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Fig. 1. Result in Higgs to diphtons channel at CMS!.
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Fig. 2. Result in Higgs to 4 leptons channel at ATLASP.
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Fig. 3. Combined result for all the decay channels at CMS
and ATLAS. The significance reached about 5o 919,
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Fig. 4. Ratio of observed rate to predicted standard model event rate for different combinations of Higgs boson production and de-

cay processes!!!],
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Fig. 8. Three-dimensional (3D) display of a candidate event
of ttH production mode from ATLAS. The event has the
two isolated photons (green line below the detector) and six

jets (yellow cone), including one B-tagged jet (blue cone).
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Fig. 10. Diagram of the Higgs potential field before spon-
taneous breaking in the standard model, shaped like a
“Mexican hat”. As you can see from the diagram, the low-

est point of the potential energy is not at the origin.
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Fig. 11. The Feynman diagram of the Higgs boson pair and
triple Higgs final state, the left picture is the Higgs boson
pair process, the blue circle represents the three Higgs Bo-
son self-coupling vertex gz, the right picture is the triple
Higgs boson production process, the red circle represents
the quartic Higgs Boson self-coupling vertex Ag .
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Fig. 12. Combined expected and observed 95% CL upper
limits on the HH production cross-section for different val-
ues of ky by CMS collaboration!!?.
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Fig. 13. Combined expected and observed 95% CL upper
limits on the HH production cross-section for different val-
ues of ky by ATLAS collaboration.
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Fig. 14. Leading-order Feynman diagrams for Higgs boson
production via vector boson fusion (left) and vector boson

associated production (right) modes.
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Fig. 15. Observed and expected values of the Higgs boson

production cross section!l.
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Fig. 16. Signal strengths of various Higgs boson decay chan-
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17 HREBE TR A Z TR
B 5 [ 13

Fig. 17. The Feynman diagram of Higgs boson decay into a

Z boson and a photonl®.
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Fig. 18. Combined measurement of the signal strength for
Higgs boson decay into a Z boson and a photon by the AT
LAS and CMS collaborations during Run II.
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Fig. 19. Measurement of the coupling strengths between the Higgs boson and elementary particles by the ATLAS (left) and CMS

(right) collaborations during Run II1'112,
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Fig. 20. Comparison of the standard model with the 2% spin assumption with the combination of multiple decay channels in Run 1.
Left: results from the CMS experiment'”l. Right: results from the ATLAS experiment!!®!.
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Fig. 21. An illustration of the LHC experiment’s search for
dark matter particles!’?), which are invisible to the detector.
The search for potential dark matter signals is conducted
by calculating the transverse momentum of all visible mat-

ter and inferring the missing transverse momentum.
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ATLAS Z, Dirac DMB
y5= 13 TeV, 36.1 fb=1 g, =1, gq=1/3, gz = my,

All limits at 95 % CL sinf = 0.3
—— h+ ERss observed
101 LEE=E h+4 ERi expected £1o

-- h(bb) + ERss expected
PRL 119 (2017) 181804

102 101 100 10!
my,/TeV

Kl 23 ATLAS & 154145 1 mono-Higgs 17 5 15 2 A9 HEBR
IS, B I T bb F vy A M 0 T 2 AR A A AT A AR
TR R R R AU R R SR TR, S
N 1o R 2EE [, R A ST WA B . K L 3l )2
B, 11 gy = 2m,

Fig. 23. Exclusion contours obtained by the ATLAS collab-
oration analyzing the mono-Higgs signal®®!, combining res-
ults from the Higgs boson decay channels of bb and yy.
The black dashed line represents the expected contour un-
der the assumption of only the standard model background,
with the green band indicating the lo error range, and the
black solid line representing the observed contour. The grey
dashed line represents a kinematic constraint, namely

My = 2my, .
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/ ke 7 ’
A // g - t s H g //H
fL Iy [ A —— ¢
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Pl 24 e RlG ™ A A i 20T B 601 % e 4K B 9 A ] 149,
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14 7 M T g 6 1 S T, A R SRR T X ROR

Fig. 24. Leading order Feynman diagrams of Higgs boson
pair production via gluon fusion*. Left and middle: the tri-
angle and box diagrams, respectively for nonresonant H
production, as expected from the SM. Right: diagram for H
boson production through a new resonance of labeled as X.
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U235 SR A 2 R A v 25 LA b B 25 B 4G
TE 0.5—1 TeV [ 5T J5 [l N o 32 7 T R BT,
M7E 0.32 TeV LI R A1 0.8 TeV L) Ay i 15 Fl N
WA H T BTN IR AR 1 FR.
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CMS 138 fb-1 (13 TeV)
10t F —e— HH combination
—— HH — 4W/41/2W21 — = 21
HH — bb,WW — = 11 (resolved)
100k —— HH — bb,WW — = 11 (merged-jet)

—— HH — bb bb (merged-jet)
—— HH — bb,tt
HH — bb,yy

10-1F
Narrow width
approximation

10-2F

103 F
Spin 0, ggF production

95% CL upper limit on o (pp — X — HH)/pb

Observed
10-4F Expected )
0.3 0.5 0.7 1 2 3 4 56
mx/TeV
B 25  AER 0 MY LIRA R T X — HH A9 4 30 5
553 3L AR o BAE 95% A5 KF T Ry b BRZ5 R . Fr
LR RN VGBI AR, ML R I 2 R A5 2R

Fig. 25. Search for X — HH: Observed and expected 95%
CL upper limits on the product of the cross section for the
production of a spin-0 resonance X and the branching frac-
tion for the corresponding HH decay!*). The observed lim-
its are indicated by markers connected with solid lines and

the expected limits by dashed lines.
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CMS 35.9—138 fb~1 (13 TeV)

—
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(] See
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1 . .
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& 26

hMSSM HEZIXS X — HH 1T E R 12 B i IR T 1E (ma, tan 8) 10 F, HH BYHEE 43T 7E 95% BAR KR W

L¢3 (0 AT 04 HEBR X, K H 5 hMSSM B8R rb i R 1o T 58 A8 5 e 94, 60051 1 WO (i 4 25
T A — ZH B — RN T HR R O7, DR 28 45t A5 1 407 3 €0 7 R G T B 4 1Y 1 T R 2 B 68
Fig. 26. Interpretation of the results from the searches for the X — HH decay, in the hMSSM model(*’}

CHEAT T XF L. WAL, ik g

. The observed and expected
exclusion contours at 95% CL, in the (ma,tan3) plane from the combined likelihood analysis of HH analyses are shown. A com-
parison of the region excluded by the combined likelihood analysis shown in this panel with selected results from other searches for
the production of heavy scalar bosons in the hMSSM, in 7t 6%, tt/ and WWI% decays is shown. Also shown, are the results from
one representative search for A — ZHI[7 and indirect constraints obtained from measurements of the coupling strength of the ob-
served H boson!%s!.
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P AN 27 Frzs. e B B RE B kA=
Ak, anfEl 28070 frzs. XHERE N 240 GeV Y,
ZH AR A B R, AT WW fusion 1 F2 (Y
Rl ZH B 3%.

(a)

27 ZH, WW fusion, ZZ fusion i F2 it 3% 2 [&] [69)
Fig. 27. The Feynman diagrams of ZH, WW fusion, and ZZ
fusion!6?.
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28 I fH T 4E ) Ak Higgs 4533 7 A9 #1055 X g i
R DG 2R (701, 18 Rl 2 X N X R R Al 240 GeV
Fig. 28. Correlation between the cross-section of the Higgs

70]

production and the center-of-mass energyl™™. The vertical

dashed line corresponds to a center-of-mass energy of
240 GeV.
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CLIC)[™.
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DI/ N HERE R kB S . b A e
1E R T XL (circular electron positron colli-
der, CEPC) [ FIASEIME IE S L FXHHE ML (future
circular collider for electron-positron collision,
FCC-ee)™.

[}, VR 228 AL T REME L TE % i
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29 £83d CEPC BRI G BHLHIAHIEAEL) 240 GeV
1 ete™ — vvH — vvgg F il FEA [0

Fig. 29. Event display of an ete™ — vVH — vvgg (/s =
240 GeV) event™ simulated and reconstructed with the
CEPC baseline detector!7..
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Fig. 30. Confusion matrix M;j; based on full simulated
vvH, H —jj at 240 GeV center-of-mass energy at CEPC

baseline detector!7.
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Fig. 31. Distributions of GBDT scores for signal, vvH — s§,
and SM backgrounds!(™.
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Fig. 32. Expected upper limits on the branching ratios of
rare Higgs boson decays (green bars)™ and the relative un-
certainties of Higgs couplings anticipated at CEPC (blue)!™!
and HL-LHC (orange)®l.
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Higgs physics research: yesterday, today, and tomorrow
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Abstract

This article reviews the discovery of the Higgs boson, discusses the studies of its properties, and introduces
the physical prospects of the future Higgs factories. The greatest goal of particle physics is to understand the
fundamental particles of the universe and how they interact with each other (or more generally, how the
universe operates). In the standard model of particle phyiscs, the Higgs mechanism is proposed to explain the
origin of elementary particle mass and predict the existence of the Higgs boson. Higgs physics is one of the most
important research areas in particle physics. The Large Hadron Collider (LHC) at CERN (Geneva, Switzerland)
accelerates proton beams to collide at center-of-mass energy of 13 TeV, thus defining the world’s energy
frontier. The ATLAS and CMS detectors are two general-purpose detectors at the LHC for studying the debris
from the collisions. The Higgs boson was discovered in the ATLAS and CMS experiments in 2012. This
discovery completed the fundamental particle spectrum of the standard model and was an important milestone
for particle physics. Since then, many studies have been conducted on the properties of Higgs boson, including
spin, mass and couplings, to deepen our understanding of the Higgs mechanism. In particular, the Higgs boson
couplings to fermions and to themselves present new kinds of fundamental interactions with paramount
significance, which have not been fully confirmed. Additionally, the Higgs bosons has become an important tool
to search for dark matter, heavy resonance, and other new physical phenomena. So far, there has been no
deviation from the predictions of the standard model. Looking forward to the future, it is proposed to use the
electron-positron collisions to study the Higgs boson in more depth. Physics studies have shown that these
Higgs factories can significantly improve the accuracy of many properties of the Higgs boson, including width

and couplings, and provide great physics prospects.
Keywords: standard model, electroweak symmetry breaking, Higgs boson
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