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Triggering Discoveries  
at CMS

CMS Students Jessica Leonard, Kira Grogg, Marc Weinberg, Mike Anderson, Jeff Klukas, 
Christos Lazaridis, Michalis Bachtis, Lindsey Gray, Joshua Swanson, Ian Ross, Isobel Ojalvo, 
Austin Belknap, Tom Perry, Aaron Levine, Laura Dodd, Tyler Ruggles, Devin Taylor, Nate 
Woods, Nick Smith 
CMS Post-docs Maria Cepeda, Evan Friis, Jonathon Efron, Cécile Caillol, Isobel Ojalvo
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Calorimeter Trigger at CMS 
Brief word on Operations  
‣ More to come later! 

Standard Model Measurements 

Higgs Discoveries 

Beyond the Standard Model Searches 

Overview

 2
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Trigger Overview

 3

Level 1 Trigger

40MHz Collision Rate 
~1 MB/event

Full Detector Readout for 
RECO and Offline Analysis

Coarse Calorimeter Readout   
No Tracking Input! Very Fast!

High Level Trigger
Full Detector Information 
Available -> trade off: Fast Algos

L1A   100kHz

Final Decision ~1 kHz

Data is selected for 
offline analysis with the 
2-tiered trigger system
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Regional Calorimeter Trigger

 4

Completely installed since 2007 
RCT divided into 18 Crates 

- 2 crates in eta x 9 crates in phi


Each crate’s data processing is 
handled by: 

7 Receiver Cards

7 Electron Identification Cards

1 Jet/Summary Card


System Designed for 
Fast Pattern Recognition!



I.
O

ja
lv

o 
  
  
 W

es
le

y 
Fe

st
 2

01
9 

  
  
A
ug

 3
0,

 2
01

9

Regional Calorimeter Trigger

 5

Receiver Card

Electron Identification Card
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Calorimeter Trigger Design Run I System

‣Coarse inputs from the Calorimeters 
‣Generate a trigger within 3 uS at a max rate of 100kHz 

HCAL** 
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Energy 

Regional  
Calo Trigger 

Global  
Calo Trigger C
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Calorimeter Trigger Design Current (Run II) System

HCAL** 
Energy 

ECAL* 
Energy 

Regional  
Calo Trigger 

Global  
Calo Trigger C

ur
re

nt
 L

1 
Tr

ig
ge

r S
ys

te
m

 
HCAL Optical 

Splitters 

TCC 

HF 
Energy 

HCAL 
Energy 

Layer 1 
Calo Trigger 

Layer 2  
Calo Trigger 

µHTR µHTR 

CTP7 

MP7 

C
ur

re
nt

  L
1 

Tr
ig

ge
r S

ys
te

m
 

Le
ga

cy
 L

1 
Tr

ig
ge

r S
ys

te
m

 3 uS 
120BX

Stage-1

After running successfully during LHC Run 1 the Calorimeter 
Trigger underwent a series of upgrades
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Calorimeter Trigger in Run 2

 8

36	Tx	and	Rx	
Frontpanel	
Optical	10G	
links	on	CXP	
Modules	

31	Rx	and	12	Tx	Frontpanel	Optical	
10G	links	on	MiniPODs	

13	GTH	
Back-
plane		
Tx/Rx	
links	

Virtex-7		
`690T	

ZYNQ	
`045	

Calorimeter Trigger Processor-7 
(CTP7) designed and built by UW 
engineering was the first card to run 
onboard Linux at CMS! 

oRSC - Optical Regional Source Card 
allowed us to redesign algorithms and  
make use of Phase-1 technology before  
full Phase-1 installation

2015

2016-2018

Layer-1
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Trigger work as a Post-Doc for Wesley

• Please see Pam’s talk for more about Operations!

 9
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Students’ Role in the Trigger System

 10
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Wesley’s Students’ Analysis Work

 11

All students on CMS  (in my era) were required to perform one 
Standard Model Measurement and one Beyond the Standard 
Model Search
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Standard Model Measurements

 12

These measurements have led to new physics searches for additional  
                                                                                  Higgs bosons and dark matter
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Beyond the Standard Model Searches

 13
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Beyond the Standard Model Searches

 14

Standard 
Model
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Beyond the Standard Model Searches

 15

Standard 
Model

Beyond 
the 

Standard Model
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Beyond the Standard Model Searches

 16

Standard 
Model

Beyond 
the 

Standard Model

Precision Tests 
Understand QCD, Electroweak 

Measure EWSB

Searches for Dark Matter, 
Anomalous Triple Gauge Couplings 

Supersymmetry
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!

First Measurements of  Z➞ee with CMS - Jessica Leonard

 17

First Measurements of Z➞ee 
   - An important milestone for the 

experiment and for the LHC!

The agreement of these results bodes 
well for CMS:  

      The detector is well calibrated and can 
produce a solid measurement of standard 
model physics. This points toward a future 
of successful new measurements and 
exciting physics.
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First Measurements of  W+Jets at CMS - Kira Grogg

 18

Goal: measure the rate of events 
with jets and a W boson 
decaying to an electron and a 
neutrino 
Inclusive rate of n jets (i.e., ≥ n jet), 

not corrected for acceptance 
Starting with ratio measurements 

where systematics uncertainties 
partially cancel 

First Measurement of Electroweak 
Interaction at much higher energies   

Test of perturbative QCD calculations 
Verification of theoretical cross-

section and parton distribution 
functions (PDFs)  
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First Measurements of  W+Jets at CMS - Kira Grogg

 19

W+jets is a background for the 
Higgs Boson! 

gluon-gluon fusion can result in 
two Ws, one decaying to 
jets, the other to an electron 
and neutrino 

It is important to understand 
W+jets as a signal to 
eliminate it as a background 
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First Measurements of  W+Jets at CMS - Kira Grogg

 20
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Signal extraction, efficiency corrections 
and unfolding are performed on 
exclusive n-jet bins (i.e., n=0, n=1, 
n=2, n=3, n≥4) 
Statistical + uncorrelated systematics 

are black error bars 
Lepton efficiency, fit 

Central values shifted by correlated 
systematics, orange band 
Jet counting 

Unfold with different methods, blue 
band 
Different tune (Z2 vs D6T), 

generator (MadGraph vs Pythia), 
or algorithm (SVD vs Bayes) 

Good agreement between data 
and MadGraph MC 

σ(W+njets) / σ(W) 
No uncertainty in luminosity 
Reduces event selection uncertainty 

σ(W+njets) / σ(W+(n-1)) jets 
Reduces JES uncertainty 
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First Measurement of  Z+Jets - Christos Lazaridis

 21

Z+Jets differential cross-section 
   - Another important milestone for 

the experiment and for the LHC!
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W+bb is an irreducible background 
in the search of Higgs to bb 
In previous measurements…
‣ W>=1 b-jet had shown between 1.5 to 
2x disagreement prediction and 
measurement 
‣W+2b jet agreed well with SM 
expectation (~0.55 pb)

W+bb Cross Section Measurement at 7 TeV

 22 Arxiv: 1312.6608

This analysis is a test of collinear 
splitting of heavy flavored QCD

The signal significance of this measurement was on the order of 3 sigma… but it 
lead to the CMS H->bb group using 2 control regions to estimate W+b and W+bb

https://arxiv.org/pdf/1312.6608.pdf
http://www.apple.com
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W+bb at 8 TeV - Tom Perry

 23

Measured with 20 fb-1 at 8 TeV 
Included Muon and Electron Channels
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- It is unclear whether or not one can study Tau decays at the LHC!

 24

Tau Analyses 

Development of HPS 
Algorithm 

- Used for all of 
Run-1 and Run-2

Search for Higgs  
decaying to Taus

M. Bachtis

J. Swanson
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A Search for Neutral MSSM Higgs decay to ττ

 25 Arxiv: 1312.6608

Excellent probe for the MSSM
At large tan β the b-Associated 
production becomes the dominant 
contribution to the overall cross-
section

τ’s have a very short lifetime 
and decay quickly to lighter 
leptons or hadrons 

- Showing the channel where 
one τ decays to an electron 
(muon) and the other 
decays to hadrons

https://arxiv.org/pdf/1312.6608.pdf
http://www.apple.com
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MSSM H→ττ Results

 26
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MSSM Higgs to TauTau - Laura Dodd

 27

Search Continued with 
13 TeV in 2015

Benefitted from improved 
Tau Triggers at Level-1!



I.
O

ja
lv

o 
  
  
 W

es
le

y 
Fe

st
 2

01
9 

  
  
A
ug

 3
0,

 2
01

9

 28

Discovery of  the H→ττ with the CMS Detector
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Discovery of  the H→ττ with the CMS Detector
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 30

Largest improvement with respect to Run I seen in the τhτh channel 
due to 30% signal efficiency gain in τh Trigger  

- Despite a harsher Run II environment 

Discovery of  H→ττ with CMS: Run-1 vs Run-2
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WH/ZH - Tyler Ruggles

 31

• Search for WH and ZH where the Higgs decays 
to Taus
• A great way to measure the Higgs coupling to 

Bosons and Fermions simultaneously!
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 32

"Wesley taught me not only how to display and convey my 
results to others, but also how to pick them apart and ask 
the relevant questions needed to identify problems and 
develop solutions.” 

“These general skills have been invaluable while switching 
domains to researching renewable energy technologies 
and energy systems.  Thank you Wesley!”

WH/ZH - Tyler Ruggles
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A few slides from former students

 33
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• Part of CMS MET+X group
- EXO-16-010, EXO-16-052
• Set limits on diverse set of new physics 

models involving Z boson ISR or 
associated production
• Fun, friendly team from Wisconsin, MIT, 

Aachen, Northeastern

 

mµµ = 92.4GeV

pmiss
T = 513GeV

Mono-Z BSM search

http://nova-docdb.fnal.gov/cgi-bin/RetrieveFile?docid=5265&filename=NOvADetectorTechnology_Nowak_final.pdf&version=1
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• I joined the group just as we started 
commissioning the calo trigger upgrade 
- I helped commission and operate the system
- DQM, emulator, unpacker
- CaloLayer1 on-call, L1 DOC
- Plugged in some fibers, not as many as others
• Watched for issues in calo trigger 2015-18
- Fixed some issues
- Badgered™ people to fix some issues
- Found some strange features in the data
• Our system had very few issues in Run II
- So we helped ECAL, HCAL, CaloLayer2 

diagnose their issues :)
- I don’t think this was by chance—Wesley put 

together a great team of engineers and made sure 
students had the resources they needed to ensure  
operations

A good day

A bad day

Trigger Offline and Data Quality

http://nova-docdb.fnal.gov/cgi-bin/RetrieveFile?docid=5265&filename=NOvADetectorTechnology_Nowak_final.pdf&version=1
https://indico.cern.ch/event/566190/contributions/2289061/attachments/1328926/1996174/hcalLumiNoise.pdf
https://indico.cern.ch/event/734407/contributions/3049707/attachments/1676211/2691277/nsmith_PrefireReview_27June2018.pdf
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Discovery of  the Higgs decay to ZZ - Ian Ross

 36
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Anomalous Triple Gauge Couplings - Ian Ross
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Discovery of  the Higgs decay to ZZ - Ian Ross
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Photon + Jet Multiplicity - Mike Anderson

 39

inclusive jet multiplicity, n
1 2 3 4 5

 1
-je

t
≥

 +
 

γ(
σ

 n
-je

ts
) /

 
≥

 +
 

γ(
σ

-410

-310

-210

-110

1

10
Data (stat)
Data (sys)
Madgraph
Pythia

CMS Preliminary  = 7 TeVs
-1 L dt = 36 pb∫

+njetγ→pp
>30 GeVjet

TE

Mo#va#ons:	
Test/Validate	theore/cal	
predic/ons	
Cross	sec#on	calcula#ons	are	
challenging	#	jets	increases	

Explore	new	kinema#c	regions	in	
hadron-hadron	collisions	

Background	to	pp->Higgs->γγ
    -Background	for	beyond	
standard	model	searches	

Ability	to	constraining	PDFs	of	the	
proton	

Calibra#on	of	a	NEW	Detector!	
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Photon + Jet Multiplicity - Mike Anderson

First	measurement	of	jet	rate	in	associa0on	with	a	high-pT	photon	
Results	with	36pb-1	of	data	

Loose	photon	isola#on	selec#on	
Jets	with	pT	>	30	GeV,	R=0.5,	using	an#-kT	algorithm	

Rates	of	jets	in	agreement	with	Madgraph	simula#ons	for	≥1	and	≥2	jets,	but	
higher	than	predicted	for	≥3	and	≥4	
This	is	expected	because	Madgraph	sample	used	contains	matrix	elements	for	up	to	
γ+3jets	

Data	disagreement	with	Pythia	is	also	expected	because	Pythia	only	simulates	photon+1	
jet,	and	uses	showering	to	create	more	jets	

Tuned	Monte	Carlo	event	generators	can	be	used	for	new	physics	searches.		Ex:	
γ+1	jet:	background	to	H->γγ
γ+jets+missing	ET:	a	signature	for	super-symmetry	
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Michalis

 48

Michalis Bachtis
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Michalis

 49

Michalis Bachtis
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passion for physics and teaching for years to come!

Conclusions: Thank You Wesley!

 50
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‣ This gave me the opportunity to work with the best engineering team at CMS  
‣OK, maybe I am a tiny bit biased ;)  
‣We developed algorithms for Phase-1, with notable improvements to Hadronic Tau ID

‣ UW has designed and operated the more complex portion of the Calorimeter Trigger 
‣ The first layer (RCT/Layer-1) is responsible for processing all data from the 

calorimeters at 40 MHz

Trigger work as a Post-Doc for Wesley



I.
O

ja
lv

o 
  
  
 W

es
le

y 
Fe

st
 2

01
9 

  
  
A
ug

 3
0,

 2
01

9

Standard Model of  Particle Physics

 53
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Particle Detection at CMS

 54
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Particle Detection at CMS
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τ+ to π0π+

Z    τ- to µ- + ν's

Particle Detection at CMS
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Electron Finding 
and Sorting

Energy Deposits 
in the Calorimeters

Calorimeter Calibrations 

Electron Identification, Isolation 

Tau finding and Regional Sums  

Electron Sorting 


