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The Higgs Particle

° |In 1964’ a new, massive boson F. Englert, R. Brout, Phys. Rev. Lett. 13 (1964) 321
of spin zero proposed to explain P.W. Higgs, Phys. Rev. Lett. 12 (1964) 123
. Phys. Rev. Lett. 13 (1964) 508

how elementary particles get

. G.S. Guralnik, C.R. Hagen, Phys. Rev. Lett. 13 (1964) 585
their masses TW.B. Kibble,

* Inthe universe, a Higgs “field” pervades all of space, turning
mass-less particles moving through it into the massive ones

symmetric
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Higgs Discovery

July 4, 2012, the Director General of CERN, Rolf Heuer, declared

“We have now found the missing cornerstone of particle physics.
We have a discovery. We have observed a new particle that is
consistent with a Higgs boson.”

The Nobel Prize
in Physics 2013

Peter W. Higgs
Francois Englert\\&
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» Overview on Higgs experimental searches

1) Pre-LEP searches
2) LEP-1 and LEP-2 searches

3) Tevetron result
4) LHC discovery
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Experiment Names
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DORIS: “Double Ring Storage”, 289m, 1974-2012, DESY !”

CESR: the Cornell Electron Storage Ring (CUSB, CLEO) ‘*‘?’“@

Tevatron: Fermilab, 1987-2011, proton-antiproton (CDF, DO)

LEP: the Large Electron-Positron collider(ALEPH, DLEPHI,
OPAL, L3)

LHC: the Large Hadron Collider (ALICE, ATLAS, CMS, LHCb) o e

@ Electron Bunch - Counter Clockwise.
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Pre-LEP Era: a false signal in 1984

® Crystal Ball collaboration at the DORIS r
e*e” storage ring at DESY was looking for low- y
mass Higgs in Upsilon decay: Y'2H+y

® Early in 1984, a peak in yenergy spectrum
was seen, corresponding to a resonance with
mass 8.32 GeV. High signal significance: >5c
in 2 independent data samples

EVENTS/(2.0 %])
o

® Reported at ICHEP 1984 in Leipzig, Germany ;
production rate ~2 orders of magnitude larger
than SM Higgs prediction

20

® Signal not confirmed at Cornell CESR; with )
more DORIS data in late 1984, Crystal Ball e O ey e
signal disappeared

Top: inclusive y spectrum ( >8 particles)
Bottom: bkg-subtracted spectrum
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Pre-LEP Era: First Higgs limits

» CUSB collaboration at CESR (Cornell Electron Storage Ring) searched in

channel Y = H + y: 90% CL exclusion in range 211 MeV < m, < 5 GeV (1989)
Proceedings of ICHEP 1988

» SINDRUM experiment at the Paul Scherrer Inst. proton cyclotron

(Switzerland) searched for Higgs in pion decays: n*—> e*+v_+H, H>e%e’
90% CL exclusion in range 10 MeV < m,, < 110 MeV (1989)

Measurement of the decay rt* e*v.e*e™ and search for a light Higgs boson,
Phys. Lett. B 222, 533

» CLEO collaboration at CESR searched in channel
B 2 K+ H% H° - pair of muons, pions or kaons
90% CL exclusion in range 0.2 GeV < my < 3.6 GeV (1990)
Search for a neutral Higgs boson in B-meson decay
Phys. Rev. D. 40, 712
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http://www.sciencedirect.com/science/article/pii/0370269389903584
http://prd.aps.org/abstract/PRD/v40/i3/p712_1

LEP-1: from 1989 to0 1995

® On July 14, 1989, the 200" anniversary of the French revolution, the
first particles went around LEP, a 27-km ring, at CERN

® Plans to search for the Higgs boson
at LEP were underway in the early
1980s with the ALEPH, DELPHI, L3
and OPAL detectors. LEP-1 was to
operate at the Z pole (M, =91.188 + 0.002 GeV)

n
y—
| -

® Search in the Higgsstrahlung
channels: _
e*e 2 Z 2 HI'lIF and Hvv 102E

Hvv

® Number of Higgs bosons expected to
be produced per 10° Z decays at LEP-1 1|
(~100 events at m =30 GeV) !

|
Q 10 20 30 40 50 60 70
H mass (GeV)
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LEP-1: Final Higgs Combination

Number of Z decays collected by the LEP-1 experiments, and 95%

CL Higgs exclusions (with full LEP-1 integrated luminosity)

Experiment DEE sample Had. Z decays Mass limit
[108] [GeV]

ALEPH 1589 - 1995 4.5 63.9
DELPHI 1990 - 1993 1.6 58.3
L3 1590 - 1994 3.1 60.1
OPAL 1990 - 1995 4.4 59.6

Higgs physics at LEP-1, Andre Sopczak
Physics Reports 359 (2002) 169, pages 206, 207.
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http://www.sciencedirect.com/science/article/pii/S037015730100062X

LEP-2: up to 1999

LEP-2 started in 1995 at vs=130 GeV,

going up to 202 GeV by 1999 < 7 1{’<b

Most data collected in 1998-99 v g, I
_ Z _

Total: 2461 pb™ (sum of 4 exp.) ¢ v, q. 1"

4-jet channel in ALEPH (and later DELPHI) was the most
sensitive

No indication of Higgs production was found up to 1999

-95% CL limit: 107.9 GeV (cern-EP-2000-055) (ALEPH, DELPHI, L3,
OPAL)

It was decided to push the machine to even higher collision
energies : 206.6 GeV, 536 pb in 2000 by 4 experiments

In late June 2000, ALEPH found the first candidate in the 4-jet
channel: the so-called candidate (c) (114 GeV, at a center-of-
mass energy of 206.6 GeV )

2020-10-28 Lianliang Ma Shandong U.
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http://lephiggs.web.cern.ch/LEPHIGGS/papers/CERN-EP-2000-055/pr307.ps

ALEPH candidate (c) 54698 4881 M=114.3GeV E., = 206.7 GeV

BCM=206.7 Pch=83.0 Ef1=-194. Ewi=124. Eha=35.9 Run=54698 Evt=4881
Nch=28 EV1=0 EV2=0 EV3=0 ThT=0 00-06-14 2:32 Detb= E3FFFF
1

(9-138) 'mw)/\
/—
/

N\

4

|

[-2

-lcm
¢ P>.50 Z0<10 DO0<2 F.C. imp.
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LEP-2: Final Publication

» ALEPH: ‘Observation of an excess in the search for the SM Higgs boson at ALEPH’. Phys.Lett.
B 495, 1 (2000): An excess of 30 beyond the background expectation found, consistent with
the production of the Higgs boson with a mass near 114GeV/c?. Much of this excess is seen
in the four-jet analyses, where three high purity events are selected (link).

» DELPHI: ‘Search for the SM Higgs boson at LEP in the year 2000’. Phys. Lett. B 499, 23
(2001) No ewdence for a nggs 5|gnal is observed in the kmematlcally accessible mass range,

The accelerator was switched off for the last time at
) 8:00 am on 2 November, 2000

limit on the mass of the standard model Higgs boson of 112.0 GeV is set at the 95%
confidence level. The most significant high mass candidate is a Hvv event. It has a

reconstructed Higgs mass of 115 GeV and it was recorded at Vs = 206.4 GeV. (link).

» OPAL: ‘Search for the SM Higgs boson in e+e- collisions at Vs=192-209 GeV’. Phys. Lett. B
499, 38 (2001): A lower bound of 109.7 GeV is obtained on the Higgs boson mass at the 95%
confidence level. At higher masses, the data are consistent with both the background and
the signal-plus-background hypotheses (link).
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http://www.sciencedirect.com/science/article/pii/S0370269300012697
http://www.sciencedirect.com/science/article/pii/S0370269301000697
http://www.sciencedirect.com/science/article/pii/S0370269301010103
http://www.sciencedirect.com/science/article/pii/S0370269301000703

95% CL Limit/SM

Tevetron 2009: First Exclusion

* Winter 2009: First mass range excluded after LEP
(at 95%CL): 160<my <170 GeV arXiv:0903.4001 [hep-ex]

* Press release on March 13, 2009 (link)

 Mid-2005: first fb-1
o 2006: first CDF+DO limits:

Tevatron Run Il Preliminary, L=0.9-4.2 fb™

a0 Tevatron Run Wl Preliminary o _LEP Exclusion /! Tevatron |
g _ = I R clusi
Y = DO Expected f Ldt=0.3-1.01b";  E e Expected Exclusion
o0 & v CDF Expected =5 10 ‘ e : —
- B e Tevatron Expected i P =
25 _ILJ?:, === Tevatron Observed $) -
Sl 32 ,
e > ,o,mw """"""
- o T
""""""" Eama
1 AAAAA
e, ! ! \ ! ! ! ‘ ‘ i '\\i\\\\i\\\\i\\\\i””% ‘?fIH‘M?ﬁcﬁ“s’?qoiﬁ‘”‘:
foo 110 120 130 140 150 160 170 180 190 200 100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?) mH(GeV/cz)
* Limits: 10.4 (3.8) times SM
@ m,=115(160) GeV « Production: gqq—W/ZH, gg—H, qq—q’q’H (VBF)
* CDF Note 8384, DO Note 5227 » Decay: H—bb, H-W*W-, H—t't, H—Yy
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http://tevnphwg.fnal.gov/results/d0conf_5227
http://arxiv.org/abs/0903.4001
http://www.fnal.gov/pub/presspass/press_releases/Higgs-mass-constraints-20090313.html

TEVATRON  EPS-HEP 2011 (July)

Tevatron Run Il Preliminary, L < 8.6 fb™
T ‘ UL R L B ‘httr‘l\llll‘a'worg/abS/11075518

% | | LEP Exclusmn Tevatron
210 | o« — T R Exclusmn
= i ‘ i
=
-
o
32
[p]
o
1
[ <—W—Tt=:vatronExcluslonw ,,,,,,,,,,,,,, - * u,y,,ﬂ,,zﬁm ,,,,,,,, :
100 110 120 130 140 150 160 170 180 190 200
I_|(GeV/c )
* Production: qq—W/Z H, gg—H, gqq—q¢’q’H (VBF)
Channels:

« Decay: H—bb, H->W*W- H—ZZ, H—t't, H—Yyy
» 165 final states (71 CDF, 94 D0)

* Excess in 125<m <155 GeV (approx. 1 sigma)
* 95% CL exclusion: 156-177 GeV (expected: 148-180 GeV)
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http://arxiv.org/abs/1107.5518

LHC-Era: EPS 2011 (July) LP 2011 (August)

Both ATLAS and CMS see >20 excess at low mass in H=2>2WW 2Iviv
channel

po: probability that the background fluctuates

to the observed data (or higher) Po = Local p-value

ATLAS Hévv . WW(IvIV) ZZ(4l, livv, llgq) H->vy, bb, 1T, WW(IvIv) ZZ(4I lItT, livy, liqq)
o i (LR B LN B ! e | _
1 ATLAS Prellmlnary - S &4 cosssee esss, o
= ) = T Y . " R
101 4 2WELsT N )
E 3 3] Frmmmbfmmmmm e Q- - - m - 1%
102 ;_ ; 26 S 42 = '.‘ hd E
10_3; ............... ﬁ‘;{ .................... ‘ ; 3o 107 =t
= g = L[ CMSPreliminary, V5 = 7 Te, Combined, L = 1.1-1.7 " B
1 0—4 E Y :. = 0 ?_ In‘terpretation reqluires Iook-elsewlhere effect corr‘ection % 4o
; ______ C_)b ________ _d___‘,‘ ________ :; ____________________________________ E 4(5 % oL L L o L B o
10— Observe L _ . ok =
E . Expected “\ g Ldt = 10'23 fb E 2 1 C ;
106 & ’ \s=7TeV — % 7
e L EEEE LRl ] 56 @ 0.1 (
'7 l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1
10%00 120 140 160 180 200 220 240 . *D”‘”mm”
m, [GeV] 120 180 200 220
H Higgs boson mass (GeV/c?)
ATLAS (LP11) CMS (LP11)
largest local excess: 2.1c at 145 GeV largest local excess: 2.30 at 120 GeV
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LHC Era: CERN Council (Dec 2011)

H->vyy, 11, WW(lvlv, Ivqq), ZZ(41, livv, liqq, libb)

red: 4.9 fb! green: 1 fb-1, black: 2 fb-! 1 H->vy, bb, 11, WW(lviv), ZZ(4l, lITT, llvy, llqq)
S 1 E A LA[S Prellimin]ary ] I ] 201!1 Datla. 3 %I TTT T 1T L LI LI T 1T T 1T LI LU 1T Ig
© 3 @® = -
>I ; ? ':“\'_{ _____________ ﬁ ________________ i A _;%\-__--_— '10
L 10 ] 2107 \\/\\/\\/f\ TS
S - o6 8 N -
8 [T 19§ RS I W AR .72
= 10 gg ? - 10-2 i - [ ) _
R VY 0 — 1 30 = X
10 F — Observed E - ‘ 33
4 .. 7 IRESEEIOS SUNIN SURR AU SRDRSIPRS: SUNUVIE UPURIVR IVUVUNE AUSPRIPIS SR £e. o)
10 ? _______ EXpeCted ______________________________________________ ?E 4o 107 = Interpretation requires look- 5
10° |;— 1:! - elsewhere effect correction 3
= | Ldt=1.0-4.91b = = X I _ —— Asymptotic Obs. |
sF . 104 L CMS Preliminary, \'s =7 Tev e Ensemble Obs. |—
10 E \s=7TeV 3 5 - Combined, L =46-47 fb! ‘ === Asymptotic Exp. §4G
A T TR T e e T T T T A
107 110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150 155 160
M, [GeV] Higgs boson mass (GeV/c?)
Largest local excess: 3.60 at 126 GeV Largest local excess: 2.6c0 at ~120 GeV

Fabiola Gianotti

Guido Tonelli
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LHC Era: July 4, 2012 and ICHEP 2012

vy, 41 updated with
~6fb'1 of8 TeVdata
%o 10°E ATLAS Prel|m|nary | 2011 + 2012 Data 2
g 10°F —oObs. Vs=7TeV: |Ldt = 4.6-4.8 fb"
- 10 - Exp Vs=8TeV: |Ldt=5.859fb" 3
1 ” pama U= gy, WP o gup gmans SRS = oy oy e OG
0 10 e 1o
102 TN 20
10.3 S iodiod DU VO L 3G
10-4
e 5o [EER
10° VS
10‘7 ------------------------------------ N :: ---------------------------- 56
10° .
10— e il sy T , 60
110 115 120 125 130 135 140 145 150
m,, [GeV]

Largest local excess:
50 at m,=126.5 GeV

With LEE in 110 <my < 150 GeV,
global significance: 4.3 0

All channels updated with
~5 fb! of 8 TeV data

IIIIIII|III|I]I|III§’10

NN 326

a1
8 10 E \\// 2
-4
< 107 g 46
10°F T \/
10° . 56
107 ..
10°®
10-9 — Combined obs ..- -... -~‘~ o0
10-10 wemn Exp. for SM H : CMS Preliminary ~s
A1E | — 5 = 7 Tov Vs=7TeV.L=5.1"fb"
10 (== 8 Tev S=8TeV,L=53 1" %
10 oA e e o e e B e e e e e e e e G

116 118 120 122 124 126 128 130
Higgs boson mass (GeV)

Largest local excess:
4.90 around my= 125 GeV
(using H—yy and H—4l: 5.00)

With LEE in 110 <my < 145 GeV,
global significance: 4.40
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July 4 2012, “Discovery
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LHC Era: July 4, 2012

On July 4, 2012 the Higgs working group had a celebratory drink.
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LHC ERA: July 2012 publications

On July 31, 2012
ATLAS and CMS submitted papers to Physics Letters B.
ATLAS added 2012 data to the H 2WW =2 Iviv

-----
-
~.
-~

il

Q—o 1 ChI/ISI T T T T T T T T T T T \'_? =|7 ;I-evv Il_ =| 5|1 fTb‘1 \"lg =| 8|Te|\/‘ L =| 5|3 Tb-1|
= ATLAS 2011 - 2012 S ' o
g =R
3 \s=7TeV: |Ldt=4.6-4.81b" © - 26
2V
- Vs=8TeV: |Ldt=5.8-5.9 fb" a 1F N Zzad 36
(U —
O 4
107 - \\//

50

I| I‘I|I|I|I|I

)
T
1

107
- - _66
10" - %’Etf’cl;esmon-is' -
- PP I el . N W 70
110 115 120 125 130 135 140 145 150 no 151200 125 130 135 14°G \}45
m, [GeV] my (GeV)
ATLAS PLB 716 (2012) 1-29,sept 17 (2012) CMS PLB 716 (2012) 30-61,sept 17 (2012
Largest local excess: Largest local excess:
5.90 at m,= 126.5 GeV 5.00 at my= 125.5 GeV
H->vy, bb, 11, WW(Ivlv, Ivqq), ZZ(4l, livv, llqq) H->vy, bb, 11, WW(lvlv), ZZ(4l, litT, llvy, llgq)
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http://www.sciencedirect.com/science/article/pii/S037026931200857X
http://www.sciencedirect.com/science/article/pii/S0370269312008581

The Party is OVER?

What to do after the discovery?

2020-10-28 Lianliang Ma Shandong U.
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» Higgs property measurements at ATLAS
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Status: June 2020

Argentina Morocco

Armenia Netherlands
Australia Norway
Austria Poland
Azerbaijan Portugal
Belarus Romania
Brazil Russia
Canada Serbia

Chile Slovakia
China Slovenia
Colombia South Africa

Czech Republic  Spain

Denmark Sweden SEN
France Switzerland A I LAS

Georgia Taiwan

([ ]
Collaboration

Israel U5 181 institutions (237 institutes) from 38 countries
Italy CERN

Japan JINR @&Ihﬁé
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ATLAS Detector

“' -,—_—"5‘1‘\ Dohas\2 )09 7

25m

Tile calorimeters

- LAr hadronic end-cap and
forward calorimeters
Pixel detector \

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tfracker
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ATLAS Data Samples

LT T T 17 T 1T 1T 1T 7T 1771

- ATLAS
— Preliminary

- [FJLHC Delivered
[ JATLAS Recorded

2011, \s =7 TeV

Delivered: 5.46 fb™'
Recorded: 5.08 fb”’

9}

1T T T T T T

2012, \s =8 TeV
Delivered: 22.8 fb”' //

Recorded: 21.3 fb™ '__/J

l[IIIllIIIIIIIIIIII|IIII|]

Y Y Y Y
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P‘Q‘ 3\)\ Og\.
Month in Year

A O ©@©
o O O

IIIIIIIIII|]II|III|

N
o

] |

- ATLAS
140 Preliminary

120 - [FJLHC Delivered
- [ JATLAS Recorded

T L I | i

{s =13 TeV

Delivered: 156 fb™
Recorded: 147 fb™'

lllllllllllllllllllllllllllll

uoneiqied 61/

I | I | ! | ! | 1 |

A5

yan o g

\\6 \-\6

P L N LV L e

Month in Year

A

» Run-1 data of 25 fb1: 7 TeV pp collisions in 2011, 8 TeV in 2012

» Run-2 data of 140 fb1: 13 TeV pp collisions 2015-2018
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Where it go?

» Mass

»> Width

» Spin

»> CP

» Couplings
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Higgs Production @LHC

JJE M(H)=125GeV
H® WW, ZZ fusion : HO F 1oL —:E
: r Ok L NLOEW) .
9 —>—= a :W:
E et == C[o W) E
g ) ] W,z 107'E E
2 . ) HO = 3
ttfusion: W,Z B ]
t i ]
¢ - a H® 10_2;".‘|.‘..\.H.\..‘.\‘.‘.|‘..‘|H.‘|.‘.‘\.‘..E
t W, Z bremsstrahlung 6 7 8 9 10 11 12 13 14 15
s [TeV]
2012-08-14 2018-07-24 2020-07-07
Higgs discovery ttH observation ZH observation
Phys. Lett. B 716 (2012) 1-29 Phys. Lett. B 784 (2018) 173 arXiv:2007.02873
2016-08-05 2018-09-14
VBF observation VH observation
JHEP 08 (2016) 045 Phys. Lett. B 786 (2018) 59

2020-10-28 Lianliang Ma Shandong U. 29


https://linkinghub.elsevier.com/retrieve/pii/S0370269318305732
https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://arxiv.org/abs/2007.02873
https://link.springer.com/article/10.1007/JHEP08(2016)045

Di-Higgs Production

Phys. Lett. B 800 (2020) 135103

HH— bbt*t’
HH—> bbbb
HH— bbyy

HH— W'WW'W
HH— W'Wyy
HH—> bbW'W

Combined

ATLAS
" Vs=13TeV, 27.5-36.1fo"

csg’,': (pp = HH)=33.5fb

T T

Obs. Exp. Exp.stat. |

12,5 15 12
129 21 18 1
203 26 26 1
l { 160 120 77 1
- l+ 230 170 160 1
» } 305 305 240 1

T
—e— Observed
Expected =
Expected + 16
Expected + 26

10° 10°

10
95% CL upper limit on Oyor (pp —

10* o
HH) normalised to ¢
ggF

5

Final state

Allowed «; interval at 95% CL

Obs. Exp.
bbbb —10.9 — 20.1 —11.6 — 18.8
bt~ ~7.4 —15.7 —-8.9—16.8
bbyy —8.1 —13.1 —8.1 —13.1
Combination -5.0 — 12.0 -5.8 —12.0
———

8 T6666000¢ -~~~ H g o T
H sy, "
0 t/b
A /b Y
1
8 GCEEEEEEd—< b ——— == PR 25111 L NG SH H
(a) (b)
. 8 ~ :
8 766000001 - H @\0\6‘ 7 H
0\0‘0\ s
@
AN 6666 X \\
8 GEOEGUT S H g (S S H
(© (d)
Prospect study with 3000/fb at 14 TeV
ATL-PHYS-PUB-2018-053

Channel Statistical-only | Statistical + Systematic

HH — bbbb 1.4 0.61

HH — bbt*1~ 2.5 2.1

HH — bbyy 2.1 2.0

Combined 3.5 3.0
Scenario lo CI 20 CI
Statistical uncertaintiesonly | 0.4 < k3 <1.7 | -0.10< k3, <2.7U55 <3 <6.9
Systematic uncertainties 025<k3 <19 -04<ky <73
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://cds.cern.ch/record/2652727

Higgs Decay

Branching ratios

T T R % Decay mode Branching fraction [%)]
ob : H - bb 57.5 +1.9
H—-WW 21.6 +0.9
1078 H = gg 8.56 + 0.86
cC H-rr 6.30 +0.36
I H - cc 2.90 +0.35
102 H—Z7ZZ 2.67 £0.11
H —yy 0.228 +0.011
H — Zy 0.155 +0.014
10° 100 720 740 160 180 200 2010-08-05 chadls n =0

H—>11: 5.50 (5.00)
JHEP 08 (2016) 045

M, [GeV]

2013-08-13 2015-07-16 2018-09-14
H->yy: 7.46 (4.30) H>WW*: 6.1 (5.80) H->bb: 5.46 (5.50)
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Higgs Mass Measurement

Phys. Lett. B 716 (2012) 1-29
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Higgs Width from H>ZZ
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Higgs CP measurement .., Ciisis)

Phvs. Lett. B 726 (2013) 120-144
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Higgs CP Mixing

£ = =" {yiki[cos(a) + isin(a)yshy, }H
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Higgs Coupling

Phys. Lett. B 726 (2013) 88-199
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Higgs STXS Measurement
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H>Z77Z

Higgs STXS Measurment

arXiv:2004.03447
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Higgs Prospect @HL-LHC

S1: scenario 1 with sys. same as Run-2; S2: sys. halved

ATL-PHYS-PUB-2018-054
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> Observation of H=>bb at ATLAS
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ABSTRACT

A search for the decay of the Standard Model Higgs boson into a bb pair when produced in association
with a W or Z boson is performed with the ATLAS detector. The data, corresponding to an integrated
luminosity of 79.8fb~' were collected in proton-proton collisions during Run 2 of the Large Hadron
Collider at a centre-of-mass energy of 13TeV. For a Higgs boson mass of 125GeV, an excess of events
over the expected background from other Standard Model processes is found with an observed (expected)
significance of 4.9 (4.3) standard deviations. A combination with the results from other searches in
Run 1 and in Run 2 for the Higgs boson in the bb decay mode is performed, which yields an observed
(expected) significance of 5.4 (5.5) standard deviations, thus providing direct observation of the Higgs
boson decay into b-quarks. The ratio of the measured event yield for a Higgs boson decaying into bb
to the Standard Model expectation is 1.01 £ 0.12(stat.)f8:}g(syst.). Additionally, a combination of Run 2
results searching for the Higgs boson produced in association with a vector boson yields an observed
(expected) significance of 5.3 (4.8) standard deviations.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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VH, H->bb
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8 years to observe this decay mode, even with Br=57.5%
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Analysis of WH/ZH, H>bb

O-lepton v |-lepton 4

» Categorized into O-lepton, 1-lepton, and 2-
lepton final states (e, p)

» Single-lepton triggers for 1/2-lepton channels,
MET trigger for 0/1-lepton (W—>puv)

» Exactly 2 or 3 jets for 0/1-lepton channels, 2 or
>=3 jets for 2-lepton

» Exactly 2 b-jets (pr>20 GeV) at 70% b-tagging
efficiency; the leading b-jet with p>45 GeV
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Event Display of WH, H>bb
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» Main backgrounds: Z+jets, W+jets,
» Dedicated control regions (CR) for background normalizations: W+HF,

» Resonant diboson VZ, Z->bb background, with lower mbb than VH signal

» Multi-jet background negligible in 0- and 2-lepton, <5% in 1-lepton (data-driven)
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Event Selections

Selection 0-lepton 1-lepton 2-lepton
e sub-channel M sub-channel
Trigger E?iss Single lepton I:"T’"iSS Single lepton
Leptons 0 loose leptons 1 tight electron 1 tight muon 2 loose leptons with pt > 7 GeV
p with pt > 7 GeV pt > 27 GeV pt > 25 GeV > 1 lepton with pt > 27 GeV
Emiss > 150 GeV > 30 GeV - -
Myyp - - 81 GeV < my, < 101 GeV
Jets Exactly 2 | Exactly 3 jets Exactly 2 /| > 3 jets
Jet > 20 GeV for |n]| <2.5
Pt > 30 GeV for 2.5 < || <4.5
b-jets Exactly 2 b-tagged jets

Leading b-tagged jet pr

Ht

min[A¢ (ETS, jets)]
A¢ (EMss, bb)

A¢ (b1, b2)

Ad) (E?iss , pTrpiSS)

pY regions
Signal regions

Control regions

> 45 GeV

120 GeV (2 jets), >150 GeV (3 jets) -
> 20° (2 jets), > 30° (3 jets) -
> 120° -
< 140° -
< 90° -

> 150 GeV

- mpp > 75 GeV or myop < 225 GeV

- mpp < 75 GeV and myop > 225 GeV

75 GeV < py < 150 GeV, > 150 GeV

Same-flavour leptons

Opposite-sign charges (uu sub-channel)
Different-flavour leptons

Opposite-sign charges

Selection cuts opimized to suppress backgrounds, while

keeping signal yields as high as possible
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Multivariate Analysis (BDT)

Boosted Decision Trees trained and classified

Variable O-lepton  1-lepton 2-lepton . .

= : for each signal region separately
pr =E7"° X X
E{Fniss x x Categories

b _ 75 GeV < pr < 150 GeV | py > 150 GeV
prl X X X Channel SR/CR 2 jets | - 3 jets 213'ets | 3 jets
pPT X X x O-lepton SR _ : BDT | BDT
My, X X X 1-lepton SR - - BDT | BDT
AR(b. .55 « y y 2 lepton SR BDT BDT BDT | BDT

i 1-lepton | W 4+ HF CR - - Yield | Yield

|A77(_‘1a 92)' X 2-lepton en CR myp mMpb Yield mMpp
Ap(V, bd) X X %
|An(V, bb)| x
Megg x In order to maximize the sensitivity, 8 signal
min[A¢ (¢, b)] X

W . : : :
mr X regions are considered, with 6 control regions
mu’. X
Ex™/ VSt x to better control the main backgrounds
mtop X
|AY (V, bb)| X

— NR = 5 x L x &3R
Only in 3-jet events

P X X X
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2-Jet SR

3-Jet (>=3J) SR

Signal Reg

0-lepton

o L L L o o o e
S ATLAS ;efﬁ. bb (1=1.16) ]
= _ o ,H — bb (1=1.16)
@ Vs=13TeV, 79.8 fb I Diboson i

g " 0 lepton, 2 jets, 2 b-tags &
o 10 p¥21506ev I Single top 3
Bl W+jets ]
Bl Z+jets T
XY Uncertainty 7
103 ===+ Pre-fit background —
— VH,H-obbx10 3

10?
B W = B L B B B I S
o E —{;
& 1W\NWMMT
o E * 1
§0.5’—...J..‘J...|...u..x..w...|.‘.\...1..‘—’
-1 -08 06-04 02 0 02 04 06 08 1
BDT,,, output
™ L B . e e o
;' s_ ATLAS ;\[;:ltau bb (1=1.16) |
>~ 10°E (s= -1 » = bb (u=1.16)
@ E ¥ 13TeV:79.8fb B Diboson 3
S [ 0 lepton, 3 jets, 2 b-tags & 3
o [ pY>150Gev I Single top ]
10¢ = -W*:je!s a
E Bl Z+jets E
E Y Uncertainty 3
ErtT e ==« Pre-fit background
L o, s i
0 = VH, H — bb x 50

5 1.5 F T T T T T T T T
o E ]
o000 s g g g TR
% 1E T g S ]
= E E
o 0.5 ol b b b b b b b by
a7 y
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BDT,,, output

ions (p7V > 150 GeV)

Events / 0.13

Data/Pred.

Events / 0.13

Data/Pred.

L e N LI e e

1055—ATLAS —e- Data =
F \s=13Tev, 79.8 0" I VH, H - bb (1=1.16) 3
+ T Diboson -
L 1lepton, 2 jets, 2 b-tags = & i

104 p¥ > 150 GeV I Single top ]
E Multijet 3
r Bl W+jets .
S e e o Bl Z+jets _

3 Uncertainty
10 E | mmm i e Pre-fit background

— VH,H - bb x20

L L B B I L L

1 oot gt gun by

w»
ARia wany

vl b b b b b by b

.8 06-04-02 0 02 04 06 08

L
)

1

BDT,,, output

L L B L B B

10°E ATLAS ~-Data
E s=13Tev, 798" I VH, H — bb (1=1.16)
- T Diboson
r 1 lepton, 3 jets, 2 b-tags - #®
10° E p‘T' > 150 GeV 0 Single top
E Multijet
C Il W+jets
4 OO Bl Z+jets
10 E Uncertainty
E T e Pre-fit background
L * : or. — VH,H — bb x 100

|

L

15 F T T T T T T g
0.5 Bl bbbl bl L A
-1 -08 06-04-02 0 02 04 06 08 1
BDT,,, output
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Events / 0.13

Data/Pred.

Events / 0.13

Data/Pred.

2-lepton

ATLAS
(s=13TeV,79.8 "

p¥ > 150 GeV

10

2 leptons, 2 jets, 2 b-tags

LN L L

—e— Data

B VH, H - bb (1=1.16)_|

[ Diboson
Bl Z+jets

tt
[ Single top
Uncertainty
===+ Pre-fit background
— VH, H - bb x 10

z otk
1E _\\.\:—\Q—\\\\\%—— sy S
O5 b vl b b b b by by Bl by

-1 08 06-04 02 0

02 04 06 08

1

BDT,,, output

F ATLAS
m (s=13Tev,79.81"

p¥ > 150 GeV

2 leptons, > 3 jets, 2 b-tags

—eo— Data
B VH, H - bb (1=1.16)
7 Diboson
Bl Z+jets

tt
I single top
Uncertainty
=== Pre-fit background
— VH, H — bb x 20

|

15 EFrTTTT T T g
T SR S o P SN

(-3 S P N B D B B BN B
-1 08 06-04-02 0 02 04 06 08 1

BDT,,, output
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Control Regions: W+HF

» Heavy flavor (HF): 2 jets from bb, bc, cc, or bl quark pairs
> Two additional selections after nominal cuts: my, <75 GeV, m,, > 225 GeV
» Predicted purity: 75-78%

o SLELELE BLELELE BLELELES BURLELES BUBLELES BLELELAN USLELEN BUBLELES BUBLELE BUBLELS o MR BLUELELE BLELEL LELELE BUBLELEY BUELELE BUSLELE BLEL T

. [ ATLAS e L (et 16) ] 2 3500~ ATLAS S Vit H o b (et 10)

€ 14001 5 _ 13 1ev, 79.8 10" B VH, H = bb (4=1.16) S - {s=13TeV,79.81b" B VH, H = bb (1=1.16) 3

s L [0 Diboson - s - [0 Diboson 7]

w — 1 lepton, 2 jets, 2 b-tags t - W 3000} 1 lepton, 3 jets, 2 b-tags ft —

1200: pY = 150 GeV B Single top ] - pY =150 GeV I Single top ]

- W+HF CR Multijet — 2500'_ W+HF CR Multijet —]

1000~ B Wijets - u B Wijets .

C Bl Z+jets ] - B Z+jets .

800+ Uncertainty o 2000[— Uncertainty -

- ««s+ Pre-fit background  _ C «+++ Pre-fit background

R A AR RasS

600 = 1000 [accaesaansnsunussenancessnuusaasnnsssnsnunsncancassnsnsannssnnnsanc o
400
200

_o' 1.5 ;_j LI l L L | LB ] LB I T T I L l LB L [ 7T V__. _o' 1.5 —_] l L] ] T I I l [ __.

@ r ] @ C ]

a 1F - a 1F . .

8 . . 8 . ]

‘50,5_1;11*11111L'111111111 P BT R ia e o 80,5_1111'111111 IETENE BT ' EFET AT BT T -

e -1 -08 06-04 02 0 02 04 06 08 1 -1 -08 06-04 02 0 02 04 06 08 1

BDT,,, output BDT,,, output
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Control Regions: Top

=] T T L BB LB T
8 : ATLAS —eo— Data B :
, @ 200 {5-13TeV,79.81" -zH’H_'bb(“ﬂ"G)—
H S | 2leptons, 2 jets, 2 b-tags 1 Single t ]
» Four ttbar CR’s for the 2-lepton analysis, & ;= o
150}— en CR ««++ Pre-fit background
with ep final state only R
n | ]
100_— ]
% f ingl d : :
» More than 99% from single top an 2),>150 GeV -
bar, 88-97% ttb | : '
ttoar, o ttbar on \ . L
515 F T L B L B AL B
[ £ 3
s . :
w05 b o v 1 b b b Ly
e 0 50 100 150 200 250 300
m,, [GeV]
2, [75, 150]GeV >=3, [75, 150]GeV
o T L L LR T ]
w - Dat: =
3 T ML BRI N 3 3 T LA B A 3 2 4oof- ATLAS ) ;V:.aH—»bE(uﬂ.!S)__
3 E ATLAS —e Data B . © 4000 A4S —e- Data - - £ F Vs=13TeV,79.8" d 3
2 1400E" 515 7ev, 79.8 10" o OH,H 2 B0 (=116 £ 3500 5= 13Tev, 798 1" -ZH’ H = b5 (u=116) 3 5 350 2leptons, > 3jets, 2b-1ags  wuy Single top =
2 i 2 leptons, 2 jets, 2 b-tags 1 Single top = 2 - 2leptons, > 3jets, 2b-tags  u Single top 3 E py = 150GeV Y Uncertainty =
w 1200: 75 GeV < p) < 150 GeV Y Uncertainty . ) 3000:_ 75 GeV < p! < 150 GeV Y Uncertainty = 300:— eu CR .-+« Pre-fit background =
1000; eu CR ««+ Pre-fit background | E eu CR ««s+ Pre-fit background B :_ _:
. ] 2500 - 250 ks 3
F I S N - E seacecqgeceen ] = : ; ]
8001~ R ] a i 3 200 E : ]
E ] 2000~ RN E E b s
600~ * - = 3 150 ]
u : e 1500 "“‘“‘"“‘; o H 4
400 St ] 10005_ H 3 100F
200 3 o ] 50E >=3J, >150 GeV
C ] 500f = =
—— 7 £ 3
0 L L L . . cC | ST S 15 F T T T T =
515 F T T T T T 1 = . . . —— ® E
E.E 31.5:_‘ T T T T T E £ 4k R N R .
o 1 T AR 14 E F § E
gosé ! L 1 L ! E %;051; l l 1 l ‘ E EO,SL-H-Iw_l‘..‘].‘..ll.\ 3*00
' 0 100 180 500 200 Sttt S — S 1 1 2 2
e 0 50 100 150 200 250 300 [a] 0 50 100 150 200 250 300 0 50 00 50 00 rfrilo (GoV]
m,, [GeV] m,, [GeV] ®
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Systematic Uncertainties

» Experimental uncertainties

* Dominant uncertainties: flavour-tagging efficiency correction factors, jet
energy scale and the modeling of the jet energy resolution

* Uncertainties from lepton’s reconstruction, identification, isolation and trigger
efficiencies with a small impact on the result

 MET trigger and MET uncertainty from track’s uncertainties

* Luminosity: 2.1% for 2015 data, 3.4% for 2016

» Theoretical uncertainties
* Samples and methods used
* Backgrounds
e Signal

» Impact of uncertainties on the final result
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Impact of Systematics Uncertainties

Source of uncertainty ou
Total 0.259
Statistical 0.161
Systematic 0.203
Experimental uncertainties
Jets 0.035
ET"S 0.014
Leptons 0.009
b-jets 0.061
b-tagging c-jets 0.042
light-flavour jets 0.009
extrapolation 0.008
Pile-up 0.007
Luminosity 0.023
Theoretical and modelling uncertainties
Signal 0.094
Floating normalisations 0.035
Z + jets 0.055
W + jets 0.060
tt 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005
MC statistical 0.070

O X BR
(0 xBR),,

» Signal strength: =

» A simultaneous fit to all SR’s and CR’s can be
used to estimate impacts of uncertainties,
when all experimental and theoretical sys.
considered.

» The analysis is limited by systematical
uncertainties: 0.31 (syst.) vs. 0.24 (stat)

» The main sources of uncertainties are:
signal modeling, background modeling,

MC statistics, b-tagging.
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Statistical Analysis Strategy

A simultaneous likelihood fit is performed on 8 signal regions and 6 control
regions: 6 SRs (page 9); 4 top CR (page 11); 2 SRs + 2 CRs here

Events /0.13

Data/Pred.

Events /0.13

Data/Pred.

T T T T T T T
—e— Data
ATLAS mm VH - Vbb (u=1.20)
L Vs=13Tev,36.1 1" | Diboson
10 2leptons, 2 jets, 2 b-tags = %:(clrb,bc,cc,bl)
75GeV < p: <150 GeV ‘Zi+ll
i Single top

10°

10?

. W+(bb,bc,cc,bl)
Uncertainty

«+= Pre-fit background
=== SM VH — Vbb x 70

ol U vl vl

10 I I L I I
15 A i s S e e
E P I Lol €
1F —— R
05 Bt T R VRPN B B
-1 -08 06-04-02 0 02 04 06 08 1
BDT,, output
T T T T oo T T3
—- =
ATLAS = VH — Vbb (u=1.20)
Vs=13TeV,36.1 10" Diboson ]
2 leptons, > 3 jets, 2 b-tags =§:gb,bc,cc,bl) b
104 75 GeV Sp: <150 GeV ‘Zi+ll 5
[ Single top i
= W-+(bb,bc,ce,bl) q
3 Uncertainty 7
«««« Pre-fit background
3 = SM VH — Vbb x 70
10°E E
107
15:4 T T T T T T \‘\—:
05 Bl i liu il bl il
-1 -08 06-04-02 0 02 04 06 08 1

BDT,,, output

Channel

SR/CR

Categories

75 GeV < pr < 150 GeV

pr > 150 GeV

2 jets |

3

jets

2 jets | 3 jets

0-lepton
1-lepton
2-lepton

SR
SR
SR

- “BDT
BDT

RDT

BDT
BDT
BDT

1-lepton

W + HF CR

- Yield

Yield

2-lepton epn CR mpyp mMpp Yield My
~ . . . . ; . ; ; ~ g e - e P
~ Data ~ C —e— Data |
@2 ATLAS = VH - Vbb (1=1.20) 2 1800F- ATLAS . VH — Vbb (u=1.20) —
& Vs=13TeV,36.1fb" mm Diboson S F {s=13Tev,36.11b" t[ihbosnn m
. tt S E . A
@ 1lepton, 2 jets, 2 b-tags | Single top @i 1600~ 1 lepton, 3 jets, 2 b-tags i Single top E
pY > 150 GeV Multijet 1400F- pY =150 GevV mm W+(bb,bc,ce,bl) =
T mm W+(bb,bc,cc,bl) E WeHECR +cl 7
W+HF CR  Z+(bb,be.cc,bl) E W+ Z+(bb,bc,cc,bl) 3
Uncertainty 1200— Uncertainty —
---= Pre-fit background E ++-+ Pre-fit background
1000~ 3
800k 4

Data/Pred.

0.5

Bl lay

|

Lo

1

=

-1 -08 06-04-02 0 0.2 0.

P BN B
06 08 1
BDT,,, output

Data/Pred.

1

L

[

o

[ D T B D P D PR T

-08 -06-04 02 0 02 04 06 08 1
BDT,,, output

8 SRs
6 CRs
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WH

ZH

Comb.

Results with 13 TeV in VH, H=>bb

Signal strength Signal strength Po Significance
Exp. Obs. Exp. Obs.
0-lepton 1041037 9.5.1074 5.1-1074 3.1 3.3
1-lepton 1.09708 8.7-1073 4.9-1073 2.4 2.6
2-lepton 1387075 4.0-1073 3.3.1074 2.6 3.4
VH, H — bb combination 1.161031 7.3-1075 5.3-1077 43 4.9
ATLAS ~ VH, Hobb 15=7TeV,8TeV, and 13 Tev
rrrTTrTTTTTTTT TTT TrTTTTTTTTTTT rrrTTT 4.7 203" and 79.8 fb™’
ATLAS VH H—> bB s=13 TeV, 79 8 fb’ — Total Stat. "
—Total Stat Tot. ( Stat., Syst.)
Tot. ( Stat., Syst.) WH F—o—— 1.08 030 (033, %05 )
0.47 0.27 +0.38
== — 1.08 i3 ((027 034 )
ZH ker 0.92 77 (%930, 017 )
H—e—t $0.33 (4023 +023 \| [T
1.20 —0.31 (@23’420) Comb. [T +0.22 +0.14  +0.17
T 0.98 -0.21 (Z014 » 016 )
lllll IIIIIIII JJJIlllllllllll}lllllllllllllllllll
0 06 1 15 2 25 3 35 4 45 5
be
VH

Significance with Run | + II:
4.9 o observed (5.10 expected)

Run Il
only
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H->bb Observation

5 . s ety T T VH, H>bb% S & HE 40 7 45 51
* 1 8: s=13TeV,79.81b" = ;:"b;s’ o‘f‘bb (1=1.06)

5, 16 0+1+2lepions } Uncertainty —:

X - 2+3 jets, 2 b-tags ] . .

§ 141 weighted by Higgs S8 Dijet mass analysis | Channel S lgnlﬁcance
g Exp. Obs.
£ VBF+ggF 00 15
2 ttH 1.9 1.9
~ VH 51 4.9
O N n

o H — bb Combination 5.5 5.4
< —2* L4y =

3 40 60 80 100120140160180200

m [GeV] . \ o

” MR #EER

4 1 BEF5 A (Supporting Note Editor). M ATLAS 3256 2015 4E 28 — #1817 FF 4R,
HObbFIttHIT TR B RN —RE  whkemb BA A% A 525 T WOvH M ZovH FAFERBIR. UK

ﬁ%@%ﬁi ﬂzjﬁm “9018 KX W(AvH S HTE R aﬁlz‘%%\ ZIS}E*:{E#\ it SR T B BT, H
R TR AR KR TR, e T E S REUE, AR Hobb A iTH

» N
ﬁ%ﬁi‘l“jﬁﬁ% Z' BAFE ATLAS S1EH M 7 P IR W38 45 Rt i # 45 (Approval talk), DA K IHAEH

SR SO ISR o BB K 2% ATLAS 3T 230 2644 T Hobb /i K
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Summary

» Long-time effort from Higgs search to Higgs discovery

> Many precise measurements on Higgs property on-going

after its discovery

> A detailed observation study presented for H>bb

HL-LHC

14 TeV energy
lllllllllllllllllll limit Install - 2
7 TeV 8TeV buton collim ators ﬁ:ly:r:gno(‘ § HL-LHC 5to0 7.5 x nominal Lumi
S —— R2E project regions T dipole installation
ﬂ Civil Eng. P1-P5
s | aote | oo | ame [ o7 | awee [ oo | ameo | Illllw
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes A HL upgrade
o ALICE - LHCb
75% nominal Lumi /" upgrade
o - ESEER 3000 fb-1
m 190 fb™! L 4000 (ultimate)
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Outlook

Now the discovered Higgs looks more and more
like to be the SM Higgs!

But

It is really a brand-new particle
- First O* particle, no other?
- Higgs self-interaction, SM case?
- Higgs mechanism?
- Neutrino mass?
- Dark matter?
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Linear Collider

/s

o Infernafional linear collider

Mature detailed TDR studies based
on extensive R&D

Industrial production of cavities
(established for XFEL)

Major Japanese community initiative
to host ILC as a global project

Goal to start data taking before 2030

Baseline 250 - 500 GeV
(upgradeable to 1 TeV)

Compact Linear Collider CLIC

Detailed CDR studies
based on extensive R&D

Prove of principle of the
two-beam acceleration

%

4 Legend:

X e CERN existing LHC
ee CLIC500Gev |
oo CLIC3TeV

ILC 500 GeV

°e LHeC

Jura' Mountains

2020-10-28

Lianliang Ma Shandong U. 59



Future Colliders

o

Pre-Feasibility Study for an 80-km tunnel at CERN
- John Osborne and Carolme Waaijer _
For a Very High Energy Hadron Collider ranging from 42 TeV (8 3T LHC
magnets) to 100 TeV (20T very high field magnets with HTS), and could house
first an e*e” collider TLEP up to 350 GeV

'S 4 Lake Geneva

e
oA

Geneva

o
L
AT
a
4

3 A w
n
3 "

~
I
L 4

LEGEND
= LHC tunnel

HE_LHC 80km option
potential shaft location
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Future Collider in China

Nature reported on July 22, 2014:

http://www.nature.com/news/china-plans-super-collider-1.15603

COLLISION COURSE

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe's particle-physics laboratory.

CERN'’s Large R i o
Hadron Collider R | \ %%, s : 0
Ci f - 27 km Rt | ) TR China’s electron-positron collider
O e &\ J %o 52 km; 240 GeV

Energy: 14 TeV N— P % China’s super proton collider

52 km; <70 TeV

US/European super s TR China-hosted international
proton collider : : electron-positron collider
100 km; 100 TeV T N v 80 km; 240 GeV
China-hosted international
S 0sensaassnssestt super proton collider
80 km; <100 TeV

International ——— ",
Linear Collider | "tteesssseen® — EXiSting seeeees Proposed
Length-f;-;(envrl .................................................... TeV, teraelectronvolt: GeV, gigae|ectronvo|t
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Prospect from Future Higgs Factory

Precision of Higgs coupling measurement (7-parameter Fit)

= LHC 300/3000 fb-" 1 arXiv:1801.09037

s CEPC 240 GeV at 5.6 ab™" wi/wo HL-LHC

1

—
<

Relative Error

102

Kp K¢|Ke Kg Kw Kr Kz Ky

arXiv:1905.00382

Observable| Current range |[HL-LHC ILC250 ILC2504-500 CLIC380 CLIC3000 CEPC FCC240 FCC365 LHeC
Sy/y (%)
1.02+912 [35]
yi Jys™M —0.15 3.4 — 6.3 — 2.9 — — — —
1.057015 [36]
+0.17
Yo /yp ™ 0'91-3'}3 35] | 57 1.0 0.60 1.3 0.2 1.0 1.4 067 1.1
0857014 [36]
yr JySM 0.93£0.13 [35]| g 1.2 0.77 2.7 0.9 1.2 1.4 078 1.3
0.95 + 0.13 [36]
ye/ySM | < 6.2 [40,41] | <220 1.8 1.2 4.1 1.3 1.9 1.8 12 36
+0.50
gy | 07220ml3l gy 3.8 - 56 50 96 34  —
< 1.63 [36]
y/ySM | <611 [42] — — — — — - <16 -
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https://arxiv.org/pdf/1810.09037.pdf
https://arxiv.org/pdf/1905.00382.pdf
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