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»A new boson compatlble W|th the nggs partlcle discovered at the
LHC in 2012.

~ Fundamental Physics Prize 2012 assigned to ATLAS, CMS and LHC and EPS
2013 prize to CMS and ATLAS.

~ Nobel prize in Physics assigned to profs. Englert and Higgs in 2013.

» New window on the study of the Electroweak symmetry breaking
opened.

» Measuring the properties of the new boson very important test of
SM predictions.

.~ Scalar couplings: presented by E. Gross.

This presentation: mass, spin width and invisible BR.
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» Production cross section and branching fraction of Higgs boson are a
function of its mass.

» At the LHC, search conducted in both fermionic (tt,bb) and
bosonic(yy, WW,ZZ) final states.
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» Production cross section and branching fraction of Higgs boson are a
function of its mass.

» At the LHC, search conducted in both fermionic (tt,bb) and
bosonic(yy, WW,ZZ) final states.

» For mass, spin and width measurement, aII mformatlons currently

coming from bosonic decay g g RSE
channels. = [
m 8
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» Production cross section and branching fraction of Higgs boson are a
function of its mass.

» At the LHC, search conducted in both fermionic (tt,bb) and
bosonic(yy, WW,ZZ) final states.

» For mass, spin and width measurement aII mformatlons currently
coming from bosonic decay - t

\s=8TeV
channels.

LHC HIGGS XS WG 2012

» Search for invisible decays
performed using VBF production and :
associated production n
with a Z boson. :
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CMS Integrated Luminosity, pp

» Excellent performance of the LHC
machine throughout the Run 1.

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

25
— 2010 7 TeV 44. 2 pb !

0 ) |=—— 2011,7TeV, 6.1 '

)| === 2012, 8 TeV, 23.3 1 ' 120

» Also excellent performance of the
CMS and ATLAS detectors

~ ~90% of the delivered data available
for offline analysis.

115
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» Available dataset:

 ~5fbls=7TeV + ~20fbl Js=8TeV S ' amasoninetuminosty F

¥ 160: @ vs= aTeijdt 20.8 fo" <u>=20.7

S 1400 [0 Ve=7TeV, [Ldt=521" qu>= 0.1

g 120, E

» Challenging pile-up conditions. § 1oor g
T 80p =

~ Up to 30 average interactions per § 60F -
bunch-crossing. © 40 =

20[- =

~ Ingenious ideas needed to keep of :

0 5 10 15 20 25 30 35 40

Mean Number of Interactions per Crossing

5
detector performances.



Channel Ref
Mass & couplings [PLB 726 (2013), pp. 88-119]
Spin/parity [PLB 726 (2013), pp. 120-144]
S Invisible decays ATLAS-CONR-2014-011
-CONF-2014-011]
H — yy width flrom_ interferometry [ATL-PHYS-PUB-2013-014]
(projections)
H — WW(lviv) [JHEP 01 (2014) 096]
4 2200 favisizsses
H — yy spin and width [CMS-PAS-HIG-13-016]
oS Mass & couplings [CMS-PAS-HIG-13-005]
Invisible decays [CMS'P@%j“éﬁéf”ﬁﬁ&ﬁé"ﬁiﬁ?é’f'G'13'\
H — ZZ width from interferometry [CMS-PAS-HIG-14-002] {ﬁ
7
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» Fundamental parameter to measure. % F _ TR T T CITTREN
E SM fit w/o m, a :‘!MH measurements _E
-~ NOt given by theo ry. 8 g_ - m{" ATLAS me s‘;}llrement [arXiv:1203:5755] g
) ] ] 7 E_ -l m" CMS measu e:;‘nent [arXiv:1209:2319] _E
~ SM predictions fully determined once the &= v m eutron avelige farvtsnszozsy E
mass of the boson has been measured. 5 5 \[@ M ortmmed oy gevatron o 1207050 E

4 -t N — 26
~ Over-constrain electroweak fit. sE E
2t E

) S S . R A =
. E ol ey ;u..r ey o Ly E

» How (well) can we measure it atthe o & w7 @
LHC? EPJ C 72,2205 (2012) ™ [GeV]
e 105""|" AN RS A A RSRRN RN

~ Using high resolution channels: yy and 417 o Estfuiou mmemen £ Jf. . e,
. E SM W?Mwand M, measurements =
flnal states. 8% — SM figith minimal input E
. 7 = - M, w d:-i_verage [arXiv:1204.0042] =
~ Current uncertainty ~0.3-0.4% per 6 ' &
experiment. 5 - E

. . . 4 f— """"""""""""""""""""""""""""""""""""""""""""""" —f 2c
~ Expect to measure it at <0.2% with final & :
analysis of Run 1 data. S E E

_ The first precision measurement of R N A

8%.32 80.33 80.34 80.35 80.36 8037 ©80.38 80.39 804 80.41

the properties of the new boson.
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» Clean signature:

~ Two isolated, high p, photons.

» Modest branching-fraction: it P
~ ~0.2%. | — e

» Excellent mass resolution: |
o 1-2%.

» Large background from QCD

> T U I L L L I B
. @ N ATLAS Preliminary —e— yy+DY Data 1
processes 9 2500k Data 2012 +$;{D2;D t -
= *e \s=8TeV, [ Ldt=130f" _.j Data ]

~ S/B ~ 1/1 - 1/20 2 B —— Stat. uncertainty -
L 2000 ”##4 . Total uncertainty ]|

» Challenges for mass measuremen;cf:)ooE *mM -
- IR —_

~ Maintain good mass-resolution in - “aﬁ .
: : : 1000/~ o0 -
high-pile-up environment : a0t 0 :
(for both energy and angle). ool "*eeetenn,s

~ Understand electron/photon f_ Tt -

extrapolation for E-scale v
(material, shower description, etc.).

o
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P Similar analysis strategy for both CMS and ATLAS.

~ Events categorized according to photon resolution and kinematics.

~ Additional exclusive channels targeting VBF and associated production.
—~ Signal extracted from simultaneous S+B fit to all categories.
.~ Background modeled with polynomials or falling power-law or exponentials.

~~ Analytic signal model accounting for data/MC corrections and associated

uncertainties.

= 10— 17— 7 T ] >5000 L L B N L B ) [ B

GJ L — . .
~ imi - ) - CMS Preliminary —o— Data -
% 1401~ ATLAS Preliminary N = & L v 5 oaviy 5.6 i :
 120F ¢ d — L0 L Ys=8TeV,L=19.6f" (MVA) Bkg Fit Component |
2 - ——— Sig+Bkg Fit (m =126.8 GeV) - +~4000 [ 1+1o -
2 100 H = - - I 20 .
= - e, e Bkg (4th order polynomial) I 0 - i
A - ] %) - .
80— ] C i ]
so- = = 03000 .
— - LLl L |
40 V=7 TeV, [Ldt=4.8 fb" - 5 i i
- o D _ i
20 Vs=8 TeV, [Ldt=20.7 b H—yy = %2000 - -
o, - ! ' P S T S - -
@ ATLAS-CONF-2013-012 =< - i
4] 1000 —
= A m i :
j oA & | cms-pAs-HIG-13-001 ]
r"] , I . . : :’ _I 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 |

100 110 120 130 140 150 160 0
wn
m,, [GeV] 110 120 130 140 150

m,, (GeV)
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» Energy measurement:
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_ MC-based corrections:

P ATLAS: weighted sum of energy deposits in the different calorimeter layers.

P CMS: multi-variate regression (BDT-based) tuning energy corrections as a function of
the photon cluster shape.

_~ In-situ corrections:

P Use Z - ee decays and isolated electrons from W — ev to derive E-scale adjustment
for data and correct E-resolution in MC.

P Systematic uncertainty on mass scale currently ~0.5%.

~ Expected to improve considerably for legacy Run 1 results.

ATLAS CMS
Measured  126.8 +- 0.2(stat) +- 0.7(syst) GeV  125.4 +- 0.5(stat) +- 0.6(syst) GeV
7, ee E-scale 0.3% Residual non-linearity from 0.4%
Z—eetoH — vy
Material knowledge 0.3%  Material knowlegde 0.25%
Syst unc.
Pre-sampler E-scale 0.1%
Other 0.3%

Total 0.55% Total 0.47%
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_— | CERN
ZZ(A)sdeeel \cianneliase s o

Sl >~

@ATLAS

EXPERIMENT
http://atlas.ch

» Golden channel:
~ Four isolated leptons.

» Very small branching fraction:

~ ~10*
» Extremely pure:
~ S/B ~2 o
CMS Simulation, s = 8 TeV
4‘200 __ v H— ZZ* — 2e2mu
» Challenges for mass measurement: Boo- S
~ Efficiency and resolution 3500?; ; |
of low-p, leptons WOEEE
25000 | P
~ Energy and momentum moofl 1w
scale linearity at low p, s ! L
1000?
5003

P, [8.eV/c] 13
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» Analysis strategy:

~ Maximize acceptance for low pT leptons

~ CMS: use m4l vs kin. Discriminant (KD) for S/B separation.

Only lepton flavor categorization used for mass measurement.
Use information on event-by-event mass resolution.

~ ATLAS: use m4l for S/B separation.

Events / 3 GeV
— N N w w
(@) o (6)] o (@)

—
o

Categorize events into VBF-like, VH-like and untagged.

>
_ _ 1. ye _ -1 r
CMS ls=7TeV,L=511b";Vs=8TeV,L=19.7fb 8 40 ¢ Data2011+2012 ATLAS
— T T T ; T T L © - - SM Higgs Boson H%ZZ*%4I fer)
= . Da’[_.g}I 26 GeV > 16 . . - 1 2 a5l m,=124.3 GeV (fit) Is<7 TeV JLdt _46fb" N
- ] mH*— e O 14k Dbkg> 0.5 ] . S - [ Background Z, ZZ* Is—8TeV JLdt — 207 fb" Olo
= CZy*,Z2Z NP2 . L ~ [ Background Z+jets, tf - B co
- B Z+X £ 1of . 30— % Syst.Unc. ~
- L% 8f ] C 2
- 6F 4 4 B o
B 1 o 25—
: 58 Hﬁl EER: : g
| oF [ [ 4 7o) B ({o)
| . T - T 1 ; ; T ﬁ -1 = - N
B =570 120 130 140 150 4 N 20: ~
[ my, (GeV) g C m
N 1 BE 15— i
B 4 > B
[ q = N
B ] 1 & 10
: ; 1l 1] E s
0 1 |
80 100 200 300 400 600 800 100 150 200 250

GeV
m,, (GeV) ™14
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P Electron energy corrections.

 MC driven correction using multivariate regression (CMS) or weighted sum of energy

deposits.
_~ Data/MC corrections derived on Z - ee and checked with Z —» ee and low-mass
resonances.
oMs r 7TeV, L= 51fbI »ll‘ I8TeV L= 1?7fb |4 e
» Muon momentum scale ¥ 1;; T T Zcombned 1 | ATLAS Preliminary Hoz2" o4 |
----- Combined (stat. only) —
corrections. f, & gy e 1 125 \s=7Tev: [Lat=4610"
N8k —H —ZZ - 2e2u < Vs=8TeV: |Ldt=20.7fb"
- —H-—>2ZZ—-4 . ~ 108 +02 ]
.~ Data/MC corrections 7F 310 S
from Z - puu + check 6F _: 8P\ b — e - reso e 2 ]
w/ low-mass resonances. s E " - rzaeiienn o2
» Mass fit: ); | -
_~ CMS: 3D fittom,, KD 2f —
ando_,/m 1 N2 ok | T g
' ' o 9402 123 124 125 126 127 128
_ ATLAS: 1D fit to m,. Using P ed i i 1,30 (Ge\})sz . [GeV]
kinematic constraint to Z, canditate.
ATLAS PLB 726 (2013), 88-119 CMS arXiv:1312.5353
Measured 124.3 *°°  (stat) **° .(syst) GeV 125.6 +- 0.4(stat) +- 0.2(syst) GeV
mass
Syst unc. Electron e/p-scale 0.2%-0.4%  Electron e/p-scale 0.1-0.3%

Muon p-scale 0.1%-0.2%  Muon p-scale 0.1% 15
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» Measurements obtained in the di-photon and four-lepton channels
can be combined (under the hypothesis that the same state decays
iIn both modes).

P r -1 -1
E T ATLAS Combined (stat+sys) 1 10 ?MS,PI,re':m.m?‘rr ‘Isl=|? :l—e,v’lL,S ?1. f.b . “.s - E.i Tf"." |TS. 1.5”.5 f.b :
Y [ Vs=7TeV|Ldt=46-48f" - Combined (stat only) - — Combined
- Vs=8TeV [Ldt=20.7 fb" — H-wyy = of H_>Y7+ H—Z7 H—s
61— —— H 77" >4 < - u,u (ggH,ttH), v
B . .
- - —H->2Z7Z
- o 8t MW(VBF,VH) .
5; | N
N 7t
77 EER- S R NN N S S 26 6
- F ql : -
- FI :
- B 5F
3 - -
C ™ 4
— F -
- -
N 3F
B ﬁ -
-~ 2t
I « o R W VAN Y A S -
1_ - 1c -
T o 1F
_ | | | | I O :

L1 11 ‘ L 111 | 111 |
?21 122 123 124 127 128 129
my [GeV]

125.5 +-0.2 (stat) *°°  (syst) GeV 125.7 +- 0.3(stat) +- 0.3(syst) GeV
16
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» Rough combination of available measurements yields a total
uncertainty of 0.25%

» Precision still expected to improve.

~ CMS di-photon channel still preliminary.
~ ATLAS measurement expected to be updated.

~ Both experiment will use updated calibrations and improved
understanding of energy/momentum scale uncertainties.

» LHC combination expected to take place later this year.
_ Ultimate Run 1 precision expected to be below 0.2%

~ Stay tuned!

17
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» Clear prediction of the Standard Model: Higgs boson is a 0* state.

~ Very important to test such basic prediction experimentally.

» Most general form of spin-(1)2 state scattering amplitude has
large number of free parameters.

~ We are not really measuring the spin of the new boson yet.

~ Rather testing alternative hypotheses.

e

L(B"'@SSM , 6SM)

——

L (B+M/AE"SALT , 6ALT)

> Test statistics: g=—2In

» Most sensitive channels.
~ H - ZzZ(4l)
~ H - WW(2I2v)
~ H-yy

19
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» Distinct signature:

CMS Experiment at LHC, CERN
Data recorded: Thu Apr 19 09:14:"

~ Two hlgh pT |ept0ns Run/Event: 191721/ 76089774

Lumi section: 111

s ’ Orbit/Crossing: 28960009 / 815
~ Missing transverse energy. I

» Large branching fraction. %

_ Poor mass resolution.

» Large backgrounds.

» Angular correlation between final stat_ o
leptons provides information on the .
polarization of the resonance.

» Challenges:

_ Missing energy resolution. .l
~ Background modeling

20
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» Analysis strategy:

_ Select two high p,, different flavor leptons plus
missing E..

~ CMS: categorize events in 0,1jet bins

~ ATLAS: no categorization in number of jets.

» Hypothesis test from 2D template fit to
data:

~ CMS: m, vs m_

~ ATLAS: use two BDT discriminants (A¢,, m,, m.)

BDTO (discriminate SM from background)
BDTalt (discriminate alternative hyp from
background).

» Tested alternative models:
~ CMS: 2+ “graviton-like” and O-.
~ ATLAS: 2*_ “graviton-like”.

_ For 2* model both qq, gg production
modes (and mixtures) are considered.

49fb {7TeV)+194fb {STGV)

— —
o o
o o

8)]
o
T L

S/(S+B) weighted events / bin

-50 L

: -4 data - backgrounds
[ — H->ww
i bkg uncertainty

m, =125GeV ]

ep 0/1-jet

I L 1 L L | L 1 L L | L L L L | 1 L
50 100 150 200 250
mT [GeV1
4? T T 1 ‘ T T 7T | T T 1 T T T 1
S ATLAS f @= 100% i
2 0.25F Vs=8Tev ILdt=2o.7fb" _JP o -
8 [ H- WW* evuv/uvey + 0 jets —Jf=2
B2 — Data
< 0.2 —
€
S |
Z 0.15F | .
|
0.1 I a
|
i |
0.05 I -
i | 1
L XJ ) I — L Il
-010 5 0 5 10 15 20

q 21
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» Expected (post-fit) exclusion for 2* model 1-CLs > 0.94.

~ In CMS, 0- expected (post-fit) exclusion 1-CLs = 0.72.
» Observed results favor SM hypothesis.

——— T 4OCMS 4.9 " (7 TeV) + 19.4 o™ (8 TeV)
U B . 7 FrTTrTr 7y 1rrTTy T ITTT T T T TT T T T T T T TT T T T T T T T TTIT]ITTTT
 ATLAS Y Spin 0— — - | | | | | | | | |
25¢ Data Pin i T WW — 212v + 0/1-jet m,, = 125.6 GeV
- H—-> WW* - evuv/uvev Signal hypothesis Oie 7 ~ . 35 I,
" \s=8TeV |Ldt=2071fb" e P_0o* [ ]26 7 o~ [ * 1o expected
20 B e © j ! 0 - “_El" 30 - + 26 expected
: 4 JP = 2+ : - :_ ™ 2:'ﬂn
15 - N N 25 - Observed
E PLB 726 (2013),120-144 E 20;— JHEP 01 (2014) 096
101~ 15
i 100
» 5
i = -—
] 5 =
1 1 1 | 1 1 1 ] E ]
- - _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
50 23 S0 & 100 100 10 20 30 40 50 60 70 80 90 100
f g [%] fq (%)
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» Distribution of production angle sensitive to spin/parity.

Event selection similar to mass analysis.

» Hypotesis test:

=

[
D
o)

3.5¢

3
2.5

2
1.5
1
0.5
0

-0.5

E,p.,—E,p.,

*
cos(07)=2
~ ATLAS: no categorization in photon kin. or resolution m \/m2 +p2
, . o YY YY T'yy
.~ CMS: simple 4 categories cut-based categorization
?2400—||||||||||||||||||||¥|||||||||||||||||||||||||||—
. . . % 2200F ATLAS Preliminary —¢- data syst. unc 3
4 ATLAS 2D flt Of Cos(e ) VS m'yy 8 2000F H-rr. Vs=8TeV ??g gg—H NLO+PS (PowHEG+PY8) + XH _f
: : 1800F | Ldt=20.3f0" == XH = VBF + VH + {TH =
~~ CMS: simultaneous fit to m_in 5 cos(6*) bins =z 1238__I E
CMS Preliminary \s=8TeV,L=19.6 fb" 1400 E
S 1200 =
- X—yy 0* o .
—— x—ﬁz (100%gg) 1000t ’ — E
E e X1y 2/(100%qQ) 800F B -
——+— X—>yy 2'(50%99,50%qq) E E
- @ Observed 600‘_ ]
= S 4005— | — E
:— 200__ —— —]
- 0'|'|'|'|'|'|'|'|'|"|'|'|'|'|'I'I'I'I'i'rTTT+rrrr|'rrrr|-|-i-|-|-:xﬂm|=|------|-:
:_ . | 8 6 TTTT I TTTT | TTTT | TTTT | TTTT | TTTT I ITTT I T TTT | TTTT | rT1TT]
- ] % —
— © 4}
g_ ------------------------------------------------------------------------ E 22@*xyxxxixyx_+_ H;""‘ BRI R IR TN
;_ D-I L1 I L1 11 | L1111 | L1111 |I_I"I_I| L1 11 I L1l I | | L1 11 | L1l I-
Eocc b b b b b b b b L 0O 01 02 03 04 05 06 07 08 09 1

- IIIII IIIIIIIIIIIIIIII
10 0.1 02 03 04 05 06 07 08 09 1

lcos(6%)I

Reconstructed |cos(8”)|
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» (Post-fit) Expected separation: 1-CLs > 17(55)-60(99)% for CMS
(ATLAS).

~ Better sensitivity for ATLAS analysis partially driven by higher observed excess.

» SM hypothesis generally favored in data.

o— B T T T | T T T T T | T T ]
14 ATLAS -
1 2:_ H— vy *Data  Spin 0_: CMS Preliminary \s=8TeV,L=19.6fb"
B \s=8TeV _I-Ldt =207 fb'1 Signal hypothesis - 1o ] = 65 —=— X—yy O
10F [J2s] < s5E I = 1o expected
C e f-0" 1 Y ¢ + 20 expected
B 1 T 4F —— X—yy 2;
8¢ ° =2 E _i = —e— Observed
C 1 o 3
PLB 726 (2013),120-144 E 2
_: 1
- 0
-1
-2 CMS-PAS-HIG-13-016
- lIII|Illl||||I|IIlIIIIII|llIIlIIIllIIIIlIIlIIIIII
! 3O 10 20 30 40 50 60 70 80 &?O 100
0 25 50 75 10C q (%
o
(%)
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» Extremely rich channel in terms of angular information.

cw I %

~ Best suited to study spin and parity.
P Same event selection as for mass analysis.

» Spin/parity hypotheses separated
using angular correlation between

leptons.
_~ CMS: build ME kinematic discriminant
for SM vs ALT hypotesis. . . 1
Pﬁ‘.“(mzl,mzz,ﬂ|m4;)

 ATLAS: use BDT based discriminant. D,
}-J

» Hypothesis test:
_ CMS: 2D fit of superkKD(m,xKD) vs KD(J?)

~ ATLAS: template fit of BDT score distribution.
25
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CERN CMS
NS

» CMS: 8 alternatlve JCP hypotheses tested for spin 0,1 and 2,

iIncluding production-independent analysis.

P ATLAS: 4 alternative JCP hypoteses tested for spin 0,1 and 2,
considering qq, gg initiated productions (and mixtures).

» Data favors SM hypothesis.

~ Tested spin-1 and O excluded with 1-CLs>0.99%
~ Tested Spin-2 models excluded with 1-CLs>0.95%

o)

J

c, I

-2 In(

20

o

-20

40f

CMS I1s=7TeV.L=5.11f"Vs=8TeV,L=19.7 fp’
[ —8- CMS data - - - Median expected : : :

- WMo 1o [ N

L Wotz2c WS- 20

-JP

ﬁnﬁﬁiiqﬁﬁﬁ

arX|v 1312 5353

.+30.

0 Oh T T 1 1 2 2n 2, 2 2 2,
any any qg—X any qg—X any gg—X qg—X any gg—X gg—>X gg—X

ATLAS (combination)
H- vy ¢ Data
\s=8TeV [Ldt=20.7 fb”

v CL, expected
assuming J"=0"
O+1c

H—-ZZ* - 4l
\s=7TeV [Ldt=461b"
\s=8TeV [Ldt=20.7 fb”

H —> WW* — evuv/uveyv
\s=8TeV [Ldt=20.7 fb”

. PLB 726 (2013),120-144

JP=0" JP=1t JP=1
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» Natural evolution of spin/parity studies will be towards constraining
anomalous coupling parameters in the Higgs sector.

» First such example, in the CMS ZZ(4l) analysis.

A(H = 2Z) = o~ (aymdeie; + aaful!) FOM 4 as ) @)
\_Y_J L_Y_J

\_Y_J
SM aCP even aCP odd
» Effective CP odd fraction extracted Q 1200 E=7T‘9V;L.=5"Tb";r‘T':.BT.eV’LT‘?'?f”_,’
from data, re-parameterizing the S - Expected -
(a\|

likelihood fit used in the 0+ vs 0- test & 0 o e ;
as a function of:

5 8 arXiv:1312.5353
|ﬂa | 73 I

fﬂ3 — - - 6:_

a1 |20y + |ag |20y + |as |0y

» Observed(expected) 95% C.L. Bound: ) / ;
f ;< 0.5(0.7). : T :
O/T" f g 0 I my op Ty opog ]

0 0.2 0.4 0.6 0.8 1
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» Standard model prediction: I', ~ 4MeV.

-2ALL

~ Direct measurement heavily limited by experimental resolution.

~ Current upper limits 3.4(7)GeV from 4l(yy) decay modes.

Is=7TeV L=5.1fb"

CMS Preliminary 1s=8TeV L=19.6fb"
5l— = 7+8TeV (observed)
B = = 7+8 TeV (expected)
- — FC 95% Upper Limit (observed)
4 [ ==FC 95% Upper Limit (expected)
3l—
- H— vy
21— CMS-PAS-HIG-13-016
: 1
11— :
- 1
- 1
N “a,’
0 1 1 l 1 1 1 | 1 1 1 ‘lr 1 1 | 1 1 1 I 1
0 2 4 6

8 10
Higgs Decay Width (GeV)

-2AInL

6CMS (s=7TeV,L=5.1fb"; (s=8TeV,L=19.7 fb"
B I I I I | I I ¥ 1 | I I | I ‘ I I I I /1 I I I L
N ]
5—_ ------- Expected 7
i —— Observed
4l -
3 .
2; ]
: H—Zzz@4l) -
1t .
B arXiv:1312.5353 ]
B g 1 I | | | 1 1 | | 1 | 1 1 ‘ 1 1 | 1 | | 1 | | T
% 1 2 3 4 5
I, (GeV)
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CMS prehmmary '1_ B Te'\:r L 19 7 fb
T

» Constraint on total width can come from > pTTTTTTTT ]
measurement of H* contribution to high 3 't :
mass pp - ZZ production. % g A I

: EK:Z i 5; E

on—pea _ 45 =

O o 27 = " [rr BR)sym = (o - BR)g E E

off —peak off —peak SM *

'dﬂ_gg—;—H—s;-iI B J”rd gg—H-—=L4 g N e
dmzz dmzz P60 200 300 400" 500 600 706" 800

m,, (GeV)

P Challenge: understand (destructive) interference 22— “fb/
with gg = ZZ continuum S CMS-PAS-HIG:?ﬁOZ

~ Combine 41 and 212n decay channels. -":,«‘/;-|—>zz—>4|+2|2v
/4 — Observed

~ Observed (expected) 95%CL limits: T" < 8.5(4.2) x I’
P See R. Covarelli talk for details.

¢+ ... Expected 1S T
------ Expected p=1

I 68% CL

95% CL

4/ 202v | Combined = -/ S&FssSsS——————————
Expected 95% CL limit, r 11.5 10.7 8.5
Observed 95% CL limit, r 6.6 6.4 42 i
Observed 95% CL limit, I'ty( MeV) 27.4 26.6 17.4 SN




ATLAS simulation Prefiminany
L i =3000 1B, ¥5 =14 Ta¥
Alier backgrownd subiracton

Fy= 200 % Fygy = 081 Gay
B =30 Gav

4y ! L 25 G
_l.'l:l =G e

-

L

- - - Undisturbed H—spy

- Interkerence carreciion
Comacted H—= ¥

aooo
=00
-'-ﬁ 2000
1500

1oon

500

» Can also exploit destructive interference between
gg - yyand gg = H - vy.

~ Generate effective mass shift, which magnitude varies as a function of the
boson p..

~ Constraint of the width from measurement of m, vs p_,..

~ Projected sensitivity for 3ab* I < 30 I, (95% CL).

ATLAS simulaticn Prelminar
I.'. dt = 3000 " {5 = 14 Ty

Atiar background sulirachamn

ATL-PHYS-PUB-2013-014

Iy = 200 = Iy gy = 0.1 Ga¥
P i aa Gaw

— Fll o daia
- — Unditarbed H— Fy

-= Inlarfarance corrachon
Cormeciad H—py
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SERehNeminYiSibe dEEeySioRther
Higgs boson

» While all properties of Higgs boson measured
so far agree with SM expectation, still ? W,z H<x

quite some room for exotic decay modes. - -

» Can look for decays of Higgs boson to weekly
interacting particles using VBF and ZH
production.

~ Complementary to direct searches for dark matter.

» Exploited channels:

~ ATLAS: Z(ll) + MET
~ CMS: Z(ll,bb) + MET, VBF + MET
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| I@ 1 |

b Expected sensitivity to o x BR / oy < 0.6 (ATLAS) 0.75(CMS) 95%ClLs.

» Observed limit 6 x BR /6, < 0.75.

CMS Preliminary . CMS preliminary, ZH — I#ME 1, \'s =5 lev, | L=1961M°
% :I | T 17T ‘ [ | LI LI T 17T | LI | T 17T ‘ [ | |: > 10.1 . . T . . . . T
T 3|~ — Observed ZHI+MET —] 8 E. (ee+up) TopMWIW+Jets (data) -72 > 22v
bN C Expected Vs=7 TeV,_[ L=5.11" ] = 10* E e . WZ s 3l Instr. bkg {dala)
\E 25H [ Expected £ 1o {s=8 TeV, [ L=19.6 fb" ] 2 B * * data — zH126)
T - [ |Expected* 2 . g 100 e
T L | > =
r 7 w =
% 21 — 107 =
X - CMS-PAS-HIG-13-018 . =]
N — — 10 =
© 15 = =
c C ]
e N ] 1
= 1= ]
E C ] 10-1
- B _
0.5 — 2
S B ] 2 1'51 e*0ag 0d 1 1T
X - . m 05 2 el ] 4t
m 0 _I | I ‘ I I | | 1111 | | I I ‘ I | | N I | I ‘ I I | | 1 5 ) | | | | | | |!,|I i | |T i | | ‘ | | | | | | | | |
o 105 10 115 120 125 130 135 140 145 i 0 100 200 300 400 500
M [GEV] 5‘ miss
H Reduced E; ™ [GeV]
§ 600 I;-_ T T T | T T T T I T T T T I T T T T | T T T T | T T T I__L > — — g — — — ——— — .
= B ATLAS = - o . $10° ATLAS ® Dam =
> . | s ] o F \s=8TeV,[Ldt=2031" B 2z cowiineln E
,]E\ 500 __‘ Vs=7 TeV, j Ldt=4.51b Observed 95% CL limit ] S - ZH — ¢¢ +inv. - WZ — ¢vee (incl.t) 1
LY Vs = - -1 3 2 o
T M V=8 TeV, [Lat=20307 Expected 95% CL limit 210 e e
E 400 ZH = ¢¢ + inv. C|>,) S . - Z — ee, up ]
o - 16 L 10 R == W+ jets, multijet, semilep. top |
X \:| +2¢6 E_ """ e ZH - ££ +inv., BR(H — inv.) = 1 _g
T 300 = . =
6 . - P | g .
arXiv:1402.3244 T | ot
200 - D | L, (00 T
- -] S Y
100— ¢ 1.5F
- o L>|J< 1? = RRRREEIBR i (eSO P
‘ | T B Triese Eogleeeg s I s 0.5F
0 Il 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 4 1 1= © E
f50 200 250 300 350 400 e 700 150 200 250 300 350 400  45(
miss
m,, [GeV] ET™ [GeV]
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» Expected (observed) sensitivity on 6 x BR /6., < 0.5(0.7) 95%CLs

©
o

% ~  95% CL limits CMS Preliminary
Tk 3~ Observediimi s=8TeV L=19.6 fb"
@) LS Expected limit
- - — 25— [ Expected limit (1)
Background Nest g F Expected limit (2 o)
Z = v 102 + 30 (stat.) = 26 (syst.) -
W — v 67.2 + 5.0 (stat.) £ 15.1 (syst.) ﬂ}_, - CMS-PAS-HIG-13-013
W — rmev 68.2 + 9.2 (stat.) = 18.1 (syst.) | oo 1.5
W — tv 54 + 16 (stat.) + 18 (syst.) 5 F
QCD multijet 36.8 + 5.6 (stat.) + 30.6 (syst.) 'E
Other SM 10.4 + 3.1 (syst.) osh
Total background | 339 + 36 (stat.) = 50 (syst.) -
PR T TR TR AT TN T S AN O N N TN NN S TN SO T N TN SO ST N AN WY SO
Observed 590 foo 150 200 250 300 350 _ 40

my, [GeV]
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cﬁw a_ CMS
S \ L
re ‘ C ‘. ‘ .0 o U . ' -.‘7 . ‘; r \_/ I gl I

» Indirect constraint on BR,_ can also be obtained from global fit of
measured decay modes.

_ Fixing unmeasured modes to SM predictions and assuming k, <1.

» Direct and indirect limits have comparable magnitudes.

CMS Preliminary {s=7TeV,L<51fb' Vs=8TeV,L<19.6f"

_ISIO_IIHIHH“Iéi:I{IHl IIIII TT T T I T T T T T T T[T T 1T 1171711 n
i K.. K .
= — C . 1 gy — Ob d -
'E'ﬁE - CMS Preliminary —— Observed E 4.5 " BSM sene g
- “*I” GCombination of VBF and B Expected (68%) || o 4.0F ----Exp.for SMH
© [ ZH,H—invisible | Expected (95%) A 7 -
E "2 \s-8 TeV L = 19.6/fb (VBF + ZH) 3.5 =
= E Vs=7TevL=5.1/b ZH) F - .
O 3.0 . —
2 F 5 ]
& 0.8 2.9F S E
- 2.0F -
D.E_— - J 7

- 1.5 B -

0.4 1 0; K .
D'E__l....|....|....|....|....|....| 0-53_ CMS'PAS'HIG'13'005_2
115 120 125 130 135 140 145 - ’ .

mGEV .:-rl"l-'l-.l’l’llllIIIIIII|IIIIIIII|IIIIIIIII|IIIIIIIII
n(GeV) 000 0.2 0.4 0.6 0.8

BRBSM

—
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» Can combine results of direct and indirect constraints in BRinv.
~ ATLAS Observed (expected) limit BRinv<0.41(0.55)

2 In A(BR)

(L L L L I ) I
14— %
~ ATLAS Preliminary h — vy, ZZ*, WW*, 11, bb,
— miss | —
12— ys=7Tev, j Ldt=46-48f" <" NFE -
- —obs. —exp. 7
1 _ ]
10 L ﬁ= 8 TEV, j Ldt = 20.3 fb h — Y, ZZ*, www’ 11, bb : ]
8 - [Kw,-s K—g= BRi] -=-0Dbs. == exXp. s
65, ™. T
~*.. ™. ATLAS-CONF-2014-011 !
2F- s B
0’ I BT N |‘h"‘.m|‘I ':r.'_f' =$ -|"|-‘|' N BT B B R
-1 -08 -06 -04 -02 0 02 04 06 08 1
BR
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» Can interpret limit on invisible BR as limit on DM candidates
coupling to Higgs boson.

(T' T | [ [ T TTT I| [ T TTTT | I [ T TTTT |
. . £ 109 L _— —
» Interpretation in s L ATLAS Preliminary ]
Higgs-portal model: 10 -
T I ]
~ DM sector decoupled R I B
from SM, except for 09 g =
!—Ilggs-medlated 1090 e s=7TeV, [Ldt=46-48 " -
Interactions. 10_49i ........ ls=8TeV, [Ldi=2031"
» In this framework, gives B oy ot ZrE
10—51 | ’ ’ T _
comp lementa ry ] DAMA/LIBRA (99.7% CL)  ATLAS (95% CL)in  _
. . . 53 [ CRESST (95% CL) Higgs portal model: B
Information to direct 10™ = 3 cDMs (95% CL) o Scalar WIMP ]
— B CoGeNT (90% CL) <~ Majorana WIMP —
DM searches. 1055 —— XENON10(90%CL) Vector WIMP
— X scl) O ATLAS-CONF-2014-011 —
1 0-5? 111 | | | | | | | I | | | | 1111 I—|_|-

1 10 10° 10°
m, [GeV]
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Summa&y N Meas AT B ts o

» Presented results on mass, spin/parity, width and invisible decays
of the Higgs boson discovered at the LHC.

~ Beginning of a long program of SM prediction tests.
~ Uncertainties still large and mostly dominated by statistics.

~ Much more to come in the next years.
» First precision measurement in Higgs sector is m,,.
~ Allows to over-constraint SM electroweak prediction.
~ Expect precision better than 0.2% for LHC Run 1 combination.
» Spin/parity of new boson consistent with 0*.

_ Quite a few alternative models have been tested.

~ Moving towards anomalous couplings fits.

» New technique to constrain the Higgs boson width from non-resonant
ZZ production.

~ Major breakthrough for Higgs physics at the LHC.
» Branching fraction to weakly interacting constraints at 0.5 per experiment.
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CM;S Iectr@n/ppoto.n..energy

R A ]Jrv
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LEsey

» Details of the analysis can be oo CMS Hr, 4.9 fb"at 7 TeV, 19.7 fb" at 8 TeV

. | | | |
found on arXiv:1401.5041. [= e Obeeved
_ < H (125 GeV) Expecteg ]
» Several _productmn o 5;;;3;333 |
mechanisms and t decays 15 |y
employed.
» Mass measured from 10 T
simultaneous fit to all |
channels.
~ MH = 122 +- 7 GeV 5 N
10
100 120 140
m, [GeV
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CERN

/w/ @ CMS
el |

L

CMS 49fb 7TeV +194fb 8TeV
< S ]
. - < [ _ :
» Details of the analysis in JHEP ¥ gl TenotieroxBR-(@xeR, [ ]
01 (2014) 096.
20|
» Two kind of determinations : :
~ Direct fit (using MR vs A¢,) 2
16
m, = 128.2 **°__GeV N/
. . . 910 120 130 140
~ Indirect fit exploiting 6 x BR mass m,, [GeV]
dependence, assuming the SM CMS 19.4 10 (8 TeV)
predictions. 5 b e
m, = 125.5 +- 3.7GeV 2 t Oroww Wovees |
H © 300~ I wijets WW
L B wzizz-wy" |
200; m, =125GeV |

ey 1-jet

Mg = V" — |iml_,3i. - E’I‘.““ '*”r + \/ (my, + {p h2 ) (m7, + (EF™)2) i
100

100 200 300 400 500
m, [GeV] 46
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- ATLAS —— Combined (stat+sys)
[ Vs=7TeV|Ldt=46-48f" - Combined (stat only)
- Vs=8TeV [Ldt=20.7 fb" — H-oyy
6 —— H-> 77" >4l
51 §
4:— -------------------------------------------- ; ----------------------------- 2c
3
2~
| L N N e 1o
7I\\I|\III|IIII I|IIII|III\
P21 422 123 124 125 126 127 128 129
my [GeV]

P. Musella - Higgs properties

CMS

ner-»
A= 3

= - ATLAS — yy+ZZ* combined
T [ Vs=7TeV[lLdt-46-481b" —— H-—yy
S 3.5 Vs=8TeV [Ldt=20.7fb" — H->ZZ" - 4l
2 [
© I X Bestfit
c
> 3 — 68% CL
S 95% CL
251
21—
1.5
i
0.5
O_l\III|IIII|I\II|IIII|I\\\|IIII|IIII
122 123 124 125 126 127 128 129
my [GeV]
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CMS Preliminary ys-7TeV,L<5.1fb" us aTev L<195fb

CD_LI'\JLO-D-U'ICI)"-JCDLDD

|||||| ' ‘ rrr 1T 1T 1T 411 1
H =YY + H—o 77 e Comblned
M1 (ggHttH), —H-w
uw{VBF,VH) ——HoZ i
EI 11 | I | 1 1 1 | I N S I Y N A | | | |E
124 126 128
my (GeV)

P. Musella - Higgs properties
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0.0
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ner-»
A= 3

V\s=7TeV,L=511f"; (s=8TeV,L=19.7 fb" CMS \s=8TeV,L=19.7 0"
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A
S

» Mass dlfference myy - m4l:

~ test assumption that both come from a common mass

~~ parameter of interest: AmH =m_ - m,

~ AmH = 2.3 +0.6- 0.7 (stat) = 0.6 (sys) GeV

» Consistency of AmH = O:

-2InA

\s=7 TeV:det =4.6-4.8 b

ATLAS Preliminary
Vs =8 TeV: [Ldt = 20.7 fb”

~ 2.4 g away from AmH =0
( p-value = 1.5%)

/

36

~ increases to 8% (<1.5 o) using
conservative treatment of the
uncertainties by fixing the three 6
main sources contributing to
the e/y energy scale
uncertainty to their =10 values

-2InA(0)

[02]
T T T | I T T | I T T | T

|26

N
|

P material
P presampler energy scale
P calibration procedure

116
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