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Outline 

• Mass

• Rare decays 

• Differential cross sections and distributions 

• Di-Higgs and self-couplings

• Search for new physics beyond the SM 
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://cms-results.web.cern.ch/cms-results/public-results/publica

See full list at 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://cms-results.web.cern.ch/cms-results/public-results/publications/


Brief introduction to Higgs boson

• Predicted in 1964, discovered in 2012

• The only scalar elementary particle in SM

• Attributes masses to all elementary particles 
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Higgs mass
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ATLAS full Run 2 : Hzz [ATLAS-CONF-2020-005]

𝑚𝑚𝐻𝐻 = 124.92 ± 0.19(stat.)−0.06
+0.09(syst.)GeV

Run 1 CMS+ATLAS 

ATLAS Run 1 + 36/fb Run 2

CMS Run 1+36/fb Run 2

125.09 ± 0.24GeV

124.97 ± 0.24GeV

125.38 ± 0.14GeV

Full Run 2

http://cdsweb.cern.ch/record/2714883/files/ATLAS-CONF-2020-005.pdf
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Overview of the 
couplings



Searches for/Evidences of rare decay 
modes 

Channel CMS ATLAS

𝜇𝜇𝜇𝜇 140/fb, 3𝜎𝜎 140/fb, 2𝜎𝜎

cc 36/fb, 𝜇𝜇<70(95%CL) 140/fb, 𝜇𝜇<26(95%CL)

ll𝛾𝛾 36/fb, 𝜇𝜇<3.9(95%CL) 140/fb, 3𝜎𝜎
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Rare decay: di-muon (CMS)
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CMS JHEP 01(2021)148

𝐵𝐵(𝐻𝐻 → 𝜇𝜇+𝜇𝜇−) = 2.18 × 10−4 Full Run 2

First evidence 
S /  B defined by ± HWHM around 125.38 GeV of each category  

演示者
演示文稿备注
Half width at half maximum

https://link.springer.com/content/pdf/10.1007/JHEP01(2021)148.pdf


Rare decay : di-muon (ATLAS)
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Significance: 2 (1.7) sigma 

Full Run 2

Phys. Lett. B 812 (2021) 1359

https://doi.org/10.1016/j.physletb.2020.135980


VH, H—>cc (CMS) 
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JHEP  03(2020)131 

Deep Neural Net multi-
classification

Resolved and Merged topologies

https://inspirehep.net/files/ccf13e76af940f17dcda021a8919e54b
https://arxiv.org/pdf/1712.07158.pdf


VH, H—>cc (ATLAS)
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Assuming Kc only affects the decay BF, all other couplings are fixed by SM:

DL1c c-tagging, MV2 veto on b-jets:  

c-jet eff. b-jet eff. light jet eff.

27% 8% 1.6%

Binned ML fit to extract 3 parameters 

ATLAS-CONF-2021-021

Full Run 2

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/


H—>ll𝞬𝞬/Z𝞬𝞬(ATLAS)
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ATLAS arXiv:2103.10322 submitted to PLB

Probe BSM couplings and CP violation in Higgs sector

𝑚𝑚𝑙𝑙𝑙𝑙 < 30GeV

Category-dependent weights applied
S90  : number of signal events in the smallest bin that contains  90% of the signal

B90: number of background events in the same bin 

ll𝞬𝞬 Significance : 3.2(2.1) sigma

𝜎𝜎 × 𝐵𝐵(𝐻𝐻 → 𝑙𝑙𝑙𝑙𝛾𝛾) = 8.7−2.7
+2.8fb

Full Run 2

Z𝞬𝞬 Significance : 2(1.2) sigma 

50GeV < 𝑚𝑚𝑙𝑙𝑙𝑙 < 101GeV
105GeV < 𝑚𝑚𝑍𝑍𝑍𝑍 < 160GeV

https://arxiv.org/pdf/2103.10322.pdf
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CMS JHEP11(2018)152

Combined: 3.9 (2.0)

𝐻𝐻 → 𝛾𝛾∗𝛾𝛾 → 𝜇𝜇𝜇𝜇𝛾𝛾
𝐻𝐻 → 𝑍𝑍𝛾𝛾
Separated by 𝑚𝑚𝑙𝑙𝑙𝑙 = 50GeV

The most sensitive category 
Photon in ECAL Barrel 

H—>ll𝞬𝞬(CMS)

https://link.springer.com/content/pdf/10.1007/JHEP11(2018)152.pdf


Differential measurements 

CMS ATLAS

𝜏𝜏𝜏𝜏 140/fb 36/fb (not covered today)

bb 140/fb(boosted) 140/fb 

WW 140/fb(backup) 140/fb

𝛾𝛾𝛾𝛾 140/fb 140/fb

4-lepton 140/fb 140/fb 

13



ATLAS H—>WW
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ATLAS-CONF-2021-014

Measurement of cross sections in 11 STXS categories  with e+𝜇𝜇 final state

Full Run 2

http://cdsweb.cern.ch/record/2759651/files/ATLAS-CONF-2021-014.pdf


STXS combination and SMEFT (ATLAS)
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Fit with and without quadratic terms 

Rotation matrix Warsaw basis —> fit basis
Obtained by block diagonalizing  expected Covariance 
matrix  

ATLAS-CONF-2020-027

ATLAS-CONF-2020-053

Inputs

Parameterisation
(dim-6 operators)

Fit parameters

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/


Fit results 
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Observed
Expected



SM  WW and HWW combination (ATLAS)
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ATL-PHYS-PUB-2021-010

expected observed

Input: unfolded leading lepton pT distribution(14 bins)
SM WW(Me𝜇𝜇 > 55 GeV) and HWW (Me𝜇𝜇 < 55 GeV)

http://cdsweb.cern.ch/record/2758785/files/ATL-PHYS-PUB-2021-010.pdf


H—>𝜏𝜏𝜏𝜏 (CMS)
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CMS PAS HIG-20-015

Full Run 2

Normalization and shapes consistent with expectations

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-015/index.html


H —> bb (ATLAS)
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VBF Measurement (3-sigma), accepted by EPJC

VH, boosted (2.1 sigma) PLB 816(2021)136204

VH measurement (6.7-sigma) EPJC 81(2021)178

Full Run 2

VBF: 3 sigma

ZH: 5.3sigma

2.1 sigma

VH: 6.7sigma

https://arxiv.org/pdf/2011.08280.pdf
https://www.sciencedirect.com/science/article/pii/S0370269321001441
https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2


Boosted H—>bb (inclusive) 
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ATLAS-CONF-2021-010

Full Run 2

http://cdsweb.cern.ch/record/2759284/files/ATLAS-CONF-2021-010.pdf


H—>bb (CMS)
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Highly boosted: JHEP 12(2020)085

Deep Double B-Tag to suppress background  

𝜇𝜇𝐻𝐻 = 3.7 ± 1.2(stat)−0.7
+0.8(syst)−0.5

+0.8(theo) = 3.7−1.5
+1.6

Background-only ruled out at 2.5 sigma 
Excess w.r.t SM: 1.9 sigma  

excess of 2.6 sigma 

H->bb observation PRL121(2018)121801

Combination: 5.6(6.5) sigma 

Full Run 2

https://link.springer.com/content/pdf/10.1007/JHEP12(2020)085.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.121.121801


H—>𝛄𝛄𝛄𝛄 STXS (ATLAS)
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Events in each category weighted by 
ln(1+s/b), s/b = s/b ratio in the narrowest 
bin that contains 90% of the signal

27 fiducial cross sections measured with 44 regions  

ATLAS-CONF-2020-026

Total cross section with |𝑦𝑦𝐻𝐻| < 2.5: 127 ± 10fb
SM prediction:115 ± 5fb

Full Run 2

http://cdsweb.cern.ch/record/2725727/files/ATLAS-CONF-2020-026.pdf


Higgs—>𝛄𝛄𝛄𝛄 STXS results 
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Full Run 2

tH production greater than 8*SM excluded at 95% CL  



Higgs—>𝛄𝛄𝛄𝛄 STXS (CMS)
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Events in each category weighted by S/(S+B)
S/B = expected signal/background in the bin of (mH - sigma, mH+sigma) 

arXiv:2103.06956

Accepted by JHEP

Results also presented as constraints on coupling modifiers

Full Run 2

https://arxiv.org/pdf/2103.06956.pdf


H—> 4 lepton cross section (CMS)
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EPJC 81(2021)488

Full Run 2

https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x


Constraints from H—>4-lepton (CMS)
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arXiv:2104.12152v1 Submitted to PRD

From
SU(2)xU(1) symmetry

vanishes whenΔ𝑚𝑚𝑊𝑊 = 0

Matrix-element discriminator 
(or ML approximation) widely used 

Cross section fraction 

https://cds.cern.ch/record/2765059/files/2104.12152.pdf


H—>4-lepton cross sections (ATLAS) 
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EPJC 80(2020)042

Full Run 2

https://arxiv.org/pdf/2004.03969.pdf


H—>4-lepton constrains couplings (ATLAS) 
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EPJC 80(2020)042

pT4l   to constrain indirectly 
Yukawa couplings of b/c 

JHEP10(2018)073Following 

Pseudo-observables to interpret the 
measurement:
parameterized as contact interactions of H with 
Z bosons and leptons (L,R) 

shape

shape + cross section(theo)

shape + modification
to total width and BR

EFT interpretation in backup 

https://arxiv.org/pdf/2004.03969.pdf
https://link.springer.com/content/pdf/10.1007/JHEP10(2018)073.pdf


Search for HH production 

Results from full Run 2 
CMS : 𝛾𝛾𝛾𝛾bb, bbbb
ATLAS: 𝛾𝛾𝛾𝛾bb, WWbb

29



Search for HH production(CMS)
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ggs self-coupling gives access to the shape of the scalar field potential
HH production is sensitive to the self-coupling   

𝜎𝜎𝐻𝐻𝐻𝐻 = 31.05 ± 1.90fb (ggF NNLO) Channel BR(%) S/B Comment

bb𝛄𝛄𝛄𝛄 0.26 5% Most sensitive,2D mass fit

bb𝛕𝛕𝛕𝛕 7.3 0.4% Categorization, BDT 

bbbb 33.6 1% 4 b-jets/2 large-R jets, BDT

bbVV(bbl𝛎𝛎l𝛎𝛎) 2.72 0.18% DNN

PhysRevLett 122(2019)121803

𝜎𝜎𝐻𝐻𝐻𝐻 = 1.73 ± 0.04fb (VBF NNLO)

VVHH vertex Self-coupling 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.121803


Search for HH production (ATLAS)

31

Phys.Lett. B 800(2020) 135103

c.e = counting events
NR = SM HH(non-resonant)
S/G = Scalar/Graviton 

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub


Update from full Run 2 data—𝛄𝛄𝛄𝛄bb (CMS)
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JHEP 03(2021)257

−3.3 < 𝜅𝜅𝜆𝜆 < 8.5 −2.5 < 𝜅𝜅𝜆𝜆 < 8.2 at 95% CL.

Full Run 2

−1.3 < 𝑐𝑐2𝑉𝑉 < 3.5 −0.9 < 𝑐𝑐2𝑉𝑉 < 3.1 at 95%CL.

𝜎𝜎𝐻𝐻𝐻𝐻ℬ(𝐻𝐻𝐻𝐻 → 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾) < 7.7(5.2) ∗ SM at 95% CL.

https://arxiv.org/abs/2011.12373v2


HH—>𝛄𝛄𝛄𝛄bb with full Run 2 data(ATLAS)
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Full Run 2

𝑚𝑚𝑏𝑏𝑏𝑏𝑍𝑍𝑍𝑍
∗ = 𝑚𝑚𝑏𝑏𝑏𝑏𝑍𝑍𝑍𝑍 − 𝑚𝑚𝑍𝑍𝑍𝑍 − 𝑚𝑚𝑏𝑏𝑏𝑏 + 250GeV

𝑚𝑚𝑏𝑏𝑏𝑏𝑍𝑍𝑍𝑍
∗ > 350GeV

ATLAS-CONF-2021-016

𝜎𝜎(𝑝𝑝𝑝𝑝 → 𝐻𝐻𝐻𝐻) = 4.1(5.5) ∗ SM at 95% CL

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/


Update from full Run 2 data— bbbb(CMS)
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−2.3 < 𝜅𝜅𝜆𝜆 < 9.4(−5.0 < 𝜅𝜅𝜆𝜆 < 12.0)at95%CL.

PAS HIG-20-005

Full Run 2

−0.1 < 𝜅𝜅2𝑉𝑉 < 2.2(−0.4 < 𝜅𝜅2𝑉𝑉 < 2.5) at 95% CL

𝜎𝜎(ggF HH) < 3.6(7.3) ∗ SM at 95% CL
𝜎𝜎(VBF HH) < 226(412) ∗ SM at 95% CL

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html


HH—>WWbb with full Run 2 data(ATLAS)
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Phys.Lett.B 801(2020)135145

Full Run 2

DNN classifier 

https://arxiv.org/abs/1908.06765


Search for BSM with H decays 

DM
LLP

36



Combination of H—>Invisible (ATLAS)
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ATLAS-CONF-2020-052

Best Fit: 0.00 ± 0.06

Full Run 1 + Run 2

Upper Limit at 95% CL : 0.11

In SM, BF(𝐻𝐻 → 𝑍𝑍𝑍𝑍 → 𝜈𝜈𝜈𝜈𝜈𝜈𝜈𝜈) ≈ 0.001
Invisible decay sensitive to BSM, e.g portal to DM  

CMS WIMP cross section in backup 

Phys.Lett.B 04(2019)025

http://cdsweb.cern.ch/record/2743055/files/ATLAS-CONF-2020-052.pdf
https://cds.cern.ch/record/2638810/files/1809.05937.pdf


Mono-Z and Mono-jet (CMS)
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EPJC 81(2021)13

EXO-20-004

Mono-Z(ll) 

Mono-jet  and mono-V(large-R jet) 
B(H->inv) < 29%(25%) at 95% CL 

B(H->inv) < 28.8%(25.3%) at 95% CL 

Full Run 2

https://link.springer.com/article/10.1140/epjc/s10052-020-08739-5
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-004/index.html


H—>Long-Lived Particles(CMS/ATLAS)

39

Many BSM predicts Higgs —>LLP decays 

Example: minimal scalar extension  

Portal interaction: 𝜖𝜖|𝑆𝑆|2𝐻𝐻†𝐻𝐻

Benchmark model:

pseudoscalar 𝑎𝑎, decay exclusively to 𝛾𝛾𝛾𝛾

Parameters: 𝑐𝑐𝜏𝜏𝑎𝑎,𝑚𝑚𝑎𝑎

ATLAS-CONF-2021-005

Search with displaced vertices 
Search with displaced jets 

CMS   arXiv:2012.01581

Full Run 2

https://cds.cern.ch/record/2759209/files/ATLAS-CONF-2021-005.pdf
https://cds.cern.ch/record/2759209/files/ATLAS-CONF-2021-005.pdf
https://arxiv.org/abs/2012.01581


Summary 

• H(125)

• Newly established decay modes: 𝜇𝜇𝜇𝜇, ll𝛾𝛾

• High-stat decay modes: differential (STXS) measurements 

• HH: probing the self-coupling 

• BSM (e.g. DM, LLP) constrained by H(125)
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BACK UP 



charm-charm decay (ATLAS)
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BDT classifier to distinguish b/c/light jets

4 categories of different signal purity (# of c-tags and Z pT)
Search in the mass spectrum of the leading two-jet system 

𝑍𝑍𝐻𝐻 → 𝑙𝑙+𝑙𝑙−𝑐𝑐𝑐𝑐

Upper limit on signal strength 
110(150+80-40) at 95% CL 

PRL120(2018)211802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802




Dim-6 Warsaw basis

44



Most relevant EFT operators
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ATLAS H->4L fidudical definition 
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Measurements with 4-lepton final state
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H+2j —>WW+2j (ATLAS)
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ATLAS-CONF-2020-055

Test CP-odd/CP-even Hgg effective coupling and T/L polarized HVV coupling  

𝜅𝜅𝐴𝐴𝐴𝐴𝐴𝐴/𝜅𝜅𝐻𝐻𝐴𝐴𝐴𝐴 = 0.0 ± 0.4(stat) ± 0.3(syst)
𝑎𝑎𝐿𝐿 = 0.91−0.18

+0.10(stat)−0.18
+0.09(syst)

𝑎𝑎𝑇𝑇 = 1.16 ± 0.4(stat)−0.3
+0.4(syst)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-055


VBS ZZ (CMS) 
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Phys. Lett. B 812(2020)135992

Full Run 2

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-001/index.html


Search for H—>invisible (CMS)
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Phys.Lett.B 04(2019)025

https://cds.cern.ch/record/2638810/files/1809.05937.pdf


CMS H->WW differential 
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Fiducial definition 

𝜎𝜎fid.
SM = 82.5 ± 4.2fb

𝜎𝜎fid.
obs = 86.5 ± 9.5fb

JHEP 03(2021) 003

Measurement with e𝞵𝞵 final state Full Run 2

Fiducial cross section in bins

https://link.springer.com/article/10.1007/JHEP03(2021)003


H—>4-lepton STXS

54



H—>4-lepton STXS results and EFT(ATLAS)
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EPJC 80(2020)957

https://arxiv.org/pdf/2004.03447.pdf


VBF HH —> bbbb (ATLAS) 
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JHEP 07(2020) 108

−0.43 < 𝜅𝜅2𝑉𝑉 < 2.56(−0.55 < 𝜅𝜅2𝑉𝑉 < 2.72)at 95% CL

https://arxiv.org/pdf/2001.05178.pdf
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