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Introduction

 The observation of a new boson at the LHC started an era

of precision measurements for the characterization of the
new state

« Today, two years later, CMS closes chapter on Higgs

measurements with the final harvest of results from the full
Run | dataset
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Data sample

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Higgs production @ the LHC

luon fusion
we are here Q2T
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 Many production modes with
distinct signatures
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Higgs decay modes
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« H — gg extremely difficult @ the LHC

* Probably expected to see Zy and upu with very high
luminosity
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Summary of CMS searches

CMS preliminary, [ L=5.0fb™ at Ys=7 TeV, [L=19.6fb" at Vs=8 TeV
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 First of all, we have
found only one Higgs
boson around 125 GeV

o o
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e Even if we would find it
had it been elsewhere... >

107

—— SM prediction
median expected
expected + 1o
expected + 20
—=— observed

200

*
;seen" H—)bT) H-T1T H--WW* H-H>ZZ* H_)VV
“tried”
ggH * * * *
\Vi:1; Yo * * ¥ *

400

1 1 1
600 800 1000
Higgs boson mass [GeV]

H-Zy H-inv. H-pp
¥ pxe
¥ ¥ ¥

¥

M.Bachtis CERN-LHC Seminar 15/07/14



H - Z7Z* = 4 charged leptons

CMS/!

L \\\
X
Y\ T

CMS Experiment at LHC, CERN

Data recorded: Wed May 23 21:09:26 2012 CEST
Run/Event: 194789/ 164079659

Lumi section: 118

St

* Fully reconstructed final state

« EXploit angular information to reject
background and measure spin-parity

properties

e Signature of 4 high
guality leptons

 add tagged photons
from FSR

« Small and flat (in mass)
backgrounds

e SMqag/gg - ZZ - 4l
e Z+ bb/cc, top pairs

 Excellent mass
resolution

M.Bachtis CERN-LHC Seminar 15/07/14

Phys.Rev.D 89, 092007 -



s

— 7.7* = 4] distributions

w
(6)

w
o

Evenis / 3 GeV

—
(@)

N
0))

N
o

80 100

200

CMS {s=7TeV,L=51fb";Vs=8TeV,L=19.7 b
| I I I I I I I I I |
- * Data 2 16F ' T A
N CIm=126 GeV G 14k DEI?Q>05 E
- zy.z2Z 3 =
C m B Z+X 3 ]
- 8f E
N 6F ]
- : aF ]
— 2F .
N 1 O==0 120 130 140 150 .
[ my, (GeV) ]

300 400

600 800
m,, (GeV)

CMS Vs=7TeV,L=51f":{s=

B
=l - — k
.- - .

L ] —i—
= = = ol O ——
+ ]
cl — i o= =
& —i— b
—i— '_‘_':
T e - — . ]
|—.—|"." —— |
.'—.—' u
LSRN ., (N

m,, (GeV)

8TeV,L=19.7fb"

120 130 140 150 160 170 180

0.15

0.1

0.05

» Fold angular information in a kinematic discriminant to separate Higgs
and SM qq — ZZ background

« Data distributions in agreement with expected SM Higgs signal

» Expected significance of 6.70 (obs. 6.8 o)
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H - Z7Z* mass and signal strength
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H-> WW* = 2]2v

CMS Experiment at LHC, CERN

1 1 Data recorded: Thu Apr 19 09:14:14 2012 CEST
« Two high quality OS leptons+ cms, !
N2 Lumi section: 111
M E iae” Orbit/Crossing: 28960009 / 815
< e
T 2\ e,
11

* Final state not fully
reconstructed

« Broad signal peak

 Large expected yield for
properties measurements

e once the mass is known L

« EXxploit angular correlations to

reject background . . .
* Analysis performed in categories

« Based on # jets including
exclusive VBF tagging (di-jet)

« Based on di-lepton signature

« Using also tri-lepton events to
probe VH
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H -» WW* results

CMS 4.9 (7 TeV) +19.4 b (8 TeV) c L If-slfrfleey_)
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CMS Experiment at LHC, CERN
Data recorded: Sun May 13 22:08:14 2012 CEST

e Reconstruct a pair of high
guality photons

« Smooth falling background

spectra

required!

it A gnried s Improvements to the analysis

o Latest ECAL calibration
 Run dependent MC

e Better modeling of out of
time PU

 New background model

Analysis chain
re-optimized

Additional exclusive
categories

Improvement on energy

scale systematics

e Direct di-photon production
e Events with fake photons
« Excellent mass resolution

Expected sensitivity

Improved
resolution

+9% y
Improved
selection

+9%

Backgvround
model

¥7% vy

M.Bachtis CERN-LHC Seminar 15/07/14

arXiv 1407.2856 12



H - yy photon and vertex ID Cnew

« Built out of ECAL clusters expanding
on the bending plane

« Same clusters used for electrons
e Conversion pairs also tagged
« Deploy a multivariate discriminant

e using shower shape and isolation

Information
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MVA vertex selection using di-photon
kinematics and vertex information

« Validated with Z — pp after removing
muon tracks

e And re-reconstructing vertices
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H — yy event categorization @

10°
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Di-photon discriminant defines
categorization

for non-exclusive categories

based on kinematics and mass
resolution
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Exclusive event classes

> VBF di-jet

- » VHdijet

~—» VH lepton

—» VHMET

loose

medium

tight

With MVA ala
untagged

loose
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> ttH leptonic

——» ttH multijet
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H - yy category composition Cnew:

1
CMS unpublished 19.7fb (8 TeV)
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e Untagged and di-jet categories split based on output of multivariate
discriminants

« Resolution varies from 1.0-2.6 GeV Iin categories
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H - yy combined mass spectra (GD ™

19.7 fb" (8 TeV) + 5.1 fb™! (7 TeV)

19.7 b (8 TeV) + 5.1 b (7 TeV)
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 Visible excess at ~ 125 GeV ¢ Expected Significance of

Even unweighted 5.20(0bs 5.70)
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H = yy mass measurement

£
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H - yy signal strength

CMS H - yy 19.7 fo™ (8 TeV) + 5.1 o' (7 TeV)

Untagged 0 CMS H - vy 19.7 fb™ (8 TeV) + 5.1 b (7 TeV)
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« Signal strength of 1.14 *0-2¢

-0.23

« Compatibility between categories, production modes and with
the SM
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Mass combination

e« Combination of H - yy and
H - ZZ

* Floating yields for
production and decay

Individual final states
compatible @ 1.60 level

19.7 b (8 TeV) + 5.1 f6' (7 TeV)
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Reconstruct a tau pair

 Plethora of final states based
on tau decay modes

Experimental challenges

 Hadronic tau identification
 Di-tau mass reconstruction

CMS, 19.7 fb™ at 8 TeV
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H - TT results

 Expected 3.70 (obs 3.20) _ CMS, 4.9 fb” at 7 TeV, 19.7 fb” at 8 TeV
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H - bb and fermion combination

CMS {s=7TeV,L=51f" ys=8TeV,L =19-20 o
g B IcanI‘SI | T T | T | | T T T '| LI LI |:_ _| 20_
g - e Data | £ r
:]:_; 80_ \s= 7TeV, L = 5.0 fb" B v - Cﬂ 18:_ mH =125 Gey
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e Obs.(Exp) Significance of ~20 e Combination with di-tau final
@ 125 GeV state provides solid evidence for
. fermionic decays of the Higgs
* Diboson(VZ) peak extracted as boson y Jd

cross check >60
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Probing directly the top coupling

e Top coupling can be probed at tree level
via ttH production

* Very low cross section but unigue
experimental signature - bbWWH

CMS ttH analyses as of today

H—TT
H—bb H-WW7ZZ" H—yy
Thad Thad IThad
H-—hadrons H—leptons H—photons
(0%, 34, 41)
ctH 7+8TeV
CMS-PAS-HIG-12-035
JHEP 1305 (2013) 145 8 TeV 7+8TeV
CMS-PAS-HIG-13-019 | CMS-PAS-HIG-13-020 | CERN-PH-EP-2014-117
CMS-PAS-HIG-14-010
H 8 TeV 8 TeV
¢ in progress CMS-PAS-HIG-14-001
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ttH combined results

Channel pfit Apfi 25; é;; o ‘
ttH, H—>bb 0.7 [1.8/+1.8 E +
ttH, H > ThadThad -1.3 -3.6/+6.| - + ]
ttH, H—leptons 3.9 -1.4/+1.7 5
ttH, H—yy 2.7 -1.7/+2.4 Qe S
ttH tagged 2.76 0.92/+1.05 | | %+¥$++¢

BDT output

» EXpected uncertainty on signal strength ~ 100%

 Mild excess observed In SS di muon events
« Within two standard deviations wrt SM expectation
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Combined signal strength

@ N

19.7fb" (8 TeV) + 5.1 f5' (7 TeV)

* Uncertainty at 15% level

Combined
. = =1.00+ 013
* Theoretical systematics start '
to become important = bb laggee,
o Compatibility between H - < tagged
. u=0581+027
measurements and with SM
H — vy tagged
19.7fo' (8 TeV) + 5.1 fb' (7 TeV) n=1.13+0.24
Combined CMS m, =125 GeV
u=1.00+0.13 Preflmfnafy per prOduction H 5 ww tagged
p=0.83=x0.21
Umag—g(?BdT +0.16
H— Z7 tagged
VBI;T?_??: . n=1.00+£0.29
VH ta_gged
tHlagged e . > ttH - multileptons
b B and diphotons

2 3
Best fit O'/O'SM

CMS

Preliminary

0

0.5

per decay

1

m, =125 GeV

1.5
Best fit G!GS

2
M
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Measurement of the couplings (I)

In each analysis we measure:

9:9,
o(XX - H)x BR(H—YY) = I‘f z
tot
.. . . _ 9x
Defining deviations from the SM couplings of the form: kz = ﬁ
X
H12 HJZ
the signal strength is ¢ =~ iﬂty
SM

tot

The total width deviation in principle depends on all couplings

r . |
Féf{ ~ E ﬁifBR(H — Y;Y;-)SM + BSM contribution
tot ;

For a given set of coupling deviations,a fit is performed
In all final states
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Measurement of the couplings(II)

Production modes Detectable decay modes Currently undetectable decay modes
Fmr“rl:m:] o 2 Ft-E — 2
Wwir) ;
Loz o
sM T Rz
77 (%)
= Lez
4%> 2 = k2
sSM — Kb [t
ozZH 9 I 2
D‘SM = ¥z Fsﬁ 2
- Leet 2 pSM = Kb
M T & T F
TitH KW 2
M - &
nout
Total width
Cn ) «q(xi,mn)
SM 2
| B H Ki

e Loops can be resolved (at NLO QCD and LO EWK)

e Or assume effective couplings [model independent]
» Assume undetected states 100% correlated with similar detected
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Simplest model [K K ] O™

CMS Preliminary 19.7 o (8 TeV) + 5.1 fb™ (7 TeV) CMS Preliminary 19.7 fo' (8 TeV) + 5.1 fb™ (7 TeV)

5[2: + Observed ¢ SM Higgs g2: + Observed ¢ SM Higgs

« Scale all fermions couplings by the same factor and all vector boson
couplings by the same factor

* Negative sign allowed due to destructive interference in di-photon
loop

« Compatibile with the SM
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Other models

 Six benchmark models studied

19.7 b’ (8 TeV) + 5.1 fb' (7 TeV)

« Fermions vs bosons CMS 4 68% CL
_ y Preliminary . = 95% CL
* Test of Custodial symmetry v -
(W VS Z) Kf —*:_
e Up vs down fermions Mz -
- Interesting for ZHDMs ha .
« Quarks vs leptons Mq | —t—
— Common (Yukawa) K el
structure? K, i
* Physics in the loops BRgqy | | o

— New physics at nearby 0 05 1 1.5 2 25
scales? parameter value

— ® Onlyk k _floating
e Extra width to BSM? o

* No significant deviations
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More general model

19.7 b (8 TeV) + 5.1 fb' (7 TeV)
CMS - 68% CL

Preliminary . == 95% CL

e Assuming effective loop
couplings for quarks and
gluons

e Top coupling from ttH

e Gluon coupling from gluon -
fusion ”
T

« Top coupling directly from ttH

e Gluon coupling from gluon .
fusion production K — e

o Compatibility with the SM

« With |arger statistics, will e
start looking at deviations... BRggy fle—— '

0 0.5 1 1.5 2 2.5

parameter value
All parameters floating and k <1
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Higgs width from off-shell ZZ

« Off-shell production sizeable at
high mass

e ~7.6% of the total cross
section > 2Mz

 Destructive interference
between H and gg —» ZZ

On-shell and off-shell production

comparison constrains the width:

2 2
N gggHg Z
m

« Mild model dependence

2 2
off-shell 3ggH3 HZZ

on-shell —~—
gg—rH—ZZ (2??’!2)2

Uge s HZZ

» No new physics at high M_,

e Gluon fusion production and
ZZ decay

deo/dmy[fb/GeV]

4—lepton production, CMS cuts, Vs=8 TeV

e

qq — 4leptons
gg - h -+ 4leptons

gg - 4leptons{cont)
M gg - 4leptons(total)

1 IIIIIIIl 1 IIIIIIII | IIII|,|,|,‘ L aipm LY

L ] I L1 1
100 200 500 2000

myg|GeV]

Final states
e Four lepton final state

e 2D fit in mass and gluon
fusion discriminant

e 2I2v final state

e 1D fit In transverse mass
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Results on bounds on I'to

t

< W

CMS 19.7 fb ' (8 TeV) + 5.1 tb" (7 TeV)
= 10_——-—— 4 observed
< : ------- 4/ expected
f‘:J —  22v 4 4!0MM observed
8 __ ...... 212v + 41 expected
| Combined Z2Z observed

—=-===-- Combined ZZ expected

< _95%CL _|
o _88%CL__
3 -h‘-hfl-:':]::{d]'l I I | | I I | | | I I | | I I | | | |

0 10 20 30 40 50 60
Iy (MeV)

« Expected width < 30 MeV @95%CL

e Observed width<22 MeV
e SM Width of 4.15 MeV

Events / bin

CMS 19.71b (B TeV) + 5.1 o' (7 TeV)
.E FT 1T I LI I L I L I LI I LI '—
L [ e+ Daa ]
— 10 . =
0 b All contributions ([, = 10xI5", = 1)
'CI:.:— I Mng-\!\f—)ZZ{FH-rf‘“,p-i] ]
D 8 Ma-z ]

r Bz MELA D, >065 |

R

500 600 700 800

m, (GeV)
CMS 19.7 b (8 TeV)
- | ! Dalla ! l ‘ ! _
B - All contributions (I, = 10x<T5", = 1)
103:_ +VV—)ZZ{I'H=I'ﬁ"“u=1} _
E Z+jets
i - [ top/W+jets/WW
i wz
10°E
10
1
107

200 300 400 500 600 700 800 900 1000
my (GeV)
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Anomalous couplings in spin 0 &) ™

Generic decay amplitude in H — VV defined in terms of complex and

momentum dependent couplings (up to g°) SM tree level +
leading momentum expansion
/r"'—_ \
N -1 b qzl qZQ 2 k%
AXj—o =1 Vo) = <a1 — e'? >m.ZEZI €7,
(A1)° ~
+ agf*(zl)f*(zz) sV + a f‘*(zl)f*(zz)nﬂ” }W COUpliﬂgS
-+ ag :;LZ)f*('.T) MV + an f;LZ)f*(T)!#U } Z'}/* Coup”ngs
‘—r—‘ Y
a, terms: a; terms:
CP-even scalar CP-odd pseudo-scalar

e Zy* and y*y* only present in the ZZ* case
- A\ — scale of new physics affecting tree level VV* coupling

° goal — extract the (Xi parameters!
M.Bachtis CERN-LHC Seminar 15/07/14
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Analysis strategy in ZZ* and WW*
 Instead of the couplings themselves define ratios of cross
sections:

‘(13‘20'3 . as
faz = Paz = arg | —
al

a1 201 + |az|?o2 + |as|203 4+ G,/ (A1)

* Inthe ZZ* final state possible < In the WW* final state, angular
to perform 8D fit to extract the  information is packed in the
results transverse mass and the

. Dimensionality can be dilepton mass distributions

reduced to 2D /3D by * Use 2D templates

exploiting kinematic « Only real couplings studied
discriminants

* Both real and complex
couplings are studied
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Probing a single coupling in ZZ*

16 CMS (preliminary) 19.7 6" (8 TeV) + 5.1 fo' (7 TeV) CMS (preliminary) 19.7 fb" (8 TeV) + 5.1 ib" (7 TeV)
-~ - | | | _l 033=L'I|ﬂr T, Ll)l::sewled, K[; 1 = 18 :— | | | | l_ ol =0 url , Dt:'senredl KD—_
o cC - ’
— 14y L. @ =0 or n, Expected, KD — -y o =0or n, Expected, KD -
<:] i a3 ﬂ:] 1 6 — az -
Al B N oa;n or m, Observed, MD 1 ol - - 052=D or m, Observed, MD .
' 1 2:_ ..... 6_=0or n, Expected, MD _: ' 14 iy 0_=0or m, Expected, MD
10 - 121 E
8l 40 10 E
] 8- =
6 - u ]
- - 6 E
QES%C N | | 95% CL |

- i 4

oo W N\__ I

0 _I 1 1 | 1 1 1 | 1 11 | 1 1 :h] =1 I T 1 1 | | 1 1 1 | 111 | 1 | | U | | | | ] -

-1-080604020 02040608 1 -1 -0.8-0.6-04-0.2 0 0.20.4 0.6 0.8 1
fac0s(0_) f,2c08(0 )

 Real phases (0 or m)
« Good agreement between different techniques @

 Better observed exclusion in fa3
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Probing 2D couplings

CMS (preliminary) 19.7 ' (8 TeV) + 5.1 1" (7 TeV) CMS (preliminary) 19.7 i (8 TeV) + 5.1 16" (7 TeV)
-‘—?u 1 T T T [ T T T 7T r—TrTrT 17 T 17T 1771 —— 1 T T T [ T T T T [ T T T T [ T T T 7T
| =0or ; ol ST =0 — 95% CL |
= —*nz’ 1'n:! N T s '_ﬁgt :';— = | # 8, =00M® ’A - i 16.7 fir' {8 TeW) + 5.1 5 (7 TeV)
7] i R L - B8%CL | - Wgrrrr1r T r 1T r o
Rl —--- Bf% CL, MD'| 8 % Best Fit — 5 CL
- BeatFit, KD (3 I 1 ---f8% CL
- 05— 1 = 05— + 8M = % BestFit _|
» - : 7 + SM
0 ; = 0
05 - 05r j
L : 1
- R ) f
4 I 1 05 0 05 1 a2
-1 0.5 1 f_ cos($..)
fa3c08(9_,) a2 a2

. 2D fit of fa, vs fa_ with real phases

 Good agreement between discriminants and multidimensional fit
. 2D fitof fa2 vs fA using the kinematic discriminant method

* For real phases and after profiling the phases

» As expected lower sensitivity when profiling @

 Observation consistent with the SM
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Hypotheses tests for J=1,2

Combining ZZ* and WW* final states

CMS (preliminary) 19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)
m III|III|III|III|III|I||_
b= ZZ — 4l + WW — 212y
[¢}]
E otp N
[0)]
o
> |
8 0.08f .
U -
o
n‘f 0.06_— i O3S prdiminary] 197 b7 (8 Tew] « 51 167 {7 Tew]
i ] & CMS data - - - Merian expected I
0.04 ] Worie MBS p P EaAh W
. B 0+ 23 'J=iEu : : : : : : : : : : :
: Mosa, W7t
0.02- | S
0_ I |I-'L|-"'l. |
60 40 =20 O 20 40 60 ‘_
2xIn(L, /L) I i II
40
60
- *—W*}F”wwwwﬁw“ﬁf”ﬁw#w
Tgfrrrrrﬁgérrrr
8 8 8 8 8 8 8 & g 5 % 8

Several pure states have been considered

All alternative hypotheses excluded > 99% CL
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Search for LFV nggs decays €D

Search for H - Thadu Main backgrounds: Z/H - Tt

Similar strategy as in the di-tau

analysis
« EXploit collinearity between tau and
MET
* Use collinear approximation
- CMS simulation preliminary _ s =8 Tev_

[
2 L 1T,
Search for H- T p g e

Vv @ 10'E =
T V e [ ]
u o r i
M S - :
: generator level -
10° E
SM LFV I §
i l_l‘_l__‘_l-—‘_,__l_,_l_,_.__,_._rh"_'_'_'_'_'_"’Ll:
V 10°E Ll b
T 0 05 1 1.5 2 2.5 3
e V e V VT A b (eLv)
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LFV Higgs mass distributions

&0 CMS prefiminary 197", f5=8TeV o0 CMS prefiminary 197" f5=8TeV . CMS preliminary 19.7 o', 5= 8 TeV
= = = ]
5 : > 1 Jet 1 8 \ZBF '
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5 P | T E—
:Hg- ...... ule 0 | St
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z C 7 = 180 — ] (“:r; - . Dampc 3
C o Datapr J a - . H ] 18 3
g 500 — ] Bekg Unieriainty  — = jan— ] Bohg Uneertaimty ] E - Es;lamuﬂ_ﬁ' E
T C I sa ] = - I SMH ] e 1= [l zecc {embedaed] —]
— I:I Zarci ded) | D Zarr e desd ) . E - N -
B . 7 NPT = 2 et ¢ — = C | TR R
= - M 2Tt gl E C wwd o [ Singie tap quark
o 400 — [ Single opquark  —| z C I Single fop quark o e [ tietets E
i C [ tisdets ] w120 o visdets — C o ]
C o ] c A ] 12 [ Fakes get—+x) =
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: L ; 3 1T M
- — = ] C 1 had
200 ] a0~ — C ]
r ] a0l = ~ =
100 — — C 7 = ]
C ] 2o - s
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1aa . collinear T e
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Limits on BR(H = Tuw)

CMS preliminary 19.7fb", 5= 8 TeV CMS preliminary  19.7fb", {5 =8 TeV
ﬂJm ||||||||||||||I|||I||| |||||||||||||||||||I||||IIIIIIIIIIIIIII
bt g ' o0 ut . 0Jets :
225% fexp) - ‘ 072 *L *
2.94%. |ab=) % Expected ] | ]
1 1 Jat
P .Emam-nd;'ln pt“d,1J-EI1
210% jeap) 003 +147 % »
2.11% jabiz) Dmm,ﬂ;m Lz
”Ira.d' 2 Jals Ptm- 2 Jals
1.85% jaxp -'l . »
aﬂ%:;i.u 124 an %
ut_, 0 Jeals ut, 0 Jals
en | ! -
2 04% o) 087 m
ut 1 Jel ut, 1 Jat
1.66% jmap)) . . , *
2.38% :uﬁ.l a8 Ghn %
Mt = Jets ut, 2 Jets
AL B jabs) 008 ‘::'?%
h—sut h—sut
0.75% jexp) I . 0.8 H0A . —
1.57% jabs.) ) aa7 -
[T JN T T T N T T N T N N O A AN AN NI NIEEE RN REN NI RENEN ARNR A ARE NI NN

0 2 4 B 8 10
95% CL Limit on Br{h—u1), %

151050 05 115 2 25
Best Fit to Br(h—put), %

 Expected limiton BR(H - pt) = 0.75% @ 95% CL
e Observed IImit=1.57% @95% CL
« Mild excess on data at the level of 2.50
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FV Yukawa couplings Cnew

CMS preliminary 19.7fb”, /s =8 TeV

.
G
>

10

102 ket

[0 E—

10 " 2

10 107 10* 10 L
A

* Promising future in the LFV Yukawa sector
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Invisible Decays

. ——

searches

« Z - I'I'/bb

- Higgs — a portal to dark matter

CMS searches in VBF and ZH

= £
fil] 'Inl:l‘1 CMS R, — [
()] VEF m, = 125 G, 7l &
/ et VE=B8TeV,L=1951b" — em.imi=1m=
" o VEF H{inv) v 5
S,
(73]
f=
k]
==
L
1

=

150 200 250 300 350 400 450 500

Mis & 3 i
Er [GeV] R T R

|
CMS —— Ohsarved

Vs=8TeV, L=107 fb" __ ZHim=125GeV), -
Z(11) H{inv) DE -

B{H —» inv)= 100

0 800S00 1600
my [GeV]
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Invisible Decays: Results

s 2
2

- CMS 95% CL limits :
o, E 1
= 18— . . | e | T 1 1 1 T T T T r 1 11
= °F Combination of VBF and —— Opserved limit 0 1 D i | Combination of VBE and I
? 18 ZH,H—invisible Expected limit Q. 1 D-E i" ZH, H — invisible CMS
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; 1.2? |v_§==4791]-‘?3\,1' (Z(IH only) m g \ 0 ‘lg =7.0 TE"I, L =49 fb {ZH} ErH 3 inv) = 051 @ anes oL
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08 S
- __.| © 10°% \ N\
06— i \
5 R N
Y (4h) 10 \
02 N N B R B 0 10? ' \\
115 120 125 130 135 140 145 (73]
] . my [GeV] (7)) 1 D_a -
« Expected limit of g . T
. . . . - e —— — = [ CRESST 1o
44% in the invisible ¢ 10 E=mmms= oz = oressra
o e . P Vo
BR 95% CL @ 10" e .. XENON10{2011)
" , [ pAMALIBRA
@ O 1 0-11 .... === Min B CoGahT(201 3390601
- — | attice [ CoGaNT(2013)95%0L
. . ) ] COMS(2013)A5%CL
¢ Observed ||m|t :,: 10 12 == Max £Z_4 COUPP(2012)
E 45 | — . LUX{amscL)
51% 5 10 ' - — .
10

102 10
DM Mass M, [GeV]

 BR results reinterpreted in the context of Higgs portal of DM
Interactions

e LHC Higgs search improves reach at low DM mass
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Improving ttH with H - bb

* Improved sensitivity by introducing event probablllty
Based on ME probabillities

; CMS Preliminary Vs=8 TeV, L=19.5 fb" CMS Preliminary Vs=8 TeV, L=19.5 fb’’
2 F B, =
E _<u.15m>u.15 SL Cat-1 (H) 0" | .
40 _ TR 47 =
1T} - -+ Data L ttH (125) )
- I”.-1Bkg. Unc. ti+f I
35 —tH (125)x 10 i + T =
» Blit+b S 10
™ Bl i + bb =
I Single top b=
25 i =
1™
)
20 o
o
=)
15 -
&
10 o | EExp.68%
o o Exp. 95%
5 o -o-Median exp. (signal injected)
-»- Observed
;
% 01 02 03 04 05 06 07 08 03 A1 B | | | ‘
Pen SLCat-1 SLCat-2 SLCat-3 DL  All comb.
&) . .
s 2# S 30% improvement in the
[12] . . .
S expected limit wrt previous CMS
result!
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Prospects for H = uu

CMS Preliminary S/(S+B) Weighted CMS Preliminary Combination
Nu LIRS B B B L B S S BN B B B S E 4{] T I T T T T I T T T T T T T T I —
= 9000 fs=7TeVL= 50fy" —% D@ = C[{s=7 TeV L=5.0fb"
[b) 4 C i N
5 V5=6 TeV L= 19.7 ft Beckgrouna Mec i 35F{s=8 TeV L=19.7 fb’ -
o — Signalm =125 GeV/x 20 ""::E C ]
r . w - -
Ju Signal x 20 L 30 =
c o - 7
o c " ’
L0 = F E
E - .
4 20 -
— C
O "
2 15F E
lﬂ - -
(8] C .
10 -
N L L 'l 'l 'l 'l 'l 'l L A L L L L I L 'l 'l - =
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EF 1 5F ~
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@ 4 N -
a -2 0 R T TR TR TN TN A SO T S R NN R S SN S S
110 720 130 140 750 160 120 130 140 150
M(up) [GeVicd my [GeV/c?]

* Analysis a la di-photon
« Expected limit of 5.1 x SM [25X more data to probe it]

e Leptons not universal regarding Higgs decays !
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Conclusions

» CMS closes chapter of Higgs measurements

« After the publication of the combination paper the main
Run | analyses will be finished

* Focus on preparation for data taking next year

* Excellent results with many measurements in many
final states and production modes

* With the current statistical precision we observe a
Higgs boson fully consistent with the SM

« Regarding couplings and spin-parity properties

e Focus on using the new particle as tool to probe
new physics (directly or indirectly)
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Additional material

M.Bachtis CERN-LHC Seminar 15/07/14 47



[http://cern.ch/go/PT9c]

Challenges of in situ operations

Light yield variations:
m scintillation light — temperature dependence: AS/S ~ —2%/°C @ 18 °C

B crystal transparency — radiation dose-rate dependence

Photo-detector response:

gain temperature dependence: AG/G ~ =2%/°C
m APD — gain High-Voltage dependence: AG/G ~ 3%/V
direct jonization effects, a.k.a. “spikes”

m VPT — response dependence on the incremental charge at the cathode

Tracker material in front of ECAL:
B photon conversions

B bremsstrahlung losses for electrons

3.8 T solenoidal magnetic field:

m spread of the e,y energy along ¢, at & constant 7

— Excellent environmental stability (x2 to x3 better than required) [3]
— Dedicated monitoring system and calibration techniques [4, 5]
— Specific energy reconstruction algorithms and corrections

federico.ferri@cern.ch ICHEP 2014, Valencia, July 2-9 2014
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Monitoring and calibration signals

Validation of the corrections with E£E/p

Laser monitoring measurements
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Performance: energy resolution

With electrons from Z

CMS 2012 preliminary: L = 19.5fb", \s = 8TeV CMS 2012 preliminary: L = 19.5 fb”, \s = 8TeV
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Accurate simulation

Noise model:
B realistic noise with sample-correlations and channel-to-channel variations
m increase of the APD dark current (expected)
m transparency variations for realistic light-yield (and corresponding
photo-statistics)

Material description:
m including in-homogeneities in ¢ of services in front of the endcaps
for systematic uncertainties, being implemented in current simulation

CMS preliminary |s =8 TeV

?fﬁﬁfé Hadron track momantem loss
SN Bectron track (p_-p_Vp_
E weighted average

Conslosslonslowibonslonslonslonslonslony
0 02 04 06 08 1 12 14 16 18 2
Inl

Light propagation effects in the crystals (only relevant for upgrade studies)

Varying conditions used for a “run-dependent” simulation [N. Marinelli's talk]
federico.ferri@cern.ch ICHEP 2014, Valencia, July 2-9 2014
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Performance evolution

B [ he energy resolution measured in data with Z — ee I1s used to model
the expected H — vy signal in the simulation
m Steady progress and excellent results

—

L cee =ik CMS Preliminary
pROMpT . c:g 1.8 E —+— Simulation o gil:ﬂnilgﬁgmmaw §4D; + =RNE L
reco nS‘l'I"UC‘l'Ion 3 1.6 :_ s All Categories 3'35 :— . - Al Gategories Gombined
& . m 1 4 :_ Combined E - — Parametric mo
;Vlihll:ll- 4k8h from g o — §oor-
20 TR 0,,=2.02 GeV
ata faking o | LP 2011 25f- )
_.g 1'0: PWHM =435 Gevic® e & FWHM I_ 1.54% E FWHM = 3.86 GeV MORIOND 2013
o 0.8__ i1 — . 4 (] 20? FWHM . 1 310/
g o~ F i s
0.6F % 15F- B 2.35
I 04 :_ p:: .:“ 102_ o )
0.2 :_ :;‘ % E 3 1
N -y o Sc 7 %
0_ e e X H ek ke = e B ,"‘ 5
v U 110 120 3 “:::::;:-_:z::::::ﬂ‘-’"'“ 52555!::::::::::::
m” (Ge\n‘cZ} 5 110 115 120 125 130 ;TE_ {Ge\}}
; L CMS preliminary % :””i.!”i!.!.i.!”IIIE:E;'}:TH&Y“
RECONSTRUCTION & 7 4-smaor A imution Gsof - s
. . Q C 5 amibine
with ImPrOVEd (O §F — Parametric Model ; [ —— Parametric model o
i n F All Categories Combined W A0
conditions 2 R —— E B -
» AF PWHM=3.18Gevic? ICHEP 2012 30F Pk =505 Gov 2014
= r f E
g 3 FWHM _112% f = 1.04%
ok 2.35 B
1E 10
::::'.::::::::::::: ::: :!"Z" -'::-'::;:::“ 1 :::.:.':::1"':"'-ZZZ!!!:-':H!!!' B P 5
100 110 120 130 5 =H0""N15 120 125 130 135 140

m,, (GeV/c?) m,, (GeV)
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ECAL-related systematic uncertainties on my

From H — y:

my = 124.70 + 0.31(stat) + 0.15(syst) GeV

m Electron/photon differencies in the simulation 0.10 GeV
m material distribution 0.07 GeV
m longitudinal light-yield non-uniformity 0.02 GeV
m Geant4 0.06 GeV

X uncertainty on the single contribution: ~ 10 MeV

N.B.: the detector response to electrons and photons shows differences at the
level of 0.5%. What matters is the difference of these differences between data
and simulation.

B Residual non-linearity in scale 0.10 GeV
m Photon energy scale corrections 0.05 GeV
m Z line shape 0.01 GeV
m Checked and negligible contribution: gain switch of the electronics
53 federico.ferri@cern.ch ICHEP 2014, Valencia, July 2-9 2014 12
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More detall: residual non-linearity in scale

-1

CMS Unpublished _ . | 1'9.7 fb. (8 TQV)
@ B . 1
& | 004 [. EB-EB high Ro 1 EB-EBlow R9 ;
a N
@ 1.002 |-
2
E |
&J 0.998 _— | | |
¢ 101 EE_EE high R9
§ - |
@ 1k J_L _'-_I g {4
e | |
=
T 0.99} ‘
L) , 1 ; ] . ] . ] ; X ] . L , | A ] .
o 20 40 60 80 100 0 40 60 80 100

E_orH /2 (GeV) E_orH /2 (GeV)
T T T T

0 E/p data/MC * m_ data/MC

B Residual non-linearity of the energy response in data relative to simulation,
relevant in the extrapolation from the energy scale measured at the Z peak
(~ 90 GeV) to the Higgs boson mass (=~ 125 GeV)

1. electron E/p vs. ET with electrons from Z and W decays
2. di-electron invariant mass vs. Hyr = E3 + E2 in Z — ee events

m 0.08% effect on the Higgs boson mass

54 federico.ferri@cern.ch ICHEP 2014, Valencia, July 2-9 2014
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More detall: longitudinal non-uniformity (NUF)

m R&D achievements: adequate uniformity of longitudinal light yield

B one face of each barrel crystal depolished

| Front non Uniformity | |Entries 49356
| £ 1.04 0.8 —
3 - Mean -0.1443 o . CMS dE(e)/dX (E=60 GeV) E
2 : AMS _ 0.1636 © | Unpublished/ \ | =
Em - ; \ dE{y)/dX (E=60 GeV) %
5§ F One entry, = 2
‘s 3500(— 5 1.021- o.s->—<—
"l: one crystal 8 L X
£ 3000} ° | u
5 - o °
€ 2500 5 |
- = 0.4
c E
2000 L
1500} -
: 0.98 [ . 0.2
1000 Default profile
500 Modified profile
- \, | | | | I I | I
M PR - [ [IPRPOIT] B BTV PRI [T 0.96 0
%5 06 04 -02 0 02 04 06 0.8 100 200
%/X_0 X (mm)

m Simulation: rear non-uniformity of 0.15%, front part assumed uniform

B lonizing radiation found to induce additional NUF of 30% of its initial value
(worst case scenario) at the end of Runl [6]

— simulation modified to account for these effects

m at most 0.06% effect on the energy scale, anti-correlated between
converted and un-converted photons — 0.015% effect on the mass

55 federico.ferri@cern.ch ICHEP 2014, Valencia, July 2-9 2014
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Diphoton background model

- Imagine a simple case with one POI, x, and one nuisance parameter, 0
Black line — standard likelihood scan of x profiling O
Blue line — standard likelihood scan of x freezing O (stat. only)

Red lines — standard likelihood scans of freezing 0 to different values
Pink line — Envelope around this

‘ 3 5

of the infinite 8 phase-

Full profile fit i’
Fit freezing nuisance parameter 1o bast fit
#| -------——-— [Fita freezing nuisance paramaiser to arbitary values

space eventually you 4

can reproduce the

black curve with the

pink “envelope”. 2

Nn




Di-photon background model

7 In principle would like to sample the “infinite” phase
space of all possible functions.

In practice this is impossible.
7 Instead, choose from four classes which we expect cc
reasonably cover the phase-space:

Power law sum.
Exponential sum.

Laurent series.
Bernstein polynomials.

7 Lowest order selected by loose G.O.F test.

7 Highest order selected by loose variant of the F-test.




Summary of couplings

Model Best-fit result oo -
Table i
Parameters Ri's le,;; Parameter 68% CL 95% CL
: Az = K /xz
xz, Awz (ke =1) : Awz 0.947922  [061,1.45] using ZZ and
0/1-jet WW channels.
) _ 44 _ HD.14 Awz = Kw /Ky from
Kz Awz Ki (top) Awz 09175, [0.70,1.22] full combination,
4007 xy scales couplings
K, Kf (tiir} g 10007 10881151 and Z bosons.
4014 x¢ scales couplings
Ef 0892015 [0.64,1.16] to all fermions.
. 48 Ky Uﬁ-‘ﬂ'ig}g [0.69,1.10] Effective couplings to
gr Koy (top) - 11 5+g:H [0.89,1.42] gluons (g} and photons (7).
48 Branching fraction
Kgo K BRESM 0 he BRpsm 2013 [000032] o pen decays.
i s Agy = Ku/ kg, relating
Ky, Adu. Ku Adu 10177 [0.66,1.43]  up-type and down-type
(top) fermionns
47 01 r:l._|: = K .-'rl'f i I"I'."J.ﬂ.l.LI'lg
v, Adq: Kq (top) Atg 102702 [0:61,1.49] Ieglnns eu‘m::?j quarks.
Ky [].?E*E;ﬁ [0.51,1.09]
e Koy U.Q‘E‘_fﬂ:l? [0.66,1.37]
BT TYT Similar to Ky 0.97750  [0.64,1.26]
e 50 (top) Kp D_ﬁ?fg_ﬂ [0.00,1.31] Down-type quarks (via b).
b SRt Kt 0.83°313 [0.48,1.22] Charged leptons (via ).
Ky 1617533  [0.97,2.28] Up-type quarks (via t).
as above
plus BRgspy - BRggw =< 034  [0.00,0.58]
and &y < 1




Production mode scaling

T Pggy = 0.85 T g (stat.) T g (theo.) Tigg (syst.)

Paramater Bast fit result (8% CL) Observed significance () Expected sensitivity (=) Pull to 5M hypothesis ()

tor fwl combination 19.7 b7 (B TeV) + 5.1 f5" (7 TeV)
Hgge ﬂ.Ei‘i‘:j.”.;E 6.5 7.5 0.8 CMS 55 CL
- s 28 > o Preliminary == 05% GL
Mg L0 E 27 27 0o
Hit 29310 35 1.2 2.1 i
-

Parameter Best fit result (68% CL) for ¥ TeV data Best fit result (68% CL) for 8 Te'V data

Mg LOOY% 0804015

HuBF L7850 1oz ! L I A A Ll
e 0.60+058 106" tﬁ 0 1 2 3 4 5 6
- 0.001313 32210 parameter value




Di-photon analyses Compatibility

o Jack-knife provides estimate of expected width, o(6p), between
two correlated analyses using sub-samples of each dataset.

Used Bernstein polynomial background model for simplicity.

Analysis 1 Analysis 2 o(bu) 6 (obs) Linear correlation
Final MYA 8 TeV Final CiC 8 TeV 0.20 019 7 4%
Final MYA 7 TeV Final CiC 7 TeV 0.42 0.17 7 2%
Final MYA 8 TeV Moriond MVA 8 TeV 0.21 0.22 /1%
Final GiC 8 TeV Moriond CiC 8 TeY 0.21 0.03 76%
Final MVA (Envelope) Final MVA 022 0.35 -
8 TeV (Bernsteins) 8 Te¥Y

MVA CiC

MVA CiC
CiC — MVA Overlap CiC — MVA Overlap
(Final Data 8 TeV) (Final Signal 8 TeV)
18%




Production modes

Channel grouping  Best fit {}eng] Lttt MVBEVH)

H -+ ZZ tagged
H — 77 tagged
H — WW tagged
H — 77 tagged
H — bb tagged

(0.88,1.75)
(1.07,1.24)
(0.87,0.66)
(0.52,1.21)
(0.57,0.96)

MVB FVH

Combined best fit pvurvit/ M ggrin

Observed (expected)
1.257 042 (1007 342)

-2AInL

o o m Tk (ETe) + 801 (7 Tew)
of CMS — Cbsenn

g Preliminarny = Exg. for SM H
¥

|}

8l !

4

3

2

1

G C

L

1L
WHF.YH ™ gghLiiH

19.7 fb' (8 TeV) + 5.1 fo' (7 TeV)

B '
C M S H — 1t tagged
- Preliminary " Wi tagged
i H— ZZ tagged
4l H — bb tagged
i H — vy tagged
2
ol _
-1 0 2 3
Mgg H,tH
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