di-Jet Events % l
in Data

Fake Rate (FR)

Control Tight / Loose Signal
P— <«—P Region »  Region
Tight-Loose Tight-Tight

® The systematic uncertainty is ~36%

® How well does the kinematics of the fake lepton progenitors in di-jet events match the W+]ets events
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Same sign W+Jets Control Region

® Cross-check the data-driven method in a second W+jets
control region “same sign events” @_._

Vi

® Both normalization and kinematic shapes are well modeled “

gy ——@-> [~

(aV] (aV] —
) - . . o — ) .
> - -e-data L WHets CMS Preliminary > 240" o data | WHets CMS Preliminary
S 160 Mwzizz Wy Vs=8 TeV, L = 19.5 fby” O 220~ Mwz/zz Wy (s=8 TeV, L =19.5 fb"
T L Wy* WwW Vs=7 TeV, L = 4.9 fb” Z 200F- Wy~ Ww {s=7 TeV, L = 4.9 fb”
2 1401~ W\ stat. @ syst. 2 -\ stat. @ syst.
s L S 180[—
5 .. I
120— 160—
100— 140
B 120
80—
B 100
60— 80
40(— 60
~ 40
20—
B 20
O _I 0 1 L1 L1
O 257 O 257 <
s L of 5 A N\
= 15 { i w 1.5 + { i NN
© _ \\Q\\*\\*\\\*\\%\\*\\\*\\&\\ AR LR \*\\\\\\\ SOOI Ny N © _&\\\\\\Q\\Q\\ . Y NN RN AN \\\\\\\\§<Q§<<<§§§§§§§§§§
1_ \\\\\\\\ R SANESARE GAALANNANNNNANN. AN SNNNN NN \\\* \\\\\\\ NN T N\ AN 1_\\\\ \\\\\\\\\\\\““*\”+\\\\\‘ ‘“}‘\\\\\1\\\ AN RN SNNNNW \\§§§§§§§§§§
0.5 0.5 ¢ ! + { N
L B AN
O L L L L | L L L L | L L L L | L L L L 0 L L L 1 L L L L | L L L L | L L L N
0 50 100 150 200 100 150 200 250
2 II-E 2
m, [GeV/c] o] m; " [GeV/cT]
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WW Background Estimations

For low mass Higgs, there is a signal free WWV control region to estimate VWWW background

data data
NS — C

(Ns/Ne)M¢

1

event fraction

Theoretical uncertainties are assigned
|) PDF variations
2) QCD scale variations

3) Parton showering

The systematic uncertainty is ~10%(20%) for O(1)-Jet bin
For high mass Higgs, there is no signal free region

We rely on MC to estimate the WWV background primarily for the cut-based

For the shape based analysis, the WWV yield is determined from the fit

=
RSN
o

o
A
N

=
-

0.08|
0.06
0.04

0.02
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® The top background is reduced by vetoing events with b-quark

Top Background Estimation

Top-tagging: look for b-quark signature (soft muons and b-tagged jets)

The residual background contributes mostly to events with jets

Top background in events with 0-jet is much smaller = better sensitivity

® The residual top background is estimated using data-driven methods

Data

Measure
Top tagging
efficiency :
Etag

Data
control Signal
region : region :
Top Tagged Top Vetoed

X

v

Etag
I -Etag

—=>

NTop estimate
in signal region

® The systematic uncertainty is ~20% (5%) in the 0-Jet (I-Jet) bin

0-Jet: theory calculations of relative tVV and ttbar compositions

the statistics in the top-tag control region

93

Friday, June 28, 2013



Kinematics in Top Enriched Region

® Perform the same signal fit on top enriched region

e  different flavor events with |-jet (b-tagged)

N ~ 1200
o u _ _— o , .
> 1000l *data W WH+jets CMS Preliminary > [ edaa I W-ets CMS Preliminary
g Y Top Vs=8 TeV, L =19.5 fb" g - B Top Vs=8 TeV, L = 19.5 fb"
T Wz Ww \s=7 TeV, L = 4.9 fb” Z1000— [MZi” ww \s=7 TeV, L = 4.9 fb”
2 T N\ stat. @ syst. 2 ) stat. @ syst.
o 800— ) B
> > -
(0] - (0]
i 800
- & K N 600(— AW ey
-, R -
400~ s * . )
- L3 400§ ..
2 e [+ -
200/~ wha ). 200[— .-
- * R XY B 4Zo+
- - e o
OI I|||:|||I|II!III!||| III|III|III 0_|_|_|_|_|_|_|_|_|_W|_I_I_I_|IIIIlllllllllllllll—v,‘—lﬂ_ﬂ.w\.;
o 25r O 25r
% 2~ % 2~
T 150 T 150
© B Y [ © T L e e - a2 & & @ & a2 @@ & . . L de
1_%%%0#4%%%. 1_WM ¥ H
0.5_— 0.5_— +
0 L L L L 1 L L L L 1 L L L L 1 L L L L 0 L L L 1 L L L L 1 L L L L 1 L L L L 1 L L
0 50 100 150 200 100 150 200 250
2 Il- 2
m, [GeV/c?] my 7T [GeV/c?]

® Top in data is consistent with the data-driven background estimates

94

Friday, June 28, 2013



Drell-Yan Background Estimation

® Understanding the Drell-Yan background is
crucial in the ee/pJl channels

® This background arises due to mis-measured MET,
which is difficult to model in MC

Q- > reT

® Veto the events in the Z peak and apply tighter 8¢ E mis-measured
MET cut than ed channel = worse sensitivity

: : : In Z-peal
® The residual Drell-Yan background is estimated - A In peax _
I 1 I 1 T : T | T T
c 15 _
N ou t o Non-peaking Background
= - q
Nin (data) >< (MC) >\ - Peaking Background -1
Nin -
E i - Drell-Yan J
'e 10— Toy Figure =
®  Subtract the non-DY backgrounds such asWZ/ZZ < . -
(peaking) and Top and WWV (non-peaking) in - -
counting the events in Z-peak  Out Z-peak I
® The systematic uncertainty is ~50%, main limiting
factor in these channels
® mll modeling in MC ( Nou/Nin)

®  statistics in the Nin(data)
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WY Background

® WYyY* comes from ISR and FSR

®  The dileptons from the Y* internal
conversions are generally of low pT

=  One of the dilepton is easily mis-
reconstructed in the detector

® |Low (mll,mT) signature

- Reduce by pT(ll) > 45 GeV, mT >80 GeV

® For my*> 12 GeV,Itis included in WZ/y*

® For low my* < |12 GeV, we use a dedicated
MC with the cross-section normalized to
data in 3-lepton control region

*  Wy*=l(u'y)
® The systematic uncertainty is ~ 30%
® Compare e(MH) and P(MH) k-factors

® Compare kfactors in different ranges of mll
(test of the mll spectrum)
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Kinematic Distributions in Signal Regions (|-]et)

® Closer look at the signal region, apply all cut-based selections except the variable plotted

e Kinematic distributions agree well with the SM Higgs + background hypothesis

Cl) 200 :_I I I I | I I I I | I I I I | I I I I | I I I I | I I I I_: 1) 140 _I I I I | I I I I | I I I I | I I I I | I I I I_
% - -~ data — m,=125 GeV CMS Preliminary - % - -e- data — my=125 GeV CMS Preliminary
O 180 M H125 W WHjets {s=8TeV,L=19.5fb"— S | Il H125 [ W+ets is=8TeV,L=19.5f"_|
— M vV Top o 1% M vv Top
— u (s=7TeV,L=491" - B (s=7TeV,L=491f" ]
~ 160~ 2h ww T = T [mzy ww hE i
12] - N\ stat.®syst. 1-eten 9 100} N\ stat.@syst. 1-jet eu —
C 140 — c - .
() B N ()] = -
> - . ] > i i
100 | — - i
B N 60 [— —
80 — ] B i
60 :_ N\ _: 40 [ ]
40 | - i i
'R ] 20— ~
20 — N — / Bl
E L S, : R
0 0
2.5 o 2.5 .

O = 3
S 2F s .2 :
= 15F . t t Z 15 i + N :
S 1 Fseeetugyusdd NN g \\\\$¥\\\$\W*¥i\‘*‘\\¢\*w\\\ \\\\\\\\%
3 05F + : 3 05 ¢ 3
O - . . . . L . . . . L . . . . - 0 ........................ -

0 100 200 300 0 50 100 150 200 250
m, [GeV/c?] mFr [GeV/c?]
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Systematics on Overall Yields

® Opverall signal efficiency uncertainty is ~20%

® Opverall background uncertainties are ~10% in the HWWV signal region

® For all background estimations based on MC prediction, consider

dominated by theoretical uncertainties on missing higher order effects and PDF variations

WHjets: ~ 36%
Top: ~20% (0-Jet) and ~5% (1-Jet)
Wy*: ~30%

Drell-Yan: ~50% (0-Jet), ~20% (1-)et)

Luminosity: 4.4% for 8 TeV and 2% for 7 TeV

Lepton selection efficiency (3-4%), momentum resolution (~2%)

MET resolution ~2%

Jet energy scale resolution ~2%
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Shape Systematic Uncertainties

® |nstrumental Uncertainties

® Lepton selection efficiency and momentum scale

® MET and JES resolutions

® WW Background
e Difference between Madgraph and MC@NLO
® QCD Scale variations on the renormalization and factorization scales evaluated in MC@NLO

®  PDF uncertainties (not included in HCP analysis, but verified afterwards)

® Wijets Background

®  Fakerate derived with a different away jet pT threshold in the QCD data

® Top Background

® Difference between Powheg and Madgraph
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High Mass Frontier H—=WW—(lv)(qq/))

® |[tis important to search for high mass
resonances, even with the low mass Higgs

can

didate discovery
The EWSB is not yet confirmed
The m(WW) spectrum serves as an excellent

probe to WWV scattering amplitude unification
and general doublet-Higgs models

® The hadronic decaying W is highly boosted
into a single jet with high resonance

For mH=600GeV/I| TeV

- ~65%/82% of the Whaq decay products are

contained in a cone of AR< 0.8

- Jet substructure technique is used to

reconstruct the Whaq in a single jet,
reconstructed with Cambridge-Aachen

algorithm with a cone of AR < 0.8

100

arbitrary units

95% CL limit on o/0y,,

CMS Simulation

T T T T T T T T | T T T T | T
i —— SM Higgs, m = 600 GeV
I — ungroomed jet mass |
| —L W+Jets, MadGraph+Pythiaé |
O 2 I ungroomed jet mass ]
01+ | -
0 — | --‘--‘--I--" --.--‘--"_"' .| L
0 50 100 150
pruned iet mass
CMS Preliminary, 19.3 fb" at (s = 8 TeV, e+u
1OIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII
9 g
- —— 95% C.L.Observed Limit .
8 :— ------- 95% C.L.Expected Limit —:
. f_ - +10 Expected Limit _f
C \: +2 o Expected Limit
6 :_ —— SM Expected
5
4
3
2

0
600 650 700 750 800 850 900 950 1000

Higgs boson mass (GeV/c?)
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Vector Boson Fusion Production

® The qq—2H—=>WW channel provides a unique

-

6 - - 6 4 B

measurement on g(H—=>WW) W& - % U
® VBF has a clean experimental signature W | | 0 ot
@" — @ t (0

® The presence of two forward energetic jets

4
~Igww

® After dedicated selections exploiting both
forward jets signatures and Higgs decay g CMS Preliminary s =7 TeV, L < 5.1 o' Vs=8TeV,L<19.61b"

kinematics, S/B is ~ | for the low mass Higgs E i T Hex
Q i + H—-ww

® Current measurement is statistically limited = ! + H->ZZ

4 H — bb

el Events at 12.1/fb for mH(125GeV) - H—=vy
H-WW | All bkg. Top WW | Data : :
1.7+£0.2 |22%+0.6 09+03 0805 2 ol _|
®  Contribute significantly to the signal strength B 1
measurements in different productions 0l |
® increasingly important with more data I |

| | | | | | |
-1 0 1 2 3
w

101 ggH,ttH
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H—ZZ—4

CMS preliminary \s=7(8)TeV,L=5.1 (19.6) fb’
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Highlights of H—=YY Results (l)

® The m(YY) with each event weighted by the S/(S+B) value of its category

[T [ [ [ [ [ [ [ [ [ | [ [ [ [ | [ [ [ [ [ T ] _I [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ [ [ ]
%5000 - CM|S Preliminalry —— Data - %) - CMS Preliminary —¢— Data -
Q) [ {s=7TeV,L=5.11ft"(MVA) S+B Fit i Q) [ {s=7TeV,L=5.11"(CIC) S+8 Fit i
L0 | (s=8TeV, L=19.61" (MVA) Bkg Fit Component | 05000 ys=8Tev,L=19.61"(CIC) " Bkg Fit Component
~4000 [_1=1o — — [ J=to i
~ B - +2 0 n ~ - - 20 _
(7)) B N (7)) — _
(2 i . <4000 i
c u MVA - - i C I C ]
L%SOOO - - L?>.)I ! :
5 i i _03000 — —
) - - ) - .
=2000- ] < i ]
2 i i 82000~ o
(D) _ i ) B ]
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) - m 1000~ .
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Highlights of H—=YY Results (ll)

® Observed local p-values
CM s=8TeV,L=19.61fb"
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Highlights of H—=YY Results (ll)

MET CMS preliminary
— \Vs=7TeV, L =5.1fb"(CIC)
Electron i Vs=8TeV,L=19.6 fb" (CIC
Muon B > - Event-CIass
— m - Combined
Di-jet loose m, = 124.5 GeV
— F 0/0g, = 1.11+0.32-0.30
Di-jet tight w
Untagged 3
Untagged 2
Untagged 1
Untagged 0
Di-jet >
Untagged 3 d,
Untagged 2 P
Untagged 1 N
Untagged 0
] ] ] | ] ] ] ] ] ] | ] ] ]
-10 -5 10

« Taking account of the correlation between the cut/MVA analysis (0.76), the compatibility between the MVA
and cut-based analysis measurements of the signal strength is found to be within 1.50 for the combined 7
and 8 TeV measurement, and within 1.8c for the 8 TeV measurement alone.

Best Fit G/GSM

MET
Electron
Muon
Di-jet loose
Di-jet tight
Untagged 3
Untagged 2
Untagged 1
Untagged 0
Di-jet
Untagged 3
Untagged 2
Untagged 1
Untagged 0

CMS preliminary
\s=7TeV,L=5.1fb" (MVA)
Vs =8TeV,L=19.6 fb' (MVA)

—ll- Event Class
[ combined

m,, = 125.0 GeV
o/0g,, = 0.78+0.28-0.26

-10

MVA analysis
(at mp=125GeV)

cut-based analysis
(at my=124.5 GeV)

7 ToV 1.6970% 227107
8 TeV 0.55+029 0.931903)
7+ 8 TeV 0.787028 1111532

105

| | |
5 10
Best Fit G/GSM

Friday, June 28, 2013



