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Substance Atom | Nucleus Proton
The Standard Model
Fermions Bosons Questions:

« why masses of matter particles and
forces carriers are so different ?

@ * Matter particles range from almost O
i) to 175 GeV while force carriers
— range from O to 90 GeV.
8 The simplest solution:
ﬂ;  all particles are massless !
M O :
e-neutrine u-neutrin -neutran }3 * a new scalar field pervades the
L Universe (the Higgs field).

 particles interacting with this field
acquire mass: the stronger the
interaction the larger the mass...

T I
rerriilles of rrEitee
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“The"” theory

Article Reception date Publication date
F. Englert and R. Brout S ey
Phys. Rev. Letters 13-[9] (1964) 321 26/06/1964 31/08/1964
PW. Higgs

Phys. Letters 12 (1964) 132 27/07/1964 15/09/1964

PW. Higgs , .
T e e 31/08/1964 19/10/1964

G.S. Guralnik, CR. Hagen and TW.B. Kibble

Phys. Rev. Letters 13-[20] (1964) 585 12/10/1964 16/11/1964
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The Higgs mechanism

Problem:
Gauge fields Z, W+, W— are massive
explicite mass terms in the Lagrangian <« breaking of gauge invariance

Solution: Higgs mechanism
scalar field postulated, mass terms from coupling to Higgs field

Higgs sector in the Standard Model:

ot
Scalar SU(2) doublet: & = 40 h

Higgs potential:

V(D]

V(g) = p?|dld| +A|dld|*, A>0

p? < 0: Spontaneous symmetry breaking

.
minimum of potential at |(dg)| = 2& = \;5
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The Higgs mechanism cartoon

Let’s imagine a room with many
physicists talking each other >

space filled with the Higgs field

A well know scientist starts
to move in the room
creating disturbance and
attracting clusters of
admirers at each step.
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The Higgs mechanism cartoon (2)
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o(pp — H+X) [pb]

SM Higgs production at the LHC

10— , ———————3: Gluon-gluon fusion:
- Ns=8TeV 3% = radiative corrections at:
- ¢ = NLO QCD
108 R » NNLO QCD
i ; » NNLL QCD
1k _ = NLO EW
: - Kxnio/nio Scale PDF+ag Total
i ] (Kniosio) error
-1 —— —
10 z 3| eer +25% | +12%-7% | +8% | +20-15%
] (+100%)
B VBF <1% +1% +4% 5%
2 (+5-10%)
10° e WH/ +2-6% +1% +4% +5%
8 1000 ZH (+30%)
MH [GeV]k ttH - +4% -10% +8% +12 -18%
(+5-20%)

-- H -- H

q q

(a)gg — H (b) VBF © VH (d) 7TH

LHC Higgs Xsection WG




Higgs decay channels
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At m,, =125 GeV:

 H(bb) =57.8% .
e H(WW)=21.4% .
* H(gg) =8.19% .
e H(tt) =6.27% .

* H(Zz) =2.62%

N. De Filippis

C1
160 1 8%‘“ [ Gee?o

H(cc) =2.89%
H(yy) =0.23%
H(Zy) =0.15%
H(uw) =0.02%
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1 — 7y 1-2
H— Tt = em/R i 20%
Hoatt»upu+ X 20%
WH —» epty /pputy + v's 20%
(W/Z)H — (ev/uv/ee/pupu/n 10%
H - WW* = 2f2v 20%
WH — * 2
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Main discovery channels at LHC

H—>ZZ—>4l - golden channel
= clean experimental signature, four isolated leptons
= benefits from excellent electron and muon resolution
" narrow resonance in four lepton mass spectrum

H->vyy

= clean signature of two energetic and isolated photons
= benefits from good photon resolution

" narrow peak in di-photon mass spectrum on the top of
continuous background

Both the channels:

» suffer from low signal rate because of small BR

» allow to reconstruct the mass peak
N. De Filippis Tirana, October 10-12, 2018
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Edit View History Bookmarks Iools Help

The LHC machine

OP Vistars - la Firefox

LHC Pagel Fill: 1005 E: 3500 GeV 30-03-2010 13:24:16

PROTON PHYSICS: STABLE BEAMS

Energy:

3500 GevV [BIGIDE 1.88e+10 1(B2): 1.68e+10

Updated: 13:24:16

FBCT Intensity

?

Intensity

11:30 11:45 12:00 1215 12:30 12:45 13:00 1315
Time

First Collisions at 3.5TeV/beam

Comments 30-03-2010 13:22:57 :
Stable beams!

BIS status and SMP flags
Link Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

PM Status B1 BRSTA:IRSPENPM Status B2

LHC Operation in CCC : 77600, 70480

@ @ @ [[5)] http:1op-webtools.web.cern.ch/op-webtools vistarvistars.phpZusr=LHCL ~] [@~ o @ -

[ Most Visited ¥ [@) Scientific Linux CERN €] CERN IT Departme... (6] CERN Home Page [JLinux distributions ¥

CERN - AB - OP eLogbook - Vi... X | [&] CERN - AB - OP eLogbook - Vi.. X | [&] CERN - AB - OP eLogbook - Vi.. X |[&] CERN - AB - OP elogbook - Vi... X | (6] OP Vistars | “|
LHCL K| OP Vistars aea ||

Circumference (km) 26.7
Number of superconducting Dipoles 1232
Length of Dipole (m) 14.3
Dipole Field Strength (Tesla) 8.4
Operating Temperature (K) 1.9
Current in dipole sc coils (A) 13000
Beam Intensity (A) 0.5
Beam Stored Energy (MJoules) 362
Number of particles per bunch 1.15x1011
Number of bunches per beam 2808
Crossing angle (urad) 285
Bunch length (cm) 7.55
Norm transverse emittance (um rad) 3.75
Beta function at IP 1,2,5,8 (m) 0.55,10,0.55,10

N, = number of proton per bunch

2’2 "
W ILh } rev )l"
b F

n, = number of bunches

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

4re, B *

Rms transverse beam size =Ve B/r
& , = renorm. transverse emittance
B * = optics at beam crossing (m)
7, = relativistic factor



pp, B-Physics,
CP Violation

LHC : 27 km long
100m underground

‘ General Purpose,
vacuum chamber -‘" " pp’ heavy ions

central detector
" electromagnetic
calorimeter
hadronic
calorimeter

Heavy ions, pp

— =

Weight:  14'500t
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CMS in a nutshell

SUPERCONDUCTING CALORIMETERS
COIL ECAL Scintillating PbWO, HCAL Plastic scintillator
Crystals [, J e | brass
e L ‘ st sandwich
:,—i’léég;k‘ ,
“Tamcontege
Total weight : 12,500 t B

Overall diameter : 15 m
Overall length : 21.6 m
Magnetic field : 4 Tesla IRON YOKE

TRACKERs
7 _ : ' MUON
: % 1 g NDCAPS
¥ \,§ r"—.w_.v_: g:_._
TS éir-,: i ﬂl§
oy MUON BARREL _ 3
o - ﬁ £
Silicon Microstrips % —— L “ }
Pixels P —— * strips
! -
Drift Tube Resistive Plate Cathode Strip Chambers (cs©
Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC) :
Key: Muon
-] D . - arlrrns Electron
ni<2.5 : Tracker Charged Hadron (e.g. Pion)
]“" — — — - Neutral Hadron (e.g. Neutron)
---- Photon

0 /pr=10"*p.® 0.005 /

nl<4.9 : EM Calorimeter Tanserse e :
0 /E~ 0.03/+/E + 0.003 : i
| ﬁ A sl e
ni<4.9 : HAD Calorimeter Sl = [
S | I I

¢ /E=10/JE+0.05

Silicon
Tracker

I 1 £, 0 ATt rm »
ni<< ). - Aw uon 1r eciromeier Electromagnetic Ve {
Calorimeter N/ /4
0 /pr= 010 (7TeV muons) Hadron
Calorimeter "/ Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers
Oom m 2m 3m 4m 5m 6m m
L | 1 1 | 1 | 1




First coII|S|ons at /7 TeV
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March 2010:
Collisions at 7 TeV.
LHC delivered:
44.22 pb-1

CMS recorded:
40.56 pb-
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2010: CMS "Rediscovers” the
Standard Model in Particle Physics

Original
discovery
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- _ The 1styear | |

2 10000/ CMS Preliminary, \'s =7 TeV

§ ﬁ Lint = 40 pb’" M 7 Tev 1 ~ s ~ MSSM-| g
S 8000 M'1<1 e 3 2 3
P o = 67 MeV/c? | 5 5 o ;
§ 6000 evie \ J/w 1 10 S@’—@j

L m R =
4000-— “ E/ S S

: = - / | CDF 10fb" ;2%

e 00 LSaNjmm= : . — :

~ W' mass (GeV/c?) 10 20 30 40 50
I.I>J ®w 0 10° x BR(Bs — u*u™)
1 03 f,Ms Preliminary |"s=7_TeDvéI|;1=. :.;I‘.fb"
mARS EEAAN LLLEY RRLLY LLEES RELLE LR~ 10; &
[ e data CMS Preliminary § ‘ ]
O popbfit | PbPb\[Syy,=2.76 TeV] T ‘

[ e pp shape [| 0-100%, 0.0 <lyl <2.4 i “ » o '
Oy sacevic [| o<p<meve . WWNat we could not “see I .
ok 72800 1 @7 TeV will turn into iy LR

C o =92 MeV/c? (fixed to MC) 7 Co il e
o ety discoveries with 8 TeV

: 2011-2012 data

H ‘ BR(Z — 4f) = 4.4" ;3 (stat) £0.2(syst) x 108
Sewh i fuzr! WA Ii_h_ "
o vesvas)v(s)
10 1 12 13

Ty S"bf’b=o.31jg;:§io.03 10
M, (Gevic?) Y(25+39)/Y(18)],, _ imuon mass [GeV]



H->ZZ->4l in a nutshell

B Signatures: 4e, 4mu and 2e2mu final state

. Production cross sections
B clean but extremely demanding channel for - ' ‘

z 8 ] v
requiring the highest possible efficiencies (lepton Q;F ; T § §
Reco/ID/Isolation). g (= e’u)E -
B 0 x BR small = few fb T oaf 13

;o E

gy | 3

_ Backgrounds.. . o 1|/ HodooE" |5
B Irreducible: ZZ 0500 126 200 300 400 500 600
B Reducible: Zbb, tt and tt+jets, Z+jets, WZ+jets mu [GeV]
H2>Z7Z 2 e e -
B Sensitivity: 115 <my <600 GeV
B Selection strategy:
W triggering on double leptons
W Particle Flow algorithm to build physics objects
B applying reco, id and isolation of leptons )»?[\
W recovery of FSR photons e
2 SNy
M use of impact parameter \ // 7 N\
® m, and m,. constraint ¢

B kinematical discriminant / scalarity of the Higgs /Q 8
N. De Filippis Tirana, October 10-12, 2018



H->yy in a nutshell

Important channel for Higgs with 110< m;;<140 GeV

E,= 86 GeV
*  clear signature of two isolated high E; photons
¢ small B.R. (0.2%) i = — =
R - = -
* narrow mass peak with very good mass resolution 1-2% = . % St )
. . . i .'- \"\.. g
* VBF channels has two additional jets form outgoing quarks : S —
' - '
== /
Background: -
* irreducible : gg=>vy, qgbar, qg=2vy from QCD E,=56 GeV

e reducible:

pp = y+jets (1 prompty + 1 fake y) BG MC only used for optimization

pp 2 jets (2 fake y), fake y from m®>yy v 1e00f T AR RARRNRERS
0] CMS preliminary *  Data
Analysis strategy based on: ~ 14001 VeETTevL=asm' =5 Teen
e trigger (double photon HLT) T 100l —— et
e vertex [D via BDT MVA u>J 1000 ) o vt aenanty
e photon reconstruction, ID and isolation via BDT MVA 800 i
e categories of events based on the photon 1)/shower shape soo B B MH=120 GeV
(Ry) to optimize s/b - ., signal x 5
e look for a peak with cut-based and MVA techniques 08 e
e use data to evaluate the background 20088 : .,
N. De Filippis Tirana, October 10-12, . Qo e
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Test of hypotheses

H,: null hypothesis / no Higgs
H,: existence of the Higgs

Quantify the level for which the

hypotheses are accepted or rejected

* Jdentify the experimental
observables

= Define a statistical test and the
parameters of the model

= Define intervals for the variable
to say that H, is confirmed or
rejected

N. De Filippis Tirana, October 10-12,

2018

Confedence level for

the exclusion

Significance of the
discovery




EPS in July 2011 at Grenoble

S

05, 10? CMS Preliminary, vs = 7 TeV | —— Comomned g -
~, T A
& = -
=) o
€ 2 90
L. — S
E o
K 102
10°
&)
10° CMS Preliminary, \s =7 TeV:
—-* Combined '
----- H— W (1.1 17"
1o+ | Interpretation requires ook . ::—" et 'L; ‘ 'i:.,'_)
elsewhere effect 1 Ce R 101
A 1 o4 ES e ==tz (18],
100 200 300 400 500 600 120 140 160 180 200 220
Hiaas boson mass (GeV/c?) Higgs boson mass (GeV/c*)
Observed combined Overall combined local
.. upper limit on y=0/0sm _ . p-values

CMS able to exclude the existence of Higgs in the mass range
149-206 GeV and 300-440 GeV
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A candidate

CMS Experiment at LHC, CERN
Data recorded: Mon May 2 07:05:01 2011 CEST
Run/Event: 163817 / 155679852

Lumi section: 174

OrbivCrossing: 45568654 / 469




December 2011

Analysez samples of data: 4.7 fb-ldata,

Excluded range of masses with combination of all Higgs analyses:
observed [127-600] GeV
expected [117-543] GeV

With an excess in the range 120-127 GeV

@ — Prcectrrrirocococooa
(_36 Z - CMS Preliminary, \s = 7 TeV | —e— Observed
g < Combined, L = 4.6-4.7 fo’ B Expected: 1o
E’ c 10 | Expecled + 2o
= S |
(&) h—
3 E
-
O
2
ey 1r
m -
.
, (4.6 M)
10+ | Interpretation requires look- D 1 A4
elsewhere effect correction - %:;: = g: 2q ;;:Eg,:
110 115 120 125 130 135 140 145 150 155 16 10] ' : e
Higgs boson mass (GeV/c?) 100 200 300 400 500 900
99 Higgs boson mass (GeV/c?)
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Candidates...

CMS Experiment at LHC, CERN

Data recorded: Thu Oct 13 03:39:46 2011 CEST
Run/Event: 178421 / 87514902

Lumi section: 86

s,
— 5 \ (Z,) E, : 8 GeV

wi(z,) p;: 28 GeV

7 TeV DATA

4u+y Mass : 126.1 GeV

w(z,) p;: 14 GeV

N. De Filippi n(Z,) p;: 67 GeV



Candidates...

M (Z,) p; : 43 GeV

e(Z,) p;: 10 GeV
8 TeV DATA

4-lepton Mass : 126.9
GeV
w(z,) p;: 24 GeV

e*(zZ,) p;: 21 GeV

CMS Experiment at LHC, CERN

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

Lumi section: 115

N. De Filippis Tirana, October 10-12, 2018




June 2012:

14.6.2012: Approval

of H>ZZ-> 4l
analysis

CMS Preliminary (3=7TaV. L=5051b" f5=8TeV,L =526

~ 25 T T

] i * Data |

O i |

o | O zsx ]

e . ]

~ 20 i Ozr'zz q

"qc'; C - |my=126 GeV ]

CMS Preimnary Yz =7TeV, L= 505k Na=8TeV L =526 CMS Praimisary 5 = 7 ToV, L= 505 1" |‘-..»un_~n%~,2z-n > B [ ]m, =350 GeV |

> Cr 17 "9 17 > »]T[r[llxxixlw‘ls— -

8 12_ *« Data ] 8 12+ « Dala : :

2 | Bzx 1 @ : Bz x - |
. S I

> t ! - - H |

d g | ‘ |m,, 126 GeV ‘z il 1

(R ) i -
100 200 300 400 500 600
my, [GeV]

80 100 120 140 160 180 80 100 120 140 160 180
m,, [GeV] m, [GeV]



local p-value

N. De Filippis

107

Evidence of a new state

T
.

—

—

—
PrAdmuinin

I HIHI‘

|

Excess at
m, =126 GeV
with a p-value

| \HHH‘

— 2D Fit 8ToV
— 20 Fit 748TaV
------ Expectad

| l\lHHI

—— 2D Fit 7TaV ’

CMS Preliminary
H—=ZZ - 4L §
{s=7TeV,L=505Mm"
js=8TeV,L=526M"}

| IHHH‘

.~ of 3.20

Lll 1 l L1 j

AT R

170 180
m,, [GeV]

i B $ L1 T T T T 1 L1
110 120 130 140 150 160

" Evidence for a new state in the search for the standard "’
model Higgs boson in the H — ZZ — 4{ channel in pp

collisions at \/s = 7 and 8 TeV i

The CMS Collaboration ’
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CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GMT

Run/Event: 194108 / 564224000




JuIy 4: seminar at CERN
___/

I R L e
(g '\ * Dal& 8 % ‘
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o : B z-x ] w | 01500
£ 1o COzizz <1500 >
g I o ] » i z
- - = -
w gk ! ‘jm“ 12oGeV_ = 310:0
L _ g) [
W1000(
© L
L
i
H—yy
@ e Data
= 500 _— sigr
~ | e B Fit Component
Q 30
W | W 20
= M PP B PSS BT ;
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m,., (GeV)

‘We have observed a new?
1 boson with a mass of
125.3 * 0.6 GeV

ad il il sl !A- bndlh A hnihi
D 2 [

107 ¢ = CMS Preliminary
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11 — Heyy se7TeV.LeS1s' 3
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A new boson discovery: 4th of July 2012

° AN BN IR B R LRI IR LR

= ATLAS 2011 -2012 _—

3 {5=7TeV: [Ldt = 4.64.8 1" - Exp.
{5=8TeV: [Ldt= 5859 " E+ie

:
§

1000

125 130 135 140 4 gm
g 1 cMS fE=7TeV,L=511" ﬁ.omnh&m g
S LBV =
a 10° = :
Q L \\\ W 30 [ e RrameY
b \\J// a3 —
— Tt . - : ‘ :4
10° ‘\_/ = F g
Y — ., E E |
107°F ----h.ﬁl“? e, a _60 .
| —— W= yy oy - Tl oo
— H=2Z 300 ACD f
107 — HoWW ) m.‘;céﬁvl
— — H- 1
——— H«s bb
1 e o o o T P~ ——
L 10 115 120 125 130 135 140

M, (GeV)
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4-lepton invariant mass: H>ZZ->4l
CMSIPreIiminary

@ 30F t Data Vs=7TeV:L=001b" E
O m,=126 GeV ST OER TR .
Qo5 Ozrz =
w r B z+X -
S 20F -
> r -
W r -
15 —
10F —
51 -
NI | | T

80 100 200 300 400 600 800

m,, [GeV]
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Di-photon invariant mass: H->yy

Events / GeV

Data - Fit

| I I I 1 I I I I 1 | T 1 1 I | 1 1 1 I | 1 1 I I | 1 1 I I ]
- Vs E 7| TeV det =000 Marps, 2011
3 L1 —
2.5 ATLAS Preliminary —
~ H—yy channeg]l
207 g
1.5 —
1 L2 L 2K L 3k 2 2 1 3k 3 L 2 2 2K JBE 2 L 2K 2 + ——:
0.5/ i SuAl i
n —ajhal | ! T ! 1 J :
200+ —
0
-200 _. " " " 1 " " " " 1 " " 1 " 1 " " 1 " 1 " N " " 1 " N " |_
100 110 120 130 140 150 160
M,, [GeV]
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Statistical analysis

CL. method for exclusion limit

95% C.L. limit on o/ay,,

CMS Vs=7TeV,L=5.1fb";Vs=8TeV,L=19.7fb"
LI |I!IIIIIIIII’III]IIIIII|||||IIIIIIIII!IIII!IIII!IIII
10 — Observed i
- --- Expected
Expected + 10
_\ﬁ ................................................ Expected =20
1 ::::::?:::_ :
10-1 :_ .......... . ) f S R % T \ S-SR SUUUUE- SURUURS- DV I
o 1 1 1 I”I‘"I‘“l‘”l‘"l“l‘”l"lllllllllllll 11 1 l IIIlI 1 L1l lllllllll
100 200 300 400 1000
m,, (GeV)

Observed limit: 95% CL exclusion in
ranges 114.5-119 and 129-800 GeV
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p-value: probability that the
background can fluctuate to give an
excess of events equal or larger than
what observed

CMS Vs=7TeV,L=5.1f";{s=8TeV,L=19.7fb"

TT

Nllll[l T T 1T

ol

— Observed £
— Observed £,
— Observed £,
- - - Expected

D

rlo-

D

I

[
]
'
i
]
'
]
I' !
L}
]
]
]
]
]

F i\ \ o
II|IIII‘IIII‘I\‘Il\llllllll]llllll\I|I]l|

17
107" 7490 120 130 140 150 160 170 180
my, (GeV)

Minimum observed p-value =
6.80 (6.70 expected)




Mass measurement

T AEACUTELL AL Event by Event mass error (EBE)
£ o E included
< . .
N gh cy E * from muon track fit error matrix
JE —Lgy E e from electron momentum error
sk —Lsp 1+ 3% of better significance
N foCateny) 3o 10% improvement on error on my
E 1OCMS s = 7TV]L 151be \s=8TeV,L= 197fb
aE ? Z’ 9% . I ;Comblned
] p Combined (stat. only) —|
3 E N —H—>ZZ—>4ey :
] N 8fF —H —ZZ — 2e2u~
21 = 75 —H—>ZZ 41/ "
1t o :
- Co I R IR SRR N R 55 _f
P2 124 126 128 130 132 ) E
m,, (GeV) ) E
2
1 :
. . . 0op 12|4 T8 180 132
The combined best-fit mass is m, (GeV)

m, = 125.6 *%>_,, (stat) *%! _,, (syst) GeV



Statistical analysis: J<P

® Strong exclusion of a spin-1 resonance (could not decay to H—yy)

® pseudo-scalar excluded at >30 level

® graviton-like resonances excluded at >~30 level

any
qgbar — X
any

qgbar — X
any

gg — X
qgbar — X
any

gg — X

gg — X

gg — X

N. De Filippis

2.40 (2.70)
1.70 (1.90)
2.60 (2.70)
2.60 (2.60)
210 (2.30)
2.00 (2.10)
1.70 (1.80)
1.60 (1.70)
1.50 (1.50)
1.60 (1.80)
3.70 (4.00)
4.00 (4.50)

-0.90
-0.00
-1.40
-1.70
-1.50
-1.90
-0.80
-1.60
-1.30
-1.20
+1.80
+1.00

+3.60
+1.80
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October 8, 2013: Nobel Prize

% The Nobel Prize in Physics 2013
Frangois Englert, Peter Higgs

Nobel Prizes and
Laureates

[ Physics Prizes  + ] < 2013 > T‘he Nob el Prize in
¥ About the Nobel Prize in Physics PhYSiCS 2 013

2013
Summary

Prize Announcement

Press Release
Advanced Information
Popular Information
Greetings

» Francgois Englert

» Peter Higgs
Photo: Pnicolet via Photo: G-M Greuel via
All Nobel Prizes in Physics ‘.’v’iki'ﬂed.ia Commons Wikimedia C?*ﬂmors
Frangois Englert Peter W. Higgs

All Nobel Prizes in 2013
The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert

and Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider"
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October 8, 2013: Nobel Prize

The Nobel Prize in Physics 2013

s*7TaV L*S1R'
s*BTeV L 196R '

>
-
:
:

@ Nobelprize.org
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Higgs properties @ LHCRun 1

* Mass: 125.09 + 0.21 (stat. ) + 0.11 (syst. ) GeV

1 H + ATLAS: EPIC 75 (2015) 476
* Spl n/Pa rltv: 0 CMS: PRD 92 (2015) 012004

* Width: < 1 GeV (direct)

CMS: JHEP 11 (2017) 047

< 0.015 GeV (indirect)

ATLAS: arXin:1808 01191 submitted to PLE

* Observed direct coupling to:

ATLAS: PLE 716 (2012) 1-29
CMS: PLE 716 (2012) 30

— Vector bosons

ATLAS: ATLAS-CONF-2018-021

— T leptons CMS: PLB 779 (2018) 283
ATLAS: PLE 784 (2018) 173

— top quarks ATLAS: PLB 784 (2018) 17
CM35: PRL 120 (2018) 231801

10°¢

1074

ATLAS+CMS: PRL 114 (2015) 191303

- LHC Run 1

- ATLAS and CMS

| Lo T

¢ ATLAS+CMS 1
------- SM Higgs boson |
— [M, ] fit ]
[ 68% CL
[ |95%C

10" 1 10 [+3

Particle mass [GeV]

All measurements compatible with SM predictions
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LHC Run 2 at 13 TeV

N. De Filippis Tirana, October 10-12, 2018



8 TeV = 13 TeV: parton luminosities

_ & 0.1 {b!
§ WJS2013
ﬂ' 100 | ! ! ! ! | ! ! ! ! ! ! ! ! | ! ! l':l
3 ratios of LHC parton luminosities: 13 TeV / 8 TeV v
2 [
o f
E In gg fusion: /
5 ——qg forvs=1TeV, ; ,/
i 2 —--- ¥qq for vs =2 TeV, / i
R L forvs =3 TeV, . 1 fb'
T2 10l S for Vs - 4 Tev, ' ]
& 'g ]
Q.
g = In qq,
< E
: 3
S
3
< e
= el g b T
2 [ — 10 fb!
£ MSTW2008NLO
= 1 ] R | ) ) )
z 100 1000
M, (GeV)
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SM Higgs production at the LHC: 8 vs 13 TeV
LHC Higgs Xsection WG 8 TeV

10° ggF VBF WH ZH ttH

o 10°F
2 F EE 19.1 16 0.7 0.4 0.1
o [ Je
k- 1t 13 Tev
e S xectonfeb] | | | |
" PR QP ocosFS‘ "3 geF VBF  WH ZH ttH
- LA e ST Tl SO 3
- o 8 R OOR e L . 43.62 3.727  1.362 0.8594 0.5027
1= o 0 99Tt - ~
E 60 -
STy N . oC ]
T\ S O ] o(14TeV)/o(8TeV)
1077 =
g M, =125 GeV - gg—H |2.6 (Mx=Mn) o
I MSTW2008 - qq—qqH | 2.6 (probes high Mx) @
1% .- =
E 1 1 | 1 1 I I 1 1 I I |E qq_’VH* 2‘1 (MX=MV+MH) .
2
78910 20 SOE O S0 60 70\/%)[}3/] gg—ttH | 4.7 (phase space+Mx) ®
Uncertainty on o from theory:
8 q 7 w/zZ g t
@ NNLO/NNLL QCD + NLO EWK
-- H -~ H -- 1 ggF: 8% scale and 7% PDF
VBF: 0.6% scale and 1.7% PDF
g q q H 8 f
@ VR o @ Uncertainty on BRs: 3-5%
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SM Higgs production at the LHC

I|IIII|IIII|\\II|I|II|IIII|IIII|IIII|I|II|IIII|I

3102; M(H)= 125 GeV -
% : L H (N3O acD NS = g
>-§ _/ .
T 10= =
Tk :
o F i
g I ]
© 1 . |

I T T TTTIT
[

I HC HIGGS XS WG 2016

e ggF: dominant, larger initial state
radiation from gluons

e VBF: two forward jets with high
mass and large rapidity gap

* VH: vector boson (lv, II', qq’)

—1 ] .
10 | ¢ ttH: many b-jets, leptons, E;™"
10_2; ..., Total cross-section =56 pbat 13 TeV

6 7 8 9 10 11 12 13 _14 15
/s [TeV]
g q q w/z g t
-- H -- H -- H
g q q H g r
() gg—H (b) VBF () VH ~ (d) ntH )
o, o, (¢) (¢
87% 7% 5% <1%
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Integrated Luminosity (fb!)

LHC Run 2

LHC has produced > 3 years of 13 TeV
data with fantastic performance
— expected to result in >150 fb-1 by
the end of the 2018 run
— Maximum peak luminosity ~2x1034
cm-2s-1 with mean pileup ~33 in
2017, ~38 in 2018
— DESIGN peak luminosity exceeded
by a factor of 2!
- LHC Performance 2017

5/15 6/14 7/14 8/13 9/12 10/12 11/11

N. De Filippis lirana, uctooer 1U-12, 201_

Delivered Luminosity [fb™]

Total Integrated Luminosity (ib ')
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-07-23 04:09 UTC

= 2010, 7 TeV, 45.0 pb !
m— 2011, 7 TeV, 6.1 fb !
— 2012, 8 TeV, 23.3 b !
m— 2015, 13 TeV, 4.2 fb '
2016, 13 TeV, 40.8 b *

e 2017, 13 TeV, 49.8 b
m— 2018, 13 TeV, 31.0 b '

—— %"

0 : :
$ ) W™ W o9 ce® o o oo
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ATLAS Online Luminosity
2011 pp Vs=7TeV
— 2012pp {5=8TeV
— 2015 pp V5=13 TeV
— 2016 pp {s5=13TeV
— 2017 pp V{s=13TeV
2018 pp & =13 TeV
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CMS/ATLAS in 2017/2018 (after LS1)

44m

— Si strip Tracker
2018: lower operating

Electromagnetic Calorimeter
B 2018: New DAQ llinks

Pixel Tracker 4
2018: replaced DCDC converters
and 6 modules 7
2017: new detector with 4 layers ¥
Run1: 3 layers

= LAr hadronic end-cap anc
forward calorimeters
Pixel defector \

LAr electromagnetic calorimeters

Muon Detectors
Drift tubes (VME — uTCA ROS)
Re tive Plate chamber:

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker
2017 e 2017 _ » New IBL detector installed in LS1 (2013-2014)

7 /v' 4 layers "W e T[racking optimized for high-PU and high-pt environ-
/ - Iﬂllnner rih'gs/ me ntS
7 ; i | _

A : e Better ML algorithms 4th insertable

- 2016 -

\ 3 layers

2016~

Large impact on b-tagging performance
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Highlights for Higgs physics @ Run 2

* It is matter of few weeks (Aug. 28) the
announcement of the observation of H>bb

Precise measurements with:
* H>vyy
e H>Z2Z

Evidence/observation of:
* H> 1t

* ttH

N. De Filippis Tirana, October 10-12, 2018



H—>bb

Motivation:
* H-> bb has the largest BR (58%) for m;=125 GeV
« Unique final state to measure coupling with down-type

quarks
« Drives the uncertainty of the total Higgs boson width
* Primary decay mode for searches at LEP and Tevatron

—> a long history or searches

N. De Filippis Tirana, October 10-12, 2018



First H=> bb searches started at LEP...

Physics Letters B 563 (2003) 61-73
Search for the Standard Model Higgs boson at LEP

ALEPH Collaboration ' DELPHI Collaboration?® L3 Collaboration * QOPAL Collaboration *  PHYSICS LETTERS B
The LEP Working Group for Higgs Boson Searches ”

ELSEVIER

m,, > 114.4 GeV @ 95%CL
~ - - @ 1 prorr e
2 51 LEP  Gez2o0200 Gev Tight -
S ~ LEP
¥ ] +  Data mn =
& 6| [ ] Buckgrouna 3
o 5 GeVe' af
Zosl I Signal (105 GeVie') 0 L
w - -
- ' -
= a0 Gevie p :
o 4 ata 8 4 - = Uoarnd
#5] Backgd | 14 1.2 3 - Expected lor
3 [signal | 29 22 + : : bakgrennd
‘ e 10 E
lF * E |
5[ 114.4
m = (1153 .
1 - :
[ Aot
1 i = r " {1 a “l |l||l||'|t||1|l'fll|| .f- 'lI!lI?I
0 i i) 40 Gl R 100 120 100 102 104 106 108 1100 112 114 116 118 120
2 2.
m, e (GeV/e) m (GeV/c")
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... and continued at Tevatron

PRL 109, 071804 (2012) PHYSICAL REVIEW LETTERS 17 AT 12

’ jjl"
Evidence for a Particle Produced in Association with Weak Bosons and Decaying
to a Bottom-Antibottom Quark Pair in Higgs Boson Searches at the Tevatron

{*CDF Collaboration)
. ("DO Colluboration)

H .
w.Z
q

W.Z
809 ™ Tevatron Run L _<97fb !
L 1+2 b-Tagged Jets
w0 [ gg
— - -+~ Data - Bkagd
¥ i [ Tr . s
S =77 Significance
8 - g a2
- m,= ev/c
g I y 2.80 observed @ 125 GeV
- 200
.:ﬂ -
C -
a .
g o +
-200 _+111111
(1] 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c”)
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H—>bb search challenge:

e Needs:*® Good b-jets identification performance:
70% efficiency with < 1% q/g mis-identification probability
* Best possible resolution on m(bb)
* Capability to exploit all possible information from the event to improve S/

B
 H(bb) compared with discovery channel
H - 4¢ H — bb L
) ) | | H — bb
n Branching Ratio 0.03% 58% \
~ mass resolution 1% 10% bkg
S/B 2 0.05 I 25!Gev m b%

* Higgs-strahlung - VH (4%) is the most sensitive channel
— leptons, E;™ss to trigger and high p; V to suppress backgrounds

Data used Significance Significance Signal strength
@CMS so far expected observed observed
).
Evidence established last year Runl 2.5 21 0.89°0%
Phys. Lett. B 780 (2018) 501 Run 2 2.8 3.3 1.19773%
N. De Filippis Combined 3.8 3.8 lOGfg;})




VH, H—>bb results at LHC

 VH(bb) evidence at LHC established
with 2016 data by both ATLAS and CMS

— Detectors clearly demonstrated ability to deal
with very high pile-up for such complex analysis

* Signal strength uncertainty ~“40%

signal significance significance
strength (exp) (obs)
ATLAS Run 1 [1]1| 0.521537 2.60 1.40
CMS Run 1 [21| 0.8970%) 2.50 2.10
ATLAS+CMSRun1 [3]| 0.7970-2) 3.70 2.60
ATLAS 2015+2016 [4]| 1.2070%2 3.00 3.50
CMS 2016 [51 1.19733% 2.80 3.30

[1] JHEP 01 (2015) 069
[2] JHEP 08 (2016) 045
[3] JHEP 08 (2016) 045
[4] JHEP 12 (2017) 024
[5] PLB 780 (2018) 501

N. De Filippis
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35.9 b (13 TeV)
g L1c1IMIS] CENLENL L B L B |‘Il;a;.l | L L
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g 200 VH,H—bp | 1VZeR E
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L - .
= 0 ]
@ 100} -
v | :
@ i X
50 ]
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: |
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VH(H->bb): analysis strategy

 Analysis strategy:

— 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets
» To target Z(vv)H(bb), W(lv)H(bb) and Z(ll)H(bb) processes

— Signal region designed to increase S/B
« Large boost for vector boson
« Multivariate analysis exploiting the most discriminating variables (m,,;, AR, b-

tagging)
— Control regions: to validate background samples and control/constrain
background normalization and systematics

signal irreducible backgrounds
\* q 9. {t
& b
@ ’ Z+bb

Y 00% 6/ ZY“

y @ single t
0-lepton (MET) W-+bb
y 1-lepton [e,u] _ o

Novevmppo 2-| n e
eptons [ee, ] normalization from data, shapes from MC



VH(H—>bb): event selection (CMS)

Jet/lepton p; selection and b- VZ background
tagging discriminator working points \ 4

optimized separately by channel /}A\

e
— Boosted Vector Boson v - <
+ 2-lepton: two p; categories (W) o T b
— Low: 50 GeV < p(Z) < 150 GeV ﬁ/
— High: p(Z) > 150 GeV ]‘
« 1-lepton: p-(W) > 150 GeV Y
« O-lepton: p(Z) > 170 GeV and di-boson, of course
vV
used to validate the analysis strategy
Control regions designed to map
closely signal region, with inverted
selections to enhance purity in

targeted backgrounds

Separate tt, \V+light flavor jets, and
V+heavy flavor jets control
regions per channel

N. De Filippis Tirana, October 10-12, 2018



Improvement of b-tagging

CMS: better mis-identification rate
and data/MC agreement with Phase
1 pixel detector and DeepCSV

algorithm
e Efficiency ~70% per fake rate at < 1%

b-tagging discriminant

1
ATLASPreliminaryzuu « s
@ Dala 316
10_1 s =13TeV, 05" ;::;:
2077 configuralion O < fets

1/N dN/dMV2

[ light-flavour jeis

misid. probability

\(_ 13 TeV Phase 1

1JIII

—
<

1072

AAAAAAAAAAAAAAAAAAAAAAA

;udsg '
---C

10° ATLAS:

°1-0.8-060.4-02 0 0.20.4 0.6 0.8 1

Mv2

YR A SN SN SN NN 70 V74N SO S

0 01 02 03 04 05 07 08 09 1

b-jet efficiency
> 14r T ]

g CATLAS Prellmlnar1y os eu events
S 12 Vs=13TeVv, 43" ti-enriched sample
= L i
. . . E

rejection of light/c 5 1 jeip o5 cey -
jets 300/8 at 70% b- ‘% 08fF ]
jet efficiency £ o6k E
c ——
Good performance  § i Jetp>60 GeV E
even at high PU - E
b Jetp >100 GeV .
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Entries / 5 GeV

Improvement of di-jet mass resolution

2017 (13 TeV)
2.5 '_l LI I L I L | LI L L I L | LI l I_
- cMs 1
L Simulation Supplementary 4
2 | Powheg PYTHIA Z(I'l) H(bb) 7
| No recoil jets, p > 150 GeV ]
L fﬁ i
i # ]
1 .5 | A]AfA\*A_ % -
: —&— b-jet regression /‘/ ? >'\_. \ :
L — — 1=124.3GeV, o=14.9GeV a / i -
1__ —#— PF-CHS jets - | & ]
| —— L=1159GeV, c=17.4 GeV / o\ |
- £ % & % ]
0.5/ g Yy
i * ]
L A % *‘1& |
i S o x> ]
0 s o lat coate TR R R SRR |B|’)‘|!-m

0 20 40 60 80 100 120 140 160
m(jj) [GeV]

ATLAS

Mass resolution improvements
Higgs boson candidate from a pair of b-jets

e Add muons in the vicinity (semi-lep. decays)

e Simple average jet pt correction

® Accounts for neutrinos, and interplay of resolution and pp

spectrum effects.

CMS:

* Regression mainly recovers missing energy
in the jet due to neutrino

Extended set of input variables now

including lepton flavour (u/e), jet mass, p;
wrt to lepton axis, energy fractions in AR
rings
» Significant m(bb) resolution improvement
- o/peak down to 11.9% in 2017 wrt
13.2% in 2016

Arbitrary units / 5 GeV
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0.2

ATLAS Simulation
\s =13 TeV, 36.1 fb”'

Powheg MINLO SM ZH — I'lbb
2 leptons, 2 jets, 2 b-tags

pfr > 150 GeV

Standard Jet Calibration (Sid.)

Std. + p-in-jet Correction

Std. + p-in-jet + PtReco Carrection

op Std. + pein-jet + Kinematic Likelihood Fit

o0

[y (os' " -o}fcw'
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Kinematic fit in 2-lepton channel

413" (13 TeV)

p 350 L T T T T T T
CMS: s [CMS iy S
* No intrinsic missing energy in g 300 Supplementary - ) BB
@ E 2-u, High p__, Z+bb enr. =ggZH(bb) &3 W+bb ]
r < ) . VV4LF 5 b
the Z(Il)H(bb) process 250 Regressed jots CIWHE gl Singlotop
. I without kin fit [ Z+udcsg  [FZ5) MC unc. (stat.)
* Improve jet p; measurement 200F- E
through kinematic fit 1505 :
procedure - ]
* Constrain dilepton 100 E
system to Z mass 50 =
e Balance the ll+bb system ok : .
. 1.4 '
in the (p,,p,) plane g 12 LT |
* Improvement of up to 36% on s og
B o0

m(bb) resolution oegr: oo
0 02 04 06 038 1 12 14 16 138 2

() /P (V)
Stat. unc. only™”

ATLAS:

Kinematic Fit in 2-lepton channel
e Final state fully reconstructed
e High resolution on leptons

e Constrain jet kinematics better:
S pr(£) = —pT(bb) modulo soft radiation
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VH(H->bb): m(bb)

* Fit to the m(bb): lower sensitivity E SRS AR A S AR
. . . . . ATLAS —— B
but direct visualization of the Higgs S 100~ ey 798 B VH, H s 55 (:-1.06) ]
boson signal. E - 04142 leptons -3"’"50“ .
% 80— 2+3 jets, 2 b-tags I Single top —
* The fitted m(bb) distributions are > [ ?v"‘-’_‘r‘::i’";f"s"‘% =g‘;“;": i
. . | (=] ]
combined and weighted by S/(S + B) E so— FHea Dy s [ZZ] Uncertainty ]
L emm Pre-fit back nd _
%1 - - re. ackgrou .
77.2 7 (13 TeV) = B VH,H - bb x5 ]
A0+ —
| ¢ Data
s CMS &% S+B uncertainty : :
Supplementary @ VH Hobb ]
| [ ]Vvz,z—bb
i i

g% S+B uncertainty
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VH(H->bb): significance (ATLAS)

ults
» Significance of VH(bb) signal at 4.9¢ (4.30 exp.)

« Signal strength compatible with SM
e Lepton channels compatible at 80% level

« Individual production modes significances:

e 250 (230 exp.) for WH
e 400 (350 exp.) for ZH
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VH(H=>bb): Run 1 + Run 2 results (CMS)

Significance (o)

Data set Expected Observed Signal strength
2017
O-lepton 1.9 1.3 0.73 £0.65
1-lepton 1.8 2.6 1.32 4+ 0.55
2-lepton 1.9 1.9 1.05 £ 0.59
Combined 3.1 3.3 1.08 +0.34
Run 2 4.2 44 1.06 4= 0.26
Run 1 + Run 2 4.9 4.8 1.01 4+ 0.23
5.1 o (7 TeV) + 18.9 fb" (8 TeV) + 77.2 b (13 TeV) 5.1fb" (7 TeV) + 19.8 fb' (8 TeV) + 77.2 fb™ (13 TeV)
7] 7
o 10 CMS e Observed
= CMS ¢ Dala - — +10 (stat ® syst
2 405h i robb B Bicirouns VHHoBE pore L Ee
Background uncertainty e 2017
10° ——— Signal + Background = +10 (Syst)
1ot Run 2 -u-—- 1.06 £ 0.20 (stat) £ 0.17 (syst)
10° 2016 B R I 1.19+0.39
0 2017 | e h@uanns 1.08 +0.34
10 Run 1 _—.-_ 0.89 + 0.38 (stat) + 0.24 (syst)
2 1'\% ﬁ
3 11— . . Combined e 1.01+ 0.17 (stat) + 0.14 (syst)
O 0.5 by Z
=2 25 -2 -5 4 05 0 0 05 1 15 2 25 3 35 4

| S/B )
N. De Fil.. .o _9919(_, .)---.--. I Best fit u



Combination of H=>bb searches by CMS

* Combination of CMS H—>bb measurements : VH, boosted ggH, VBF, ttH

* Most sources of systematic uncertainty are treated as uncorrelated
— Theory uncertainties are correlated between all processes and data sets

* Measured signal strength is p = 1.04 £ 0.20

<51f" (7 TeV)+<19.8fh" (8 TeV)+ =<77.2fb" (13 TeV)

AR e Observed
CM_S — i (slat & syst)
H-sbb -+ (Syst)
stat  syst
ggf 280+2.08+130
VBF | e —— 253+098+117
tH | — 0.85  0.23 + 0.37
WH .,_. 1.24 +0.29 + 0.24
ZH - 0.88 +0.24 +0.16
Combined - 1.04 +0.14 + 0.14
il i g 1 1 1 1 PRI BTSSR S ST S Y

0...

N. De Filippis

6 7 8 9
Best fit p

Significance
5.50 expected
5.66 observed

Observation of the H—>bb decay
by the CMS Collaboration

Tirana, October 10-12, 2018



Combination of H=>bb searches by ATLAS

:' s -:.-'D
l' D;‘—'ﬂ“ .
i !
Feis.m i
H — bb combination v
] e

e Combine Run-1and Run-2 analyses in

VH, VBF, ttH production modes R ———
- £F1 4 ¥ 4 A8 3 3% P AN as &-.
e 2015+2016 Run-2 data for VBF and VBF Run-1 \ LtH '1”“ L /  VHRun-
ttH |
e Uncertainty model from previous **_Tt:j_::ﬁufgfh”:;;;f
Run-1and Run-2 combinations — . oz um e
e Results assume SM Higgs boson pro- VEF4goF Run2 o1 247 15 (s 53
duction cross-sections HH e 10 fanam)
t#H Aun2 = 1] 085 T, (Gom.om)
VH Auni . 051 5% (Gx o=
VH Funz | | ™ 115 23 (.55
comb| | W, 1007 SR (i Akl
-4 -2 0 2 4 5] a8 10 12 14
uH—dﬂa
py_spp = 1.01+ 0.20 VBF Run2 X X VHRun-2
Contributions of VBF and ttH chan- 3 -
nels 1.5¢ and 1.90 i
Compatibility of the 6 measurements :
54% s
g

‘N. Ve Fiippis ’ lidlld, ULLUDEI 1U-1Z, ZU1lO



Combination of VH searches by ATLAS

VH combination
e Combine Run-2 analyses in bb, v~
and 4¢ decays

e Updated analyses with 2015-2017
Run-2 data in all channels

e Results assume SM Higgs boson
branching fractions

pyy = 1.13 4+ 0.24

Contributions of 4€ and ~~ channels
110 and 190

Compatibility of the 3 measurements
96%

Pull nt

3
]
i
P
.
1 j H " lat) -1-0B0G0402 0 02040608 1
E i R RS R -ﬂ!::m i f T . BIIJTWH
H — bb \ / H— 4f
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ATLAS VH {s=13 TeV, 79.8 fb’’
—Total  ==Stat.
( Tot.) ( Stat., Syst. )
Ty — P 0o R (E 0
Hovy|  p————i 1.03 03 (Cos. 0% )
H-> bb Hre-H 117 %3 (%556 %0%)
Comb. I-J-.-H 113 1’_’22; (ﬁf:g . fg.':g )
IIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|
05 1 15 2 25 3 35 4 45 5
uVH
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H—2>vy
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CMS-HIG-16-040 (arXiv:1804.02716)
CMS-PAS-HIG-17-015

ATLAS-2016-21 (arXiv:1802 04146)

(a) ¥ (b) w
W, ¥
_H_ w _H
o
¥
CMS 3591 (13 TeV)
Indirect probe of coupling through production loops Bumobhoyy oo
= Sensitive to vector/fermion couplings (Kv, Kg) @ L w1254 GV, 11=1.18 SI(S+8] woighte ;
- Can test NP in the loops = veoof e E
ué woak Y e B component  —
. = - +1 -
Search strategy: peak over (abundant) and regular background E oo E o 3
[ i
Observed width dominated by detector resolution = ook
E 2000}
Efficient selection (40%) RN
= Trigger, photon ID, Er, isolation,... .
- Abundant number of selected events allows for a large number of aon)
categories—sensitivity to different production/decay modes 2"3“ PIRCRTE. S A T 3
. . e . . . . s -2 —'+ A » 3
Main uncertainties: photon ID/resolution, luminosity, sialistical B U EUUUT N |
uncertainty still the largest factor m,, (GeV)

N. De Filippis Tirana, October 10-12, 2018



H->vyy: cross section

CMS-PAS-HIG-17-015
ATLAS-2016-21 (arXiv:1802.04146)

f2=13 TeV, 36.1 !
T T T T T T T T T T T T T 77T Ams H_'TY:mH=125<09GEV

ATLAS 8 woml CMS Preliminary ~ 35.9 fb” (13TeV)
liphoton fiduzial | H—7y, ¥5=13TeV, 36.1 b % : o) (. ' ' ' '
; . = —
—+- Dala, lol. unc. Sysl. unc. goM (1 ot, ol <60 Gov) [ —_— et —10°F T LG MG Y10, w138, G
| ]] 1 % = + Doz SOH SBMCENLD + X
VBF-enhanced 3 ' oM (1 fot, 80 = plt < 120 Gov) | — e \E F .gummuu
B '8 10? E 5 .Hx —
oM (1 fot, 120 = plt < 200 GoV) | E
I - B
Migaon 2 1 8 a5% G| agH (=2 jot) — —_— 105_ - ":
qq—.}hq(p‘rncm&v)— —— B - l
1 | M = 125,08 GeV 1= : =
High £7" § 5% C.L. B 1ok ogH + g9 —s Hag (BSKHIKe) | . E L 1 1
B o=+ dstault MG + XH £ og
r 1 B FPowheg NNLOPS + XH 7 "M uponic) | g 2t I 1
. o B XH = VBF+ VM« it +bbH ; 15— :
tH-enhanced 2% G.L. ol | i o.;E.. L3 i __i__g
< i T T . L Looolainelyy § 0E ¥ ¥ g‘ + —r—
1 il L 111l T T I W SM prediclion 03 0 035 1 13 2 25 Nl(l'nllcz.ﬁ)
froea | 0*1 1 2 3456 10 20 30 1 0‘ Measured o x B normalized to SM
Oj d “b]

Both fiducial (inclusive) cross section, STXS, and differential distributions show good agreement with
theoretical predictions

Experimental uncertainties are comparable to theoretical ones in the most populated bins (low pt, Iow Niets)

Differential cross-section as a function of pt(H), Njet, yH, cos9™ (see backup)

ATLAS: EFT reinterpretation to probe anomalous couplings

N. De Filippis Tirana, October 10-12, 2018



H—>Z77
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H->2Z->4l

CMS-PAS-HIG-18-001 JHEP 03 (2018) 095
Phvs. Lett. B 775 (2017 1 ATLAS-CONF-2018-018

Low signal rate, but very clear signal topology over a small, flat background (mainly qqZ/Z, Z+jets)

-4 isolated leptons in final state combined in 2 Z pairs

-Kinematical information (matrix element KD discriminants) or BDT techniques to separate signal
and background and categorise events

2015 + 2016 + 2017 _ CMS Ppreliminary 2016 + 2017 77417 (13 Tev)
> T TTT I LI | TTTT | TTTT I LI | TTTT | TTTT I LI | TTTT > &0 — T T I T T T T T T T T I —]
& [ ATLASPreliminary * >= o & Data
o 100 L 77e a [ signal (m, =125 GeV) O] 200 [IH(125)

M - - - - Fra q‘ ~— -
C9q—=ZZ, Zy
S“__ - 13 TeV, 79.8 fb , Z+jets, tf E4V, VWV :Et; 180 } W gg—2ZZ, Zy"
% 80 7% Uncertainty S 160 B Z+X
o &
3 140

60 120
100
80
60
40

20

40

20

o ‘ 4
80 90 100 110 120 130 140 150 160 170 0 %6700
m, [GeV] m,, (GeV)
Analysis is still being improved: e
-Improved event categorisation to target VH and ttH productions .

-CMS: dedicated discriminants to target different production modes (ggH, VBF, VH)

IN. LT 1 |||'J'J|J TITUIIU) WwWLUlLUNGUl AV 1) vy



H->ZZ->4l + H>vy: mass measurement

CMS-PAS-HIG-16-041

arXiv:1806.00242
H—/Z7—4l and H—yy are the final states with the highest precision for the mass measurement
ATLAS performed the combined measurement of the

Run1 and Run2 (2015+2016) H—ZZ—4l and H—yy

mass measurements, my = 124.9/7+0.24 GeV

L L L ) L L L L ) B
ATLAS —Total [ 1Stat. only
Run 1: 1§ = 7-8 TaV, 25 I, Fun 2 &= 13 TeV, 361 b Total  (Stal. only)
Run 1 H—-=4] r—t—li 124.51 = 0.52 | = 0.52) GeV
Run 1 H—yy H————1 12802 = 0.51 { = 0.43) GaV
Aun 2 H—-4/ ——— 124.78 = 037 ( = 0.36) GaV
Run 2 H—yy »—.l——u 12483 = 0.40 ( = 0.21) GaV
TRunie2 e e T 712030 (- 0.30) Gev o
Run 142 H—yy - 12532:035(:019:Gw$
| Runi1Combined ~  t——=—% 12538041 (=037)GeV
Run 2 Combined H—— 124.86 = 0.27 (= 0.18) GV
T Run 112 Combined e T ke o (= 0.16) GoV.x
| ATLAS +CMSPRun1 »*T.—ﬂ C 12500.024(= 6}!1]_(;;{
1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
123 124 125 126 127 128
m [GeV]
N. De Filippis

Tirana, October 10-12, 2018

3‘%91‘b (13Te\!j

CMS
4 8 i
= ‘.
= 7 \
oy \
6 o IlI
g 'L
5_ “.
4 \
. 11 \
3l — zeau \
L P 'l|y
2_ — Combined l‘..
""" Combined [stal. c-ll',"lk
1 -
0
120

f

J
/1
L

1\/

121 122 123 124 125 126

127
my, (GeV)

Most precise measurement at the moment comes

from CMS H—/Z7—4] mass measurement with
2016 data my = 125.26+0.21 GeV



H->ZZ->4l + H->vyy: signal strength

H—yy H—-ZZ—4l

loms= 1.187917 =1.18 T3 (stat) 7055 (syst) 007 (theo)

'wl[[IAIT'LIA}éII'I'IITIIIIllllllllll'\ll’ll-‘ll-ill E ATLAS2015+2016+2017-
G-13Tev.asim’  —e— Tolal —s— Stat.| Iy=1.20x0. 12(stat ) + 0.06(exp.) 5 o7 (th.)
H—ry, iy, = 125.00 GeV Total  Siel, Exp. Tasc. :
Tl _ 06 [-06 0:‘1; + QL1 : - 1 20
op [ e Bo = 05 g L es o1 oo ] : 0 15
My (= e by = 07 ‘02 [138 052 ]| G
20 | LG [Il‘lﬁ 0.3 a7 CMS Ao 'I-' T T Tf‘n (13 Tav)
W o= 20 'O s i . RN SEARE LA AR R AR AR
VEF ——H Hpe o _” ”"_ I TR HeZZ =&l
MogH He Mo =081 13007508 "Cas oor m, = 125.00 GeV
o | —————— —i— 350" 201 & JHEP 11 (2077 47
By | oo e Moy =099 D[N0 NT]] T Mee0%haw oI aewarammennem
Mg [ mrome Loy oy =117 S5 [103 50 5w ] | 1 e, =003 «
0 1 2 3 4 5 6 7
) : u =125:T; o
Signal strength ¢
E "01. =0 -a: -—
Very good agreement between Lo
measurements and with expectations. —106%% | F
Run1: ATLAS excess, CMS deficit g
: u

25% improvement on Run1 combination
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H>1trt

* Higgs boson in tt decay mode is the most promising channel to explore
the Higgs Yukawa coupling to fermions (decay rate to tt is less than bb,
but this channel has much less background)

* Analyzing Runl data, in 4 production modes led to the first evidence of
Higgs coupling to fermions

Date Experiment Result Significance Reference
Obs. (Exp.) [o]
May 2014 CMS evidence 3.2(3.7) JHEP05(2014)104
April 2015 ATLAS evidence 4.5 (3.4) JHEP04(2015)117
August 2016 | ATLAS+CMS | observation 5.5 (5.0) JHEP08(2016)045
April 2018 CMS observation 5.9 (5.9) Phys.Left B779 (2018) 283-316
June 2018 ATLAS observation 6.4 (5.4) ATLAS-CONF-2018-021

N. De Filippis

Tirana, October 10-12, 2018




H>1trt

CMS: Event categorization changed in Run2

» 4 different final states (based on tau decays)

* 3 main categories (mainly) based on the n. jet

* events split depending on tau decay modes/muon p; (in
Ojet), p; of the Higgs boson(in boosted) and mass of the
two forward jets(in VBF mode)

B | ] I I I | I I | | I I I ] T i

L . - Data 2015+ 2016 _|

- ATLAS Preliminary = 70700 " o)
Vs=13TeV, 36.1fb B Zoor

i r._, VBF tight SR B Other Backgr.

[ Tiep Phad 9 [ Misidentified ¢

Unceriainty

10

Events/GeV

359 b (13 TeV)
> 18(]]_—| L L L LI I—_
8 CMS =~ 4 -
=~ 1600}~ : —
0 C - 30¢ i _g)
‘T 1400+ oveervea = 20:_ - o
g [ — Hosor (u=t.00 ] -
® 1000 Z= 10 ] %
S i + 0 : a
- 10[1]__ QCD muiltljet 10_ __
D [ ome B .
@ C : 3
g soo-Elmee = 0 50 100150200250 300 ]
@ 600 . Oetrr @eV) 3 ey
L ook g, VBF- T, E 1.1 _.VBF
w C Boosted: 1,7,, T, T, el ] Iep had

W0—e— . e
8 Vs(Tev) 7,8 13 | Combined
Me: (GeV) Observed (c) 45 |44 | 6.4
Combining 2016 data with Runl 2 5.9 ¢
PLB 779 (2018) 283 Expected (o) 34 41 5.4

The first observation of the Higgs coupling to tau leptons in a single experiment
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ttH

Motivation Properties '%Iz%ﬂ!
= Provides a direct probe of the m Xsec: 0.5071 pb +6.8/-9.9% |
important top—Higgs coupling » NLO QCD and NLO EW accuracy e
» Yukawa coupling y; ~ 1 = Expect ~18,000 SM ttH events &
» Indirect loop measurements can in 2016 data at CMS =
be influenced by BSM physics > ~ 36 fb-1

v 8 t = | O Feynman diagrams:
H. .<: l t _H_
¥ z t

= First measurement of Higgs
coupling to up-type fermion

= Non-SM ttH rate could indicate
presence of new physics

N. De Filippis Tirana, October 10-12, 2018



ttH

Decay channels analysed: CMS Phys. Rev. :i‘"t 1321:1, 23’;507 (2018;
. TLAS arxiv:1806.0042
FermlonS: H%bb Hen T T T T | T T T T | T T T T | T T T T | T T T T | T T
Bosons: H%WW H%ZZ H%VV ATLAS e Total | | Stat. [ Syst. — SM
_ _ -1
517" (7 TeV) +19.7 0" (8 TeV) + 359 fb™ (13 TeV) /s=13TeV,36.1-79.81
2] Total ~ Stat. Syst.
S 0°:r CMS ¢ Observed iH (bb) % 0.79+ 38 (£ 32 ,+053)
S 107 ] Background =
LLI : ﬁ Uncerta'lnty T . 0.42 0.30 0.30
10°k -tﬂ-l(p. =1.26) ttH (multilepton) i 156+ 4 (£ o059 . % o59)
: tfH(p ~1.00)
10°F fiH (rv) i 189+ 28 (% 2% % 0%)
10° ' fH(z2) K <1.77 at 68% CL
102_ Combined H=—H 132+ % (£0.18,+ %)
i .
* 10 g- """""""" 1 1 | 1 I 1 1 | 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I | 1
s -1 0 1 2 3 4
E‘ Of GttH
m
~ CMS Run 2 (2016) 4.50 obs. (4.1c exp.)
W
e
'e) ATLAS Run 2 (2015-2016) 4.26 obs. (3.80 exp.)

30 -25 -20 -15 10 -05 00
log, (S/B) ATLAS Run 2 (2015-2017) 5.8 obs. (4.96 exp.)

» First observation of tree-level Higgs—top

coupling

» Consistent with standard model Higgs ATLAS Run 1 + Run 2 6.3¢ obs. (5.10 exp.)

(2015-2017)
W|th|n 1 SI% .
. De Filippis Tirana, October 1u-12, zuio

CMS Run 1 + Run 2 (2016) 5.20 obs. (4.20 exp.)




LHC

+ 300 fo' by 2023

+ 30 fbT Run 1

« >100 fb' so far

+ HL-LHC

+ ~3000 fb

by ~2035

ATLAS, CMS
Upgrade plan

N. De Filippis

LHC and HL-LHC

LHC

Run1 Run2 \

| tst [N cvers FRPRIDRY

Run3

14 TeV S 14 TeV

B, [ - - s
o — B

Exd 150"

LS2 (2019-2020):

O LHC Injectors Upgrade (LIU)

a Civil engineering for HL-LHC equipment @ P1,P5
Q First 11 T dipoles P7; cryogenics in P4

O Phase-1 upgrade of LHC experiments

|
8x1033 Hz/cm? 2x1034Hz/cm?

30 fb?! 300 fb!
PU ~40 PU ~50

LS3 (2024-2026):
d HL-LHC installation
d Phase-2 upgrade of ATLAS and CMS

5x1034Hz/cm?

3000 fb?!
PU ~140

—_— 1S1

Phase 1 Upgrade

LS3

Tirana, October 10-12, 2018
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Phase Il upgrades and Higgs @ HL-LHC

Phase Il Detector Upgrades:

Significant upgrades of ATLAS and CMS for HL-LHC conditions
* Radiation hardness

* Mitigate physics impact of high pileup

nggs@HL -LHC:

Precision Measurements (Couplings, Cross Sections, Width, Differential
Distributions,...)

 Rare decays and couplings

 BSM Higgs searches: extra scalars, BSM Higgs resonances, exotic decays,
anomalous couplings

* VV scattering

* Di-Higgs production =® self coupling

t.b h . ,
-=" h,’
-/
Eb e AHHH
‘1 A h

f, b o
. : 9 : h !
N. De FIlepIJ TITUIIU) WLUlLlUNMNLCT AV 4o avavw



Higgs signal strength: u=0/0,,— 3000 fb™

CMS Prolectlon 3000 b (13 TeV) CMS Projection 3000fb™ (13 TeV)
I IIIIIIIIIIIIII'I ||||||||||||||I|E(|;F|A1|6|S|1|+||x||||||
B H—yy |
H—2ZZ" - 4] —— ECFA16 S1+ —— ECFA16 S2+ urr ECFA16 52+
= = 0.01 (stat) = 0.08 (exp.) = 0.06 (theo.) —
+0.01 (stat.) = 0.02 (exp.) = 0.03 (theo.)
pLZZ = 0.02 (stat.) = 0.04 (exp.) = 0.07 (theo.) =y —
= 0.02 (stat.) = 0.03 (exp.) = 0.03 (theo.) IJggH — |
wzooL B _
2 ECFA16
llVBF —H | ]
. e ]
MVH —l
B N B (1 B (X N VR Y
i m Expected uncertainty
ATLAS Simulation Preliminary
| 1 | 1 | | | | | | | | 1 | | | | - 1 _ 1
0 02 04 06 0.8 HS—»{]Y4 T?c\{)mﬂt;?t 3OO fb ﬂ.dt 3000 fb
Expected uncertainty 533
. . _— (VBF-like)
ATLAS Simulation Prellmlnary (WH-like)
ZH-like
I's =14 TeV: [Ldi=300 det 3000 fb™ ((ttH-Iike;
H—=ZZ (comb) ggf~ |
(VH-like)  p— o — R | Au/
e "
(goF-like) Bt | » Similar expected sensitivities between the

two experiments
- awp > Precision larger than 5-10%



Conclusions

Highlights of the run 2:

CMS/ATLAS reached > 50 observation of the H>bb decays
New mass measurement combining H>ZZ—->4l and H->vyy in both Runl
and Run2 ->towards the measurement of differential distributions and

crosssections

First observation of tree-level Higgs—top coupling with ttH events (Runl +
Run2 data)

The first observation of the Higgs coupling to tau leptons in a single
experiment using 2016 and Run1 data

Promising physics at the HL-HC also approaching

Exiting Higgs Physics so far and in the future

N. De Filippis Tirana, October 10-12, 2018
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The LHC/Higgs era at Run 2

H- Tt

Observation of the SM scalar boson decaying to a
pair of T leptons with the CMS experiment at the
LHC (4.90 vs 4.70 expected) 2 HIG-16-043

35.9 fb" (13 TeV)

> 1800- L I I I 1T TT I LI B B T ll T II I Ill T Il I II T i

& F CMS 40f $om-bie] ]
1600~ Prefimii A I

Z " Preliminary a0k ]

[} C — Hor

< 1400_—+Obsewed o0k -

o L — Hott (u=1.06) |:|Bkg ‘‘‘‘‘

® 1200f [z 10 =

© L [ Wajets
g 1000 - D QCD multijet
[) [ [Jothers
O gook[exg. unc.
= -

-10F

AAAAAAAAAA

...........

m,. (GeV) ]

H%bb . ?) 600 ?/ée,:t .7, .
CMS has 3.86 evidence (3.80 expected) for Higgs & ‘F Boosted: €5, i, o, 5,
boson decays to b-quarks and for its production in T T E———
association with a vector boson 2 HIG-16-044, 0 50 100 150 200 25°(G \f;’(’
. m,. (Ge
arXiv:1709.07497 P — .
8. .f ATLAS } Dua 5 [ Prenney $ o s
§10 {5-13 TeV, 36.1 - 70.8 "' W (u=1.32) 10° b 18% VTV La B0’ | ———

. Wy #H fu=1) A . fctoo
ttH—>2Z, WW,tt = multi- - [Jactrouns - ;
leptons: evidence observed - ° c. j
(expected) significance of 3.30 . ’ N 7
(2.50), by the combination of @ qrmgzm 5 ' B

. z : . 2! | & 1
the 2016 results with 2015 > " s ;
HIG-17-004 %\ i i 2 ‘ PUNSRDY ¥ coc U
g 2: : 4 i5 3 g i5 1 _;:n;lsaa
. . 1 L e T T T
* Similar results from B R R e e R R
log, (S/B)

ﬁTDIE'eTé)pis
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VH(H-2>bb): improvement wrt 2016

CMS

e Extensive use of deep neural network
(DNN)
* To identify b-jet candidates
* Toregress the energy of reconstructed
b-jet
* To discriminate among the background
components in some Vector boson +
heavy flavor jets control regions
* To discriminate signal from
background
* Kinematic fit in 2-lepton channel
* FSRjet recovery
* New Pythia8 Underlying Event Tune

* Improved mass resolution (~10%) leads to
10% increase of the analysis sensitivity

N. De Filippis Tirana, October 10-12, 2018



Systematic uncertainties

Source of uncertainty Ty

Total 259
Statistical 0.161
Systematic 0.203

Experimental uncertainties

Jets 0.035 ) .
Es}“:“ 0.014 Measured by impact on signal strength (u)
_Leptons 0,009

Bojets i Many important sources !

b-tagging | c-jets 0.042 _ ‘ ) ‘ )
Tight Navour jeis 0000 b-tagging both b and c jet tagging calibration
extrapolation 0.008 e Resp. ~3% and ~10% per jet

Pile-up 0.007 . i i =

Lunsinoalty 0,023 Background modelling Z+4hf, W4-hf, tt

e Mainly shape and extrapolation uncertainties

Theoretical and modelling uncertainties ) . o
o little impact on significance

Signal 0094 ;

e Dominated by systematic uncertainties on the accep-
Floating normalisations 0.035 fance
Z + jets 0.055 MC stats never-ending race between data stat and MC stat
W+ jets 0.060 )
7 0.050 e Use of dedicated MC filters
Single top quark 0.028 o Not easy in all cases, e.g tf phase space in 0/1-lepton
Diboson 0.054
Multi-jet 0.005
MC statistical 0.070

N. De Filippis Tirana, October 10-12, 2018



Events / 2 GeV

>

» Searches for BSM Higgs

The LHC/Higgs era at Run 2

» Re-discovery of the Higgs
» measur. Higgs properties
» cross section (also differential)
» mass & width
» couplings:
» to gauge bosons, to fermions
» tensor structure and effective couplings in the

lagrangian
ttH couplings

HIG-16-041

CMS 35917 (13 TeV)

7o R R

o Data ]

[ H(125) ]

60 0 q3-2Z, Zy" ]

W gg—ZZ, Zy* ]

40 —:

30 R

20 R
10

9080901(!)

N. De Filippis

TE : ' TN

110 120 130 140 150 160 170

my (GeV)

HIG-16-040
CMS Freiiminary 359 b (13 TeV)
E _|||-|l|]||||]|||l||||||||1|[||||]||||]|l|l:
F H— . ]
14000 =, _ ~ All categories -
Sk m=125.4 GeV, k=116 5/5.B) weighted
£120000 { Data E
Si0000F- — S4B it E
s ----- B component
g 8000 (I E3 Ky —
E + ]
S 6000 120
= =
—~ 4000—
@ E
0 2000
~ -
& b,
100 110 120 130

150 160 170 180

m,, (GeV)
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HO

H® MASS

VALUE (GeV)
125.09+0.21+0.11

> Mass measured to 0.2%
» Main couplings to ~10%

19.7fb™ (8 TeV) + 5.1 16" (7 TeV)
IIIII T IIIIIII| T IIIIIIII T

Q :III T T 1T :
= [CMS -
N 1E t 2
> F 3
2 ¢ :
= - |==68% CL 1
% 10"E | —as% oL E
< - ° 3
[ |---SM Higgs ]

10_25 _g
103k M,e) fit | |

: =68%CL | ]
—95%CL |

10‘4 vl Lol | 1=

0.1 1 10 100
Particle mass (GeV)



CMS Preiminary_2017___

H—>2Z->4l: cross section

41.5 ™ (13 TaV)
T

L (cm=1 .13'_:;

H—=ZZ" =4
Stage 0 sub-process
m, =125.09 GeV

[|7 SM prediction

ATLAS already attempting at (simplified) stage-1 STXS subprocesses.

ggF-o/
ggF-y-pf-Low
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CMS show a small excess (mostly driven by excess in 2e2p)

no ttH event observed yet in either of the experiments
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