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Outline

« SM Higgs production and decay

* Higgs era at Run 1

* Run 2 @LHC

» Highlights for Higgs physics @ Run 2
* H->Dbb observation

* H>ZZ and vy
e H>1t
e ttH

 HL-LHC and Higgs prospects
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STANDARD MODEL OF ELEMENTARY PARTICLES
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THE HIGGS MECHANISM o
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SM Higgs production at the LHC
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« ggF: dominant, larger initial
state radiation from gluons

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

- VH: vector boson (lv, I, qq’)

 ttH: many b-jets, leptons, E;™ss

Total cross-section = 56 pb at 13 TeV

6
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g q q w/Z g t
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g q q H g f

(a) gg - H (b) VBF 7 (c) VH (d) tH
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Higgs decay channels
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At my, =125 GeV:
« H(bb) =57.8%  H(cc) =2.89%
« HWW)=21.4% * H(yy) =0.23%
o H(gg) = 8.19% o H(ZY) =0.15 %
« H(tt) =6.27% * H(uu) =0.02%
« H(ZZ) =2.62%
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H>ZZ->4l in a nutshell

Production cross sections

B Signatures: 4e, 4u and 2e2u final state

g8 l¢

® clean but extremely demanding channel for s 7| tE

- ) . . . . t e} H—I"TT (1 = e,p)] =
requiring the highest possible efficiencies ¢ 18
(lepton Reco/ID/Isolation). Toaf 18

B s x BR small = few fb T 9 13
gy EE

. o 1? | . ) H—e'eee 7 S

E Background_s. 9500 126 200 300 400 500 600
B Irreducible: ZZ* M+ [GeV]

B Reducible: Zbb, tt+jets, Z+light jets, WZ+jets

H-> ZZ" 5> ete pty-
B Sensitivity: 115 < my, < 1000 GeV P e N
B Selection strategy: _ifff’ff | /,«"f,il‘/’?iiﬁilﬁf’f1211%‘ N

m triggering on double leptons 74/4

m applying reco, id and isolation of leptons

m recovery of FSR photons

m use of impact parameter

m M, and m. constraint

m kinematical discriminant / scalarity of the Higg
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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

(Z,) E; : 8 GeV

M(Z4) pr: 28 GeV

7 TeV DATA

4u+y Mass : 126.1

GeV W*(Z;) pr: 6 GeV

M(Z,) pr: 14 GeV

M*(Z,) pr: 67 GeV
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Candidates
C

M*(Z,) pt: 43 GeV

e(Z,) pr: 10 GeV

8 TeV DATA

4-lepton Mass : 126.9
GeV
M(Z4) pr: 24 GeV

e*(Z,) pt: 21 GeV

CMS Experiment at LHC, CERN

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

Lumi section: 115
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June 2012:
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4-lepton mass: H>Z2Z->4l, July 4 2012

CMS Preliminary
o

@ 30F t Data Js=7TeV:L=0.0fb" E
O I ]m,=126 GeV SRR ]
Vo5 Ozrzz =
w r B z+X -
o 20F -
>t -
w - r -
15 —
10F =
5t -
N | | T

80 100 200 300 400 600 800

N. De Filippis

January 26-31, 2019

m,, [GeV]

11



H->vyy in a nutshell

Important channel for Higgs with 110< m_ <140 GeV \ET: soae
* clear signature of two isolated high E; photons 1 = :.f-. = =
* small B.R. (0.2%) R s T a

* narrow mass peak with very good mass resolution 1-2% - I = '
* VBF channels has two additional jets from outgoing quarks E=6GeV
e Associate production: WH with W->lv

Background:
* irreducible : yy=2vy, qgbar, qg=>yy from QCD

* reducible:  pp =2 y+jets (1 prompty + 1 fake y)
pp =2 jets (2 fake y), fakey from m0>vyy
Analysis strategy based on:
e trigger (double photon HLT)
e vertex ID via MVA, photon reconstruction, ID and isolation via MVA
e categories of events based on the y shower shape (R,) to optimize s/b
e ook for a peak with MVA techniques and cut-based



CMS Experiment at the LHC, CERN

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

Run/Event: 194108 / 564224000




Di-photon mass: H=>vy, July 4 2012
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Statistical interpretation of results

N. De Filippis January 26-31, 2019
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Test of hypotheses
v

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

\ 4

Quantify the level for which the

hypotheses are accepted or rejected

= Identity the experimental e Confedence level for

observables

= Define a statistical test and the “
parameters of the model

= Define intervals for the variable

the exclusion

e Significance of the

discovery

to say that H, is confirmed or

rejected
N. De Filippis January 26-31, 2019
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Statistical test variable

likelihood function 3
L(datal u,0) = Poisson(datal u-s(0)+b(0))- p(616)

Poisson(data | u-s(0)+ b(0)): Poisson probability di Poisson of observing data

il

g . can be written q

Product of poissonian Unbinned Likelihood
distribution for observing n, function for k events in
events in bin i data

1_[ (M S+ bl- )ni e—ysi—bi k! —[ (Mst ('xi) + be (xi))e-(MS-B)
; n. iy, n.

1 l

f.(x) e f,(x) = p.d.t.of signal and background for x observable

S e B — rate of tot events expected for signal and background

#observed events

u("signal strenght modifier") =

# events expected by SM

N. De Filippis lanuary 26-31_2019 17




Exclusion and discovery

P(qu > qzbs Ius(éﬁbs) + b(éﬁbs))

’CLS(M) = P(% > g |b(é§bs))

CL<a for =1 =¥ the existence of Higgs is excluded at confidence level (1-a)

=2 Exclusion at 95% confidence level means & =0.05 2 u

Signicance for discovery: background ONLY hypothesis

q, =-21n L con 120 (g , computed for (¢ =0)

=

N. De Filippis

E(data I O,éo)

L (data | ,2,9)

the significance of a signal is quantified by the p-value

\_’_l

probability that the backgroud can
fluctuate to give an excess of events equal

or larger than what observed

January 26-31, 2019 18



Statistical treat. : exclusion limits

2D pdf built (KD,m4l): v’ Test statistic: profile likelihood

1D ratio
ipsig(m4b KD) — Psig (m4f) X psig (KD|m4f) . .
v’ nuisance parameters included
10
b% : : ; : / (% T T IIIII!IIII!III[IIII
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Statistical treat.
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The Higgs boson discovery: July 4 2012

ATLAS 2011 -2012
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Mass measurement

3D pdf built (KD,m4l, EBE):

Psig sig
CMS preliminary \Ns=7TeV,L=51fb"'\ys=8TeV,L=19.6fb"
1 10r x i} — °
c E
< 9
N ;
] 8:__
7k
4
3f
[ [ ]
2
(;
O=922 722 126 128 130 .

The combined best-fit mass

(mgyp, EBE,KD) = PX2(my,) x Psig(EBE|myg) X Psig(KD|myp)

Event by Event mass
error (EBE) included
* from muon track fit
error matrix
 from electron
momentum error

3% of better significance
by using the EBE

10% improvement on

grror on my
IS

m, =125.6 **° ,, (stat) *%1 ,, (syst) GeV
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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

J¥ model | J* production | expect (u=1) | obs. 0% | obs. [ | CL, -
0~ any 240 270) | —09¢ | +3.60 | 0.09%\| 2 T
0 any 170 (190) | 00c | +18¢ | 7.1% \gw;
1~ g — X 2.60(3.1c) | —1l4c | +4.80 | 0.001% X
1 any 260 (300) | =170 | +4.90 |0.001% | & o0sfN\
1" g7 — X 210 (250) | —150 | +41c | 0.03% g -
1t any 200 (230) | =190 | +4.5¢ | 0.01% e
y 3 gg — X 1.7¢ (19¢) | —k6c | +3.5¢ | 0.04% 0.045
ot g7 — X 160 (190) | —160 | +360 | 003% | — F
2t any 1.5¢ (1.6¢) | —1.00 | +2.6¢ | 3.0% 0.02F
2+ ge—X | 160(190) | —120 | +3.1¢ | 09% :
2% gg =+ X 370 (430) | +18c | +1.9¢ | 3.1% %o
25 ee =X | 4.00@90) | +1.00 | +3.00 | 17%

0fvs O

BeTToV, LBl Be8ToV, Let070t"
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Higgs properties @ LHC Run 1

* Mass: 125.09 + 0.21 (stat. ) £ 0.11 (syst. ) GeV
* Spin/Parity: 0*

* Width: < 1 GeV (direct)

CMS: JHEP 11 (2017) 047

< 0.015 GeV (indirect) g 107

* Observed direct coupling to: 10-?;—

— Vector bosons
— Tleptons

— top quarks

ATLAS: arXiv:1808 01151 submitted to PLE

ATLAS: PLE 716 (2012) 1-29

CMS: PLE 716 (2012) 30

ATLAS: ATLAS-CONF-2018-021

CMS: PLB 779 (2018) 283

ATLAS: EPIC 75 (2015) 476
CMS: PRD 92 (2015) 012004

ATLAS+CMS: PRL 114 (2015) 191803

EP 11 ATLAS and CMS

 LHC Run 1

| Lo T

CMS: PRL 120 (2018) 231801

L 3
¢+ ATLAS+CMS ]
k. #0000 SM Higgs boson |
i — [M, ] fit ]

I 68% CL

[ |95%C
10‘.. o o T
ATLAS: PLE 784 (2018) 173 10" 1 10 10°

Particle mass [GeV]

All measurements compatible with SM predictions
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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"

N. De Filippis January 26-31, 2019 25



LHC Run 2

- LHC has produced > 3 years of 13 TeV data
with fantastic performance

Integrated Luminosity (fb!)

60 [
50 |
40 |
30
20;

10 |

0

N.

expected to result in >150 fb-! by the end
of the 2018 run

Maximum peak luminosity ~2x1034 cm2s-’
with mean pileup ~33 in 2017, ~38 in
2018

DESIGN peak luminosity exceeded by a

factor of 2!
LHC Performance 2017

2017 Target . ‘ . &

—Predicted
= Achieved

5/15 6/14 7/14 | 8/13 '9/12‘ i0/12 | 11/1‘1
De Filippis January 26-31, 2019
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CMS/ATLAS in 2017/2018 (after LS1)

- Si strip Tracker
2018: loweroperanng

\
e \\ Electromagnetic Calorimeter

2018: New DAQ llinks.

\/ U /S

Hadron Endcap Calorimeter
2018: Upgraded HPDs—SiPMs in Endcaps
\ ~ ' 2017: Upgraded HPDs—SiPMs in one 20° readout

-

Pixel Tracker

2018: replaced DCDC converters
and 6 modules

2017: new detector with 4 layers ;.
Run1: 3 layers

a
/
/

y T I/ Z ,
I Hadron Forward Calorimeter

LAr hadronic end-cap anc
forward calorimeters

Muon Detectors

Drift tubes (VME — uTCA' ROS) LAr electromagnetic calorimeters

Toroid magnets

. Solenoid magnet | Transition radiation tracker

N G

201 Z ouerngs 2017 » New IBL detector installed in LS1(2013-2014)
= e Tracking optimized for high-PU and high-p environ-
ments
o Better ML algorithms 4t insertable

Muon chambers
Semiconductor tracker

n=0.5 n=1.0 n=1.5 n=2.0 B
— 4 layers

/ 4 n=2.5 o —
/ — —-’HI .;—l)er rings

2016

3 layers

ayer (IBL)

2016~

Large impact on b-tagging performance

N. De Filippis January 26-31, 2019 27



Highlights for Higgs physics @ Run 2

* |tis matter of 6 months (Aug. 28 2018) the
announcement of the observation of H=>bb

Precise measurements with:
 Ho>vyy
e H>ZZ

Evidence/observation of:
e H=> 1t

- ttH

N. De Filippis January 26-31, 2019
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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 January 26-31, 2019
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First H>bb searches started at LEP...

ELSEVIER

Search for the Standard Model Higgs boson at LEP

Physics Letters B 5635 (2003) 61-73

ALEPH Collaboration ' DELPHI Collaboration® L3 Collaboration * OPAL Collaboration *  PHYSICS LETTERS B

The LEP Working Group for Higgs Boson Searches ”

my, > 114.4 GeV @ 95%CL

~ - " o 1 g
2 2 [ LEP 20020 Gev Tight -
S ~ LEP
-5} +  Daia m =
o ¢ || Buckgroand 3
:'3__ . | B Signal (115 Gevie') 1o .2“F
i i 3
- 1] =
[ —| ll s 1 e e ' P at
? 41 Data I8 4 - —— Observed
&5 Backgd | 14 1.2 : ------- Expected for
3 [signal | 29 22 t : 4 bakgrennd
i m E
il ¢ 2 :
1 14,4
m = (1153 .
I i ;
P ) i o . L mn"blllllll'l ' T T 1 rl|1| 11
0 i i) 40 Gl R 100 120 100 102 104 106 108 1100 112 114 116 118 120
m,,rec (GeV/e) m (GeV/c")
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... and continued at Tevatron

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

[ g‘s
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)
q ("DO Collaboration)

Hr
¥,
.

q

W,z
%9 Tevatron Run L _ <97fb"
L 1+2 b-Tagged Jets
— 600 :_ ; Data - Bkgd
S ol D77 Significance
kX C -Hig_gsSignal ,
S ;=125 GeVc 2.80 observed @ 125 GeV
E 200 n
5 r
L 0 o
-+ +
200 — | | MR IPEPET R

0 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c”)
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H->bb search challenge:

Needs: °

Good b-jets identification performance:

70% efficiency with < 1% qg/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
Branching Ratio 0.03% 58%
mass resolution 1% 10% bkg
| i
S/B 2 0.05 125 GeV myp,

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

@CMS so far
Evidence established last year

Phys. Lett. B 780 (2018) 501

N. De Filippis

Data used Significance Significance Signal strength
expected observed observed
Run1 2.5 2.1 0.8970%
Run 2 2.8 33 1.191)34
Combined 3.8 3.8 1.067074




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
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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(Iv)H(bb) and Z(Il)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

/fk @ 4 Z+bb] <

V4
ﬂ”/w 0 Gﬁ : '

y e single t
0-lepton (MET) W-+bb
y 1-lepton [e,] /

N
2-leptons [ee, ] normalization from data, shapes from MC

N. De Filippis



VH(H->bb): event selection (CMS)

Jet/lepton p; selection and b-
tagging discriminator working points
optimized separately by channel

Boosted Vector Boson
2-lepton: two p; categories
Low: 50 GeV < p(Z) < 150 GeV
High: p(Z) > 150 GeV
1-lepton: p{(W) > 150 GeV
O-lepton: p(Z) > 170 GeV

Control regions designed to map
closely signal region, with inverted
selections to enhance purity Iin
targeted backgrounds

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

N. De Filippis

January 26-31,

VZ background

\2
/2&9

o 0
/

V'
and di-boson, of course

Vi
used to validate the analysis strategy
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Improvement of b-tagging

CMS: better mis-identification
rate and data/MC agreement

with Phase 1 pixel detector and

DeepCSV algorithm
» Efficiency ~70% per fake rate at <
1%

Vs=13 TeV, Phase 1

25 s i e =
| AK4jets (P, > 30.GEV) o]

| |— CSVv2
| —cMVAV2 | :
~'|— DeepCSV| : . . —

i
o
o
3

misid. probability
2

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

e e S . Y B9 / A eeeeneaan —

10_2 o : T

b-tagging discriminant i ;
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Improvement of di-jet mass resolution

Entries / 5 GeV

| | | 2017 (13 TeV) CMS
2.5'_IIIIIIIIIIIIIIIIIIIIIIIII_ .
- CMS ) ' : : .
| Simulation Supplementary ] ° RGngSSlOn malnly recovers missing
2 Roved ot e ey ] energy in the jet due to neutrino
i f’i ] « Extended set of input variables now
150 v % - including lepton flavour (w/e), jet mass,
L sew, oeoc # /? | }# 1 p; wrt to lepton axis, energy fractions in
1__ —&— PF-CHS jets _4/_{_ 15_ :‘-. \ 7 AR rlngS
- -~ n=1159GeV, 6=17.4 GeV ! »\2\— - . . .
i * % % ] « Significant m(bb) resolution
0.5 j >\ improvement - o/peak down to 11.9%
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e Add muons in the vicinity (semi-lep. decays) 8 A saewmmoman *ﬂ
o — &b Std +pein-jet + Kinematic Likelihood Fit o 2
e Simple average jet pt correction < 15 6 (o -oyo 1
0.8 — Std. Sid. 1
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Kinematic fit in 2-lepton channel

h —"'|"'|"""|"'|"'l"'|f11'-?|ft?.1'('1:|3'-r'e\'/—) b "'|"‘|"'|"‘"'|"'|"'|"11'.?|ft?‘1'('1?'-r'e\'/)
. oS 350 ata — S 800F ata -
CMS: S *FcMms oo = S MECMS Lo
« Nointrinsic missing energy & 0o Supplementary ~ Emweh (ERULAS 3§ 700E- Supplementary W waeh (35 ULES
. = w F 2+, Highp | ,Z+bbenr. g vvsLF En’"’b 3 - 600_—2 u, Highp_ , Z+bbenr. gy vvsir D: bb
in the Z(Il)H(bb) process 250F- Regressed jots i ERsrgewy g ' v ERargeon
° Improve Jet pT measurement E without kin fi +udcsg [Z7] MC unc. (stat.) 500:_ +udcsg [T MC unc. (stat.) _:
200 = . 3
through kinematic fit : 400F- w/ kin 3
procedure g 300F- i =
« Constrain dilepton 100E 200F =
system to Z mass 50[- 100F- =
« Balance the ll+bb ok : ob E
. > 14 ' o 14
systeminthe (p,p,) g 1E]|T)] 1 g 148 1 T 7T
5 1 3 1
plane £ 00 : £ ool e o
« Improvement of up to 36% 06 | ‘ L o8 -
— i 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 038 1 12 14 16 18 2
on m(bb) resolution p.(ii)/ P,(V) p.(ii)/ p,(V)
Stat. unc. only” Stat. unc. only
b-jet
: HP T ~10%) 1,
Kinematic Fit in 2-lepton channel C10%) b

(~10%)

e Final state fully reconstructed
e High resolution on leptons

e Constrain jet kinematics better:
S pr(£) = —pT(bb) modulo soft radiation

lepton
(~1%)

lepton
(~1%)
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VH(H->bb): m(bb)

Fit to the m(bb): lower sensitivity
but direct visualization of the
Higgs boson signal.

The fitted m(bb) distributions
are combined and weighted by
S/(S + B)

S/(S+B) weighted entries
=
o
(@]

77.2 b7 (13 TeV)
- ¢ Data
i CMS &% S+B uncertainty
_ Supplementary @ VH Hobb
[ ]VvzZzZ—bb

g% S+B uncertainty

+

500 -
o —
-
O 200
. PR I T S Y P P I S T
60 80 100 120 140 160
m(jj) [GeV]
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Weighted events / 10 GeV
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60 Uncertainty
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VH(H->bb): significance (ATLAS)

Results

» Significance of VH(bb) signal at 490 (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

Events / 0.35

rrrrprrrrprrrrpeT

-+ Data _

B VH, H — bb (u=1.18)
ti

Illllui Illluul Illlm‘ IIIIIul_:

Pull {stal}

N. De Filippis
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|-o=Lﬁo-| 1.04 93 (85595
—le—— 1.09 08 (0. 4%)

H—e—n 138 0% (03 a0a

(RPN 116 §F (8. %a)

EEEE NEEE PR RS SRS P SN R s FE R
0 05 1 1. 2 2. 3 35 4 45 5
poo

VH

IIIIIIIIIIIIIIIIIIIIIIIIIII
ATLAS VH, H— bb
—Total —Stat

IIIIIIIIIIIIIIIIIIIIII
{5=13 TeV, 79.8 "

(Tot.) (Sat, Syst. )

+0.47 4027 4038
HJ.—H 1.08 hy (Caar. gm )

—- +0.33 023 4023
H 1.20 -0 (:nza . :0.83 )

+0.27 R [
o 116 2T (e, 0

eoa ol oo by o Vv o by n o by o by e s by e n bov e lonay
0 05 1 15 2 25 3 35 4 45 5
oo
VH

January 26-31, 2019



VH(H->bb): Run 1 + Run 2 results (CMS)

Significance ()

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 £ 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 = 0.26
Run1 + Run 2 4.9 4.8 1.01 £0.23
5.1 b7 (7 TeV) + 18.9 fb™ (8 TeV) + 77.2 o™ (13 TeV) 5.1fb" (7 Tev) + 19.8 fb™ (8 TeV) + 77.2 fb™' (13 TeV)
7] 7
o 10 CMS e Observed
= CMS ¢ Data - — +10 (stat ® syst
2 405h i robb B Bicirouns VHHoBE pore L Ee
Background uncertainty e 2017
10° ——— Signal + Background = +10 (Syst)
10* ;
Run 2 —etp—— 1.06 £ 0.20 (stat) £ 0.17 (syst)
103 2016 IE ST 1.19+0.39
0 2017 | e h@uanns 1.08 +0.34
10 Run 1 __..-_ 0.89 + 0.38 (stat) + 0.24 (syst)
1
é 1—e . . Combined e 1.01+ 0.17 (stat)  0.14 (syst)
O 0.5 b e ey Z
=2 25 -2 -5 4 05 0 0 05 1 15 2 25 3 35 4
log, (S/B) Best fit u
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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)

L s Observed
CM_S — i (slat & syst)
H-sbb m— + 15 (SYySt)
stat  syst . .
oaF 2.80 +2.08  1.30 Significance
VBF e ——— 253+0.98+1.17 5 50- expected
tH | — 0.85 +0.23 £ 0.37 5 6c observed
WH —.- 124 +0.29 +0.24
ZH| - 0.88 0.24 £ 0.16 Observation of the H—bb decay
! by the CMS Collaboration
Combined - 1.04 £0.14 £ 0.14
0...‘;.;..é.ln;é.J.l&.lz.é....é...._}..,.é.;.zg

Best fit p
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Combination of H>bb searches by ATLAS

|' s -:.--D
! ;‘—ﬂlﬂ
) ; i
H — bb combination : et
L S

e Combine Run-1and Run-2 analyses in

_ _ £ T .
VH, VBF, ttH production modes H o
- - +? ) i
e 2015+2016 Run-2 data for VBF and VBF Run-1 \ LtH '1”” L
ttH
e Uncertainty model f.rom- previous *_T::-: _;5*,'3;;;":..*3-;1;;';.
Run-1 and Run-2 combinations VFeggF un| el ki o788 (nm am
e Results assume SM Higgs boson pro- VBF4ggF Aun2 1 247 N3 (= GE)
duction cross-sections i Rt B R
i Aun2 HiR4 0.85 T ':-ua-—un]
VH Runt . 051 3% (Gx.5=)
VH Funz | | ™ 115 23 (.55
Comb. | . | W, 100 TR p8E
-4 -2 0 2 4 5] a8 10 12 14
I-I.H—«-l‘la
py_spp = 1.0110.20 VBF Run2 X, VHRun-2

Contributions of VBF and ttH chan-
nels 1.5¢ and 1.9¢

Compatibility of the 6 measurements
54%

Everds (10 Qe
EE E i ]

[T
-
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Combination of VH searches by ATLAS

o
; T ‘g 12 FATL AS Prsliminary
. . E a1\\\“’Ms"‘»-—..‘”_ T
VH combination e
e Combine Run-2 analyses in bb, v~ : W .
and 4¢ decays . - _
s | é H "‘:r"“":" u—i-ﬂ.&O.WA»ﬂZﬂ 0204 D?E 08 1

BOT e

e Updated analyses with 2015-2017 T T Ve
Run-2 data in all channels H — bb \

e Results assume SM Higgs boson

/ H — 4f
RRARN RERANER

branching fractions AR IARAN RAREN RARRN ARRS RERR ALRRARAFRAR
ATLAS VH fs=13 TeV, 79.8 i’
—Total  ==Stat.
( Tot.) ( Stat., Syst. )
oo 27 |1 —— Co0se TP (4393
H +0.60 +0.53 +028
pyy =113 £ 0.24 AL I o aa 103 Sss (os0.022)
Contributions of 4€ and ~~ channels
o H-> bb Hre-H 117 %3 (%556 %0%)
Compatibility of the 3 measurements Comb. 143 028 (015 018
96% IIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|I|
05 1 15 2 25 3 35 4 45 5
uVH
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CMS-HIG-16-040 (arXiv:1804.02716)
CMS-PAS-HIG-17-015

ATLAS-2016-21 (arXiv:1802 04146)

(a) Y (b) w
W aal
__H_ W _H
o
¥
CMS 3591 (13 TeV)
Indlrec! probe of coupllng_through productlon loops §UEHOT L Alcatgores E
= Sensitive to vector/fermion couplings (Kv, Kg)  MOp TR 84s+B) weiphted E
- Can test NP in the loops 5 12000 e E
ué mcm;— ------ B component
Search strategy: peak over (abundant) and regular background £ sooof- o 1o 3
oo I f+2 e 1
o
Observed width dominated by detector resolution z
Efficient selection (40%) @
= Trigger, photon ID, Er, isolation,...
« Abundant number of selected events allows for a large number of
categories—sensitivity to different production/decay modes
Main uncertainties: photon ID/resolution, luminosity, statistical . e ]
100 o 120 130 140 150 160 170 1aon

uncertainty still the largest factor m,, (GeV)
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H->vyy: categorization

Vertex+photonlD+kinematic BDT to select and classify the events
Large number of categories, with different S/B ratios and sensitive to different production modes
» Can be tuned to increase sensitivity to the STXS scheme (ATLAS)

CMS Simulation

ZH Leptonic
WH Leptonic

VH LeptonicLoose
VH Hadronic

VH MET

N.

H—yy

oM W veF CRCEEN L Bwg  EHw

35917 (13 TeV)

B veteptonic [ ZHiepionic [ Wihadroeis [ 2 hacreeic DI S/(S+4B)

32.5 expectad avents
4693 expected svents
675.3 expected svants
624 .3 expected svants
23 axp vacted events

B 0 expected svants

25.2 expectad avents
5.0 expectad events

E.Bmtpeﬂsdmﬁrla

0.5 expected sventa

3.6 expected sventa
2.7 sxpected svents
7.9 axpected sventa

4.0 expectad svents
0 20 30 40 50 60 T 80 90
Signal fraction (%)

1000

De Filippis

02 03 04 05

8/(8+B)in+ o,

ATLAS Slmulatlon H_.y,.,m :125096ev

HW |
tHg

Lt
ag —~ Hil{=14et pr =150 GeV) |
gg — Hil [0-at pr =150 GeV) |
gy — HIl (pr < 150 GeV) |
qq —= Hil (p* =250 GeV) |
ag — Hil (= 1-jel. 150 = p < 250 GeV) |
g — Hil {0-jet, 150 = p* < 250 GeV) |
qq = H]II [p =150 GeV
qq — =250 GeV) |
qq —= Hh = 1-jel, 150 sp < 250 GeV)
qq == Hiv (0-jet, 150 =p <250 GeV)
qg —~ Hiv (pr <150 GeV) — "
qq —+Hig (p; =200 GeV) |~ -
aq = Hyg (rest) -
— Haq (VH]
aq - Hgq [VBF-like, 3-et] |~
qq = Hog (VBF-like, 3-jotvato)
oH (VEF-like, 3-et] |
gaoH (VEF-like, 3-etvetn]
0gH (=24et p!' =200 GeV)
aggH (= 2-jet, 120 = p* < 200 GeV)
ggH (= 24et, 60 = pr < 120 GeV)
ggH (= 2-jet, 0} < 60 GV
ggH [14et, p' = 200 GeV)
agH (7-fet, 120 = p* < 200 GeV)
ggH [1-et, 60 = pr < 120 GeV)
ogH (-jet, pr < 60 GieV)

STXS Regions

9gH (0-fet)

ttH lep
tH lap 1fwd

et 3sM
WVH MET LOW
tH lep Ofwd

VH MET HIGH
VH dilep

CEM
FWD

ggH 1J LOW 8
agH 1J MED
ggH 1J HIGH
ggH 1J BSM
agH 2J LOW
agH 2J MED
ggH 2J HIGH
ogH 2J BSM
VEF loose. low p:»
VH had bose
VH had tight
VH lep LOW
WH Iep HIGH
tH had 4j2b
tH haa 4/1b
H had BOT4
1iH nad BOT3
1H had BOT2
ttH had BOT1

VEF tight. low p*

VBF loose, high pv
VBF tight, high p’
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H->vyy: cross section

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

f5=13 TeV, 36.1 o™
T L I B RN T T T T L ATLAS H_"I'Y,'“H=125409GEV

ATLAS 8 woml CMS Preliminary ~ 35.9 fb” (13TeV)
liphoton fiduzial | H—7y, ¥5=13TeV, 36.1 b % ’ o) L ' ' ' '
s 1 L= -1
—+- Dala, lol. unc. Sysl. unc. GoH {1 Jot, pl! <80 GoV) — et 2,_1035_ LI SN 19V, w1000 Gt
L E E Data SUH BMCENLD 4+ HX
[} =3 c +
VBF-enhanced 3 oM (1 fot, 80 = plt < 120 Gov) | — e .8_ 2L .gﬂmm+m
10°F 5 B oo
B E e o
oM (1 jot, 120 < pltc 200 GaV) [— =
I C |
Nigaon 2 1 g a5 ggH =2 ey |— —_— 105_ I - B
F L L
a3 — Haq (9, <200 Gav) — —— B —————t——
1 | M = 125,08 GeV 1= : =
Hif}n E’T‘“ = 95% €L, E NBLD + XH agH + 0g — Hog BEM-IKe) |— > C 1 1 1 1
P go—=H dstault MG + XH LT
r I B FPowheg NNLOPS + XH 7 "M uponic) | g 13 I 1
‘_ o B XH - VBF+VH: tiH+bbH g 56— 3
tH-enhanced 2% G.L. ol | i BJE.. L3 a0
| < i T T . L Looolainelyy § o ¥ ¥ % + —r—
1 il 1 111l T T I W SM prediclion 03 0 035 1 13 2 25 Nl(|7|‘|¢2.5)
froea | 0*1 1 2 3456 10 20 30 1 01 Measured o x B normalized to SM
Oty [”3]

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
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H->Z2Z-54l

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

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

2015 + 2016 + 2017 _ CMS Preliminary 2016 + 2017 77.4 10" (13 TeV)
> _I T | TTTT | TTTT | .I T I.I I TTTT | TTTT | LU I TTTT | TTT I- > &O —T T I T T T T T T T T I —]
% [ ATLASPreliminary ¢ ™= 1 2 - & Data -
) I signal (m =125 GeV) S
0100y, 77, 4 = 1< ¢ e E
! : - 1~ 1800 L2227 -
y - 13 TeV, 79.8 b -Z+p13, 1, 4V, VW 1 o 180 = } mmes-2Z.Z"
_'g 80 B ¥ Uncertainty ] ‘E 160 = I Z+X =
e [ - E
L L 4 C -
60 - . 120 -
i i 100 — —
40 - ] 80 f— =
} ] 60 =
20 - 1 e ~
i 20 =
0 = ‘ .
80 90 100 110120130 140 150 160 170 0780~ 100
m, [GeV] m,, (GeV)
Analysis is still being improved: e
-Improved event categorisation to target VH and ttH productions a
-CMS: dedicated discriminants to target different production modes (ggH, VBF, VH)
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H->ZZ->4l + H->yy: mass measurement

CMS-PAS-HIG-16-041
arxXiv:1806.00242

H—/Z7—4l and H—yy are the final states with the highest precision for the mass measurement

CMS 3*%91b (13 Tev)
ATLAS performed the combined measurement of the = 8 AR T ] i
Run1 and Run2 (2015+2016) H—»ZZ—41 and H—yy = 7 \ / J
mass measurements, my = 124.97+0.24 GeV ol 6 "‘. )f
o ". /
T T I T T T T I T T T T I T T T T I T T T T T T T 5 o Ill L
ATLAS —Total [ 1Stat. only C '|,
Bun 1: 18 = 7-8 TaV, 25 1", Run 2 18 = 12 TaV, 36.1 b Total  (Stat. only) 4 '.l ’
Run1H—4 ——— 124.51 = 0.52 ( = 0.52) GeV . l". ‘.*
Run 1 H—yy W1 126,02 = 0.51 = 0.43) GeV 3 2:2“ ,."' r
Run 2 H—4{ —— 124.70 = 0.37 ( = 0.36) GeV ia ".5 i / ]
Run 2 H—yy »—ol——u 12483 = 0.40 ( = 0.21) GaV 21 — Combined "n,. i |
R A e T 154712030 (< 030) Gav b - - Gombined fstat. oriy)\ [
| Run i Hyy T 15832:035(=010) ‘?""é 1 \ \ f
Run 1Combined — 125.38 = 0.41 ( = 0.37) GV . N > l \/
|__Aun2Comtned =i f_‘fﬂ_i_*_‘f_"’_’_‘??"’__ 120 121 122 123 124 125 126 127
Run 1+2 Combined ——r 124.07 = 0.24 { = 0.16) GeV m., (Ge
- e el - ) H (
 ATLAS + CMSRun == 12508 =024 (= 021) GoV Most precise measurement at the moment comes
1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 11 1 I 1 1 1 1 I 1 1 1 "
123 124 125 126 127 128 from CMS H—/Z7—4] mass measurement with
m,, [GeV] 2016 data my = 125.26+0.21 GeV
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H->ZZ->4l + H->vyy: signal strength

H—ZZ—4l

H—yy

+0.17 +0.07

0 1 2 3 4 5 8 7
Signal strength

f = 1.20 + 0.12(stat.) + 0.06(exp.)0:%8(th.)

+0.12 +0.09
tiows= 11871} =1.18 011 (stat) (syst 0.0 (_tl;leo) :
'll[llIIIIII'IIIIllllllllll]ll'l[ll'{llll
— ATLAS
fs=13Tev,3511'  —*— Tolal *— Stat.
H—=yy,my= 125.09 GeV Total Sl Exp, Thec. E
06 [-C6 +00 401 .
l'|'1v:[: — ¥ . 1 “|;p = 05 -06 L IZ.; o1 00 ] ,
L]
402 [+08 402 -02 :
M . i Moy = 07 on [-na -0z -0 1 ;
1 GLE 108 0.3 A :
Woer b W = 20 g, [ 06 -02 -o02 J| 1
+010 [+216 + 007 + D07 .
yggH — - “:HH =081 -p1a L 208 e u.os} .
I Heuna =098 012 (1033 102 1ot ] |
- 103803 000 002 .
Ilﬁun.1 - b S Mot = 1.17 1:.-2»:1 [—n.z.zt -0.08 _.:\l:na] .
Il 1 | [P | l a1 1 Il 1. :
L]
*
L]
L]
*
*
L]
*
L]
L]

Very good agreement between
measurements and with expectations.
Run1: ATLAS excess, CMS deficit

25% improvement on Run1 combination

N. De Filippis

ATLAS 2015+2016+2017:

- = 0015
CMS Preiminary 774 W' :13Tav1
R RS LRl LN AR LR R
0,18 -
um"'.ml:1.15_0“a - H=ZZ" =4
m,, = 125.08 GeV
- —i— 3501 21 JHEP 1 (2007 047
u =068, |—ei— —T— 151" 21T CMBPASHID1B.000
e 7741 Combined
18
pm_D.Oﬂ*_; ‘k
48
llm=1 25::,, &
&3
HHNH=D‘ e e
18 e
w.:ia g
T T T A T e IIIlI[IIIIIIIlIIIIII
0 1 3 4 5 6 7
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N. De Filippis

H>trt
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H>tt

» Higgs boson in 1T decay mode is the most promising channel to
explore the Higgs Yukawa coupling to fermions (decay rate to 17 is
less than bb, but this channel has much less background)

« Analyzing Run1 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
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H>tt

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)

359 b (13 TeV)

> 1800 T 171 | L L T T T 1
& FCMS = 4 ]
— 1600 b 7
) - - 30 ’
E 14m_—+—0naarm = 20_ ]
g [ — B p=t.0m N
8 C [ wjeta ]
E 1000~  ©cD mutijst ]
S [ owes -10 ]
‘© | Iek .
g 800 B 0 50 100150 200 250 300
o - GeV)
@ 600 —e_ OdetiTe, M (GeV) 3
L ook -’- VBF: E
w C Boosted: 7,1, ut , €1, e J

20[):——0— _

_I 111 I | N I | I | I I | | I T I | | | N I | I | I I |

=

50

Combining 2016 data with Run1 2> 5.9 ¢

100

PLB 779 (2018) 283

150 200 250 300

m.. (GeV)

I I |

> B | | I I I | I

[ -

O] - ATLAS Preliminary
& [ Vs=13Tev, 36110

§ 10 Top Thag ¥ BF tight SR

w

LI I u I 1

-8~ Data 2015+ 2016 |
COH—srr{p=1.09 |
M7t

Bl Cther Backar.
[ Misidentified ¢
Unceriainty

Data/Bkg

.....................................

TlepThad\ VBF
Vs (TeV) 7,8 13 Combined
Observed (o) | 45 44 6.4
Expected (o) 34 | 4.1 54

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

Motivation Properties 'aﬂlz%_k
= 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_
¥ P t

= First measurement of Higgs
coupling to up-type fermion

g t q t
= Non-SM ttH rate could indicate - .
presence of new physics & ~H o0 ~H
g t q t
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ttH observation

Indirect (loop)
ggH: 44 pb

Final state with additional
leptons, jets, b-jets

b Theory systematics Simple background
U T R U
e, p*- High yield Low yield
g VoV, A O S N
Low signal/background Clear peak
H+HF .

9 g H+v, tH+ m

q background , fttjels CIec:}r:J rt\)tu P

prediction

o

| background

N. De Filippis January 26-31, 2019
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ttH

Decay channels analysed:
Fermions: H—bb H—-1T
Bosons: H->WW H—-ZZ H—yy

517 (7 TeV) +19.7 " (8 TeV) +35.9 b (13 TeV)

2]
c = CMS ¢ Observed
o 1065 [ Background
L i [ Uncertainty
10°F I H (u_ =1.26)
F tTH (u™'=1.00)
10} ™
10°E
107F
- 00 = .+
) 1: 1 1 Ly I I
E’ 3-0;_ | | | | |
m 25
= 20F
a8 15¢ 3
O 10— o —o—e o=
30 -25 20 -15 -10 -05 00
Iogm(SfB)

» First observation of tree-level Higgs—
top coupling

» Consistent with standard model Higgs

within 1 sigma

CMS Phys. Rev. Lett. 120, 231801 (2018)

ATLAS arxiv:1806.00425
T T T T | T T T T | T T T T | T T T T | T T T T | T T
ATLAS e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1 -79.8 fb™
Total Stat. Syst.
tiH (bb) H————| 079+ oof (* o2 ,+0.53)
ttH (multilepton) i 156+ 092 (£ 3%+ 2%
ttH (vy) —=== 139+ 38 (* 0% % o5)
fiH (22) fe <1.77 at 68% CL
Combined H=—H 132+ 0% (£0.18,+ 02
1 1 | 1 I 1 1 | 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I | 1
1 0 1 2 3 4
SM
cst'[H/G’[tH

CMS Run 2 (2016) 4.5¢ obs. (4.10 exp.)
ATLAS Run 2 (2015-2016) 4.2¢0 obs. (3.80 exp.)

ATLAS Run 2 (2015-2017) 5.80 obs. (4.90 exp.)

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

ATLAS Run 1 + Run 2 6.30 obs. (5.10 exp.)
(2015-2017)
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Double Higgs production

Main probe for frilinear Higgs coupling Auun. Diagrams interfere destructively in SM

Yt
/ r \_)"\' . H o g WT:I TTH Gggti = 33.49+43, ¢ (scale) = 2.1 (PDF) + 2.3 (as) fb
q “vo H oo - H g Tooo ‘(t_ -H [13 TeV, NNLO + NNLL with top mass effects, HXSWG, arXiv:1610.07922]
;;‘}fr R 111
sensitive to possible BSM contributions &;!,~ ----- <. D'
A RS ", -~ .
A large maitrix of final states
;
BR HH—xxyy !10_.
(mn = 125 GeV) :
_ o2 bbb largest statfistics
— 1079 .
> .:_: =" bb(yy.rt) good compromise
~ . betweenstatistics and $/8
i10‘=‘
| 1 .

4

ZzZ "
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Double Higgs production

o/osm 95% CL (exp)

of = BR HH—xxyy
- ww m (mw = 125 GeV)

=m i

¥y |0.
bb Ww 99 T zz v

10"

10°

9 1 &
rarer i

Reaching ~ O(10) xSM sensitivity
Will require full HL-LHC statistics to approach SM sensitivity
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Conclusions — lecture 1

* Highlights:
« CMS/ATLAS reached > 50 observation of the H>bb decays
 New mass measurement combining H—»ZZ—4l| and H—yy in both
Run1 and Run2 ->towards the measurement of differential

distributions and crosssections

« First observation of tree-level Higgs—top coupling with ttH events
(Run1 + Run2 data)

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

Exiting Higgs Physics so far and in the future
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LHC and HL-LHC

LHC

+ 300 fo' by 2023

« 30fb1 Run 1

« >100 fb' so far

+ HL-LHC

+ ~3000 o
by ~2035

ATLAS, CMS
Upgrade plan

N. De Filippis

LHC

Run1 Run 2 [

spice consolidation
button

T I o PO
Injoctor

Run3

O LHC Injectors Upgrade (LIU)

s Desm pipes owainrory | L e Nl?'-.
= — U

s = f
LS2 (2019-2020):

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

14 TeV 14 TeV
w7 x(
nomin

Soacton HL-LHC ominosty

g

LS3 (2024-2026):
d HL-LHC installation

d Phase-2 upgrade of ATLAS and CMS

5x1034Hz/cm?
' 3000 fb1
8x1033 Hz/cm? 2x1034Hz/cm? PU ~140
30 fb 300 fb!
U0 s el LS3

Phase 1 Upgrade

January 26-31, 2019
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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

h * t.b h ,

; W

’ AHHH
—_——a (
Q \h‘

h 9 £, b !
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Higgs signal strength: u=o/ocg,,— 3000 fb"’

CMS PrOJe(;‘tIoln _ 8000 fb]'1 (13TeV) CMS Projection 3000fb ' (13 TeV)
I l l I | |II|_|I%I‘\|"\JI’III|IIIIIE(|;FIA1|6ISI1|+IIII|IIII
H—ZZ" — 41 — ECFA16 S1+ —— ECFA16 S2+ B urr ECFAT6 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.) ~ _
= 0.02 (stat.) = 0.03 (exp.) = 0.03 (theo.) IJggH — |
uzz 4 - .
- ECFA16 |,
l'LVBF —H | B
} o ]
MVH —l
—6.1| - |0| - I0|.1I - IO.|2I - I0.|3I - I0!4I - I0.5
i m Expected uncertainty
ATLAS Simulation Preliminary
| 1 | 1 | | | | | | | | | | | | | - 1 — 1
0 02 04 06 0.8 I_is_M{]Y4 T?C\gmﬂg?t SOO fb det 3000 fb
Expected uncertainty ggg :
: : . VBF-like
ATLAS Simulation Prellmmary ((WH-Iike;
4 (ZH-like)
I's =14 TeV: [Ldt=300 i [Ldt 3000 fb° (ttH-like)
H—=ZZ (comb) ggf~ |
(VH-like)  — e i Au/
e = "
(goF-like) Bt | » Similar expected sensitivities between the

0 02 o04 two experiments
awn > Precision larger than 5-10%



CMS Phase 2 upgrade

New Tracker Muons

- Radiation tolerant - high granularity - less Replace DT FE electronics
material Complete RPC coverage in forward
; region (new GEM/RPC technology)
X Investigate Muon-taggingupton ~ 3
CSC replace FE-Elec. for inner rings

* Replace FE

electronics

o Conl datactar/ADDc

Barrel HCAL
* Replace HPD by SiPM
* Replace inner layers scint. tiles

New Endcap

y & \\ Calorimeters
é » Radiation tolerant

iy  High granularity
Trigger/DAQ 5 '\‘ﬁ
« L1 (hardware) with tracks New all Al beam pipe with smallgr
and

rate up ~ 750 kHz
L1 Latency 12.5 ys

 HLT output rate 7.5 kHz

‘I‘ | T | PN

Other R&D
« Fast-timing for in-time pileup suppression
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Modeling the projections for HL-LHC:
Goal to keep the current perEr@FAch"weietector and software upgrades

ATLAS:
»  parametrisation of the detector response (FAST SIMULATION) to mimic the
effects on selection efficiency and resolution, derived from:

> full Run 2 detector simulation with pile-up up to {u) = 69
> full Phase Il detector options for (u) = 140, 200 for HL-LHC

» 2 scenarios for uncertainties:
» systematics based on Run 2, improvements from stat.
» theory systematics scaled by 1, 0.5 or O factor
» PU and detector upgrades taken into account

CMS:
» rescaling of run 2 signal and background yields for 14 TeV with the assumption
that current detector performance kept after upgrades.
» 2scenarios for uncertainties:
» Scenario 1: all systematic uncertainties are kept unchanged with respect to
those in current data analyses + PU/detector upgrades (S1+)
» Scenario 2: the theoretical uncertainties are scaled by a factor of 1/2, while
other systematical uncertainties are scaled by 1/VL + PU/detector upgrades
(S2+)

Snowmass ’13, ECFA’13, ECFA ‘16
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Higgs signal strength: u=o/og,, - 3000

CMS Projection 3000 10" (13 TeV) _1 CMS Projection 3000fb™ (13 TeV)
[ Illllllllllllll ||||_I|||||l|||||I|E(|;F|A!|6|S|1+|||||||||
—)‘\!'Y
H—ZZ* — 4] — ECFA16 S1+ —— ECFA16 S2+ B ur | ECFA16 52+ B
— + 0.01 (stat.) = 0.08 (exp.) = 0.06 (theo.) —
uzZ + 0.02 (stat.) = 0.04 (exp.) = 0.07 (theo.) - =0.01 (stat) = 0.02 {exp.) = 0.03 (hea.) _
= 0.02 (stat.) = 0.03 (exp.) = 0.03 (theo.) IJggH — |
u 1 L _
> ECFA16 |,
W ——H i |
P L |
VH EEE— |
—6.1| - I0I - I0|.1I - I0.|2I - I(].|3I - IO.|4I - I0.5
o .
(Lo H Expected uncertainty
ATLAS Simulation Preliminary
| | | 1 | | | | | | | | | 1 | | | | - 1 _ 1
0 0.2 0.4 0.6 0.8 llls_wl“ Tiggmf;ft 200 T [Ldi=3000fb
Expected uncertainty 533 '
: . _— VBF-like
ATLAS Simulation Preliminary ‘(WH-.ikeﬁ
o - ann s-1 - -1 (ZH-like)
V's =14 TeV: [Ldt=300 ib" ; [Ldt=3000 fb (ttH-like)
H-ZZ (comb) @i |
(VH-like) | —rt i 0 02 04
(ttH-like) - : Au/u
(VBF-like L = .. cpe ey
(agF- .,ke} » Similar expected sensitivities between the

two experiments
awlu > Precision larger than 5-10%



Higgs signal strength: u=o/og,, - 3000

| _ fb-1 ATLAS Simulation Preliminary
Snowmass 1 &rxiv:1307.7135 's =14 TeV: |Ldt=300 b ; det 3000 fb"

H—yy (comb.)
CMS Projection E?!;
I I | | | | | | | I I | | | | | | | | . J
Expected uncertainties on — 3000 "at V8 = 14 TeV Scenario 1 (VBF-like)
Higgs boson signal strength F— 30001 " at y5 =14 TeV Scenario 2 (WH-like)

(VH-like
H-WwW = = (ttH-like
(VBF-like
H-ZZ i i (ggF-like)
H—WW (comb.)

H - bb : | (0j)
(1j)
Ho11 - | (VBF-like)
)

)

)
)
Hovy i i H—Z7 (comb.g
)
)

H—Zy (incl.

Il 1 1 | | | | | | Il 1 | 1 1 | | l | | H% bB (Comb
0.00 0.05 0.10 0.15 (WH-like)

expected uncertainty (ZH-like
H—tt (VBF-like

)
)
> Similar expected sensitivities between the 7K (om0
)

(incl

two experiments (ttH-like
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Higgs couplings formalism
LHC Higgs Xsection WG - arXiv:

1307.1347v2 p—
> Single resonance with mass of 125 GeV. A Ky
Ww )
> Zero-width approximation L7z )
P T
oi-I'f zz)
og-Bi—>H-— f)= L'+
FH bb _ KE
» the tensor structure of the lagr. is the SM one - observed rls;l\_/l
0* | ,
» coupling scale factors K, are defined in such a way that: [SM, - &

» the cross sections o, and the partial decay widths T
scale with K2, compared to the SM prediction

» deviations of K, from unity = new physics BSM

» Results from fits to the data using the profile likelihood ratio with k;
couplings
» as parameters of interest or
N. g€ HPHS lisance parameters. a8t6rAMT tgthe measurement /1



Higgs couplings formalism

arXiv:1307.1347v2E—

Production modes Detectable decay modes Currently undetectable decay modes
OggH _ {Kg("b,"t;mll) Cyrwe) 2 T - 2
SM T ~sM . - Kw s %
Tggh Kg I‘\S,{\rdw(-) I‘fiM
o :
a:ar = gpelew,xz,mu)  Lgpe Tyg
VBF PSM - KZ I‘SM
OWH o 72(%) £e
O'SM = Ky T.- Fog 9
WH bb 9 ~SM Ki
— = K |
OZH 9 sM b et
M - 2 bb T
o — 2
%H rr"r‘ 2 I\W = Kp
OuiH _ 2 ~SM = K ss
GSM = K rt‘t‘ |
ttH ) L2
T _ { KE(KbaKL:M,KWamH) ™,
m s |
I'zy KEZY}(KbaKLsKnKW;mH) Total width
I Tu o] sl me)
Y I‘%M K]}{
Production Decay - .
byt Kw.z r\}_;.:W,Z rH - 2SM rY (+ rBSM)
H -,
L“ZI‘L‘,'_
bt “W,Z
v,z Contributions from new
T Wt physics through Fggy
L v and loop processes
VAVAVATAV o




Higgs couplings scale factors —

Assump. : No extra BSM Higgs3900 fbm1mal coupling fit:
e

decays - absolute couplings can
KV = KZ = K‘V

extragted .
CMS Projection Dotted line: Scenario 3
T T I T T T I I T I T T | T T T I | T I " T T T T T T T T T T T T T -
Expected uncertainties on F— 3000 fb"at fs=14 TeV Scenario 1 ~q .25:_t— 300 fll)“ w/ theory | 3000 #b* w/ theoryl —
Higgs boson couplings F— 3000 at 5= 14 TeV Scenario 2 = 1’ 1, s
1.2 - 300 fb", w/o theory ------- 3000 fb", w/o theory
Ky } | 1.152_ + Standard Model _;
Ky —+— 1 1;_ _;
Kz [ 1.05- =
K = =
9 1= —
K c ]
° 0.95 =
K C > 3
0.9 T . . .
< = ATLAS Simulation Preliminary
| | | 0.85F Is=14TeV —
L L L L L L L L L L L L L L :l 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I :
0.00 0.05 0.10 0.15 0.9 0.95 1 1.05 1.1
expected uncertainty ;

\

CMS: uncertainties on K; limited by ATLAS: Couplings can be determined
theoretical uncertainties on with 5 % precision at 3000 fb-"

production and decay rates
o(ky)=3-5% o(kr)=5-10%
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Rare decays: H>uu

« High statistics: rare decays become accessible

2 OS sign isolated muons, resonant peak at the Higgs mass, very clear

signature

BR(H—pu)=0.022. Only visible at HL-LHC
CMS projections from Run1: 16% precision on signal strength at 3000 fb-"

With improved Phase2 detector:

mass resolution <1%, uncertainty on H—uu coupling <5%

a ATV ML AAA

50050 2 ATLAS Simulation Preliminary
< 0.045 CMS pnase 2 simutation Presminary E ) I 4
0,040 F. baretbans category Tluawmee 4 (s=14TeV: [Ldi=300]ib" ; [Ldi=3000 fb
mass resclution: 0LESY = -
0.035 — Gauss Fit, Phase-2 - - . . :
Goauss Fit, Run-1 =
o E (incl.)
0'020 3 (ttH-like)
0.015 x —
0.010 \ =
0.005 h =
0.000 5~ —="""T120 T P 1
m,, [GeV]
M. [GeVI
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Higgs studies for FCC-ee/CepC

N. De Filippis January 26-31, 2019
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FCC-ee/CepC motivation

e) There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be

FCC-ee/CepC: focus on a 90-250 GeV e*e™ machine (100 km circumf.)

5 ab! integrated luminosity to two detectors over 10 years - 10° clean Higgs
events > FCC-ee/CEPC measure the Higgs boson production cross sections
and most of its properties with precisions far beyond achievable at the LHC

€ Higgs-strahlung (m,, = 125 GeV)

P C — o ¥ - H = 24 V
€300 fe , o L s = 240 Ge
s F —e'e S HZ |
S o0k >“% —WW S H i
oL e e/ — Total
5200¢ =
150 e
[ / e+ t\:'\
- U
100/ f \w‘g/ ;
n / """""" o
50F /WS\
90220 < 260 280 300 320 340 ;
240D ‘@(%C%G_D

€ The gluon can be studied with Higgs decays (BR ~

o
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Higgs production at CepC

VBF production:
Higgs-strahlung or e*e> ZH  e*e>vvH (WW fus.), efe>He*e (ZZ
fus.)

£-+

o(fh)

2z
»0 i i i CEPC Preliminary Process Cross section Events in 5 ab™* w | é
C Higgs boson production, cross section in fb &
200 ete” = ZH 212 1.06 x 10° e _qz, Tg
I ete~ — viH 6.72 3.36 x 10* i\ E
[ ete” — ete H 0.63 3.15 x 10° wE e - =
1501 Total 219 1.10 x 10° e W
I E | s
100 [ Background processes, cross section in pb s wh B
i ete~™ — eTe~ (Bhabha) 25.1 1.3 x 108
3 efe” —qq 50.2 2.5 x 10° 102 b 1 5% 10°
s0k ete™ — pp (or 77) 4.40 2.2 x 107 W fusion
L ete” = WW 15.4 7.7 % 107 'y
[ ete” = ZZ 1.03 5.2 x 108 Z fusion //F/” )
20 250' — ‘3"']0' — '3§ﬂ‘ — 200 ete” — eeZ 473 2.4 x 107 't ] P
+,— ;.14 9 7
c+‘e-% fTH [Gc“r] ‘e eyl‘ 5-14 26 - 10 50 100 150 200 250 30‘0 35‘0 400

\F[Gev]
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FCC-ee/CepC Higgs factory: Vs = 240 GeV

Model-independent precision measurements
A Higgs boson is tagged by a Z and the recoil mgz

m;, =Ss+m, —2\/§(E+ +E)

Measure o(ete” — HZ)

Deduce g,,,», coupling

Infer I'(H—ZZ)

Select events with H—»ZZ*

Measure o(ete” — HZ, with H—-ZZ*)
(H — 7Z7)

o(e'e =HZ —=77Z7)=0(e¢'e” — HZ)x

H

Deduce the total Higgs boson width T', et H
Select events with H — bb, cc, gg, WW, =, vy, uw, Zy, ...
Deduce 9y, » Gtice » IHgg » Iiww » e » Friyy » FHuw > THzy s -+
Select events with H — “nothing”

Deduce I'(H—invisible)
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Higgs from recoil mass method

(\/F_ lgff

lecoﬂ

2
TP AT

2E;5\/s + m'ftf

Best mass precision can be achieved with the Z->1l (ee,uu) decays
Cross section, ZH and the Higgs-Z boson coupling g(HZZ), can be derived in a model-

independent way

g(HZZ) and Higgs decay branching ratios can be used to derive the total Higgs boson decay

width. . . :
A relative precision of 0.9% for the inclusive

cross section has been achieved with CepC.

The Higgs mass can be measured with a I CEPC P"e““““a"-‘-;
precision of 6.5 MeV; the precision is limited by 3000 - 2 s s
the beam energy spread, radiation effect and I —# CEPC Simulation
detector resolution % . — Signal
A relative precision of 0.51% on o(ZH) by 22000‘_ acksround
combining ee,uu and qq channels S i
g(HZZ) can be extracted from o(ZH) with a S i
relative precision of 0.25% & |
o
Z decay mode AMpy (MeV) Ac(ZH)/o(ZH) Ag(HZZ)[g(HZZ) =1000 __
ee 14 2.1% IS,
o 6.5 0.9% L
ee + 59 0.8% 0.4% - |
qq 0.65% 0.32% [1)20 125 , 130 135 140
ee +pup +q7 0.51% 0.25% Mt,leilo“[GeV]
CepC
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Higgs coupling measurements

> 10 parametel‘s Kpy Kepy Ry, R‘p? Kz, Kw, K"rﬁ Hga BRinv& Ph
» assuming lepton universality > 9 parameteks, k., &; = Ky, Kz, Kw, Ky, K5, BRiny, ['p.

» assuming the absence of exotic and invisible decays -7 parameters:

CepC

C D R] Precision of Higgs couplingmeasurement (Contrained Fit)

Projections for CEPC at 250 GeV
with 5 ab-' integrated luminosity and
7 parameters fit

= LHC 300/3000 i~

| 7==3 r—=1 m CEPC 250 GeV at 5 ab™' wifwo HL-LHC

 —

g

-

% CEPC CEPC+HL-LHC

= Luminosity (ab=!) | 0.5 2 5 10 0.5 2 5 10

o Ky 37 19 12 083 23 15 11 078

@

x . ke 5.1 32 16 12 40 23 15 1.1
Ky 47 23 15 1.0 2.9 19 13 099
o 3.8 19 12 o084 23 16 11 080
. 42 21 13 094 2.9 18 12 090
Kz 051 025 016 011 | 049 025 016  O.II
K 15 74 47 33 26 25 23 20

K:

f K Kg Ky K; Kz Ky
Concerning BR,, a high accuracy of 0.25%, while the HL-LHC can only
manage a much lower accuracy of 6-17%.
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Higgs studies for FCC-hh/SppS

N. De Filippis January 26-31, 2019
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THE HIGGS POTENTIAL

After spontaneous symmetry breaking:

A
ARG + 1"4 + Ahon?

m3 = 2\h? h h, H
P
‘s‘t' _h . e
'O ss S‘ h
4 . ‘5
h h

The strength of the triple and quartic couplings is fully fixed by
the potential shape.

Why is it relevant?
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HH PRODUCTION AND DECAY

NNLO with full top mass *NLO mi —

Standard Model

9

“ R L‘I:L.' ;‘ t‘. g; all

QDA
~ g L. b j
) ! !

box

¥ triangle

Higgs decay branching fraction

4b
WWbb
TTbhb
WwWwWwW
ZZbb
Yybb
YYWW

0 0 0 0

N. De Filippis

e . b/ ’
SR ~. A
) ¥ Np oo
thY {b LD ’,f’. ) '-_ 5
0 _ LT N “\
. oL - \

mh = 125.09 GeV Os unc.
7,71 +4.0/-5.7 + 3.4 + 2.8
1,17 (+4.1/-5.7 |+ 31 + 2.6
37,91 (+4.3/-6.0 + 2.1 +2.3
45,00 |+4.4-6.0 + 2.1 +22
206,6 ([+15.1-12.5(+5.8/-5.0
1748 |[+5.1/-6.5 +1.7 + 2.0
= 2250
—
—~ 1800
=
+ 1330
Q.
S 900
o]
450
0 (O
0 25 50 75 100 125
0 Highest possible energy pays \/S [TeV]
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CURRENT STATUS @LHC

[+)
Js[TeV]  |L (i) g(f_b) 5% olosm95%C.L
ATLAS: 4b, bbrt, bbyy, WWyy WWWW |8 20,3 <470 o
ATLAS: 4b 13 13,3 <1000 <29
CMS: 4b 13 2,32 < 11760 <310
ATLAS: WWryy 13 13,3 < 12900 <340
ATLAS: bbyy 13 3,2 <5400 /r«wz\
CMS: bbtr 13 39,5 <950 ~ao—
CMS: WWbb 13 36 <3270 < 86
HL-LHC s = 14 TeV, . Present best channel 4D,
L = 3000 fb-"! Exp. sign (A/hsw95% C.L. exp 0/0sm situation will change with higher
ATLAS: bbyy 1050 |[0.8,7.7] <1.7 [recalc] statistics when syst. dominated
channels will saturate their
CMS: bbyy 160 <13 sensitivity.
ATLAS: 4b ? [0.2, 7.0]stat, [-3.5, 11]|< 1.5stat. , 5.2
CMS: 4b 0.67 <2.9ua. 7 HL-LHC doesn’t seem able to
: ’ — provide a useful constraint on A,
ATLAS: bbrr 0.60 [-4, 12] <4.3 it could probably provide an
CMS: bbtr 0,39 <3.9stat,, 5.2 observation of the whole process.
CMS: VVbb 0,45 < 4.6stat.,, 4.9

N. De Filippis

January 26-31, 2019

But advanced analysis techniques
can improve the results...
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FCC STUDIES

* Main references
* Physics at a 100 TeV pp collider [arXiv:1606.09408]
1t FCC-hh Physics Workshop - 16-20 January 2017 CERN
FCC-hh physics analysis meetings
FCC week 2017 @ Berlin
studies performed with different level of details, in particular trigger,
eff. simulation and pile-up studies need to be implemented in many of them,
but first bulk of phys. potentiality ready.

Physics at a 100 TeV pp collider: Higgs and EW symmetry breaking
studies

Lditors:

R. Contino'*, D. Curtin®, A. Katz'**, M. L. Mangane', G. Panico®, M. J. Ramsey-Musolf™",

G. Zanderighi'

Contributors:

C. Anastasiou®, W. Astill®, J. K. Behr'™'', W. Bizon", P. 8. Bhupal Dev'?, D. Bortoletto',

Q.-Hf. Cao"* M1 I Caola®, J. Chakrabortty'”, C.-Y. Chen "' S.L. Chen'™*, F Dulat®,

G. Bambhaniva®', D. Buttazzo®™ D. de Florian™, C. Englert™, J. A. Frost'", B. Fuks™,

1. Gherghetta®, G. Giudice®, J. Gluza®®, N. Greiner™, H. Gray*, N. £ Hartland"", C. Issever'”,
1. Jeliniski®”, A. Kartberg”, 1. 1. Kim, " 1 Kling™, A. Lazopouwlos®, S. J. Lee** ™, ¥. Liu'",
G. Luisoni', J. Mazzitelli®™®™, B. Mistlberger', P. Monni®, K. Nikolopoulos™, R. N Mohapatra®,
A. Papaefstathion', M. Perelstein™, I Petriello™, T. Plehn™, P. Reimitz"V, J. Ren*!, J. Rojo*",

K. Sakurai™, 1. Schelt', F Sala®, M. Selvaggi*®, 11.-S. Shao', M. Son™, M. Spannovsky'®, T.
Srivastava¥, S.-F Su™, R. Szafron"®, T. Tait™, A. Tesi'’, A. Thamm™, P lorrielii",

F Tramontano™, J. Winter™', A. Wulzer™?, Q.-S. Yan™ 7155 W M. Yao™, Y-C. Zhang™, X. Zhao™,

Z Zhao™"™, Y.-M. Zhong™
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FCC studies: HH—bbyy

SeleCtlon . Process l Acceptance cuts [[b) [ Final selection [fb) 1 Events (L — 30 ab™")
1.2y, 2 b-jet |n| < 4.5, prstP > 35, pr'ead > 60 GeMikiry) SM) 0.73 0.40 12061
2. |my-mn| <2.0, 100 < mpp < 150 GeV Boj 132 i 13096
3. pt°®, pr"> 100 GeV, ARwp, ARy < 3.5 Jmy 30.1 0.164 1909
_ . o tth(v7) 185 0.163 4883
Simulation: 6T magnetic field sy 176 0.008 2047
Signal LO samples, Pythia6 showerlngbb:ﬂcj o po 2
37 3.14 5.2 x 107° 155
pile-up simulation Toul background | 212 30 s

S/AB 23 [3 ab']73[30 ab]

Ao/o = 1.6% [30 ab '] AMA = 6% [2.5% sig. syst.]

Process Events Shape analysis mj, my,
Updates: hh—bbyy 12300 " HH
4T magnetic field {22 16700 . .
Pythia8 showering!" 14272 - T o
tth(yy) 14213 - -
bbyy 7078 . Y
biyy 1873
Ao/o = 1.6%
— -1 .
Ao/o = 2.1% [30 ab|Jotal bkg. (|66436 ) AN = 4.2% [0% sig.

ANN = 7% [2.5% sig. syst.] 2x Total background syst ]
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FCC studies: HH—bbbb

Main background: multi-jet 4b
Strategy: truth level study, resolved +
boosted analysis (Neural Network used
as signal discriminator)

1. R0.4 jets pr>40 GeV, |n| < 2.5
2. R1.0jets pr> 200 GeV, |n| < 2.0

-~ Resolved
3. R0.3 jets ghostass.to R 1.0 pr>50 |n| <2.5

Boosted

10 ab™ FCC100, £ =10 ab ™'
Category N, signal | N bd‘-k SiVB | S§iB 20(| -+~ Resolved
Boosted | ¥t =0 5:10° | 810 6 |6.10° Intermediate
Ve — 0”9 2 i 10‘ 1. 10" 22 | 2 . 10 e —— Boosted
termodiate | ¥t =0 5.100 | 1,10 | 3 | 3.107 -
yeur = 0.98 | 2,107 2.10° 0 | 71070 0 O
10" 3. 108 . . 1 > L '
Rcwlvcd yrnl - 0 . 1 10 b 10. 1 1 10 . > 10 e ) :
Veu =095 | 6100 | 2,200 | 15 | 4.10° / e e
bunr = 25% | Biyuo = 100% - I
Boosted | Az [-0.1.22) | As € [-1.5,> 9| _
. - X : 0 0.2 0.4 0.6 0.8 1.0
[ntermediate | Ay ¢ [0.7.1.6] | Ay € [-04,> 9 ANN outout cut
Resolved A:| C [0.9. 1.5] ).;; € l 0.1.7 . _
' 25% on o with S/B ~4-1073,
S.ensmwty to 7\ from unb_oosted objects, A AB/B ~ 103 (very challengingj
diagram contributes mainly at low mnn
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Current FCC studies in ltaly

Between the final state from the HH decay:
- 4b, WWbb are dominant
- yybb, ZZbb are the cleanest

4b

C o)

rrbb
WWww

(=

The ltalian community started to
work in 2016 on:

o . WWhbb, Inuggbb
2 | « ZZbb, 4Ibb
yybb * We used a fast simulation
YW tool (Delphes)
0 0.1 02 03 04 | Pileup simulation with 50,
200, 900 events
L=30 ab” |Ac/o ANA Last contributions to conferences:
vybb 1.3% 2.5%  B. Di Micco, IFAE — Trieste —
25%, . April 19-21 2017
4b (S/B ~2%) |200% . B. Di Micco, FCC Week — Berlin
ZZbb, 41 ~30% ~40% — May 29 —June 1 2017
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What will we know by 2018/2019 ?

P. Janot (CERN)

If new physics is found by the end of LHC Run2
It will — hopefully — point to the best new accelerator to build

Will in turn make it easier to get financial/political/societal support
This hypothesis is, unfortunately, getting less and less likely

Much greater challenge if no new physics is convincingly found
Cannot continue indefinitely with R&D towards all possible future
facilities

A choice will have to be made in 2019-2020

Physics absolutely need an e*e” EW factory with 90 < Vs < 400 GeV

Four ete™ collider studies on the planet (ILC, CLIC, CEPC, FCC) in the
energy range !

Exploration of the energy frontier best done with a hadron collider
(e.g., FCC-hh/CppS)
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Conclusions

HL-LHC: potential for new physics discoveries and precision measurements:

»  Higgs couplings modifiers and signal strenghts with precision between 5-15% level
Measurement on mass, width, CP properties
Search for additional bosons, dark matter, rare decays, VV scattering

Similar conclusions from ATLAS and CMS projections in spite of the differences in
the assumptions and detector upgrades

YV V VY

FCC-ee/CepC: large potential beyond the HL-LHC

» Measurement of the Higgs mass at few MeV level
» Sub-percent measurement of the higgs couplings
» Model-independent measurement of the Higgs width

» deduce I'(H—invisible)
» show evidence of BSM Higgs

FCC-hh/SppS:

Large potential on Higgs physics and more... if realized it will be the future of the field
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The LHC/Higgs

Events/5 GeV

Events / 3 GeV
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35F ' "« Data

- [Jm,=126 GeV CMS, Phys. Rev. D
30 2 Czyvzz D89, 092007 (2014)

- Ez+x _
251 =
20F =
15 =
10F =

5f =
i IRHIE
80 100 200 300 400 600 800
m,, (GeV)
40 ® Dala2011+2012 ATLAS
o, Hozzea 83
35 no (s=7TeV |Ldt=46f"
I [ Background Z, Z2* R ®
[ [ Background Z+jets, ff Vs =8TeV '[Ldt =2071" ¢© —
30 :7 W Syst.Unc. %
E w
E ~
F N
- o
r ~
. <
&
o
©

100 150

Events / 2 GeV

Events - Fitted bkg

era at Run 1

(@)
- -1 -1
E 5 19.7fb” (8 TeV) + 5.1 fb™ (7 TeV)
(g\ > x10°F
£ 8 st '_?MS S/(S+B) weighted sum
o ~ E n ¢ Data
— 2] 3 N
=} “E £ S+B fits (weighted sum)
LLl 0>) 25 f ------ B component
o ° F - xlo
- 5 oF
T Q2 F
O < F
= © 15 F
= 3 F
E =z 1
_g & Eoi =147
» + 05F m,=124.70:034GeV
oo} 2 : 1 | | | | 1 |
ot b L b b b L
Yo} %) L B B P B B B LA
8 2001 * B component subtracted
N~ 100 } ]
g Ol ; T%Tl%llwl Ir”r+ +
= L L R RN LT
> -1oop I ! ! I ! I ! ]
>< 110 115 120 125 130 135 140 145 150
—
& m,, (GeV)
10000— T T T T T —]
- =]
- ATLAS 2
s000 L e Dafa 201142012 A
L SM Higgs boson mH=126.8 GeV (fit) =
O e e Bkg (4th order polynomial) gD
6000 — —
L ey, Hoyy .
4000 — -
C Vs=7TeV ILdt =480 -
2000{— =
[ (s=8Tev ILdt =2071" ]
C 1 1 1 1 1 N
500 = t =
400 - -
300E- -
200~ + + + + =

0
m,, [GeV]

"dd “(€102) 922 g ‘e 'shud

cMs Vs=7TeV,L=5fb\s=8TeV,L=19-20 fb!
102 VH — bb (exp.) = (obs)
E VH = 71 (exp.) (obs.)
10 H — 7z (non-VH) & (exp) —+ (obs.) =
E Combined e (exp.) -e= (obs.) )
1 —
E — E
E .- N o
10 ¥ g I T
] : - e
= = iy = I
3 102 o} <
= (%)
3 o
< n
10°°
O e o
E O, S P
1076 &
E 1 L Lov oo Lo a o | 1 T T 1
110 15 120 125 130 135
m,; (GeV)
ATLAS Prelim. _"Es'a“s""‘:')h , Total uncertainty >
— o(syst. incl. theory
my = 125 GeV — TEEhesRy) ticonp |
I = ' ;
a o M
: | i Gl i i %2
2 1 1
g N i i i 8
: | 1 t Z
s T =
: e .
3 i i +— )
2 e o
1 1 i i -—
S i i T i cf)
3 — -
2 R Q
o T i @
L ~
| 1 9 t
i i i i
R S
—k—
i :
L L ; L
T —
i ] i i

\s=28TeV [Ldt=20.3fb"

0 1 2 3 4
Signal strength (u)

Measured mass
Syst. Uncert.

Muon p-scale =0.1%

125.03 *0-26  (stat) *0-13 ) ,.(syst) GeV

Electron e/p-scale = 0.1-0.3%

125.36+-0.37(stat)+-0.18(syst) GeV
Electron e/p-scale = 0.2-0.4%
Muon p-scale = 0.1-0.2%



The LHC/Higgs era at Run 1

Combinad
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The LHC/Higgs era at Run 2

359 fb™" (13 TeV)

= 1800 ] T
H% TT . 3 : CMS 40¢ IObs. lbkg
. (\D 16001~ prefiminary sk + -
Observation of the SM scalar boson 2 1100+ cnme o "
decayjng to a pair of T leptons with the CMS %1zoof_5§§_2‘“=““’ o Moo |
experiment at the LHC (4.90 vs 4.70 2 1 p00f. Docomanm ' E
=) E [Jothers
expected) 2> HIG-16-043 S sonf Deem T
H%bb . &_: 6001 0-jet: 7,7, M. (GeV)
] . (A VBF: 1,1,
CMS has 3.80 evidence (3.80 expected) for @ “F Boosted: o5, i, o, 7,7,
Higgs boson decays to b-quarks and for its =0 . :
. . . . . o T B T | IPEET I BRI BT
production in association with a vector boson - 0 50 {00 50 200 250(@ o
HIG-16-044, arXiv:1709.07407 M (GeY
§ s[ ATLAS s - Com ey
g"’ (5=13TeV, 36.1 - 79.8 1" ;;-Im=1.32] o fp o enemont v —
ttH->Z2Z WW,tt -> multi- - D 3 #F T L
leptons: evidence observed ., o pe e 1
(expected) significance of 10° . B N 1
3'30 (250)’ by the b arXiv-goiooazs ‘0{ —
combination of the 2016 ° | s ==
results with 2015 > 3 [ 1 3 e —t g
HIG-17-004 § a2 1 T T T T
* Similar results from e S
ATLAS -
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H->bb
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VH(H->bb): improvement wrt 2016

CMS

« 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
« FSR jet recovery
 New Pythia8 Underlying Event Tune

« Improved mass resolution (~10%)

leads to 10% increase of the analysis
sensitivity

N. De Filippis January 26-31, 2019

95



Systematic uncertainties

Source of uncertainty Ty

Total 259
Statistical 0.161
Systematic 0.203

Experimental uncertainties

Jets 0.035
E]'-“"“‘ 0.014
Leplons 0004

b-jets 0.061
b-tagging c-jets 0.042

light-flavour jets  0.O0Y
extrapolation 0.008
Pile-up 0.007
Luminosity 0.023

Theoretical and modelling uncertainties

Signal 0094
Floating normalisations 0.035
£+ jels 0.055
W + jets 0.060
it 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005
MC statistical 0.070

N. De Filippis

Measured by impact on signal strength (u)

Many important sources !
b-tagging both b and c jet tagging calibration
e Resp. ~3% and ~10% per jet
Background modelling Z4hf, W+hf, tt
e Mainly shape and extrapolation uncertainties
little impact on significance

e Dominated by systematic uncertainties on the accep-
tance

MC stats never-ending race between data stat and MC stat

e Use of dedicated MC filters
o Not easy in all cases, e.g tf phase space in 0/1-lepton
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The LHC/Higgs era at Run 2

» Re-discovery of the Higgs
» measur. Higgs properties
» cross section (also differential)

Events / 2 GeV

> mass & width

» couplings:

» to gauge bosons, to fermions
» tensor structure and effective couplings in the

lagrangian

» ttH couplings
» Searches for BSM Higgs

HIG-16-041

35917 (13 TeV)

. ; M
e h 1
9‘0 80 90 100 110 120 130 140 150 160 170
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H® MASS

VALUE (GeV)
125.09+0.2140.11

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

19.7fb™ (8 TeV) + 5.1 16" (7 TeV)
IIIII T IIIIIII| T IIIIIIII I__
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H>2ZZ->4l: cross section

CMS Preiminary_2017___

41.5 ™ (13 TaV)
T

H=ZZ" = 4
L ('cm=1.13'_:;
‘ Stage 0 sub-process
my, = 125.09 GeV
Ol Oy =112 . i SM prediction
u“,_dlum=0.00'_;g "
95
omlu —223‘_:'2 -
Oy ('cm=0.00‘_§: [ %
prnal e b a e beaaa b baaas
0o 1 2 3 4 5 6 7

Parameter value norm. to SM value

ATLAS already attempting at (simplified) stage-1 STXS subprocesses.
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zﬁf_ < 60 14
T 1 1 1 l 1 1 1 I 1 1 1 I 1 limf:ul |1E'al 1'? I_
0 2 4 6 8 10
o'-B/(c-B}BM

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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