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LHC is “Staying on target”



Higgs physics is broad and I cannot cover all!
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http://cms-results.web.cern.ch/cms-results/
public-results/publications/HIG/index.html

Just this year alone starting January, CMS produced 20 papers!
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Higgs Physics 

Higgs production / decay 

Higgs properties 

Looking for unexpected Higgs behaviors 

Future
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Are we done?
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“If it walks like a duck and it quacks 
like a duck, then it is Pluto.”

1930 Lowell Observatory
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Mass of Higgs boson
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mɣɣ2 = 2Eɣ1Eɣ2(1-cosθ12)

θ12

Eɣ1

Eɣ2

VertexingCalibration

MH =  125.38 ± 0.14 (± 0.11 stat ± 0.08 syst) GeV
Per mille 
precision

Phys. Lett. B 805 (2020) 135425



Decay of Higgs boson
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Extended Data Fig. 4 | Higgs boson mass peak in difermion decay channels. 
The background-subtracted diparticle invariant mass distribution targeting 
the study of the decay channel (left) H → ττ, (center) H → bb, (right) H → µµ.  
The SM prediction for the signal (red line) is scaled by the value of µ, as 

estimated in the dedicated analysis for that channel, and computed for 
mH = 125.38 GeV. The grey band around zero shows the 1 s.d. uncertainty in the 
background subtraction.
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Extended Data Fig. 3 | Higgs boson mass peak in diboson decay channels. 
(upper left) The background-subtracted diphoton invariant mass distribution 
targeting the study of the decay channel H → γγ. (upper right) The invariant 
mass distribution of four charged leptons targeting the study of the decay 
channel H → ZZ → 4l. (lower left) The background-subtracted transverse mass 
mT distribution targeting the study of the decay channel H → WW. (lower right) 

The background-subtracted ℓℓγ invariant mass distribution targeting the 
study of the decay channel H → Zγ. The SM prediction for the signal (red line) is 
scaled by the value of µ, as estimated in the dedicated analysis for that channel, 
and computed for mH = 125.38 GeV. The grey band around zero shows the 1 s.d. 
uncertainty in the background subtraction.
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Extended Data Fig. 3 | Higgs boson mass peak in diboson decay channels. 
(upper left) The background-subtracted diphoton invariant mass distribution 
targeting the study of the decay channel H → γγ. (upper right) The invariant 
mass distribution of four charged leptons targeting the study of the decay 
channel H → ZZ → 4l. (lower left) The background-subtracted transverse mass 
mT distribution targeting the study of the decay channel H → WW. (lower right) 

The background-subtracted ℓℓγ invariant mass distribution targeting the 
study of the decay channel H → Zγ. The SM prediction for the signal (red line) is 
scaled by the value of µ, as estimated in the dedicated analysis for that channel, 
and computed for mH = 125.38 GeV. The grey band around zero shows the 1 s.d. 
uncertainty in the background subtraction.
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scaled by the value of µ, as estimated in the dedicated analysis for that channel, 
and computed for mH = 125.38 GeV. The grey band around zero shows the 1 s.d. 
uncertainty in the background subtraction.
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Figure 3: Combined m (Hcand) distribution in all channels of the merged-jet analysis. The fitted
m (Hcand) distribution in each signal region is weighted by S/(S + B), where S and B are the
postfit VH(H ! cc) signal and total background yields. The lower panel shows data (points)
and the fitted VH(H ! cc) (red) and VZ(Z ! cc) background (grey) distributions after
subtracting all other processes. Error bars represent pre-subtraction statistical uncertainties on
data, while the gray hatching indicates the total uncertainty on the signal and all background
processes.

an observed (expected) upper limit on s (VH)B (H ! cc) of 0.94 (0.50+0.22
�0.15) pb. Contributions

of the individual channels are summarized in Fig. 4.

The result is interpreted in the k-framework [57, 94] by reparameterizing µVH(H!cc ) in terms of
the Higgs-charm Yukawa coupling modifier kc , assuming only the Higgs boson decay widths
are altered:

µVH(H!cc ) =
k2

c

1 + BSM (H ! cc)⇥ (k2
c � 1)

. (1)

The observed 95% CL interval is 1.1 < |kc | < 5.5, and the expected upper limit is |kc | < 3.4.

In summary, a direct search for the SM Higgs boson decaying to a pair of charm quarks in the
CMS experiment is presented. Novel jet reconstruction and identification tools and analysis
techniques are developed for this analysis, which is validated by measuring the VZ(Z ! cc)
process. The observed Z boson signal relative to the SM prediction is µVZ(Z!cc ) = 1.01+0.23

�0.21,
with an observed (expected) significance of 5.7 (5.9) standard deviations. This is the first obser-
vation of Z ! cc at a hadronic collider.

The observed (expected) upper limit on s (VH)B (H ! cc) is 0.94 (0.50+0.22
�0.15) pb, correspond-

ing to 14 (7.6+3.4
�2.3) times the theoretical prediction for an SM Higgs boson mass of 125.38 GeV.

The observed 95% CL interval on the modifier, kc , for the Yukawa coupling of the Higgs boson
to the charm quark is 1.1 < |kc | < 5.5, and the expected upper limit is |kc | < 3.4. This is the
most stringent limit on kc to date.
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m (Hcand) distribution in each signal region is weighted by S/(S + B), where S and B are the
postfit VH(H ! cc) signal and total background yields. The lower panel shows data (points)
and the fitted VH(H ! cc) (red) and VZ(Z ! cc) background (grey) distributions after
subtracting all other processes. Error bars represent pre-subtraction statistical uncertainties on
data, while the gray hatching indicates the total uncertainty on the signal and all background
processes.

an observed (expected) upper limit on s (VH)B (H ! cc) of 0.94 (0.50+0.22
�0.15) pb. Contributions

of the individual channels are summarized in Fig. 4.

The result is interpreted in the k-framework [57, 94] by reparameterizing µVH(H!cc ) in terms of
the Higgs-charm Yukawa coupling modifier kc , assuming only the Higgs boson decay widths
are altered:

µVH(H!cc ) =
k2

c

1 + BSM (H ! cc)⇥ (k2
c � 1)

. (1)

The observed 95% CL interval is 1.1 < |kc | < 5.5, and the expected upper limit is |kc | < 3.4.

In summary, a direct search for the SM Higgs boson decaying to a pair of charm quarks in the
CMS experiment is presented. Novel jet reconstruction and identification tools and analysis
techniques are developed for this analysis, which is validated by measuring the VZ(Z ! cc)
process. The observed Z boson signal relative to the SM prediction is µVZ(Z!cc ) = 1.01+0.23

�0.21,
with an observed (expected) significance of 5.7 (5.9) standard deviations. This is the first obser-
vation of Z ! cc at a hadronic collider.

The observed (expected) upper limit on s (VH)B (H ! cc) is 0.94 (0.50+0.22
�0.15) pb, correspond-

ing to 14 (7.6+3.4
�2.3) times the theoretical prediction for an SM Higgs boson mass of 125.38 GeV.

The observed 95% CL interval on the modifier, kc , for the Yukawa coupling of the Higgs boson
to the charm quark is 1.1 < |kc | < 5.5, and the expected upper limit is |kc | < 3.4. This is the
most stringent limit on kc to date.
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In SM, width of Higgs boson is small = 4.1 MeV

Even if a small coupling to the Higgs can change the width drastically

Higgs

Scalar

Scalar

⇒ It is important to check the width and 
possibility of any additional branching ratio
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On-shell Rate ~
(couplings)2

Off-shell Rate ~
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Table 1: Summary of results on the off-shell signal strengths and GH. The various fit conditions
are indicated in the column labeled “Cond.”: Results for µoff-shell are with R

off-shell
V,F either un-

constrained (u) or = 1, and constraints on µoff-shell
F and µoff-shell

V are shown with the other signal
strength unconstrained. Results for GH (in units of MeV) are obtained with the on-shell signal
strengths unconstrained, and the different conditions listed for this quantity reflect which off-
shell final states are combined with on-shell 4` data. The expected central values (not shown)
are either unity or GH = 4.1 MeV.

Param. Cond.
Observed Expected

68% | 95% CL 68% | 95% CL
µoff.

F µoff.
V (u) 0.62+0.68

�0.45 |
+1.38
�0.614

+1.1
�0.99998 |< 3.0

µoff.
V µoff.

F (u) 0.90+0.9
�0.59 |

+2.0
�0.849

+2.0
�0.89 |< 4.5

µoff. R
off.
V,F = 1 0.74+0.56

�0.38 |
+1.06
�0.61

+1.0
�0.84 |

+1.7
�0.9914

R
off.
V,F (u) 0.62+0.68

�0.45 |
+1.38
�0.6139

+1.1
�0.99996 |

+2.0
�0.99999

GH 2`2n + 4` 3.2+2.4
�1.7 |

+5.3
�2.7

+4.0
�3.48 |

+7.2
�4.065

GH 2`2n 3.1+3.4
�2.1 |

+7.3
�2.91

+5.1
�3.67 |

+9.1
�4.099

GH 4` 3.8+3.8
�2.7 |

+8.0
�3.727

+5.1
�4.047 |< 13.8

0 0.5 1 1.5 2 2.5 3
off-shell
F
µ

0

0.5

1

1.5

2

2.5

3

3.5

4

of
f-s

he
ll

V
µ

0 2 4 6 8 10 12 14 16 18
 ln LΔ-2 

brNDC
 ln L = 5.99Δ-2 
 ln L = 2.30Δ-2 

Best fit
SM

CMS  (13 TeV)-1138 fb≤

0 5 10 15
 (MeV)HΓ

0

2

4

6

8

10

12

14

 ln
L

Δ
-2

 

+4l off-shell + 4l on-shellν2l2
 off-shell + 4l on-shellν2l2

4l off-shell + 4l on-shell

Observed
Expected

CMS  (13 TeV)-1140 fb≤

68% CL

95% CL

Figure 4: Left panel: Two-parameter likelihood scan of µoff-shell
F and µoff-shell

V . The dot-dashed
and dashed contours enclose the 68% (�2D lnL = 2.30) and 95% (�2D lnL = 5.99) CL re-
gions. The cross marks the minimum, and the blue diamond marks the SM expectation. The
integrated luminosity reaches only up to 138 fb�1 as on-shell 4` events are not included in per-
forming this scan. Right panel: The observed (solid) and expected (dashed) one-parameter
likelihood scans over GH. Scans are shown for the combination of 4` on-shell data with 4`
off-shell (magenta) or 2`2n off-shell data (green) alone, or with both data sets (black). The hor-
izontal lines indicate the 68% (�2D lnL = 1.00) and 95% (�2D lnL = 3.84) CL regions. The
integrated luminosity reaches up to 140 fb�1 as on-shell 4` events are included in performing
these scans. The exclusion of the no off-shell hypothesis is consistent with 3.6 standard devia-
tions on both panels.

ΓH = 3.2+2.4 MeV–1.7

First evidence for Higgs off-shell production  with 3.6σ 
significance and probed Higgs width

2202.06923 



Additional Non-SM Branching Ratio (invisible)

38

Chang
Florida

W, Z-boson

quark

quark

invisible

invisible

Higgs

BR(H→invisible) ≤ 18%

invisible invisible

Higgs

nucleonnucleon

Non-SM decay

DM?

Phys. Lett. B 793 (2019) 520



Additional Non-SM Branching Ratio (visible)

39

Chang
Florida

W, Z-boson

quark

quark

Higgs
photon
photon

photon
photon

scalar

scalar

2208.01469



Going deeper into the big data of Higgs boson

40

Chang
Florida

t

b

µ

τ

Z

W

ɣ

g

Z ɣ

Via loop

Via loop

Via loop

Spin 1 
Boson

Spin 1/2 
Lepton 
Fermion

Spin 1/2 
Quark 

Fermion

~10%

~15%

~20%

~40%

This is like 
asking whether 
the newly found 
planet is a circle



Going deeper into the big data of Higgs boson

41

Chang
Florida

How do these couplings really look like?
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Vector boson
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H
Fermion
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Trained machine learning using multiple input variables to discriminate 
CP-odd vs. CP-even
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Further dissecting and comparing with expectations
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Further dissecting and comparing with expectations

1996 Hubble
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An order of 
magnitude larger 

dataset is available!
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These couplings require at least two Higgs in the process to probe
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HH→bbZZ

HH→bbɣɣ
HH→bbττ
HH→bbbb

SM Today 
(~8M Higgs)

200M Higgs

H

H

H

bb, ZZ, WW, ɣɣ, ττ, …

bb, ZZ, WW, ɣɣ, ττ, …

Nature 607 (2022) 60
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~40% constraint

Large gap to cover to 
observe SM

V

Nature 607 (2022) 60
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New ways are also being investigated

1702.01930
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Since the discovery Higgs boson has been studied in detail 

Mass, Width, Couplings, CP, and differential 

Pushing new frontier via searching for new processes 

involving the Higgs boson 

In the future we will have a much more precise portrait of 

the Higgs
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Part of it is what we talked about today

Higgs factory allows much 
“sharper” portrait picture of Higgs



Energy Frontier Highlight

63

Chang
Florida

Part of it is what we talked about today

Higgs factory allows much 
“sharper” portrait picture of Higgs

2003 Hubble



Energy Frontier Highlight

63

Chang
Florida

Part of it is what we talked about today

Higgs factory allows much 
“sharper” portrait picture of Higgs

2003 Hubble2015 New Horizon


