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Outline 

•  Why VV scattering may be the key? 

•  VH with Higgsàbb: as a probe of new Physics. 
 
•  Heavy Resonances decaying to Higgs 

•  Prospects for discovery vs Mass and Width 

•  Brief: Hardware “made in Taiwan” to do this Physics! 
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ATLAS/CMS: completed the H field! 
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Motivation 

•  Higgs boson discovered in 2012: so far nothing else has been 
found. 

•  We now know: we definitely have a (single) Higgs doublet (4dof) 
•  Why? (experimentalist answer: but I only need one!) 

•  Excitations of the 4th dof should be very heavy (decoupled). 
•  Why it weighs only 125GeV?  
•  Nuclear experimentalist answer: form factor? 
•  60’s theorist answer: pseudo-Goldstone (example: pion) 

•  But NO evidence of compositeness yet 
•  Issue: if Higgs composite we need to unitarize WWàWW 
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The Higgs “interaction” 

 
 
Q1: Dim(ffH)=4 is OK, but it does look like some sort of effective interaction! 
Strange: look at the (p-scalar) pion of QCD, it mediates the nuclear force! 
 
Q2: mass of Higgs at 125GeV but no sign of new Physics to protect its mass 
Strange: the pion of QCD is also ~far from the QCD transition Λ=4*pi*100MeV 
 
Experimentalist: What measurements can reveal any kind of form factor? 

Higgs 

Yf1 Yf2 
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H 

? 

? 

Measure VH and VV  
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How much data until today? 

7 



30-Nov-2018 

Ongoing Analyses in Run2? 

VBF Higgsàγγ (Andreas Psallidas, You-Ying, SP) 
 
 
VH with Higgsàγγ (official analysis). We were invited to 
join. Only one other group involved 
 
 
I would like: to be involved in VHàbb (relevant to this talk) 

New results shown for the first time in this talk (Submitted to EPJC in October/10) 
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Example potential anomaly: Hàbb 

Hàbb observed. Errors are still large, and the question is if these 
or future measurements can probe (or exclude) new Physics è 
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Our Proposal: a smoking gun signature in Vbb searches. 
 
A heavy (not necessarily narrow) resonance decay to Higgs + V/W: 
-  Gives an excess to 0 and 2 lepton final states (extra H+Z) 
-  Gives a bigger excess to the 1 lepton category (extra WZ and WH) 
-  BSM Higgs signal has higher Pt 

Can we observe the decays of heavy >1TeV states, to VH? 

 The goal of this work
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ATLAS/CMS: tight limits on V’ 
ATLAS and CMS exclude V’àVH and V’àVV, with dijets, Hàbb, and di-leptons 

ATL-PHYS-SLIDE-2018-173 

New Result about to come out from CMS 
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Exclusions out to 3.4TeV 

ATL-PHYS-SLIDE-2018-173 12 
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Dilepton searches: no peaks 
https://arxiv.org/abs/1803.06292 
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Can the VV/VH decay dominate? 

Drell-Yan production (dominant) 

Vector Boson Fusion (VBF) 

H 
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Need a model for BSM spin-1 resonances 

~ g
2

gV
~ gV

Coupling of resonance to SM 
fermions through mixing with the 
Eweak bosons. 

Coupling of resonance to weak boson 
through effective coupling gV. 
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Need a model for BSM spin-1 resonances 

~ g
2

gV
cF ~ gVcH

Coupling of resonance to SM 
fermions through mixing with the 
Eweak bosons. 

Coupling of resonance to weak boson 
through effective coupling gV. 

Additional weight to the 
coupling to add flexibility 

Additional weight to the 
coupling to add flexibility 
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Heavy Vector Triplet simplified model 
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Heavy Vector Triplet simplified model 
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Drell-Yan and VBF production modes 

Note that the VBF partonic xsections are 
several orders of magnitute smaller (4 to 5) 
à sensitivity to DY production. 
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Exclusions: fermion vs gV plane  
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V’ exclusively decays to VV, VH  

For large gV the BR to fermions goes to 0. However the DY production still wins. 
 
Large gV also means larger width (>5%). Only close to NP regime width very large. 
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ppàZ’ xsection at 13TeV  
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arXiv:1708.03299 

•  No Δ𝜑(𝐸𝑇𝑚𝑖𝑠𝑠,𝐸𝑇𝑡𝑟𝑘𝑚𝑖𝑠𝑠) cut 
•  We allow ≥2 jets 

Event Selection:  follow LHC analyses  
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Event yields after detector  

Luminosity ×  σ pp→H  ×  BR H→ bb( )  ×  Efficiency = NSM

Lumi ×  σ pp→ ʹV  ×  BR ʹV →VH( )  ×  BR H→ bb( )  ×  Eff = NBSM

The SM signal yield: 

The BSM signal yield: 

Lumi ×  σ pp→ ʹV  ×  BR ʹW →WZ( )  ×  BR Z→ bb( )  ×  Eff = NBSM
~15% ~50% 

Efficiencies in our simulations are normalized to the published data (ATLAS in our case) 
This means our no-BSM analysis reproduces the ATLAS Mbb results. 

~58% 

Madgraph5+Delphes 
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Event yields for V’  

Best 
Category 
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ppàZ’ kinematics: bb is boosted 
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After ATLAS (or CMS) style selection. 
The BSM signal is of higher Pt than the SM Higgs (blue dashed) 
We decided to study  the effect of the Pt cut. 
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SM VH, ZW yield    : 47.92 events 
95% CLs  W’àWH : 15.5   events 

SM VH, ZW yield    : 18 events 
95% CLs  W’àWH : 10.3 events 

Pt>250 GeV Pt>300 GeV 

One-lepton category  
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Projections (expected limits) for 200 fb-1 
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gV reduction gives more exotic Higgs signal. The exotic WZ is still small 
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CLs Limits: 0-lep, 2-lep categories  
Ldt =∫ 200 fb−1

0-lepton category has lower sensitivity. 
 
For the existing published ATLAS/CMS analyses it will come out to have no sensitivity 
(HVT yields small in the full phase space) 
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W’ Limits: 1-lepton category  

4% width 

Analysis sensitive even for present luminosity. 

10% width 

32 



30-Nov-2018 

 ATLAS/CMS VHàbb yields (0,1, 2lep)
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ATLAS/CMS exclusions: 0 lep , 2 lep 

ATLAS exclusion lower than expectation due to an excess. 
(actually this would be the first sign of signal if both ATLAS/CMS 
showed “the same” observed limit weaker than expected). 
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W’ Limits: 1-lepton category  

6% width 

10% width 

Reach out to 1.5 TeV to 2 TeV depending on the width 
Note that part of the available param space is excluded. 
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Work in Taiwan 
A few words about what we’re doing 
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High Luminosity LHC 

HL-LHC will enable precision measurements of H properties (couplings, self-
couplings,…) and to probe the existence of very rare new physics processes. 
 
Major detector upgrades foreseen to maximise the physics outcome from high 
integrated luminosity and limit the degradation from radiation and high pileup rate.  
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CMS HGCAL: a 52-layer sampling calorimeter with 
unprecedented number of readout channels 

Active Elements: 
•  Hexagonal modules based on Si sensors 

in CE-E and high-radiation regions of CE-H 
•  Scintillating tiles with SiPM readout in 

low-radiation regions of CE-H 

Key Parameters: 
•  HGCAL covers 1.5 < η < 3.0 
•  Full system maintained at -30oC 
•  ~600m2 of silicon sensors 
•  ~500m2 of scintillators 
•  6M Si channels, 0.5 or 1.1 cm2 cell size 

•  Data readout from all layers 
•  Trigger readout from alternate layers  

in CE-E and all layers in CE-H 
•  ~27000 Si modules 

EM calorimeter (CE-E): Si, Cu/CuW/Pb absorbers, 28 layers, 26 X0 & ~1.7λ 
Hadronic calo   (CE-H): Si & scintillator, steel absorbers, 24 layers, ~9.0λ

~2m 

~2
.3

m
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Baseplate 

Kapton 

Silicon 

PCB Automated gantry @ UCSB  
used previously for CMS tracker assembly 

In CE-E, baseplate = 1.2mm CuW, to 
keep overall density high  

Three centers are being setup in Asia: 
India, China (IHEP), Taiwan 

Si modules are glued assemblies 
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Cleanroom ready (OGP is in) 

We are now moving to the R&D phase. 
Next milestone to build a module.  

40 



30-Nov-2018 

Tooling work 

This is ongoing work to use our std tools for pickup. The first batch of these have 
shown some leaks, but we can set vacuum and pick up mock sensors. 
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Plans for a Taiwan-HEP collaboration 
Develop sensors for: 
 
-  Build 5000 HGCAL modules (2021-2023) 

-  CEPC (Circular 100km collider in China) 
-  Luminosity Monitor (PI: Suen Hou) 
-  ILD-like calorimeter (similar to HGCAL) 
 

-  Sensors for Particle Astrophysics and Medical Apps 
-  Gaseous VUV and Xray sensors (SP) 
-  Others? (MPPCs, Scnanowires, etc) 
 

-  Generic R&D 
-  Silicon sensors from Taiwan + PCB from Taiwan 
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Extra Slides 
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Normal jet : Eta < 2.5, pass btagging, 80< dijet_mass  < 160 
Fat jet : exactly 1 jet with eta < 2.5 , 80 < this single jet mass < 160 
 
Fat jet rate 
 
1.0 TeV  47.4 % 
1.5 TeV  85.6 % 
2.0 TeV  94.8 % 
2.5 TeV  98.0 % 
3.0 TeV  98.9 % 

Fraction of fat jets vs Mass  
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Efficiencies for V’  
Significant amount of work to find the efficiencies vs MV’  and gV. 
 
Example: efficiencies for bb Pt>200 GeV. 

M=1TeV M=1.5TeV M=2TeV 

M=2.5TeV M=3TeV 

ε = ε M ʹV ,gV( )
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ATLAS-like analysis with the addition of Higgs Pt>200GeV cut 

SM VH, ZW yield    : 118.55 events 
95% CLs  W’àWH :   22.8 events 

One-lepton category 37fb-1  

BR(Zàbb)=15% 
BR(Hàbb)=58% 
 
So, the WZ BSM signal is 
4x lower than the WH 
( SHOWN in blue) 
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Δη(bb) distribution after detector  
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Δη(bj) distributions after detector  
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Comment on the V self-interactions 
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Comment on “Theory Excluded” 
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Setting Limits procedure  
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