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Outline
• Phase 1 upgrades for HCAL front end electronics 

• HF phase-1 upgrades: 
• Testing of all QIE cards before  
• installation, commissioning of  
• the detector after installation 

• Calibration of QIE channels for HF, 
• HE, and HB upgrades 
• Working with many US and international institutions: 

• Alabama, Baylor, Bogazici, Brown, CBPF, Cukurova, DESY, Florida Institute of 
Technology, Fermilab, Istanbul Tech, Iowa, Maryland, Minnesota, Moscow State, 
Princeton, Rutgers, UC Riverside, Universidade do Estado do Rio de Janeiro, Virginia 

• Measurement of ttgamma production cross section at 8 
TeV 
• Florida Institute of Technology & Kansas State University
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HF Phase-1 Upgrade
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• Goal: Reduce noise from anomalous hits 
from particles hitting the PMT

• New PMT’s installed during LS1
• Hamamatsu R7600U-200-M4
• Thinner window, multi-anode
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Abstract—The Hadron Forward Calorimeter of CMS com-
pleted the Long Shutdown 1 part of the Phase I upgrade.
Approximately 1800 photomultiplier tubes were replaced with
thinner window, higher quantum efficiency, four-anode photo-
multiplier tubes. The new photomultiplier tubes will provide
better light detection performance, a significantly reduced back-
ground and unique handles to recover the signal in the presence
of background. The upgrade is also associated with new cabling
and channel segmentation options. This report will describe the
upgrade and the nature of the essential upgrade elements with
supporting test results.

Index Terms—LHC, CMS, hadron calorimeter, photomultiplier
tube, forward calorimetry, calorimeter upgrades

I. INTRODUCTION

The Compact Muon Solenoid (CMS) [1] is a general-
purpose detector designed to run at the highest luminosity
provided by the CERN Large Hadron Collider (LHC). Cov-
erage between pseudorapidities (⌘) of 3 and 5 is provided by
the steel/quartz fiber Hadron Forward (HF) calorimeter which
is located at 11.2 m from the interaction point. The signal in
the HF calorimeter originates from Čerenkov light emitted in
the quartz fibers, which is then channeled by the fibers to
photomultipliers. The absorber structure is 1.65 m long with
1 mm square grooves. The diameter of the quartz fibers is
0.6 mm and they are placed 5 mm apart in a square grid.
The quartz fibers run parallel to the beam line and have two
different lengths (1.43 m and 1.65 m), which are inserted into
grooves, creating two effective longitudinal samplings. The
short fibers start 22 cm inside the absorber, hence are mostly
sensitive to hadron interactions. There are 13 towers in ⌘, and
the � segmentation of all towers is 10�, except for the highest-
⌘. This leads to 900 towers and 1800 channels in the two HF
calorimeter modules [2]. Details of the HF calorimeter design,
together with test beam results and calibration methods, can
be found in [3].

II. THE NEED FOR THE UPGRADE AND THE KEY
COMPONENTS

The CMS HF calorimeter photomultiplier tubes (PMTs)
generate a large, fake signal when the PMT window is
traversed by a relativistic charged particle due to C̆erenkov
light production at the PMT window. The PMTs have cir-
cular windows with 2.54 cm diameter and 2 mm thickness
at the center that gets thicker towards the rim (Hamamatsu
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R7525 [4]). This already-known problem was observed in
the 2010 and 2011 CMS data to degrade data quality and
to constitute a potential to interfere with rare physics events.
An upgrade plan was therefore formulated for CMS HF. In
this framework, several types of PMTs were tested and the
Hamamatsu R7600U-200-M4 PMT with four anodes [4] was
selected as the replacement PMT for the upgrade [5]. The
upgrade PMT has a square window of size 1.8 cm x 1.8 cm and
thickness less than 1 mm indicating a significant reduction in
the amount of glass seen by the traversing relativistic particles
hence is already promising in terms of background reduction.
Furthermore, the new PMT not only reduces the intrinsic level
of background, but it also enables tagging of background
events and recovering the underlying signal event (if any) by
using the multi-anode features. Figure 1 shows R7525 (left)
and R7600U-200-M4 (right) PMTs (not to scale).

Fig. 1. Hamamatsu R7525 (left) and R7600U-200-M4 (right) PMTs (not to
scale).

The key components of the upgrade include the base board
and the adapter board, light guides, light sleeves and cabling
inside the readout box, and the Winchester cables from the
readout box to front-end electronics. Figure 2 shows a few of
the key components.

A readout box (RBX) prototype was built to enable the tests
of different readout options for the new four anode PMTs. The
new readout boards provide the flexibility to switch between
four- channel, two-channel and single-channel readout of the
four anode PMTs where the four-channel readout option
enables the full multi-anode functionality. Both the internal
and external cabling of the RBX were also specific designs and
selections, therefore form an integral part of the prototype. The
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• During 2016-17 EYETS:
• Rework PMT boxes to allow 

dual-anode readout of PMTs
• Upgrade Front-end electronics
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New FE electronics: 
• Doubles number of 

channels 
• QIE10 chip 

• 8-bit ADC 
• 6-bit TDC

Pulse arrival time can 
be used to reject 
anomalous hits
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Fig. 1. The cross sectional view of the HF calorimeter shows that the sensitive area extends from 125 to 1300 mm in the radial
direction. The absorber in the beam direction measures 1650 mm. Bundled fibers (shaded area) are routed from the back of the
calorimeter to air-core light guides which penetrate through a steel-lead-polyethlene shielding matrix. Light is detected by PMTs
housed in the readout boxes. Stainless steel radioactive source tubes (red lines) are installed for each tower and are accessible from
outside the detector for source calibration. The intersection point is at 11.15 m from the front of the calorimeter to the right. All
dimensions are in mm

2 Description of HF calorimeters

The forward calorimeter will experience unprecedented
particle fluxes. On average, 760 GeV per proton–proton in-
teraction is deposited into the two forward calorimeters,
compared to only 100 GeV for the rest of the detector.
Moreover, this energy is not uniformly distributed but has
a pronounced maximum at the highest rapidities. At |η| =
5 and an integrated luminosity of 5×105 pb−1 (∼ 10 year
of LHC operation), the HF will experience ∼ 1 GRad.
This hostile environment presents a unique challenge to
calorimetry, and the design of the HF calorimeter was first
and foremost guided by the necessity to survive in these
harsh conditions, preferably for at least a decade. Suc-
cessful operation critically depends on the radiation hard-
ness of the active material. This was the principal reason
why quartz fibers (fused-silica core and polymer hard-clad)
were chosen as the active medium.

The signal is generated when charged shower par-
ticles above the Cherenkov threshold (E ≥ 190 keV for
electrons) generate Cherenkov light, thereby rendering
the calorimeter mostly sensitive to the electromagnetic
component of showers [11]. A small fraction of the gener-
ated light is captured, ftrap = NA/2n2

core, in the numer-
ical aperture (NA = 0.33± 0.02), and only half of that

ends up on the PMT photocathode. Only light that hits
the core-cladding interface at an angle larger than the
critical angle (71◦) contributes to the calorimeter sig-
nal. The half-angle θ = 19◦ is determined by the refrac-
tive indices of the core (ncore) and the cladding (nclad),
sin θ =

√
n2

core−n2
clad. The fibers measure 600±10µm in

diameter for the fused-silica core, 630+5
−10 µm with the

polymer hard-clad, and 800± 30µm with the protective
acrylate buffer.1 Over 1000 km of fiber is used in the HF
calorimeters and the fibers are cleaved at both ends by
a diamond cleaver.

The optical attenuation in these types of fibers scales as
a(λ)(D/D0)b(λ) where D is the accumulated dose, and it is
normalized by a reference dose (D0 = 100 MRad) for con-
venience. For example, at 450 nm at the accumulated dose
of D = 100 MRad, the induced attenuation is ∼ 1.5 dB/m,
which simply equals a. The a and b parameters charac-
terize the radiation hardness of a given fiber. For high
OH− (300–500 ppm) HF fibers at 450 nm, a ≈ 1.3 and
b≈ 0.3 [12–14]. An accumulated dose of 1 GRad will result
in a loss of optical transmission by a half, which is the worst
case for HF after a decade.

1 Manufactured by Polymicro Technologies, LLC, Phoenix,
AZ, USA.
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Front End Testing and Installation
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Burn-in at b904 
at CERN

Quadrant installed 
on detector

• All upgrade electronics were tested at CERN 
before installation during summer/fall of last year 
• Full testing of individual QIE cards 
• Calibration of QIE response 
• Burn-in of full system 

• Installation of full system (144 QIE cards) on the 
detector this past winter



Calibration of QIE Cards
• FIT has taken the responsibility for the calibration of QIE chips 

used in the phase-1 upgrade (HF, HE, & HB)   
• Goal is to precisely measure response of the QIE chip to different 

levels of input charge 
• Designed and built external charge injector to inject DC current 

into QIE cards 
• Can measure ADC response of QIE cards at large range of 

injected charge 
• Configurable through 16-bit USB-controlled DAC 
• Provides fC level control over the amount of charge input into 

the QIE 
• Individually calibrate all QIE channels 
• Same calibration also performed for HE, and will be done on HB
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HF Commissioning
• After installation of electronics, full suite of tests 

performed to ensure everything works properly 
• Measuring pedestal levels and noise 
• Injecting charge with LED’s and Laser 

pulses to measure response and timing of 
the system 

• Cobalt-60 sourcing: running radioactive 
source through tubes in detector and 
measuring the response
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tt+𝛾 Cross Section Measurement
• Measurements of top quark production cross sections 

and couplings provide import checks of the SM  
• Any deviations from the precise predictions of the 

SM can be an indication of BSM physics (anomalous 
dipole moments, exotic quarks, etc.) 

• Measurement of tt+𝛾 cross section 
• Probes the electromagnetic coupling of the top quark 
• Using 8 TeV data, 19.7 fb-1 of data collected in 2012 
• Measurement performed in the l+jets final state  

• Signal is a top pair decaying into either an electron or 
muon, jets, MET, and an isolated photon 

• Backgrounds fall into two main categories: 
• Top events with a fake photon coming from 

misidentified electrons or jets (tt) 
• Non-top events with real photons (W+𝛾 or Z+𝛾)
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tt+𝛾 Cross Section Measurement

• Background categories estimated individually 
• Using photon isolation variable to separate 

real from fake photons 
• M3 variable reconstructs hadronically 

decaying top, separates top pair events 
from  

• Combine the information about the rates of 
each of the two background categories in a 
likelihood function 
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Summary
• HCAL Upgrades: 

• Phase-1 upgrades of the HF electronics were completed 
during the EYETS this past winter 
• Took leading role in the testing and installation, as well as 

the calibration of both HF & HE  
• Plan to continue with calibration of HB here at the LPC next 

year, as well as contributing to research into phase-2 upgrade 

• Top quark measurements: 
• We performed measurement of tt+𝛾 cross section at 8 TeV in 

the l+jets final state 
• Continuing this work at 13 TeV, with the plan to extend the 

analysis to also perform differential measurement of the cross 
section
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