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What’s Special About Higgs?
• Higgs boson solves two problems in SM 

• Gives mass to the vector bosons to break EWSB 

• Gives mass to the fermions without spoiling gauge invariance 

• Higgs is the only fundamental scalar boson observed in nature 

• Or is it…? 

• Higgs has natural (yt ~ 1) coupling to top quark
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Higgs Production and Decay

• Given observed mass, Higgs participates in variety of production 
and decay modes leading to rich set of accessible final states
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Higgs Physics Program
• Establish consistency with SM expectations 

• Couplings vs particle masses 

• Spin and parity 

• Precise measurement of mass 

• Search for non-SM decays 

• Search for additional Higgs bosons (e.g. 2HDM, SUSY, etc.) 

• Higgs as a portal to new physics
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Higgs Couplings Summary + Recent Progress

• Crucial test of SM Higgs: do measured 
couplings match measured mass 
values? 

• So far, excellent within experimental 
uncertainties 

• Couplings to W, Z, quarks, and leptons 
tested 

• Since most recent combination in 
March, several measurements updated
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Comparison to Run 1

• CMS-only Run 2 results have comparable or better precision to 
CMS+ATLAS Run 1 combination!
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Higgs to Bottom Observation!

• Combines all available results from Run 1 and Run 2 
• Combination has 5.6 std. dev. significance including all channels (4.9 std. dev. in VH alone).
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Higgs Coupling to Tau Leptons

• Tau: Combined (Run 1+ Run 2): 5.9 std. dev. (4.7 std. dev. from Run 2 alone) 

• Recent improvement (since last combination) is adding VH channels for Run 2.
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Higgs Coupling to Muons

• Muons: Nothing significant yet, but some excess visible in combined 
Run 1 + Run 2 dataset
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Differential Cross Sections

• Stats in “workhorse” channels (ZZ, γγ) sufficient for differential measurements.  H→bb provides additional 
input for some parts of phase space. 

• Gives some sensitivity to Higgs to charm coupling!
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Higgs Spin/Parity
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Higgs Mass and Width

• Higgs is most recently discovered particle but has most precisely 
measured mass.
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Limits on GH are set by combining events from the on-shell and off-shell regions. Figure 6
left panel shows the results of the likelihood scans of GH for the 2016 and 2017 period of the
13 TeV run and for the full combined dataset from collisions at 7, 8 and 13 TeV under the
assumption of SM-like couplings. These combined results are listed in Table 8, where the Run 1
analysis includes both on-shell and off-shell regions in the analysis of the H ! ZZ ! 4`
decay [11, 13]. The best fitted (µV , µF) values in these results are (0.62+0.57

�0.43, 1.20+0.19
�0.16) when

GH = GSM
H , and (0.65+0.61

�0.45, 1.21+0.19
�0.17) when GH is unconstrained. The GH constraints are also

obtained with the fa3 cos (fa3), fa2 cos (fa2), or fL1 cos (fL1) parameters unconstrained and are
shown in Figure 6 right panel and in Table 9. These results are obtained using combination of
Run 1 and Run 2 data with a small difference from the above fit with SM-like couplings. There
is no analysis of off-shell data with anomalous couplings, therefore only on-shell data are used
in anomalous coupling fit with Run 1 data. On the other hand, 2015 data are included in the
on-shell anomalous couplings study only. While the expected GH constraints are similar but
somewhat looser with the unconstrained anomalous coupling parameters, fluctuations in the
data lead to somewhat tighter observed constraints.
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: Results
of analysis of the data from 2016 and 2017 only (black) and the combined Run 1 and Run 2
analysis (red) are shown for the SM-like couplings. Right plot: Results of analysis of the data
from the combined Run 1 and Run 2 analyses for the SM-like couplings and with three anoma-
lous coupling parameters of interest unconstrained: fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and
fL1 cos (fL1) (violet). The dashed horizontal lines show the 68% and 95% CL regions.

Table 8: Summary of the total width GH measurement, showing allowed 68% CL (central values
with uncertainties) and 95% CL (in square brackets). The limits are reported for the SM-like
couplings using the Run 1 and Run 2 combination.

Parameter Observed Expected
GH (MeV) 3.2+2.8

�2.2 [0.08, 9.16] 4.1+5.0
�4.0 [0.0, 13.7]

7 Summary
Studies of on-shell and off-shell Higgs boson production in the four-lepton final state are pre-
sented, using data from the CMS experiment at the LHC that corresponds to an integrated
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Higgs and Top Mass in EW Global Fits

• Long standing (but not statistically significant) tension 
between direct and indirect mass determinations still lingers
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HH Production: Probing Higgs Potential

• Measuring HH production gives information about Higgs self coupling, connected to 
shape of Higgs potential 

• Current sensitivity far from SM level.  Likely require for HL-LHC to measure.
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BSM Higgs Decays

• Look for evidence of decays not predicted by SM
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Lepton Flavor Violating Higgs Decays: Search 
for Higgs mass peak in invariant mass of lepton 
pairs with different flavor (eτ, μτ) 

Set limits on such branching fractions sub-percent 
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or μμ).  Limits depend strongly on pseudoscalar 
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Invisible Higgs Decays

• Even without excess, data still leave possibility that 26% of Higgs decays are invisible.
 16

Ev
en

ts
/G

eV

4−10

3−10

2−10

1−10

1

10

210

310

410
Data

)+jetsνν→Z(
)+jetsνℓ→W(

Dibosons
Top quark

)+jetsℓℓ→(γZ/
QCD multijet

 inv)=100%→H, B(H 

CMS
V(jj)

 (13 TeV)-12.3 fb

300 400 500 600 700 800 900 1000D
at

a/
Pr

ed
.

0.5
1

1.5

 [GeV]miss
TE

Ev
en

ts
/G

eV

2−10

1−10

1

10

210

310

410

510
Data

)+jetsνν→Z(
)+jetsνℓ→W(

Dibosons
Top quark

)+jetsℓℓ→(γZ/
QCD multijet

 inv)=100%→H, B(H 

CMS
Monojet

 (13 TeV)-12.3 fb

200 400 600 800 1000 1200D
at

a/
Pr

ed
.

0.5
1

1.5

 [GeV]miss
TE

Events with leptonic or hadronic signatures of VBF, VH, gluon fusion  as well 
as large missing transverse momentum selected.
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Figure 8: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv)
for both individual categories targeting VBF, Z(``)H, V(qq’)H, and ggH production mode,
as well as their combination, assuming an SM Higgs boson with a mass of 125 GeV. On the
right, profile likelihood ratios as a function of B(H ! inv). The solid curves represent the
observations in data, while the dashed lines represent the expected result from a b-only fit. The
observed and expected likelihood scans are reported for the full combination, as well as for the
individual VBF, Z(``)H, V(qq0)H and ggH-tagged analyses.

taken from the recommendations of Ref. [72]. The conversion from B(H ! inv) to Ginv uses the
relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since renormaliz-
able models predicting a vectorial DM candidate require an extended dark Higgs sector, which
may lead to modifications of kinematic distributions assumed for the invisible Higgs boson
signal, such interpretation is not provided in the context of this Letter. Figure 9 (right) shows
the 90% CL upper limits on the spin-independent DM-nucleon scattering cross section as a
function of mc, for both the scalar and the fermion DM scenarios. These limits are computed
at 90% CL so that they can be compared with those from direct detection experiments such
as LUX [73], PandaX-II [74], CDMSlite [75], and CRESST-II [76], which provide the strongest
constraints in the mc range probed by this search. In the context of Higgs-portal models, the
result presented in this Letter provides the most stringent limits for mc smaller than 20 (7) GeV,
assuming a fermion (scalar) DM candidate.

9 Summary
A search for invisible decays of a Higgs boson is presented using proton-proton collision data
at

p
s = 13 TeV, collected by the CMS experiment in 2016 and corresponding to an integrated

luminosity of 35.9 fb�1. The search targets events in which a Higgs boson is produced through
vector boson fusion (VBF). The data are found to be consistent with the predicted standard
model (SM) backgrounds. An observed (expected) upper limit of 0.33 (0.25) is set, at 95% con-
fidence level (CL), on the branching fraction of the Higgs boson decay to invisible particles,
B(H ! inv), by means of a binned likelihood fit to the dijet mass distribution. In addition,
upper limits are set on the product of the cross section and branching fraction of an SM-like
Higgs boson, with mass ranging between 110 and 1000 GeV.

A combination of CMS searches for the Higgs boson decaying to invisible particles, using the
2016 data set, is also presented. The combination includes searches targeting Higgs boson

B(H ! inv) < 0.26 at 95% C.L.
<latexit sha1_base64="brvKWogO4EBQtb1rXfilELI2pyQ="></latexit><latexit sha1_base64="brvKWogO4EBQtb1rXfilELI2pyQ="></latexit><latexit sha1_base64="brvKWogO4EBQtb1rXfilELI2pyQ="></latexit><latexit sha1_base64="brvKWogO4EBQtb1rXfilELI2pyQ="></latexit>
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Figure 6: The observed mjj distribution of the shape analysis SR compared to the post-fit back-
grounds from various SM processes. On the left, the predicted backgrounds are obtained from
a combined fit to the data in all the CRs, but excluding the SR. On the right, the predicted
backgrounds are obtained from a combined fit to the data in all the CRs, as well as in the SR,
assuming the absence of any signal. Expected signal distributions for a 125 GeV Higgs boson
produced through ggH and VBF modes, and decaying to invisible particles with a branching
fraction B(H ! inv) = 1, are overlaid. The last bin includes all events with mjj > 3.5 TeV. The
description of the ratio panels is the same as in Fig. 4.

Table 3: Expected event yields in each mjj bin for various background processes in the SR of
the shape analysis. The background yields and the corresponding uncertainties are obtained
after performing a combined fit across all the CRs, but excluding data in the SR. The “other
backgrounds” includes QCD multijet and Z(``)+jets processes. The expected total signal con-
tribution for the 125 GeV Higgs boson, decaying to invisible particles with a branching fraction
B(H ! inv) = 1, and the observed event yields are also reported.

Process mjj range in TeV
0.2–0.4 0.4–0.6 0.6–0.9 0.9–1.2 1.2–1.5 1.5–2.0 2.0–2.75 2.75–3.5 > 3.5

Z(nn) (QCD) 9311 ± 388 5669 ± 257 3884 ± 179 1648 ± 88 677 ± 42 405 ± 28 153 ± 14 22.8 ± 3.5 8.1 ± 2.2
Z(nn) (EW) 201 ± 8 228 ± 10 273 ± 13 198 ± 11 129 ± 8 112 ± 8 70.6 ± 6.6 20.2 ± 3.1 10.8 ± 2.9
W(`n) (QCD) 4755 ± 267 3017 ± 180 2090 ± 130 928 ± 63 361 ± 28 227 ± 19 80.4 ± 9.1 13.7 ± 2.7 4.5 ± 1.9
W(`n) (EW) 102 ± 14 118 ± 16 133 ± 18 100 ± 13 61.2 ± 8.1 61.4 ± 7.6 39.4 ± 4.9 12.6 ± 1.9 5.6 ± 1.4
Top quark 208 ± 37 159 ± 28 119 ± 21 57.6 ± 10.2 28.7 ± 5.1 16.1 ± 2.9 8.9 ± 1.6 2.2 ± 0.4 0.7 ± 0.1
Dibosons 222 ± 39 157 ± 28 116 ± 21 48.2 ± 8.5 19.0 ± 3.4 9.3 ± 1.6 2.6 ± 0.5 1.4 ± 0.3 0.4 ± 0.1
Others 78.6 ± 19.5 51.0 ± 11.6 42.8 ± 11.5 13.6 ± 2.9 6.5 ± 1.5 3.3 ± 0.8 2.4 ± 0.6 0.7 ± 0.2 0.3 ± 0.4
Total bkg. 14878 ± 566 9401 ± 387 6658 ± 271 2994 ± 144 1283 ± 69 834 ± 51 358 ± 29 73.8 ± 9.4 30.3 ± 7.4
Signal 590 ± 244 559 ± 199 547 ± 151 447 ± 109 276 ± 58 304 ± 66 201 ± 36 68.6 ± 11.7 30.0 ± 6.4
Data 16177 10008 7277 3138 1439 911 408 87 29

pected to produce an increasing discrepancy between data and backgrounds as mjj increases.
A goodness of fit test, based on a saturated c2 test statistic [62, 63], yields a p-value of about 6%
indicating that the data are compatible with the SM prediction.
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Are There Additional Higgs Bosons?

Results also obtained for specific theoretical framework (MSSM)
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Higgs as Gateway to New Physics

• Use Higgs as a probe of new physics via 
possible Higgs coupling to new higher mass 
states.
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Conclusions
• Much progress made on Higgs physics program 

• Couplings to vector bosons and heaviest quarks and leptons consistent with SM 
expectations 

• Major deviations from SM spin/parity expectations excluded 
• Mass precisely determined.  Closing in on precise measurement of width. 
• HH production measurements still far from SM sensitivity (look to HL-LHC) 

• Moving to use Higgs as a probe for new physics 
• Precision coupling measurements 
• BSM and rare decays 
• Higgs coupling to new particles 

• Higgs and top physics connected via yt ~ 1.  Watch for more interesting things in future.
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