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On July 4th 2012 ATLAS and CMS

collaborations announced the discovery of
a new boson around 125GeV

Results followed by updates focusing on answering the questions:

® if the new boson 1s “the Standard Model Higgs boson”
® if there are any hints for the physics beyond SM?

Answers provided as:
® measurements of the new boson properties: mass, spin-parity ...
® searches for additional Higgs like bosons in a wide mass range

ATLAS: Phys.Lett. B716 (2012) 1-29

CMS: Phys.Lett. B716 (2012) 30-61



Electroweak Theory

In the mid 60°s Glashow-Salam-Weinberg proposed a unification of the weak
and electromagnetic interactions based a SU(2); x U(1)y gauge theory

4 fermions are doublets or singlets under SU(2),

4 Z and y emerge as a mix of the two groups gauge fields

+ Lagrangian contains neutral current as well as charged
describing, e.g., beta decay and neutrino scattering

Weak interaction is short ranged => W and Z bosons are massive
problem: mass terms ( my” B LA )break gauge invariance =>

loss of renormalizability and unitarity

Neutral current event 1n the

Gargamelle bubble chamber

W/Z discovery at UA1 & UA2 experiments




The Higgs/BEH Mechanism

Problem of gauge bosons masses solved by Spontaneous Symmetry Breaking
(SSB) mechanism elaborated by several authors at the beginning of the 60s

[P.W. Higgs,

“"Broken symmetries, massless
particles and gauge fields”,
Phys.Lett.12(1964)132]

[P.W. Higgs,

“"Broken symmetries and the
masses of gauge bosons”,
Phys.Rev.Lett.13(1964)508]

(1928-2011)

[F. Englert and R. Brout,
“"Broken symmetry and the mass of
gauge vector mesons”,
Phys.Rev.Lett.13(1964) 321]

[G.S.Guralnik, C.R.Hagen, T.W.B.Kibble,
“Global conservation laws and massles
particles”, Phys.Rev.Lett.13(1964)585]



The Higgs Mechanism

The Higgs Mechanism applied to the SUL(2)xUvy(1) local gauge theory 1s

able to give mass to the gauge bosons

Higgs Potential

4 gauge symmetry of the model is preserved
while ground state of the scalar field
“spontaneously” breaks the symmetry

4 minimal solution uses a doublet of complex

scalar fields (4 degrees of freedom ) —and

has a non-zero vacuum expectation value(VEV)

4 one component corresponds to an electrically neutral i
1988

1 === S 5 = (D, ®)"(D"®)
scalar particle — the "Higgs boson T |CI)|2 = )L|(I)|4

4 remaining three components add a new degree of freedom
(longitudinal polarization) of massive W+ and Z bosons
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The Standard Model

The SM reflects our current understanding of elementary particles and the forces
acting between them (with the exception of gravity).

Matter
e three generations of fermions
* in each generation
— 2 quarks (Q = +2/3,-1/3)
— 1 charged lepton (Q = -1)
— 1 neutrino (Q = 0)

Forces

e the strong force

( 8 gluons)

® the electromagnetic

force ( photon )

Leptons

¢ the weak force

(W, Z)

Higgs field gives mass to electroweak gauge bosons and fermions(Yukawa couplings)



Why 1s the Higgs important ?

The Higgs boson presents much more than just another new particle. It 1s
a fundamental component of the standard model !

4 the SM accurately describes decades of experimental measurements but its
conceptual basis rely on the Higgs mechanism

4 it describes the way elementary particles acquire mass. In a world with
massless fermions atoms would not eXist, the electron would be massless !!!

It changes our view on the nature of elementary particles

4 mass is no more an intrinsic property of particle. It’s rather a result of an
interaction with an external field !

4 “break the paradigm” that interactions are dictated by gauge symmetries



SM Lagrangian

C

energies and
self-interactions

W= Z., ~ kinetic
—%W,,,, - WHY %I},,,, B*

lepton and quark
kinetic energies
and their
interactions with

r
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Higgs masses
and couplings

masses and
coupling to Higgs

L ... left-handed fermion ({ or ¢) doublet
R ... right-handed fermion singlet

—(G1LoR + GaLo-R + h.c.)

{ lepton and quark

L from QCD:

L= q("9, —m)q =g ("T.9)G,, — 2GLGY
o~ g N, e’
Ekin(a) Interaction  Eyjn(2)
q, £ includes
self-interaction
between gluorss

Higgs mass 1s a free
parameter of the model

If we know the mass all
Higgs interactions to
elementary particles are

determined by the model

Higgs to fermions Yukawa
couplings introduced by

hand



Higgs Boson Interactions

Directly couple with the mass of elementary particles




Couplings to Massless Bosons

Takes place through loops of massive particles

(0000 &

i

0000 g

all fermions contributes, but
top quark dominates due to
its large mass




Indirect Higgs Measurements

Until LHC, the only way to observe the Higgs
boson has been through indirect measurements, 1.e.
to see its loop effects on other SM quantities. Find
mH bounds from best Standard Model fits to all

existing data.

quadratic dependence on m, but only logarithmic

dependence on my; still precision measurements

gives some sensitivity
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LHC

The world’s most powerful accelerator

¢ Jocated at CERN near Geneva

— ring of 27 km circumference and 100m
bellow surface

— can provide p-p, Pb-Pb (and p-Pb)
collisions in 4 interaction regions

1939 superconducting dipoles(-271.25°C)

_— UHV beam pipes as empty as
interplanetary space ( 10-15 atm )

1;2 np frev¥r F
Ame, B

N, = number of proton per bunch
n, = number of bunches

® p-p operation in 2012
— CMS energy Vs = 8TeV

f., = rotation frequency (~ 11Hz)
F = crossing angle factor

— =1400 bunches / beam with 50ns bunch spacing Rms transverse beam size =V 8/ 7
o . 55 2 1 9 = ;r;k= r(;e&(.)nn- :T;lgsverse er.nltt?n(;e
= S = optics at beam crossing (m
peak luminosity of 7x103° cm-?s"! (10° cojksions / s) B = optceat bean




LHC Experiments

General purpose experiments: ATLAS and CMS (cover wide range of physics
from SM measurements to BSM )

Specialized experiments: Alice( heavy ions ) and LHCb ( B physics) ...




Barrel Toroid

ATLAS & CMS Experiments

Detector characteristics

Muon Detectors

A
Electromagnetic Calorimeters 5 W,idth‘ 44m
[ Diameter: 22m
Weight: 7000t

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

Inner Detector . "
Hadronic Calorimeters

Shielding

ATLAS
7000t

CMS
12500t
15 m
22 m
4T

Weight
Diameter 22 m
Lenght 46 m
Magnetic field 2T
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ATLAS

CMS

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETI

CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystal

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels



ATLAS vs CMS

ST Atas | cMs
Magnetic fleld 2T solenoid + toroid (0.5T barrel | T 4T solenoid + return yoke
endcap)
Tracker Si pixels, strips + TRT Si pixels, strips
olpr = 5x10“p; + 0.01 o/pr = 1.5x10“p; + 0.005
EM calorimeter Pb+LAr PbWO4 crystals
o/E ~ 10%/y/E + 0.007 O/E ~ 2-5%/+/E + 0.005
Hadronic Fetscint./ Cut+LAr (10A) Cutscintillator (5.8\ + catcher)
S O/E = 50%/+/E + 0.03 GeV O/E =~ 100%/v/E + 0.05 GeV
Muon Olpr=2% @ 50GeVto 10% @ ITeV Olpr= 1% @ 50GeV to 5% @ | TeV
(ID+MS) (ID+MS)
Trigger LI + Rol-based HLT (L2+EF) LI+HLT (L2 + L3)
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CMS Particle Detection

Om im 2m 3m 4m 5m

Key:

Muon

Electron

Hadron (e.g. Pion)
----- Photon

Tracker

. Electromagnetic
i )|”'l Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS
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ATLAS Particle Detection

Muon
Spectrometer

Hadronic
Calorimeter
| Proton |
i( Neutron | The dashed tracks
G are invisible to
the detector
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Experimental Challenges
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reduce rate from 20 million collisions per bunch crossings /s (10°Hz) to a few 100Hz
production rate for a light Higgs boson is about 0.1Hz
data reduction done in stages: trigger(HW) / filter (SW)

critical component of the experiment!



Event Selection Stages
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Experimental Challenges

Multiple collisions generates in average 25 events per bunch crossing !

CMS Average Pilewp, pp, 2012, .5 - B TeV

Reconstruction of the 100s of charged particles

in the high-granularity silicon tracking device

\ <> w21
0 W

/0.04)

Recorded Luminosity (ph

L — ) ) » o »
Moan number of interactions per crossing
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Higgs Production Modes @ LHC

Production % @125GeV

“gluon fusion”

(ggF): =87.5%

“vector boson
fusion”

(VBF): =7%

«“ -
associated
production”

(VH): ~5%

<1%

“tt fusion”:

o(pp — H+X) [pb]
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Higgs Production Cross Section
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arXiv:1101.0593, arXiv:1201.3084, arXiv:1307.1347
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http://arxiv.org/abs/1101.0593
http://arxiv.org/abs/1201.3084

Higgs Decay Modes & Width

= 1 — ' ! T Y T ™ I1§ LHC nggs XS WG:
3 F Yoo ER arXiv:1101.0593,
S iz arXiv:1201.3084,
© L -g arXiv:1209.0040
C10tem 2z g
2
% - CcC -
8 02 ’
107 E
I C B

10° A r E

10-4 | \ 1 1 L1

90 200 300 400 1000
125 GeV M, [GeV]

Main contributions:
Low mass: H—=>yy, H=>ZZ and H->WW
Intermediate/high mass: H>WW,;H—>ZZ ( clean leptonic decay signatures )


http://arxiv.org/abs/1101.0593
http://arxiv.org/abs/1201.3084
http://arxiv.org/abs/arXiv:1209.0040

Channel Characteristics

+ The decay branching ratio determines the my range where a

channel 1s signiﬁcant
+  Final state obj ects determine the channel resolution for mH

my = \/E]%[_pI?: \/ZEE—Z@;Z

Channel My range Data used M
(GeV/c?) 7+8 TeV (fb’')  resolution

H->yy 110-150 5.1+19.6 1-2%

H -> tautau 110-145 4.9+19.6 15%

H ->bb 110-135 5.0+19.0 10%
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Understanding the Backgrounds

Validate and tune MC simulations on production Cross section measurements
All theoretical expectations calculated at NLO or higher

V ( + n jets) production V & W Production

. CMS Preliminary Fen2014a CMS Preliminary
2 .l 17 ToV CMS moasuroment (L = 5.0 15") = ?
o) 10‘?_:_+ 48 TeV CMS measurement (L = 19.6 ) o) 105 e -
c - -7 TeV Theory prediction ) c o =
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o1 02 E: =t (@] . =
(3 - 22j -y = —_ =

= 21j O —
S - *. ) S 102 WY L
© 10 23j - ‘3 ZY o~
8 F z2) - a ww
S F - aa g 10 -3 H
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POucial W ard Z oo with Wosky Z-w0 and Neomali seletion



Standard Candles: Z, JAp,Y decays

(@)
sz

S

Data
ol

m

Lo J/1|J ,Y =R

electron and muon energy SC&ICS

YY decays in data are standard candles to calibrate photon,

Large source of clean events with well described mass peak.

Energy measurements are corrected to match mass distributions between data

and MC.

T as Lo T
1.004 Data 2012, Vs=8 TeV
1.003 CB muons

1.002
1.001

®Z—yuu
OY — uu

v Jhp = uu

-ITHWhllllllllllllllllll_

0.999 *f
0.998
0.997
0.996 fL dt=2031"

0.995 Bt L

2 -1 0o 1 2

m of the leading muon
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High Resolution Channels

Only high resolution physics objects ( no jets or neutrinos ) ut
Full reconstruction of final state ( model independence )
0
ZO
o
et
Bf=" =l 0.0276% 1-2%
== 0.228% 1-2%
H—Zy—2ly 0.01% 1-2%
H—pp 0.0219% 1-2%
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H—>ZZ*—>4(

The Higgs golden channel

Signatures:

4 two electrons or muons pairs, isolated == 2 IATLAS

EXPERIMENT
http://atlas.ch

from hadronic activity and categorized in:

4e,2e2p,4p
4 very high S/B ratio channel
Challenges:
4 need high efficiencies for lepton

reconstruction and ID

4 small branching fraction

4 low Pt for atleast 1 or 2 leptons
(Z* yields low pT)

Methods:

4 Z candidates formed from same-flavor &
opposite-sign leptons

4+ [FSR photon recovery to improve mzz

resolution

4 For lepton pair closest to the Z-mass

require: 40 (50)< mll < 120(106) GeV CMS(ATLAS)
28




Golden channel has clean experimental signature and allows full
reconstruction of the final state

irreducible background
(aq = Zy’, qq > ZZ, gg > Z27)

signal H — 77" — 4]

reducible background
(Z+jets, ttbar, Z+y+jets, WZ+jets, ...)

o)



H—Z7*—4] (CMS)

Mass spectra shows a clean signal peak at ~126 GeV and very good control of
the dominant ZZ background

CMS 7 [';Vs=8TeV,L=19.71fb"
% 35 | | N Datal 3 CMS preliminary N5 =7 (8) TeV, L =5.1 (19.6) b
(5 - - A120 LI | LI | LI | L | LI I LI I LI | LI 40
- p ] S
™ f v | Ezex i o
@ 0F ; : E O t 3
= C I:IZY ZZ ] ‘;100_— o /W 4e:8TeV/7TeV
|.?>j 251 e [ |m,=126 Gev] 2t o/ 4u8TeV/7Tev 30
B i 80_— o /W 2e2u:8TeV/7TeV 25
20F 125 E : |
B 7 - 20
15— ] 60— -
C ] i e —15
10[- = - -
- Z continupm 40 ] 10
5k - .
I o B T8 =5
20— —
O :I_L_L.I_|_L._|_|_|_.L.I_L.I_|_.I_.J e b
80 100 120 140 160 180 40 50 60 70 80 90 100 10 120 °
m,, (GeV) m,, (GeV)
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H—>ZZ%*—>4] (CMS)

Matrix Element Likelithood Analysis (MELA) uses kinematic inputs to build a
kinematic discriminant for signal to background discrimination using

{m1,m2,01,02,0% ®,d1)

Pbkg(mh ma, 017 027 ®7 9*7 (D1|m4€) !

MELA =
Psig(mh ma, 917 927 @7 9*7 ®1|m4€)

1+

Signal + Background

(s=7TeV,L=51fb";Vs=8TeV,L=19.7fb"

120 130 140 150 160 170 1
m,, (GeV)

120

Background only

(s=7TeV,L=51f0";Vs=8TeV,L=19.7fo"

CMSs
T

Vs=7TeV,L=511b";Vs=8TeV,L=19.7 "
T T

Events / 0.05

N w & [ ) ~ [e) [de]
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H—ZZ%*—4] (CMS)

Low mass region High mass region
CMS Vs=7TeV,L=511f";(s=8TeV,L=19.7 "
1_|| |||||| T || (% 10 | O L L T L \\\\\\\HHHH\H%\\\\%\\H? l
-1 — ] ; - -
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S s — = @) I H—> ZZ —> 4L + 2|2¢ i-{ ====+ Expected
d1 0 . - c b Vs=7TeV,L=5.1 ol i - Expected +10 |
= E O I — Vs=8TeV,L=196f0" | Ex + .
- 5 ] — pected = 20
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110 120 130 140 150 160 170 180 Il Il N S | I I 111l
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my, (GeV
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Largest signal observed @ 125 GeV SM Higgs excluded @95%CL:[130,827]1GeV
Local significance 6.8 o

Expected significance 6.7 ¢ Phys.Rev. D89 (2014) 092007

Fitted p = o/osw @ 125 GeV
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H—ZZ%*—4] (CMS)

(s=7TeV,L=5.1fb"; {s=8TeV,L=19.7 fb”

p T T T | T T T I T T Il I T T T
Simultaneous fit across three g — Combined
. - o~ N1 .. Combined (stat. only)
final state categories fl — H-—77 = 4e
h —H —=2ZZ - 2e2u
— H—>ZZ -4y

Dominant systematic
uncertainty due to lepton
momentum scale (~1-3% on
mass peak).

Systematics include acceptance

and efficiency uncertainties for

electrons and muons

J/

?22 124 126 128 130
m,, (GeV

2

vcj;llllllll

my = 125.597053 (stat) 015 (syst) GeV
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H—ZZ*—4] (ATLAS)

Simultaneous fit across three final state categories ggH , qqH and VH
Significance of the observed peak is 6.60 for the combined 7 TeV and 8 TeV
data, to be compared with 4.40 expected from SM Higgs boson production

Events/5 GeV

at this mass
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H—yy

Signatures:

4 two photons 1solated from
hadronic activity

4 additional two tag jets in case of

VBF production
Challenges:

4 small peaking signal on a large o

falling background (BR~0.2%) | —_—

4 discrimination from large jet

I‘elated backgrounds eIl HH ‘

4+ photon energy resolution

MS Experiment at the LHC, CERN
ata recorded: 2012-May-13 20:08:14.621490 GMT

4 y—e’e conversions In the detector et 64108 egsmaon

Method:

4 Categorize events with two high
Pt photons based on the
properties of the di-photon pair

.

\/2E1E2 (1 — cosf)




Signal H — yy

\VAVAVAVAY AVAVAVAVAVAV)
tOp M{\S\Y § photon top photon
(\J
H e o
— e h (ﬁ/ § .
AVAVAVAVAVAV!

Background composition:
+ prompt-prompt (irreducible) : pp->yy  (~70% )

+ prompt-fake (reducible) : pp->y+jet (~30% )
+ fake-fake (reducible) : pp->jet+jet (<1% )
Irreducible QCD background Reducible background ( Compton )
g ¥ g ¥ q i
—rf et NN TEETTS NNANNN - e e AV AVAV AV VLV
q

—_—nAnnnn AAAAAAN 2090299
q ¥ g ¥ g
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E weights / GeV

E weights - fitted bkg

H—vyy (ATLAS)

?:5_ " lisswierte | ATias Signal (fit to MC)- sum of Gaussians or CB
- fLdt=20.3fb" Ys=8 TeV 4 Data function
160 s/b weighted sum Combined fit:

Mass measurement categories

— Signal+background
===+ Background
— Signal

background (data-driven) — “discrete profiling”

20 or bias stud_y methods

100

80

60

slububdliteddwlwl o L8 Lo L b o b b b L

:/3\- : T T T T |A"I SQStlenl‘]altlcls T T T | T T T T | ;I 6l8°|/° ICII_ T T :

* % 3 IRRRREEREEE Without mass scale uncertainties 95% CL ]
20 c LTI Without systematic uncertainties ° .
2 -+ Bestfit N

0 | w25 — ]
: E u ATLAS .
2 (o)) - ]
o 5 ol H—yy =
S ? C ’
-8 - -
~ 110 120 130 140 150 0 1.5+ —
m,, [GeV] N i

i \s=7 TeV,J- Lt=4.5fo"

PRD 90, 052004 (2014) - s TV, [ Lot -203 16"
0.5 C PR TR ST AT T NN N TN N TN ST TN TN NN ST SO T S [N TS M TR SO NN SN MY N

125 126 127 128 129 130
m,, [GeV]
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H—vyy (ATLAS)

. . > L L T T T T
Dedicated analy51s for mass measurement 3 1@ — goF j:
with events are split into 10 event categories: |2 =~ : — VBF+VH E

~ - — ttH i
converted/unconverted photons = 107E ., E
S T o YY+Yj+j, MC E
phOtOH n > f —4— Data, sidebands .
o © 1 = .- —
diphoton P transverse to thrust z 10 N E
different S/B, resolution between the T 10°L +.,.+_+J =
categories = ATLAS Ty -
1l 1 = 10 __untagged Central + "1" . i
srona est energy scale systematics 1n. - det =203 \s=8TeV jE T -
highest resolution (central) categories s P 2 rrmy=125Gev S
§_I 1 1 1 | 1 : 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 I_E
% 0.16F T T T 0 50 100 150 200 250 300
(uz_ 014 Is=8TeV = P, [GeV]
2 ook Aoy m, = 125GV 3 L EETTm—m—————
» 0121 3
% 1:_ Central - high P, _:
% N - - mgda .
z 0.08:* Forward - low p_ B
= C ¢ o MC b
0.06F — Model B
0.04F J =
0.021 —
T IR T R T B M o PV

m,, [GeV]
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H—yy (CMS

19.7 fb™ (8 TeV) + 5.1 fb'' (7 TeV)

x10°

3.5

CMS
H— vy

S/(S+B) weighted sum
¢ Data

—— S4B fits (weighted sum)
B component

+ 1o
...... +20

>
(0]
O]
~~
@8 3P
c E
O o5F
()] C
o) E
(0] 2:
-— C
S 15F
D F
= 1=
o) E
2 s
~ 0
0p)

200

100
0

-100

B component subtracted

i

110

| z |

115

120

125

130

135

140

145

150

m,., (GeV)

e —————————————

® Largest signal observed around 125 GeV (standalone discovery)

® [ ocal significance 5.7 o

® Expected significance 5.2 o
e Fitted p = o/osm at 125 GeV +-1.14 +0.26 -0.23

39

CMS H-ovyy 19.7 6" (8 TeV) + 5.1 fo' (7 TeV)
(O]
= N \\7
© 1 10
? 10 E ==
E’ R T T — - TT 26
g 10°F
S -
10° e
104
E\\\ /,// -7 40
10° |
10 o |
E N\\\ _," 50
107 & RO I -7 —— Observed 7 + 8 TeV I
E —— Observed 7 TeV |
= —— Observed 8 TeV ;
10'85 --- Expected7 + 8 TeV ;
E --- Expected 7 TeV ;
9ol - - - Expected 8 TeV |
10 '_I 1 1 1 I 11 1 1 I 11 1 1 I 1 1 1 1 I 11 1 1 | 1 1 1 1 I 11 1 1 I 11 1 1 E
110 115 120 125 130 135 140 145 150 |
m. (GeV) |



H—yy (CMS)

Many exclusive channels addressing all production modes
Untagged mode split into categories with decreasing s/b with MVA

CMS H - vy 19.7 fo' (8 TeV) + 5.1 fb™ (7 TeV)

Untagged 0
Untagged 1
Untagged 2
Untagged 3
VBF dijet 0
VBF dijet 1
VH tight |
VH loose |
VH MET
VH dijet
ttH tags
Untagged 0
Untagged 1
Untagged 2
Untagged 3
Untagged 4
VBF dijet 0
VBF dijet 1
VBF dijet 2
VH tight |
VH loose |
VH MET
VH dijet
ttH lepton
ttH multijet L T Tt 1 | [

0 5 10 15

+0.26

=1.14 3%

combined

7 TeV

—— [mH= 124.7 GeV ]

8 TeV

I combined £ 16

—e—i per-channel = 1o

arXiv:1407.0558

Results of the fit for individual
production modes:

40

CMS H- Y

3.5

3

MveF vH

2.5

2

1.5

1

0.5

0

_0'5-1 -05 0 05

1 15 2 25 3 35

U iiH,tfH

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

+ Bestfit

0

Uncertainty
Process f total stat systematic
theo exp
ggH 11279371 034 030 0.13 0.09
VBF 1587977 | 073 0.69 020 0.15
VH 0167335 | 097 097 0.08
ttH 269733 | 22 21 0.4

10

(HA‘:IEIAﬁ ‘Hy‘Hﬁﬁﬁ)b




Higgs Mass Combination

ATLAS and CMS combined measurement of the Higgs boson mass
paper published in Phys. Rev. Lett. 114, 191803 (2015)

— T 1 T [ v T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T ] T 1T
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy F——e——H 126.02 = 0.51 (= 0.43 = 0.27) GeV
CMS H—yy ——— 124.70 + 0.34 (= 0.31+ 0.15) GeV
ATLAS H—ZZ—4] A 124.51+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—ZZ -4l = 125.59 = 0.45 ( = 0.42 = 0.17) GeV
ATLAS+CMS yy I_E|_| 125.07 + 0.29 ( = 0.25 = 0.14) GeV
ATLAS+CMS 4i |—|—}I|—| 125.15 = 0.40 ( = 0.37 + 0.15) GeV
ATLAS+CMS yy+4l F?—l 125.09 + 0.24 ( + 0.21 = 0.11) GeV

PR T SR N T S TN SO N TN S TN SN N T SO TN T N SN RO TN S N T SO TN SN N SO SN TR N BN S
123 124 125 126 127 128 129

m,, [GeV]

my = 125.09 + 0.21 (stat)
+0.11 (scale)

)

)

Statistical uncertainty dominates

Scale uncertainties larger than systematic
Expect improvements with more data !
Interference not included in theory uncertainty

+0.02 (other
+0.01 (theory
GeV
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Higgs Couplings

Higgs mass determines all its couplings under SM = test for deviations

ATLAS-CONF-20156-007

Koz=1.1820.16

Aoy = 10942

Awz € [-1.04, -0.81]
U[0.80, 1.06]
Ag €[-1.70,-1.07]
U[1.03,1.73]

Apz=0.60+£0.27
Az=0.9970%3
(95%CL) A,z<2.3
Ayz=090+0.15

(95%CL) Azyz< 3.2

ATLAS Preliminary

\s=7TeV,4.5-4.71""

68% CL: —
95% CL:

\/s=8TeV,20.3fb"

IIITIIIlIIIIITIII!IIIIIIIIIIl

-

my = 125.36 GeV

-2 -1 0 1 2 3

Parameter value

Eur. Phys. J. C75 (2015) 212
19.7 0 (8 TeV) + 5.1 fb' (7 TeV)

CMS

Wk 68% CL
==095% CL

+0.14
_098013 —*I—
-

+0.15
Az = 0.87°01°

e —

0.22
Ay _059+023 | i

0.36
7»29 =1.39" %8

+0.17
7‘yz =0.9375 14

1
-0.17 el

e e——
046

O 05 1 15 2 25 3 35

Parameter value
N —
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Reading List

“Combined measurement of the Higgs Boson Mass in pp collisions at sqrt(s)=7 and
8 TeV with the ATLAS and CMS Experiments” - Phys. Rev. Lett. 114, 191803

(2015)

“Measurement of the Higgs boson mass from the Hyy and H->ZZ*->4] channels in
pp collisions at center-of-mass energies of 7 and 8 TeV with the ATLAS detector” -
PRD 90, 052004 (2014)

“Measurement of the properties of a Higgs boson in the four-lepton final state” -

CMS - PRD 89, 092007 (2014)

“Precise determination of the mass of the Higgs boson and tests of compatibility of
its couplings with the standard model predictions using proton collisions at 7 and 8

TeV” - CMS - Eur. Phys. J. C 75 (2015) 212

“Observation of the diphoton decay of the Higgs boson and measurement of its
properties” - CMS - EPJC 74 (2014) 3076
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[Low Resolution Channels

Involves low resolution physics objects ( jets and/or neutrinos )
Incomplete reconstruction of final state ( model dependence )

H— bb ST 10%
18 = 6.52% 10-20%
H—=WW-—=2I2v 0.766% 20%

44



H—WW-=lvlv

The most sensitive channel around 2xM.,

Signature: V> yS2Gey
o 2 high prisolated leptons ’ e: 34GeV
e large missing transverse \\
energy due to neutrinos 0 O
Challenges: £A2
MET: 47GeV ]

e no mass peak !

o Veri good understanding of :
bac z rounds: WW > W/ H—-WW?* - evuv candidate and two jets with VBF topology

+j ets, tOp and Dr ell-Yan Longitudinal view Projected n-¢ view
45

Methods:
e Scalar Higgs + (V-A)

favors sma opening angles
between 1eptons

o o V- ‘_ ‘ 360° 18
e enhance sen81t1V11(rjy bg ' " 0
subdividing into 0,1,2 jets ‘ e 172015, 042,08 CET.
categories

XPERIMENT
p://atlas.ch

EDS
O




H—WW-=lvlv

Higgs decay kinematics => scalar decay and V-A structure of W decay lead to a
small opening angle between leptons

(<] Tt T 7 T 5 T1 7 | B B W T1 71 T 1 i1 7

W- H W c L T T T T ] T T )
~ 1000} - gata — m,*125 GeV CMS Preliminary

@ - Wl H125 B Wejets fEedvov,Le195m" |

§ | =ZV~ :O:v fi=7ToV.L=490" |

@ 800 =

AN stat Bsyst Ojeten

— _ —
l/eg e l/ege-f-

momentum direction =————-
angular momentum direction =———

0 S ”
O 25 g

2 E
= 45k . :
8 1 WA Wm\\\!
S 05 F e

0

0 50 100 150

46 a9, )




H—WW-=lvlv

Data driven background estimation

Nevts“
invert cuts :
| from signal enhancement to
\_\ background enhancement
\\\
backgro 3\\
use data to
N normmalize background
some observable Ne th +r + j\
y/ | background }\
\

/ \
theory : /‘ \
use theory to compute /
change in background A — .

when inverting cuts some observable

47
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o

S/(S+B) weighted events / bin

H—=WW—=lvlv (CMS)

Events with 0- and 1-jet and different flavour leptons (7+8 TeV Data)

A significant excess observed ...

CcMS 49" (7 TeV)+19.4 0" (8 TeV)
L I | L LI ] 1 | 1 ' LI L] I l LI I | LI
| & data W WZ+ZZWW 1 = 125 Gev
|~ H—v‘WW top oy O/1-jet
Bw" B OY+jets

[ W+jets ww 1

llllll

50 100 150 200 250

1o

CMS 49" (7 TeV) + 19.4 fo'' (8 TeV)
L L UL LU T

200 T T T ]

i -+ data - backgrounds m, =125 GeV |

| — H—-> WW eu0/1-Jet .

150 [~ R bkg uncertainty

III]IIIIIIII

S/(S+B) weighted events / bin

i

_50:|||||||||||||||||||||||:
50 100 150 200 250

m; [GeV]

My =20/ E7™ cos(Ag, ~E7™)|




H—=WW—=lvlv (CMS)

+  Several categories combined: Ojet, 1 jet, VBE, VH g ® —
+  Broad evidence of signal around 125 GeV 5% L o

+  Expected(observed) significance: 5.80(4.3 o) "

+ Fitted o/osm = 0.72

10
cMS 491" (7 TeV) + 19.4 16" (8 TeV) 5 3 N
T T
B = 125.6 GeV ’f\\
H— WW (all channels) e ™ - J——
, + 020 - o 10 200 300 400 500 600
alo,, = 0.72" o2 T Higgs boson mass [GeV)

CcMS 4.9 o (7 TeV) + 19.4 fb™ (8 TeV)
2_5 [ T T T T I T T T T | T T T T | T T T T | T T T T

H— WW (all channels)
+ Observed
68% CL Observed

212v + 0/1-jet

alo,, =074 5

------ 95% CL Observed

212v + 2-jets, VBF tag

alo,,, = 0.60° )%

212v + 2-jets, VH tag

' « 7
oo, - 0397 .

313v, WH tag

alo,,, = 056" 3

K 2 3
Best fit for cs/cs$M

JHEP 01 (2014) 096




H—=WW—lvlv (ATLAS)

ATLAS results are very similar ...

e
> L ATLASH—->WW*_ AVBF oo [ ol T T 1 T
G 800 15-8TeV, 203" | ATLAS H->WW - v ¥ 777
g : 15=7TeV, 451" 1 AVBF U = o 7TeV. 450 7777 o
2 600 (8) ;< L opsaau 2 VBF |- 5. 8TeV, 20.310' it e
§ 1 ® Obs 4 stat ] 7 :/:f
w - Brkgrsyst |
400 1~ W Higgs -
! " ww ]
L 0 Misid ]
200 m v —
- D Tm -
[ u DY ]
0 ! ' .
3 L (b) Badtgrouw&::;acteekg 1
150 . - )
o 1 — Bkgt ]
— E W Higgs y
g 100 - 9 :
- 50: 3 15 -1 -05 . 1.5 2
: Signal strength,u

0/ogy =1.097012 (stat.) 011 (syst.)
e — B
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H —1t

Large rates with medium mass resolution

Signature:
b S N from tau decay

e MET from tau neutrinos

CMS Experiment at LHC, CERN
Data recorded: Sun Nov 25 00:15:46 2012 CEST
Run/Event: 207898 / 97057018

Challenges:
e Reconstruct corrected 7Tt VBF candidate event for
- - H->tTt->ur,
1nvariant mass

e Separate the Higgs peak
from the DY decay

Methods:

e Use many categories to

increase the sensitivity
 Template fit of m. shape

e



H —1tt (CMS)

Complicated analysis, many different sub-channels

Gluon Fusion Process Boosted Gluon Fusion Process
®(0-jet
®]-jet boosted ®
®2-1et VBF

®VH (use leptonic decays of V)

2

Wiz o WiZ

H W/Z
...... & S

[r4 = ’o<
q B o

VBF Process VH Process

H-o>tmr—>/00+4v (12%)
H-ott—>/lr,+3v (46%)
H—> 1t —>71,7,+2v (42%)

q

q
!



Events

H —1tt (CMS)

Broad evidence of signal near 125GeV with expected(observed)
significance: 3.26(3.70)
Fitted signal strength o/osm = 0.78 + 0.27
Evidence of Higgs coupling to t leptons !
JHEP 1405 (2014) 104

10° EMS; 4.9 b at 7 TeV, 19.7 fb” at 8 TeV CMS H—tr, 4.9 fb™' at 7 TeV, 19.7 fb” at 8 TeV
= - SM H(125 GeV)—>n g 1 . | ! ! ! I T T T |
7 Z SM H(125 GeV)—1r 20 —— Data - backgl:ound ] _— 1
10 e Observed (] Bla. ncertinty g 107 E‘ \ //-5 N
6 . 0-jet . I+l (o} 2
10 1-jet W ireLLr 10 ©102 e, G
10° [ VBF tag 8 e
-l 10-3 \\’/./( 30
4 .~
10 B
, log(S/(S+B)) 10 0 T
10
102 10°° —e— Observed p-value
‘0 108 0 - Expected for SM H(m )
1 107 E %
1 0-1 1 0-8 1 ] 1 1 1 | 1
-3 2 -1 0 100 120 14o
log(S/(S+B)) m,, [GeV]
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H—bb

QCD background too large so needs additional tag

Signature:
® b-jets identified through displaced tracks
® leptons and MET from b-decay

Challenges: ,
® [argest number of Higgs decays but too \ LY

much QCD background '1 00 °
® main backgrounds are W/Z+jets and top T Y

Methodology: =
® categorize in assoclated prod : VH , ttH

® o0 to high pT where Higgs is enhanced ) ok\
® MIVA based analyses to enhance :

sensitivity

54



S/(S+B) weighted entries

VH , H—bb (CMS)

Data/MC

S/B Welghted mass dlstrlbutlon Background subtracted (except VV)
- CMS T T I T -'w T d' LI | 8 LA L [N L N L L L Y L L B L B LB B l
- ® Data +udscg — L
500 \s= 7Tev,L=501b" [ vH — —_ S 80 ~ CMS e Data |
sz 8TeV,L=18.916" [ v [ Single top N S - \s= 7TeV,L=5.0fb" ; B v .
- [ Jz+bb — VH ] - \s= 8TeV,L=18.9fb .
400 _— |:| Z+udscg vV __ B - pp N VH H N bb D W ZZand WZ Wlt_] Zbb
- [ w+bb ~— MC uncert. (stat.) _| _g) 60+ —— Sub. MC uncert.  _|
C ] ol - —— VH + VV MC uncert.
300 — -] 3 L _
: : & 400 §
200} N b 401 ]
- - N L 4
C ] | |
100 ] 20— —
O em  Cwewesw : e "#v;
2 é_ %*/ dof =0.22 [7) mC uncert. (stat.) r N
155 0 Wé ,,_ l
1E B y
0.5 E— Co v v v Uy v v v b v b v by w0 3
0 50 1700 120 500 550 0 50 100 150 200 250

m(jj) [GeV] m(jj) [GeV]
Phys. Rev. D 89, 012003
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95% asymptotic CL limit onp

»

9}

SN

w

N

I 1 T T 1 | T 1 T T I T I 1 U l 1 T T T | T 1 T I I
| CMS CL, Observed ]
i _ _ 1 —e— serve )
[ \S= 7TeV,L=5.01b . CLg H125 injected
— |1s=8TeV,L=189fb" ... CLg Expected |
u pp-)VH;H—)bB [ CLg Expected + 16 _
i CLg Expected + 267
1 ]
:{ | | L 1 I | 1 | ! I ! | 1 Il l | | L 1 | | 1 | ! l:

VH , H—bb (CMS)

Excess of events near 125 GeV

expected (observed) significance: 2.10(2.10)

Fitted o/osm = 1.0 = 0.5

Combined with Hrr gives 3.80 significance = evidence of Higgs
coupling to down type fermions NATURE PHYS. 10(2014)
Phys. Rev. D 89, 012003

110 115 120 125 130 135

m, [GeV]
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Z(IT")H(bb)
n=08+1.0

W(lv,tv)H(bb)
u=1.1+£0.9

\s=7TeV,L=50fb' \s=8TeV,L=18.91fb"

CMS m,, = 125 GeV
pp — VH; H— bb
Combined = 1.0+ 0.5

2 0 2 4

Best fit u



ttH (CMS)

Search for ttH production in Hbb, yy, multi leptons

CMs {s=7TeV, 5.0-5.1 fb"; (s =8 TeV, 19.3-19.7 ft”
® Some excess of events near 125 GeV (~20
Y —
above SM )
e 05 .
® expected(observed) significance: 1.10(3.40)
Tth [— L
e Fitted o/osm = 2.8 = 1.0 _
al- —
® Excess driven by the same sign di-lepton
3l e
search
Combination — —B—
_ B S B S R

CMS ttH, e'e" channel s =8TeV.L=19.5fb"

CMS ttH, u=u= channel (s=8TeV,.L=195 b’

Best fit o/og,, at m, = 125.6 GeV

l JHEP 09 (2014) 087

Events

[ |

=

I
Events
Events

[ @ Ch misld
- --ons

@ Ch misld
- ttHx5

e g ] 1 3

[ 1 o 7 1 o

3 IS (- S S———

o ! T ' T ! a r e —— o
98 06 04 02 0 02 04 06 08 08 -06 04 -02 0 02 04 06 08 9% 06 04 02 0 02 04 06 08
BDT output BDT output BDT output

N TET———————
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High Mass SM Higgs Search

High mass search with channels WW & ZZ exclude a SM-like Higgs boson in
the range 145 <mp< 1000 GeV

=10 CIMS w051 o’ (7,TeV) +uplo 197 " (8 TeV) o‘%
& E e Combined === Combined (exp. + 20) z
B - H = WW =22y =—H = WW — /vaq t
- 10°F — W w2z w202y —H 22 ~a E
s f —— H 22 -2 o
E 10 H=2Z —~20q 2107
: o
(&)
X 1
L | AN
r 24 -
107§
-1
10—2 1 1 1 1 1 1 L 1 1 1 1 1 1 10 i 1 i 1 R
200 400 600 800 1000 200 400 600 800 1000

m,, [GeV] m,, [GeV]
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SM Higgs Properties

All channels are combined

Profile likelihood fits are carried out with all nuisances

profiled

Cross sections, branching ratios and recommendations

taken from the LHC cross section WG:

https://twiki.cern.ch/twiki/bin/view/LLHCPhysics/CrossSections
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

Higgs Signal Strengh (CMS)

+ Combined p = o/osm = 1.00 = 0.09(stat) +0.08(theo) +0.07 (syst)

+ Signal strengths in different channels and production modes are
consistent with the SM

19.7 16" (8 TeV) + 5.1 fb' (7 TeV)

Combined
p=1002014

H — vy tagged
p=1.12+024

H — ZZ tagged
p-l.00t0.29

H - WW tagged
nu=083+021

H - tt tagged
n=091+0.28

H — bb tagged
p=0841044

CMS

pm « 096

A

05 1 15
Best fit o/c

m, = 125 GeV

PR B S S T

2
SM

60

Combined
p=1002014

Untagged

p=0871t0.186

VBF tagged
p=1.15+027

VH tagged
= 0.83+0.35

ttH tagged
p=275+099

19.7 16" (8 TeV) + 5.1 fb' (7 TeV)

CMS

pm - 024

m, = 125 GeV

PR R

| T

PR T

2 3
Best fit o/c

4
SM



Higgs Couplings (CMS)

+  Vector and fermion couplings are scaled by factors k¢ and ky
+  Couplings are proportional to particle masses as expected in SM
+  Results agree with SM within ~lo

Eur. Phys. J. C 75 (2015) 212

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

L, Observed ¢ SM Higgs ' CMS

| |w=68% CL
E | —95% CL
[ ---SM Higgs

(M, ) fit
=68% CL
= 95% CL

Ll A1l llll 1 L1l lllll 1
10 100
Particle mass (GeV)

6l




Higgs Signal Strength and
Couplings (ATLAS)

+  Summary of the signal-strength measurements, as published, from individual analyses
+  Coupling scale factors for fermions and bosons, assuming only SM contributions to
the total width

m,, = 125,36 GaV 4+ 0n
. ..ﬂ"m p !u_ 4""!"""' "
vt o 15 L ol .
R T N ATLAS Prelim.
e — 3F 1s-7Tov, 45471
] p——r—— \s=8TeV,203M"
O o ey ] 2 my, = 125,36 GeV
Wt et 7 | —
v ey 153 20 *’ﬁ l 1
Ovenslt oo 10677 1l -
L
o peom 14 -—
et [ o 0
- — PO o e =
.N o  OWRpe 10 ES . ;-—-' -
F e e q:—.—- _1
bl e
Ovet o 055"~ 12 30) ———
LA 1
", H. ] ”_—‘ —2
Dps “....;1 ’—f-': i |
L Owt 3« & Y :
- ™ | -3F «sm  —es%cL
L Oveadt o= 27" 4y 7 Best it L "'%%ICL L \
»- e ,IE —— —4 A A A A A A s A A i A 'S A A A 2 A A A 'y A A
N = 04 06 08 1 12 1.4 16 18
o e—— K
v
L l | J
1weTTeV 45470 -2 0 2 4

130 Tev,2008" Signal strength (u) 62



Higgs Oft-shell Analysis (ATLAS)

Measure Higgs signal strength for myv >> 2Mv (V=W,Z) and look for

couplings deviations at high energies

Y

WUV

A

2
‘

Considered the decay channels ZZ->41, ZZ->212v and WW->212v

9g+VBF—(H*—) 22
B Background qg— 2Z
Background Z+jets, tt

30
20

10

o

o 50

< ATLAS Vs=8TeV: [Ldt = 20.3 fb”
2 ® Data

qc) H—27Z -4 4444 SM (stat @ syst)

Lﬁ 40 -~ Total (u,, , =10)

-45-4-35-3-25-2-15-1-050 05
ME Discriminant

Events / 50 GeV

30

25

20

15

10

I L B B B B

[ ATLAS

H—2ZZ —2i2v

400 500

63

Is=8TeV: fLdt=20.3b"
e Daa

S SM (stat @ syst)

------ Total (u,,,, ,=10)

9g+VBF— (H'—) 2Z

B oo-zz

wz

Z(—ee/up)+ets

WW/Top/Z—re

Other backgrounds

900 1000
m# [GeV]

Events / 25 GeV

10

ATLAS

H->WW—evuv SR
s=8TeV,20.3 fb"

e Data

% SM (stat @ sys)

----- Total (u

B Ga— Ww

[] Other Backgrounds

500

600

700

off-shell

[C1gg+VBF— (H*—)WwW
[]Top Background

=10)

N
HES, 0

00 900
R [GeV]



Higgs Off-shell Analysis (ATLAS)

Assume SM value for signal strengths off-shell ratio for pgen / pgqu

Observed Median expected | Assumption
RE. |05 10 20|05 10 20

" y £ - qq v H* VEBF

Hofi-shell 5.1 6.2 8.0 o 8.1 11.0 Hoff-shell /’loﬂ shell™
yy_, ’l - - ‘ " » "y

Hofi-shell 5.3

6.7 98|73 9.1 130 | pVBEH -VV

ATLAS

H—ZZ+WW off-shell+on-shell
Kg/V,on-shellngN,of'f-shell

/s =8 TeV: [Ldt = 20.3 b

—— observed with syst.
—— observed no syst.

----- expected with syst.
----- expected no syst.

Eur. Phys. J. C (2015) 75:335

Observed(expected) 95% CL upper
limits on Ta/T'u™M < 5.5(8.0) for the
combined off-shell ZZ and WW analyses
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Custodial Symmetry Test

Modify the SM Higgs boson couplings to the W and Z bosons introducing two
scaling factors kw and kz and perform combinations to assess if Awz = kw/kz = 1

CMS Preliminary {s=7TeV,L<51f" ys=8TeV,L=<19.6 fo

CMS Preliminary {s=7TeV,L<5.1f0" Vs=8TeV,L<19.6f"

5_O_I T T T T T 1T 17T | || T T ! T T T I T 1T |’ LY I T T T T 1T T 17 |: N 2_O_I T T TTTTT | TrTTTTTTTT I TrT T T TTTTTd | TT T T TTTT I_
450 Mz Kz, K — Observed |- < 180 Myzs Kz, K; E
§ ---- Exp. for SM H § E E
40:_ T - 16__ ]
3.5 s 1.4F E
3.0- s 1.21 E
2.5 = 1.0F :
2,05 3 0.8F :
155 7 0.6F =
1.0F ] 0.4F =
0.5C & 0.2F =
0.0:|11|||||1||||1| |‘|'|||||||||||||||||: 0-0_|11||11[|||||||||||||||||||||||||||||||_

0 0.5 1 1.5 2 0.0 0.5 1.0 1.5 2.0
7\'WZ WZ

CMS-PAS-HIG-13-005

05

95% CL interval for Awz : [0.62,1.19]



Statistics In Nutshell: Exclusion,
Evidence & Discovery

HO: null hypothesis (ex: no Higgs )
HI1: alternate hypothesis (ex: existence of the Higgs)

/
v

Quantify the level for which the hypotheses are accepted or
rejected

Confidence level for the exclusion :
significance < 30

Signal significance ( p-value ):
30 =< significance < 50 —> evidence

significance >= 5o — discovery



Higgs Boson Spin-Parity

The spin-parity of the Higgs boson candidate can be probed using

angular distributions
Mainly use diboson channels H—=ZZ and H=>WW

The presence of the H —yy decay excludes the spin 1 hypothesis
( Yang's Theorem )

Hypothesis testing 1s performed for different alternatives: spin 0,
spin 1 and spin 2

RESULTS:

Strong exclusion of a spin 1 resonance

Spin 0- excluded at > 30 level

Graviton like resonances excluded at >30
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Higgs Boson Spin-Parity (CMS)

Spin-parity measurement with Matrix Element Likelihood Analysis (MELA)

MELA = [l n Py (my,ma, 0,,02, P, 0%, <])1|m.u)] =]

P (my,ma, 6,02, P, 0%, @y |my)
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Higgs Boson Spin-Parity (ATLAS)

+  Uses the decay angles and invariant masses, combined to build a BDT
discriminant

+  Dustributions of the test statistic 'q for the SM Higgs boson and for the
JP alternative hypotheses favors the former

N'25_' .Y Dl'ataY T LJ LJ Ls I LJ LJ L] L] L] L} I—‘
| ATLAS ; ATLAS H— 22" =4l
> X Il 8ackground 2Z* . ) R s«7TeV, 450
.g " [l Background Zsjets, tt H-ZZ*—4l . --- - - Expacted s«8TeV,203 '
S 20’? Signal (m_=1255GeV) S= 7TeV, 45" = g:ﬂ:;‘; H— WW* < evuv
. — S =0"SM s=8TeV,203 1" ) 0'SM+ 30 5=8TeV,203 1"
[ e S0 -J::io H- vy
15 . —F
- BDT Analysis . » ‘ s«8TeV, 2031 |
- ’ - - B
10 . . s .
0 JPu JPeo J.':'I J';'I J';? SFaz J':Z‘
_1 _0.5 o 0.5 1 P OGN P MG 9 N0V 2800V
BDT output
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Higgs Width from oft-shell ZZ

Direct measurement limited by experimental mass resolution O(2GeV) while SM
expectation I'yizs = 4 MeV

Narrow width approximation not adequate for Higgs to VV. Off-shell contribution is
sizeable at high ZZ mass ( ~7.6% cross section increase )

N. Kauer and G. Passarino, From cross section ratio derive width information
JHEP 08 (2012) 116 Assume couplings are unchanged between on-shell

2 gluon fusion production and off-shell F. caola, K. Melnikov (Phys. Rev. D88 2013 , 054024)

'-g’ ’m.-E ZZ 1 2
— H(125) peak do, gg—H—ZZ 8 ggng HZZ
= | 4 . ] 2 ~ 2 2 \2 2 12
3[E / ; ' dmz, (mzz —mg)? + erH’
N\; 3 - 1
ol S Recover CPS ] 2 82
1 Ih\ PN oS (~BW) trend o_off_sll.l_?u g ~ 8 ggHOHZZ
\ \ ‘\ \“‘-\___ L~ 1 —SH*—
Vi \{ = —~ &8 (2mz)?
| = Threshold effects x I’
. ! at 2m; and 2m, 82 gz
‘ gon-shell _, oggHoHZZ
OIS ST gg—H—Z27* erH I
1002M, Mgy o 1000 =



Higgs Width from oft-shell ZZ
(CMS)

+  Use MELA for ggZZ and qqZZ discrimination including interference

+ 2D likelihood analysis using discriminator versus m4l for separating on-
shell and off-shell regions
Observed(expected) @ 95% C.L : I'n< 4.2(8.5) I'usm
Under the peak Far from the peak (>220GeV) Phys. Lett. B 736 (2014) 64
CMS IR BTeV)+ 510 ' (7 TeV) CMS 1970 BTeV)« 511 ' (7 TeV) CMS 19.7 b (8 TeV) + 5.1 fb" (7 TeV)
>Go’ S M AR BN LA A AN B A B _C|1o_—4lobserved
8 b * Data & |°: e Data 2 Feeeenn 4] expected
- | [ 9ge WV — 22 @ | Al contributions (T, = 10«7 ™, 41 = 1) o [—— 22v+4l,,  observed
- 50 | oy - 22 [ C [ ggeVV » 22 r, = Mue=) ' [-oeeee 212v + 41, ., expected
a I B z.x 3 ol Ela-22 | —— Combined ZZ observed
§ 40? 1 o ygrrTT—— - Iz MELA D, > 0.65 [ Combined ZZ expected
w ; | 3 ) ‘ {
E, o o
30- g":{ I 3
f o .
20; ;i.' . '003
e 10 120 130 140 1%0
=, (GeV)
900 200 300 400 500 600 700 800
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BSM Searches

All searches corresponds to looking for discrepancies
between predicted and observed distributions !

Resonance Excited
quarks/gluons
| Shape dimensions
| | (RS graviton)
| | | | Extended
T gauge
| | symmetry
T

Rate | Technicolour

Composite -
| /\ | Higgs @

Katharine Leney




Higgs to Invisibles

The Higgs boson could decay to invisible particles, such as dark matter
candidates. Exploit VBF qqH and ZH with ZIl(bb) production modes

a VBF - a

q

Eur. Phys. J. C 74 (2014) 2980

cms ~e- Observed

> O 10°k (s=8TeV,L=19716" __ i::“‘u?:::_‘ii‘;’u}o
) 4 CMS —@— Observed i} Z(Il) H(inv) DY(Il)+jets
o) 10 . . VBF my, = 125 GeY, S 10t ; %

s=8TeV,L=19.5fb" ~  BH-inv)=100% > W, WW,W+jets
O .n3 ’ ) W 3
S 10°E vBE H(inv) [ v o &=
: B & ow, ovansiets, v

wz

1500 2000 2500 3000 3500 73 0 190 200 30 Em‘}gso G \E/’00
M, [GeV] ooVl




o X B(H— inv)/osM

Higgs to Invisibles

No signal observed and limits are derived . Combined exclusion and

Dark Matter interpretation...

Combined observed (expected) limit:
BR(Hinv) < 0.58 (0.44) @ 95% CL

N

- CMS
18" Combination of VBF and
16F- ZH, H — invisible

Vs =8 TeV (VBF + ZH)
L=18.9-19.7 fb"

95% CL limits
Observed limit
------- Expected limit

I Expected limit (10)
Expected limit (20)

Vs =7 TeV (Z(II)H only)
L=491b"

IIIIIIIIIIIIIIII IIIIIIIIIII

Eur. Phys. J. C 74 (2014) 2980

These limits can be interpreted in a
Higgs portal model in which the DM
couples to the Higgs

T T T T
Combination of VBF and
ZH, H— invisible CMS

Vs=8.0TeV, L =18.9-19.7 fo'! (VBF+ZH)
Vs=7.0TeV,L=4.9 b (ZH)
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X—HH

Search for the resonant production of two Higgs bosons from radion or
graviton decay

b
: L,
g N % / z
P 8 T,' b
CMS preliminary 17.93 fb™" (8 TeV) b
>0k )
822 HH->bbbb HIG-14[013 +Ea‘i " SRd ———
L — Backgroun
™20
2.qF — Multijet CMS (Unpublished) L=19.7 fb" \s=8TeV
Qe + %*/ndof = 1.09 % 140 Signal for A = 1 TeV Data and backgrounds
w16— p-value = 0.23 0] S M, = 300 GeV x 2 —e— Data
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l 12 iffl 2 100 . [ aco
C L il
10 I I ; | I | 80 : X—)HH—)'Y’YbB
3 st 1
8 J " || ||| | I !
o ] .“ IJ ||| | ‘ 60 . HH->bbyy HIG-13-032
. ||| !l | | I\, pll I
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No signal observed, derive limits on 6.BR , assuming BR(X->HH)=25%

for this plot.

95% CL limit on o(pp— X*™° — HH) (fb)

Complementary: bbyy more sensitive at lower masses, 4b at higher masses

—_
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High Mass Di-boson Search

Search for high mass diboson resonances with boson tagged jets (W/Z jets)

CMS Experiment at LHC, CERN C i
Data recorded: Sun Oct -7 17:44:20 2012 EDT £ .
Run/Event: 204601 / 869076077 TN OO
Lumi section: 752 \\ N & < N
invariant mass = 2163.7 Ve s ! = Yo
y =) 1 EXPERIMENT

et =291.95
eta = 0.446
phi =-3.120

mass = 11.14

!

et =764.91
eta = 0.584

\\\ \ ‘\\ \\\ phi =-3.057 Atlas event selected by the WW, WZ and ZZ cuts,
N N N T with dijet invariant mass m;;=2.0TeV. Leading jet has
by —> Pr= 1.1 TeV and mj = 93.7 GeV while subleading jet
has pr=0.9TeV and m;j=92.8GeV
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High Mass Di-boson Search(ATLAS)

Search for high mass diboson resonances with boson tagged jets (W/Z jets)

Fat jets reconstructed using the Cambridge—Aachen (C/A) algorithm with a
radius R = 1.2

Fat Jets are then groomed to reduce pile-up contribution and identify the
subjets pair associated with the boson decays: W—=q™q' or Z—q7q

Selected subjets are then filtered: the original topological cluster
constituents of that pair taken together and clustered using the C/A
algorithm with a small radius R= 0.3

Filtered jets are calibrated using (E,n) dependent correction from
simulation.The calibrated jet 4-momentum is used as the W or Z boson 4-
momentum

Narrow mass windows of 26 GeV chosen to optimise sensitivity to signal
events and are centred at either Mw=82.4 GeV or M7z=92.8 GeV , which is

where simulation peaks
78



High Mass Di-boson Search(ATLAS)

High-mass resonances decaying to a pair of boosted vector bosons . The

subsequent bosons hadronic decay are recognized as two large-radius

massive jets with large momentum, typically balanced in pT.

Selection Cuts:
ungroomed jet Pt greater than 540GeV.
no electron with ET > 20 GeV with Inl < 1.37
or=lb <" nl<=2A7
no muon with pT>20GeV in the region Inl
225

leading jets must have Inl<2.0 and |Anl<1.2

leading jets satisfy boson tag Imj-mvI<13GeV

Fraction of jets / 5.0 GeV
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High Mass Di-boson Search(ATLAS)

CERN PH- EP 2015 115

Signal significance (p-value) for WZ, WW

and ZZ selections

Dijet mass distributions with bin by bin
significance compared with EGM(SSM) W’

model
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High Mass Di-boson Search(ATLAS)

Exclusion limits @ 95%CL on the 0.BR for: CERN-PH-EP-2015-115
+  WZ final state of a new heavy gauge boson W’ with couphngs of EGM(SSM) model
in the mass range [1.3,1.5]TeV —

10‘ ATLAS . Oboomoma
1S=8Tev,20306" ... Expected 95% CL
10° 7] + %0 uncestainty

[ ] 4 20 uncertainty
g e EGMW, €= 1
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+  WW and ZZ final states of Kaluza—Klein excitations of the graviton in a bulk RS model
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High Mass Di-boson Search(CMS)

Search for new resonances decaying to WW, ZZ or WZ in which sub-sequentially one of

the vector bosons decays leptonically and the other hadronically.

Non-resonant W jets background
prediction extracted from a fit to the

side bands.

MC resonant shapes are corrected
using the differences between data
and simulation in the W peak
position and width measured in the
control region

A jet is identified as W-jet 1f its
pruned mass falls in the range
[65,105]GeV and similarly a Z-jet 1s

required to have a pruned mass in

[70,110]GeV.

Reject V jet candidates with w1 > 0.7
because jets coming from hadronic
W/Z decays are characterized by

lower values of T21 compared to the

SM backgrounds
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High Mass Di-boson Search(CMS)

Upper limits at 95% confidence level are set on the Bulk Graviton model production
cross for resonance masses between 600 and 2500 GeV

CMS L=19.7fb " at Vs=8TeV , CVs L=19.7fb"at (s=8Te
Y RN WY AN Y RN PR RN P RN N S | I | B | PR PSR RN PN
—=— Frequentist CL_ observed . E | —®— Frequentist CL_ observed E
'_6' - Frequentist CL_ expected = 1o - E‘ I - Frequentist CL_ expected + 10 =
2 Frequentist CL expected = 20 ] Qo Frequentist CL_ expected = 20 a
g 10 07y X BRG,, — WW), K/ =05 || N 10" Oy XBR(G,, > 22), kiMp =05 |} |
; """" o XBR(G , — WW), kiMg =0.2 E N om X BRG,, — 22), kiMp = 02 E
t e e x i
E 3
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Run 2 and Beyond

2015 2016 2017 2018 2019 2020 2021 2022 2023
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CMS Experiment at the LHC, CERN
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LHC Luminosity Evolution

Luminosity [cm2s]
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J. Stirling, http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

8TeV—13TeV : What Changes ?

ﬁ 0.1 fb!
WJS2013
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Higgs Production (13TeV)

SM Higgs 1s light, so the gluon fusion cross section doesn’t get that much
boost (x2, 19.1 —= 43.6 pb)

Background cross sections also increase

g q ¢ By wiz g t

() gg +H (h) VBF : «VH (d)rfH

o [pb] at m_=125.5 GeV 8 TeV




Higgs Physics Prospects

Run 2 and 3 (starting in 2015):

Re-discovery of the Higgs
Measure Higgs properties
cross section (also differential)
mass & width
couplings to bosons, fermions,

ttH & EFT
Searches for BSM Higgs
additional boson in EWK singlet

model

search for H — hh and A — Zh
in 2HDM

search for H+, dark matter

38

High Luminosity-LHC (from 2025):

Precision measurements (2x
improvement)
Searches for
rare decays,
anomalous couplings
CP-violation in Higgs
Search for BSM decays
invisible
ol
VV scattering
HH production & self-coupling



Higgs Signal Strength (300fb-!)

Higgs signal strength p=o/osm with 300 fb-1 gives 2x factor improvement

1n prec181on measurement ATLAS Simulation Preliminary
1s = 14 TeV: [Ldt=300 o' ; [Ldt=3000 fb”
CMS Projection arXiv:1307.7135v2 Houn o) F
— T
Expected uncertainties on 1 3001 at fs =14 TeV Scenario 1
Higgs boson signal strength = 300fb"at fs =14 TeV Scenario 2 Hostr (VBF-ike)
H-vy i i
H— ZZ (comb.) i
H— WW : : e3se

H—ZZ .'- | H— WW (comb.) ﬁ
H— bb 1 4
) l l " ZY e -

Hortt ; i
| | | H—yy  (comb.) E
0.00 0.05 0.10 0.15 2

expected uncertainty

0 02 04
ATL-PHYS-PUB-2013-014 A/

CMS: ATLAS:
Extrapolated from 2011/12 results Based on parametric simulation
scenario 1 and 2 = upper and lower bounds precision of 6-20% on u
precision of 6-14% on Hbb not yet included

89



Higgs Couplings (300fb!)

Assumes no extra BSM Higgs decays so absolute couplings can be

extracted and minimal coupling fit. v =&z =«w
KF = Ky = Kp = Kr = Ky

CMS Projection arXiv:1307.7135v2

T T | T T T T | T U T U | T T T T | T
Expected uncertainties on F— 300b"at Vs =14 TeV Scenario 1 o T T T T ]
Higgs boson couplings — 300" at {s =14 TeV Scenario 2 1.4 X BestFit * Standard Model —
E — w/ theory - w/o theory E
Ky 1.3 - —6e8%CL —95%CL =
Ky 1 1.2 =
Kz — 1.1 =
Kq } | . ]
Kp } | 1= E
K, — 0.9F =
. B ]
T t { 0.8 O ATLAS Simulation Preliminary_T]
| - s=14Tev, ILdt =300f" I

C__ I L

- e . RS SR AT O Y N N A S
0.00 0.05 0.10 0.15 0. I T i T
expected uncertainty 63 0.95 1 1.05 1.1

ATI-PHVS- Kv
ATLAS
CMS: Nr. Coupling 300 fb~!
uncertainties on K; limited by Theory unc.:
theoretical uncertainties on All  Half None
production and decay rates 2 Ky = K7 = Kw 33% 28% 2.7%
o(kv)=3-6% o (ke )=5-15% Kp =K =Kp=kr=ky | 8.6% 7.5% 7.1%
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Higgs Partial Width Ratios (300fb-!)

No assumption on the total Higgs width . Take ratios so many

experimental and theoretical uncertainties cancel
ATLAS Simulation Preliminary

CMS Projection 's =14 TeV: [Ldt=300 ib™ ; [Ldt=3000 fb"
1 1 I 1 1 I Ll I 1 1 I Ll I 1 1 1 1 I |l T T T T T T T T T
Expected uncertainties on 1 300m™at 5 =14 TeV Scenario 1 Kyz
Higgs boson couplings ratios ~ F— 3007 at {s =14 TeV Scenario 2
A
Kge K /Ky t 1 e E
Ky /%5 : : Mg
Ky /X7 t /
K,/ Kz t i Az
K/ x } i
i Y ; . Mz
KZ / Kg — T 1
K/ Kg —i )\‘gZ
1 1 1 1 1 L I 1 1 1 L | 1 1 1 1 I L
0.00 0.05 0.10 0.15 Ay, R :
expected uncertainty =
CMS: 0 0.1 0.2 0.3

With 300 fb-1 the uncertainties on
the Higgs coupling scale factor ratios
are expected in the range 4-15%
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Higgs Mass (300fb-!)

Increase in Higgs cross section (2x) from 8 TeV to 14 TeV the
statistical uncertainty is expected to be reduced to:

50 MeV with 300 fb-1

156 MeV with 3000 fb-1
Precision of the future measurement will likely be dominated
by systematics.
Energy/momentum scale of photons, electrons and muons
should improve with increasing statistics.
Making optimistic assumption that systematics also scales with
statistics, the expected systematic uncertainty is:

70 MeV with 300 fb-1

25 MeV with 3000 fb-1
ATLAS 1999 TDR estimates that a relative precision of 0.07%
is achievable with 300 fb-!
CMS 2007 TDR projects a statistical uncertainty of 0.1% with
300 fb-!
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Invisible Higgs (300fb-!)

Invisible Higgs can be seen as as a portal to Dark Matter o o |
A “ . E
Indirect constraints: . |
- from Higgs coupling fit : %
- BR(H->inv) < 28% @ 95% CL <
. T ——
Direct search:
- ZHee/pp+ETmiss _ ) - - -
~ BR(H->inV) < 32% @ 95% CL NE 108 IHiggs—portal Model | ATLAS Simlulation Preliminary
£.1039 : ZH - ll+invisible

. o 510 \s =14 TeV, JLdt=300 fo’*
Possible to convert the limits on = :

BR(Hinv) into the strenght of the
interaction between dark matter and
Higgs boson, Axyy

o
.....
|||||||||||||
----
i

|||||
......
...........................

Bound on Ay, can be mapped into

5 S 1 0-48 Last

scattering cross section of dark < 40 e g omaLBRASo @ cRESST 20

. a 10 p—— S ENoN1o0
matter on a IIUClel 10_50 Pt rreers XENON 1T Zimi ATLAS 300 fb™, scalar DM

== ATLAS 300 b, vector DM s ATLAS 300 fb"', majorana DM
10-51 1 I 1 1 1 1 1 111 I 1 1 1 11 111 I 1 1 1 11111
. . 2 3

Limits from ATLAS at low mass 1 10 10 10

- DM Mass [GeV
better than those from direct [ ]

detection limits degrade as my
approches mp/2 93



VV Scattering (3000fb-1)

HighWithout the Higgs, WLW1L—=WL W[, violates unitarity at Vs ~ O(1TeV)

W, Z masses (longitudinal degrees of freedom) arise from the Higgs mechanism
Higgs exchange diagrams cancels the divergence making the amplitude finite.

Complementary to Higgs coupling analysis

E-.’ rji') e w w
i - L._' w w i 5
= & g-\/\/wv» b Y
e VWA o
s o e N |
1 . w w

, W w)
h%f\’\/\/\/\/w
lg\/\/\/\f'\/\.'w
2 2
1y — 17— 1 \) 5
A(WL L = WW )~—2 =S=I=k o=t >
1% Se= =1l



VV Scattering: Interference

Large interference between signal and irreducible background !

Need to use the full set of diagrams ( signal +irr.background ) and
impose kinematics cuts to isolate phase space regions where signal
dominates over background

JHEP 0603 (2006) 093
Accomando, Ballestrero, Bolognesi, Maina, Mariotti

U Big interference effects considered only in Phantom [

qq->6f O(ctey,°) signal irreducible background (ce®)
e,
~— 1"'\ 2
- - - ~ f,“
/ C > .
-ﬁ: .: 3\ bfa Pe é ,’x - o5 F
& "+ : 4 Ow €<+
f T 2 - ./ TNA AN - it
s . 2 I z N ™ -
& — < ol < ‘ LLL‘\_
s | . totake 0=0.718 pb
§ LAAN no Yop 0=0.224 pd
w’ mh:S00 all black g1’ | \ﬂ no top, cn-shell =0 200 pb
mh:500 WW red | / AN no op, cn-shell, no tre bosoes a0 184 pb
mh 20000 oll blue % - ) 1\
s . mh 20000 WW  pink 10° s | "\ ‘:;\
gw P Ra N\,
iy -,
g ‘i M
t ‘o. "‘\.:,.: " ’
» — M
g L o | ww signal with “a h:i’.‘h’, ,-;,“ )
TR,
WW approximated \\ 10° bt posteriori” cuts I l‘* .'.'{({,.. L
e without interference 5‘ oo 'Yﬁu’ '” 1
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VV Scattering as a EWSB probe

VV Scattering spectrum, 6(VV—VV) is a fundamental probe to test the nature
of the Higgs boson and EWSB

Some BSM models predict TeV resonances
“paired” with a light scalar particle(H125) =
search for resonances in VBF spectrum
Contrary to what one expects LL. does not
dominate at high mVV , but angular analysis
can help ...

i (5) §B sector weakly coupled
ater Agg<1TeV SB sector strongly coupled

14 Agg>1TeV 08

0.7

=+« neutrino (Wo.

., — leptone (W)
T2/ — neutrino (W,
¥/5. — ¢y(cosh)

0.6 P —— ¢(cosb)

0.5
0.4

0.3

0.2

“y

0.1

© I||I||III|II|||||II||I|\|III|||III|II\I|

Lo

1.5
cosf
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VV Scattering as a EWSB probe

VV Scattering expectations in the fully leptonic mode for 300 and 3000fb-!

- 8§ 240 TLAS Prelimin
Very low cross section (in 20fb! E 220} (Simulation) "y
CMS expects 0.1 signal events >1TeV ) ‘1228_ JLdt = 3000 fb"’
Main background is VV+jets 140
120f-
oy ¥ 100
Sensitivity to anomalous couphngs 802_
in VBS 60F-
40f-
: 20f-
HL-LHC should be able to provide
5 = k 0 05 1 15 2 25 3 35 4 45 5
answers to most benchmark cases. leading m, [TeV]
model 300" 3000fb7°
Mpesonance = 200 GeV, g = 1.0 240 150
Mpesonance = 1 TeV, g = 1.75 1.70 550
Mresonance = 1 TeV, g = 2.5 3.00 9.4
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Conclusions

® The discovery of the new particle has been confirmed with more data. Now

measuring its properties.

® The spin/parity is compatible with a 0+ state ( scalar) !

® Mass of the new particle is mp=125.1 = 0.2 GeV

® Decays into fermion ( t+b channels ) observed with combined significance > 30

® Search for rare decays & processes 1s going on...

® The couplings to bosons and fermions consistent with SM at ~20-30% precision
level => Surprises still possible 11!

® A new energy domain with a vast potential for new physics discoveries and
precision measurements will open with the Run 2 and Run 3 at vs=13 TeV

® Similar results and projections from ATLAS and CMS in spite of the differences

in the assumptions
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