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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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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
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Higgs decay channels

LHC HIGGS X5 WG 2011
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At my, =125 GeV:

« H(bb) =57.8%
« HWW) = 21.4%
* H(gg) =8.19%
* H(tt) =6.27%
« H(ZZ) =2.62%
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The Higgs boson discovery: July 4 2012

ATLAS 2011 -2012
5=7TeV: [Ldt = 4.64.8 fo"
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Higgs properties @ LHC Run 1

* Mass: 125.09 4+ 0.21 (stat. ) & 0.11 (syst. ) GeV  anssccus:pri1142015) 191503

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: arXiv:1808 01151 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

-1 Ieptons CMS: PLB 779 (2018) 283

ATLAS: PLE 784 (2018) 173
CMS: PRL 120 (2018) 231801

— top quarks

1f ATLAS and CMS
t LHC Run 1
107 3
1072 3
t ATLAS+CMS 1
w0k, #£ 2000 SM Higgs boson |
: — [M, ] fit :
[ 68% CL
[ |95%C
104 o o T
10" 1 10 10°

Particle mass [GeV]

All measurements compatible with SM predictions
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LHC Run 2

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

Integrated Luminosity (fb!)

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!
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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
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Highlights for Higgs physics @ Run 2

* |tis matter of few days (Aug. 28) the
announcement of the observation of H=>bb

Precise measurements with:
 Ho>vyy
e H>ZZ

Evidence/observation of:
e H=> 1t

- ttH
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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 Aug. 31 - Sept. 9, 2018

10



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

Jet/lepton p; selection and b- VZ background
tagging discriminator working points \#
optimized separately by channel /7\9 ,
Boosted Vector Boson '
2-lepton: two p- categories i o 0 < Y
- : two p+ | |
Low: 50 GeV < py(Z) < 150 GeV s
High: p(Z) > 150 GeV f

V.. @
1-lepton: p{(W) > 150 GeV

and di-boson, of course
O-lepton: p(Z) > 170 GeV

Vi
used to validate the analysis strategy

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 Aug. 31 - Sept. 9, 2018 14



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
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Improvement of di-jet mass resolution

Entries / 5 GeV

| | | 2017 (13 TeV) CMS
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Kinematic fit in 2-lepton channel

413" (13 TeV)

LU L L L L L L

CMS: s
® C -ZH(bb)
* No intrinsic missing energy g 300 Supplementary BRI é&:: ‘
. — o Zu Highp ,Z+bbenr. g vvsLF *
in the Z(ll)H(bb) process 250 o Singl to
. Improveg j)et(p r)nZasurement P B s £ WG . i)
T 200F
through kinematic fit ok
procedure g
« Constrain dilepton 100E
system to Z mass s0f-
« Balance the ll+bb ok :
system in the (p,.p,) g Ll |
plane g 4
« Improvement of up to 36% % o6

0 02 04 06 08 1 12 14 16 18

on m(bb) resolution pGi)/

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
but direct visualization of the
Higgs boson signal.

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

77.2 b7 (13 TeV)

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

- C M S ¢ Data
i &% S+B uncertainty
Supplementary @ VH Hobb
[ ]vzz—bb

g% S+B uncertainty

+

500 -
o —
-
O 200
. PR I T S Y P P I S T
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m(jj) [GeV]
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Weighted events / 10 GeV

- ATLAS —+—Data |
100 5=13Tev,79.8 " B VH H > bb (:=1.06) "

~  0+71+2 leplons - glhDSOI'I
80— 2+3 jets, 2 b-tags I Single top

— Dijet mass analysis Il W+jets

Weighted by Higgs 8 Il Z+ets
60 Uncertainty
----- Pre-fit background

—VH,H = bb x5
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VH(H->bb): significance (ATLAS)

ATLAS ~ VH,Hoth  (=13TeV,7980"

Results —Total —Stat (Tot.) (Stat, Syst. )

» Significance of VH(bb) signal at 496 (4.30 exp.) o - 104 g (8%.52)

> Lomton chanels compatible at 80% evel e el

« Individual production modes significances: 2 h—e— O
e 250 (230 exp.) for WH

s 400 (3.50 exp.) for ZH Comb. e 118 ﬂ. (346 5% )
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= ATLAS ;!H H— bium.m-é
H 3
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3 ATLAS VH, H—= bb 15=13TeV, 798 0
T —Total — Stat.
E (Tot.) {Stat, Syst.)
-; WH HJ.—H 1.08 08 (05 .40%)
2 hre— 120 95 (Gh.%5m)
g sp E
3 S come- e 116 9% (2. 5%
-3 . - = ] AP PRI PP PP PP PP PP PP PP PP
log (S/E) 0 05 1 15 2 25 3 35 4 45 bb5
uVH
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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)
4 i
2 15 —h':.:’j:F.;'_lﬁ
é 1—e . . Combined e 1.01+ 0.17 (stat)  0.14 (syst)
O 0.5 b e ey i
=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)

CMS e Observed
—] e
stat  syst . ..
oF 2.80+2.08 +1.30 Significance
VBF — 25340984117 5 50 expected
Wik —.- 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
I S N AN

8
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

_ X ] 3K .
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

- i 1D Onv

VH combination

fam ol Waighls
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e Combine Run-2 analyses in bb, v~

Cul - Cond, kg
-
=]

i k
and 4¢ decays ST R ]
e Updated analyses with 2015-2017 H— vy e e
Run-2 data in all channels / H— 44
e Results assume SM Higgs boson
branching fractions ARRRRRRRNE A L AR RS AR RAR
ATLAS VH fs=13 TeV, 79.8 ib”’

( Tot.) ( Stat., Syst. )

Ty — . 008 R (43 0%)
gy = 1.13 + 0.24 Horrl 1.03 55 (0% .%0%)

Contributions of 4€ and ~~ channels

110 and 19¢ H— bb Ho-H 117 030 (%048 705 )
Compatibility of the 3 measurements ‘ o_; *0.-1-5- +0_1&:m
96%p Y Comb_l | | | | |1'13| fo_zal (_(7_15 ,_?_17 )I
05 1 15 2 25 3 35 4 45 5

IJVH
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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

W oM W ver CRCEEN L LU L

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 acted events

B 0 expected svants

25.2 expectad avents
5.0 expectad events

E.Bmtpeﬂedmﬁrla

0.5 expected sventa

3.6 expected sventa
2.7 axpected svents
7.9 axpected sventa

4.0 expectad svents
0 2 30 40 50 60 T 80 90
Signal fraction (%)

1000

De Filippis

02 03 04 05

8/(8+B)inx o,

Aug.

ATLAS Slmulatlon H_.y,.,m =1zsogeev

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) |
gg — Hil (= 1-jel. 150 = p* < 250 GeV) |
ag — 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 sp <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, 3ot vato)
ggH [VBFike, -t
gaH (VEF-like, 3-etvetn]
0gH (=24et p!' =200 GeV)
agH (= 2-jet, 120 = p* < 200 GeV)
ggH (= 24et, 60 = pr < 120 GeV)
ggH (= 2-jet, 0} < 60 GeV)|
ggH [14et, p' = 200 GeV)
agH (7-fet, 120 = p* < 200 GeV)
ggH [1-et, B0 = pr < 120 GeV)
ogH (-jet, py < 60 GieV)
9gH (0-fet)

STXS Regions

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

WVEF 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)

T T T T T UV II T T T L III T T T T v 1T 07
ATLAS 8
liphoton fiducial | H—7y, 78=13TeV, 36.1 b % '
-4~ Dala, lol. unc. Sysl. unc.
T
VBF-enhanced i
-
|
NDMJH z1 H 85% G
1 | My, = 125,08 GV
s ]
High &5 8 % CL B Lo.xH
P oo dstault MG + XH
I | | B Powheg NNLOPS + XH
H = VBF + VH+ ttH+bE
ttH-enhanced %) o G.L. B x BF s Ve lH+ROH
o |
1 1 1 |- II 1 1 1 11 Ill 1 1 1 11181
210" 1 2 3456 10 2030
Gy 1ol

10

[gH {0 jet)

goH {1 Jot, plf < 80 GaV)

oM (1 jot, 80 = pl! < 120 GaV)
oM (1 jot, 120 5 plfc 200 GaY)
agH (= 2 et

a3 — Haq (F, <200 GaV)

9gH + 99 — Haq (BSM-Ike)

VH flap

ATLAS H—=y, mH=I 25.09 GeV

f5=13 TeV, 36.1 o™

—

—_— ey

—_—

top

SM prediction

—

03 0

1 15 2 25

Measured o x B normalized to SM

CMS Preliminary ~ 35.9 fb™ (13TeV)
€ e[H-1r (P ————— 4
-—103; " E
= F + e SUH BMCENLD + K 3
Q.c o ]
- B -'HWEI*HI E
'8 102§ ] B o cano E
10¢ o T 3
£ —_— 1} g
1§_ L o = E-_
£ o5,
g IEE . ] (]
§.,,;E' e ot e L £
i of ] i %

3 =3 3
N (I-nll <25)

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
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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@ - s Data ]

I signal (m =125 GeV) O] 200 — —]
w100 -y 727 5 4 = 1 < : 1 H(125) =
(\j B 4 ) T ~ :_ l:qu—’ZZ, ZT* _:
Ay - 13 TeV,79.8 fb I z+ets, o, 64V, VWV 1 o 180 mgg—ZZ.Zy"
% 80 B Y Uncertainty N E 160 f_ I Z+X _f
e [ - E
Lu L N - -

60 - . 120 -
i i 100 — —
40 - ] 80 -
[ ] 60— =
20 - 1 e ~
i 20 =
0 - : =
80 90 100 110120 130 140 150 160 170 080 100
m, [GeV] m,, (GeV)
Analysis is siill being improved: Dy
-Improved event categorisation to target VH and ttH productions P

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

N. De Filippis
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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

ATLAS performed the combined measurement of the
Run1 and Run2 (2015+2016) H—ZZ—4l and H—yy
mass measurements, my = 124.97+0.24 GeV

CMS

3‘%91’0 (13Te\f:|

|| xi
A fL

LI L B L L I LI L ) B I T
ATLAS -HTotaI Stat only
Run 1: 1§ = 7-8 TaV, 25 I, Fun 2 &= 13 TeV, 361 b Total  (Stat. only)
Run 1 H—-4J r—C—Ii 124.51 = 0.52 | = 0.52) GeV
Run 1 H—yy H————1 12802 = 0.51 { = 0.43) GaV
Run 2 H—-4] A 12478 = 037 | = 0.36) GsV
Run 2 H—yy »—.l——u 12483 = 0.40 ( = 0.21) GaV
R A e T 154712030 (< 030) Gav b
Run 142 H—yy - 125;:2:0351:019:Gav$
 Run1Combined ~  t——=—% 12538041 (=037)GeV
Run 2 Combined H—— 1244114!=0;.='1r[guuagﬁmu-L
hun e Combined v T e S0 54 (< 0.16) Gav s
 ATLAS +CMSRun1 .47.—* C 12500:024(=021)GeV
co b e b e e e e e
123 124 125 126 127 128
m [GeV]

N. De Filippis

- 8 ‘,
£ ‘.
= 7 \
oy
6 ? III
|
5 - l'.l‘
1
4 \
— du ".
3l — zeau "..'
L A \
2_ — Combined "‘..
ot Cambined |siat. n::ul',']l"
1 -

w A

Vi

X

120 121 122 123

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

H—vyy H—ZZ—-4l

iows= 1187017 =118 012 (stat) T0% (syst) T97 (theo) :

AL SRS yARAE AL AR ARSAL MRS AN I i ATLAS 2015+2016+2017:
G-13Tev.31m' e Tolal —=— Stat| Iy= 120 0.12(staL) x 0.06(exp.) 2:%(th.)
H = ry, my =125.09 GeV Tol St Ew. Toec. § ~1 204—0.16
N b = 05 T0p [08 '8 ‘% ]| = <Y 015
Moy (= +—e—— by = 07 ‘02 18 02 31|
L 50 | 06 [ll‘lﬁ 03 104 . ‘-‘.r‘k."is.'ﬂ..“.:l."'...|....,....?::':‘.li'."'?.T‘.;‘:".‘|
U b u = . " & ] 5.5 - i
VEF ——H Tier -as _ _“*‘ ”'*_ RIS R o e H—ZZ" =4l
Hogn — Had Mo =081 0[50 te Toer) | m, = 125.00 GaV
ovs | —————— —i— 350 P & JHEP 11 (30T D47
Moz | =¥ 1o4 lan =098 TCE[N0Z 00 0N T M0 [TRTT aswaommessso
Mt — wenne -0 !llnm.,‘=1l-17 'cF By L_':.n :{” B s = 0007000 #
o 1 =2 3 4 5 6 7
, : n =125+f; o
Signal strength ¢ g )
oo 0008 i
Very good agreement between A
measurements and with expectations. w=106°° |
Run1: ATLAS excess, CMS deficit T R N S
- u

25% improvement on Run1 combination
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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

Aug. 31 - Sept. 9, 2018

33




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

Motivation

= Provides a direct probe of the
important top—Higgs coupling
» Yukawa coupling y; ~ 1

» Indirect loop measurements can
be influenced by BSM physics

¥ g t
¥ = t

= First measurement of Higgs
coupling to up-type fermion

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

Cg I
Properties RN"MI?.%M
m Xsec: 0.5071 pb +6.8/-9.9% |

» NLO QCD and NLO EW accuracy s

m Expect ~18,000 SM ttH events <&
in 2016 data at CMS %
» ~ 36 fb!

= LO Feynman diagrams:

Aug. 31 - Sept. 9, 2018
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ttH

Decay channels analysed: CMS Phys. Rev. Lett. 120, 231801 (2018)
. . ATLAS arxiv:1806.00425
Fermlons. Hﬁbb HHTT 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_)YV ATLAS e Total | | Stat. [ Syst. — SM
_ _ -1
517 (7 TeV) +19.7 ™" (8 TeV) + 35.9 fb™ (13 TeV) Vs=13TeV,36.1-79.81
2 Total Stat. Syst.
S - CMS ¢ Observed iH (bb) F% 0.79+ 38 (£ 32 ,+053)
Q 10% [ Background : = (25
- 105;_ :.;]T:::ta;ﬂ:?’gﬁ) ttH (multilepton) i 156+ 0% (+ 230 .+ 2%
F tfH(pzzmo)
10% fiH (rv) i 189+ 28 (% 2% % 0%)
10° ' fH(z2) K <1.77 at 68% CL
102_ Combined H=—H 132+ 0% (£0.18,+ 02
* 10? “““ ? ‘‘‘‘ 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
T A o I A I S o S SM
2 30f ] GttH/ GitH
M 25F ]
~ 20F CMS Run 2 (2016) 4.50 obs. (4.1c exp.)
2 15F
0 B :
D T B e e e e e i B A R : ATLAS Run 2 (2015-2016) 4.2¢ obs. (3.80 exp.)
30 -25 -20 -15 -10 -05 00

Iogm(SfB)
» First observation of tree-level Higgs—
top coupling
» Consistent with standard model Higgs AT'-AEDF:‘;,'_EL;?“)*“" 2 6.30 obs. (5.10 exp.)
within 1 sigma
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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 owainreory | | e M:.T’-.
= — U

1
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 PU 20 LS3

Phase 1 Upgrade
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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 g £, b h\
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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%



Conclusions
* 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

« Promising physics at the HL-HC also approaching

Exiting Higgs Physics so far and in the future
Credits: L. Perrozzi, G. Ortona, N. Morange, H. Li, D. Salerno, Z. Zinonos
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The LHC/Higgs

Events/5 GeV

Events / 3 GeV

CMS Vs=7TeV,L=5.11fb";{s=8TeV,L=19.7 fb"
35F ' "« Data

- [Jm,=126 GeV CMS, Phys. Rev. D
30 2 Czyvzz D89, 092007 (2014)
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The LHC/Higgs era at Run 1

Combinad

H » bbtaggad
po= U LAY

H = 1= lagged
=057

H = vy tagged
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The LHC/Higgs era at Run 2
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First H>bb searches started at LEP...

Events / 3 GeV/c’
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Physics Letters B 5635 (2003) 61-75
Search for the Standard Model Higgs boson at LEP
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... and continued at Tevatron

PRL 109, (071804 (2012)

PHYSICAL REVIEW LETTERS 17 AT 12

¢ g»

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)
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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 Aug. 31 - Sept. 9, 2018
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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

Aug. 31 - Sept. 9, 2018 50



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)
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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)
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H>2ZZ->4l: cross section

CMS Preiminary_2017___
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Parameter value norm. to SM value

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

N. De Filippis
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