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Standard Model

Lianliang Ma  Shandong U.

• SM is not a final 
theory to describle 
everything

• SM beautiful and 
successful

• Higgs as the origin 
of mass
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The Higgs Particle
• In 1964, a new, massive boson 

of spin zero proposed to explain 
how elementary particles get 
their masses

Lianliang Ma  Shandong U.

F. Englert, R. Brout,               Phys. Rev. Lett. 13 (1964) 321

P.W. Higgs,                             Phys. Rev. Lett. 12 (1964) 123 
Phys. Rev. Lett. 13 (1964) 508

G.S. Guralnik, C.R. Hagen,    Phys. Rev. Lett. 13 (1964) 585 
T.W.B. Kibble, 

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

Lianliang Ma  Shandong U.

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.”
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Ø Introduction to Higgs particle

Ø Overview on Higgs experimental searches

Ø Higgs property measurements

Ø Observation of Hàbb

Ø Summary and outlook

1) Pre-LEP searches
2) LEP-1 and LEP-2 searches
3) Tevetron result
4) LHC discovery
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Experiment Names

• DORIS: “Double Ring Storage”, 289m, 1974-2012, DESY

• CESR：the Cornell Electron Storage Ring (CUSB, CLEO）

• Tevatron: Fermilab, 1987-2011, proton-antiproton (CDF, D0)

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

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

Lianliang Ma  Shandong U.

TevatronLHC
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Pre-LEP Era: a false signal in 1984

Lianliang Ma  Shandong U.

• Early in 1984, a peak in g energy spectrum 
was seen, corresponding to a resonance with 
mass 8.32 GeV. High signal significance: >5s
in 2 independent data samples

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

• Signal not confirmed at Cornell CESR; with 
more DORIS data in late 1984, Crystal Ball 
signal disappeared Top: inclusive g spectrum ( >8 particles)

Bottom: bkg-subtracted spectrum

H
¡

γ

b

b

b
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• Crystal Ball collaboration at the DORIS 
e+e- storage ring at DESY was looking for low-
mass Higgs in Upsilon decay: ¡àH+g



Pre-LEP Era: First Higgs limits

Lianliang Ma  Shandong U.

Ø CUSB collaboration at CESR (Cornell Electron Storage Ring) searched in 
channel ¡à H + g: 90% CL exclusion in range 211 MeV < mH < 5 GeV (1989)
Proceedings of ICHEP 1988

Ø SINDRUM experiment at the Paul Scherrer Inst. proton cyclotron 
(Switzerland) searched for Higgs in pion decays:  p+à e++νe+H, Hàe+e-

90% CL exclusion in range 10 MeV < mH < 110 MeV (1989)
Measurement of the decay π+àe+νee+e− and search for a light Higgs boson,     
Phys. Lett. B 222, 533

Ø CLEO collaboration at CESR searched in channel 
B à K + H0,  H0 à pair of muons, pions or kaons
90% CL exclusion in range 0.2 GeV < mH < 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 to 1995
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• On July 14, 1989, the 200th 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 (MZ = 91.188 ± 0.002 GeV)

• Search in the Higgsstrahlung
channels:
e+e- à Z à Hl+l- and  Hvv

• Number of Higgs bosons expected to 
be produced per 106 Z decays at LEP-1
(~100 events at mH=30 GeV)

v, l-

v, l+
_

Hnn
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LEP-1: Final Higgs Combination

Lianliang Ma  Shandong U.

Higgs physics at LEP-1, Andre Sopczak
Physics Reports 359 (2002) 169, pages 206, 207.

Experiment Data sample Had. Z decays
[106]

Mass limit 
[GeV]

ALEPH 1989 - 1995 4.5 63.9
DELPHI 1990 - 1993 1.6 58.3

L3 1990 - 1994 3.1 60.1
OPAL 1990 - 1995 4.4 59.6

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

CL Higgs exclusions (with full LEP-1 integrated luminosity)
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http://www.sciencedirect.com/science/article/pii/S037015730100062X


LEP-2: up to 1999

Lianliang Ma  Shandong U.

• LEP-2 started in 1995 at √s=130 GeV, 
going up to 202 GeV by 1999
• Most data collected in 1998-99

Total: 2461 pb-1 (sum of 4 exp.)
• 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-1 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 )

b
b

v, q, l-

v, q, l+
__

_
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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    Ecm = 206.7 GeV
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LEP-2: Final Publication

Lianliang Ma  Shandong U.

Ø ALEPH: ‘Observation of an excess in the search for the SM Higgs boson at ALEPH’. Phys.Lett. 
B 495, 1 (2000): An excess of 3σ beyond the background expectation found, consistent with 
the production of the Higgs boson with a mass near 114GeV/c2. Much of this excess is seen 
in the four-jet analyses, where three high purity events are selected (link). 

Ø DELPHI: ‘Search for the SM Higgs boson at LEP in the year 2000’. Phys. Lett. B 499, 23 
(2001): No evidence for a Higgs signal is observed in the kinematically accessible mass range, 
and a 95% CL lower mass limit of 114.3 GeV/c2 is set (link)

Ø L3: ‘SM Higgs boson with the L3 experiment at LEP’. Phys. Lett. B 517, 319 (2001): A lower 
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 Hνν event. It has a 
reconstructed Higgs mass of 115 GeV and it was recorded at √s = 206.4 GeV. (link).

Ø OPAL: ‘Search for the SM Higgs boson in e+e- collisions at √s≈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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The accelerator was switched off for the last time at 
8:00 am on 2 November, 2000

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


Tevetron 2009: First Exclusion

Lianliang Ma  Shandong U.

• Limits: 10.4 (3.8) times SM 
@ mH=115(160) GeV

• CDF Note 8384, D0 Note 5227
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• Production: qq→W/ZH, gg→H, qq→q’q’H (VBF)
• Decay: H→bb, H→W+W-, H→τ+τ-, H→γγ

_ _

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

• Press release on March 13, 2009 (link) 

_
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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)

Lianliang Ma  Shandong U.

• Excess in 125<mH<155 GeV (approx. 1 sigma)
• 95% CL exclusion: 156-177 GeV  (expected: 148-180 GeV)
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Channels:
• Production: qq→W/Z H, gg→H, qq→q’q’H (VBF)
• Decay: H→bb, H→W+W-, H→ZZ, H→τ+τ-, H→γγ
• 165 final states (71 CDF, 94 D0)

_ _ _
_

http://arxiv.org/abs/1107.5518
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http://arxiv.org/abs/1107.5518


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

Lianliang Ma  Shandong U.

p0: probability that the background fluctuates 
to the observed data (or higher) p0 = Local p-value 

Hàγγ, bb, ττ, WW(lvlv), ZZ(4l, llττ, llvv, llqq)ATLAS Hàγγ, ττ, WW(lvlv), ZZ(4l, llvv, llqq)

Both ATLAS and CMS see >2σ excess at low mass in HàWWàlvlv
channel

ATLAS (LP11)
largest local excess: 2.1σ at 145 GeV

CMS (LP11)
largest local excess: 2.3σ at 120 GeV
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Hàγγ, ττ, WW(lvlv, lvqq), ZZ(4l, llvv, llqq, llbb)
red: 4.9 fb-1 green: 1 fb-1, black: 2 fb-1

LHC Era:  CERN Council (Dec 2011)

Lianliang Ma  Shandong U.

Largest local excess: 3.6s at 126 GeV Largest local excess: 2.6s at ~120 GeV

Hàγγ, bb, ττ, WW(lvlv), ZZ(4l, llττ, llvv, llqq)

Fabiola Gianotti

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

Lianliang Ma  Shandong U.

Largest local excess:  
4.9σ around  mH = 125 GeV
(using H→γγ and H→4l: 5.0σ)
With LEE in 110 < mH < 145 GeV,
global significance: 4.4s

5σ 4.9σ

gg, 4l updated with 
~6 fb-1 of 8 TeV data

All channels updated with 
~5 fb-1 of 8 TeV data

Largest local excess:  
5σ at  mH = 126.5 GeV

With LEE in 110 < mH < 150 GeV,
global significance: 4.3s
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LHC Era：The discovery of the Higgs boson

Lianliang Ma  Shandong U.

July 4 2012, “Discovery!”
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LHC Era： July 4, 2012

Lianliang Ma  Shandong U.

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

Lianliang Ma  Shandong U.

ATLAS PLB 716 (2012) 1-29,Sept 17 (2012)

5.9σ 5.0σ

Hàγγ, bb, ττ, WW(lvlv), ZZ(4l, llττ, llvv, llqq)Hàγγ, bb, ττ, WW(lvlv, lvqq), ZZ(4l, llvv, llqq)

On July 31, 2012
ATLAS and CMS submitted papers to Physics Letters B. 
ATLAS added 2012 data to the HàWWà lvlv

Largest local excess:  
5.9σ at  mH= 126.5 GeV

Largest local excess:  
5.0σ at  mH= 125.5 GeV

CMS PLB 716 (2012) 30-61,Sept 17 (2012)
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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?

Lianliang Ma  Shandong U.2020-10-28 23
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ATLAS Collaboration

Lianliang Ma  Shandong U.2020-10-28 25



ATLAS Detector

Lianliang Ma  Shandong U.2020-10-28 26



ATLAS Data Samples

Lianliang Ma  Shandong U.2020-10-28 27

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

Ø Run-2 data of 140 fb-1: 13 TeV pp collisions 2015-2018
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HIGGS

Where it  from?
Where it  go?

What is it?

Ø Mass

Ø Width

Ø Spin

Ø CP

Ø Couplings



Higgs Production @LHC

Lianliang Ma  Shandong U.

2012-08-14 
Higgs discovery
Phys. Lett. B 716 (2012) 1-29

2018-07-24
ttH observation
Phys. Lett. B 784 (2018) 173

2018-09-14
VH observation
Phys. Lett. B 786 (2018) 59

2020-07-07
ZH observation
arXiv:2007.02873

2016-08-05
VBF observation
JHEP 08 (2016) 045

WH
bbH
tH
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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

Lianliang Ma  Shandong U.

Phys. Lett. B 800 (2020) 135103

ATL-PHYS-PUB-2018-053
Prospect study with 3000/fb at 14 TeV
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://cds.cern.ch/record/2652727


Higgs Decay

Lianliang Ma  Shandong U.

2013-08-13
Hàgg: 7.4s (4.3s)
HàZZ*: 6.6s (4.4s)
Phys. Lett. B 726 (2013) 88-199

2015-07-16
HàWW*: 6.1s (5.8s)
Phys. Rev. D 92, 012006 (2015)

2016-08-05
Hàtt: 5.5s (5.0s)
JHEP 08 (2016) 045

2018-09-14
Hàbb: 5.4s (5.5s)
Phys. Lett. B 786 (2018) 59

HàZg
Hàcc
Hàgg
Hàµµ
Hà??
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https://www.sciencedirect.com/science/article/pii/S0370269313006369
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012006
https://link.springer.com/article/10.1007/JHEP08(2016)045
https://www.sciencedirect.com/science/article/pii/S0370269318307056


TLAS  Run-1 + Run-2 (15-16)

Higgs Mass Measurement

Lianliang Ma  Shandong U.

Phys. Rev. Lett. 114 (2015) 191803Phys. Lett. B 716 (2012) 1-29 Phys. Rev. D. 90 (2014) 052004

Phys. Lett. B 784 (2018) 345-366 With full Run-2 datasets, 
the  ATLAS and CMS 
combination shall 
provide more precise 
result on Higgs mass 
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0.45%
0.19%0.33%

0.19%

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
https://www.sciencedirect.com/science/article/pii/S0370269318305884


Higgs Width from HàZZ

2020-10-28 Lianliang Ma  Shandong U. 33

Ø Assume that the on- shell and off-
shell coupling modifiers are the same 

Ø Using 36.1 fb-1 pp collision
Ø 95% CL upper limit on total width:

o Observed: 14.4 MeV
o Expected: 15.2 MeV

Phys. Lett. B 786 (2018) 223

https://doi.org/10.1016/j.physletb.2018.09.048


Higgs CP measurement

Lianliang Ma  Shandong U.

Phys. Lett. B 726 (2013) 120-144 Eur. Phys. J. C75 (2015) 476

All alternative hypotheses rejected at a 
>99.9% CL in favor of  the SM hypothesis 
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Excluded at confidence levels above 97.8% 

https://www.sciencedirect.com/science/article/pii/S0370269313006527
https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1


Higgs CP Mixing 

Lianliang Ma  Shandong U.

Ø CP even: a=0, kt = 1
Ø CP odd:   a=90o

Phys. Rev. Lett. 125 (2020) 061802

Ø Observed interval at 68% CL:

Phys. Lett. B 805 (2020) 135426
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub


Higgs Coupling

Lianliang Ma  Shandong U.

Phys. Lett. B 726 (2013) 88-199

Phys. Rev. D 101 (2020) 012002

JHEP 08 (2016) 045
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Both parameters agree with the SM 
prediction within 1 sigma band

https://www.sciencedirect.com/science/article/pii/S0370269313006369
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1007/JHEP08(2016)045
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H→μμ results:
ATLAS-CONF-2019-028

The rest results (<79.8/fb):
ATLAS-CONF-2019-005

希格斯粒子与玻色子/费米子的耦合

强度的测量精度

JHEP 08 (2016) 045
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https://link.springer.com/article/10.1007/JHEP08(2016)045


Higgs STXS Measurement

Lianliang Ma  Shandong U.

ATLAS-CONF-2020-026

Ø Minimizing the dependence on theo. uncertainties
Ø Maximizing experimental sensitivity
Ø Isolation of possible BSM effects
Ø Minimizing the number of bins without loss of 

experimental sensitivity
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Hàgg

https://cds.cern.ch/record/2725727


Higgs STXS Measurment

Lianliang Ma  Shandong U.

arXiv:2004.03447

2020-10-28 39

HàZZ

arXiv:2007.02873VH, Hàbb

More statisics needed to 
reduce the uncertainty

https://arxiv.org/abs/2004.03447
https://arxiv.org/abs/2007.02873


Higgs Prospect @HL-LHC

Lianliang Ma  Shandong U.

Senario 2
Senario 2

Senario 2

ATL-PHYS-PUB-2018-054S1: scenario 1 with sys. same as Run-2; S2: sys. halved
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https://cds.cern.ch/record/2652762
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Hàbb

Lianliang Ma  Shandong U.2020-10-28 42



VH, Hàbb

Lianliang Ma  Shandong U.2020-10-28 43

8 years to observe this decay mode, even with Br=57.5%



0-lepton

2-lepton

1-lepton

W*
W

Analysis of WH/ZH, Hàbb

Ø Categorized into 0-lepton, 1-lepton, and 2-
lepton final states (e, μ)

Ø Single-lepton triggers for 1/2-lepton channels, 
MET trigger for 0/1-lepton (Wàμν) 

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

Ø Exactly 2 b-jets (pT>20 GeV) at 70% b-tagging 
efficiency; the leading b-jet with pT>45 GeV

2017-11-06 Lianliang Ma  Shandong U. 44



Event Display of WH, Hàbb

Lianliang Ma  Shandong U.2020-10-28 45



Background Composition

Lianliang Ma  Shandong U.

2-lepton1-lepton0-lepton

Ø Main backgrounds: Z+jets, W+jets, ttbar, and single-top
Ø Dedicated control regions (CR) for background normalizations: W+HF, ttbar
Ø Resonant diboson VZ, Zàbb background, with lower mbb than VH signal
Ø Multi-jet background negligible in 0- and 2-lepton, <5% in 1-lepton (data-driven)
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Event Selections

Lianliang Ma  Shandong U.

Selection cuts opimized  to suppress backgrounds, while 

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

Lianliang Ma  Shandong U.

Boosted Decision Trees trained and classified 
for each signal region separately

2020-10-28 48

In order to maximize the sensitivity, 8 signal 

regions are considered, with 6 control regions 

to better control the main backgrounds 

NSR = s x L x eSR

NCR = s x L x eCR



Signal Regions (pTV > 150 GeV)

Lianliang Ma  Shandong U.

0-lepton 1-lepton 2-lepton
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Control Regions: W+HF

Lianliang Ma  Shandong U.

Ø Heavy flavor (HF): 2 jets  from bb, bc, cc, or bl quark pairs
Ø Two additional selections after nominal cuts:  mbb < 75 GeV,   mtop > 225 GeV
Ø Predicted purity: 75-78%
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Control Regions: Top

Lianliang Ma  Shandong U.

Ø Four ttbar CR’s for the 2-lepton analysis, 
with eμ final state only

Ø More than 99% from single top and 
ttbar,  88-97% ttbar only

2J, [75, 150]GeV >=3J, [75, 150]GeV

2J, >150 GeV

>=3J, >150 GeV
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Lianliang Ma  Shandong U.

Ø 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

Ø Theoretical uncertainties
• Samples and methods used

• Backgrounds

• Signal

Ø Impact of uncertainties on the final result

Systematic Uncertainties

2020-10-28 52



Impact of Systematics Uncertainties

Lianliang Ma  Shandong U.

Ø Signal strength: 

Ø 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.

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

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

MC statistics, b-tagging.

µ =
σ ×BR

(σ ×BR)SM
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Statistical Analysis Strategy

Lianliang Ma  Shandong U.

8 SRs

6 CRs

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
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Results with 13 TeV in VH, Hàbb

Lianliang Ma  Shandong U.

Significance with Run I + II:
4.9 σ observed (5.1σ  expected)

Run II 
only

2020-10-28 55



Hàbb Observation

Lianliang Ma  Shandong U.

科技部新闻稿

Hàbb和ttH过程首次观测一起
被美国物理学会评选的“2018

年物理学十大进展”之一

VH, Hàbb结果联合其它分析结果
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Summary
Ø Long-time effort from Higgs search to Higgs discovery

Ø Many precise measurements on Higgs property on-going 

after its discovery

Ø A detailed observation study presented for Hàbb

Lianliang Ma  Shandong U.2020-10-28 57
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Now the discovered Higgs looks more and more 
like to be the SM Higgs!

But
It is really a brand-new particle

- First 0+ particle, no other?
- Higgs self-interaction, SM case?
- Higgs mechanism?
- Neutrino mass?
- Dark matter?

Outlook

2020-10-28 58



Linear Collider

Lianliang Ma  Shandong U.

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 à 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
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Future Colliders
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Pre-Feasibility Study for an 80-km tunnel at CERN
- John Osborne and Caroline Waaijer

Pre-Feasibility Study for an 80-km tunnel at CERN
- John Osborne and Caroline 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
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Future Collider in China
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Nature reported on July 22, 2014: 
http://www.nature.com/news/china-plans-super-collider-1.15603 
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Prospect from Future Higgs Factory
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arXiv:1801.09037

arXiv:1905.00382

2020-10-28 62

https://arxiv.org/pdf/1810.09037.pdf
https://arxiv.org/pdf/1905.00382.pdf


Lianliang Ma  Shandong U.

Thanks!
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