
High-precision and high-quality hadronic calorimetry 
 for the next collider 

The problem of direct four-vector reconstruction of hadronic W and Z decays, along with many other physics 
measurements, is not yet solved.  I will discuss the history, the difficulties, and the prospects for energy 

measurements, and the problems in designing a calorimeter for a large detector.
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IHEP, Beijing, 23 May 2016



History (but don’t forget the mistakes, e.g., Magnetic Detector EM shower counter)



History 
* target, detector & tracker 
* sophisticated 
* powerful particle ID





In addition to shower “aging”, 
these three effects are the main 
reasons for all problems in 
hadronic energy measurement: 

* Poor energy resolution 
* Non-Gaussian response 
* Non-linear energy scale 
* Different for e and h 
* Calibration problems in depth



The L3 response to pions 
depends on the gas!  Not 

the absorber U, Pb, Fe, …

… and it scales with H content.  
This is the clue to “compensation.”  
The neutrons liberated (energy cost 
is 8 MeV/neutron) from broken-up 
nuclei scatter elastically from the 
protons in the gas. 

For Pb-scintillator calorimeter, the 
compensating ratio is 4-to-1 Pb-to-
scintillator:   e/h = 1



Proof is the ZEUS hadron calorimeter testing.

Neutrons are special:  they efficiently increase the hadronic response through np elastic 
scattering, and their kinetic energy is strongly correlated with the lost nuclear binding energy.



World’s second 
compensating 
calorimeter: 

SPACAL, CERN 
(nearly 30 years ago)



* 20 tons of Pb and scintillating fiber 
* needs long integration time to collect neutrons 
* Pb:scintillator requirement of 4:1 forces small sampling fraction ~ 2% 
* used in H1 at HERA, but not in any future collider experiment  
* simple construction:  gather fibers onto PMTs



How do you improve on SPACAL?

1. improve sampling fluctuations which limit the EM energy resolution:  

2. use a lower-Z absorber to reduce response non-linearity in 1-5 GeV region 

3. maintain advantages of compensation:  reduce effects of EM fraction 
fluctuations and binding energy loss fluctuations.

ZEUS �/E ⇡ 18%/
p
E

SPACAL �/E ⇡ 13%/
p
E



Cu is better than Pb for hadrons:  per cubic interaction length, the mass is ~1/2

Particle Data Group, Don Groom



Dual Readout ——> DREAM module built, tested, published (2005)





Read out both S and C PMTs, digitize and plot

Mean response constants:

⌘S = h/e ⇠ 0.72 (S-fibers)

⌘C = h/e ⇠ 0.22 (C-fibers)

Expected S and C response:

S = E[fEM + ⌘S(1� fEM)]

C = E[fEM + ⌘C(1� fEM)]

S/C ! fEM. Define ⇠ =

1�⌘S

1�⌘C
.

Dual-readout energy:

E =

S�⇠C
1�⇠





The broad non-Gaussian response is just a sum of narrow Gaussians 



fEM ⇠ C/E ! C/Ebeam

(eliminates leakage fluctuations)



neutron measurements 
within DREAM module







One (of two) Cu RD52 modules, INFN Pisa



Nine Pb RD52 modules, INFN Pavia



One ton of copper

Twenty 
tons of lead

Yunyong 
Wang, 

Beijing U.



Do we think this is possible?

DREAM data 
(leakage suppress using  

beam energy)

GEANT simulation, HP means 
“high precision” which means 
the neutrons were treated more 

properly

�/E ⇡ 30%/
p
E

�/E ⇡ 32%/
p
E

�/E ⇡ 2.21%



⇡� 50 GeV

�/E ⇡ 4.36%

⇡� 80 GeV

�/E ⇡ 3.50%



⇡� 90 GeV

�/E ⇡ 3.36%

⇡� 100 GeV

�/E ⇡ 3.21%



⇡� 200 GeV

�/E ⇡ 2.45% (! 2.21%)

Note well:   
   (1)  all of these response functions are Gaussian 
   (2)  no correction for leaked neutrons, etc.   
   (3)  simple direct dual-readout



Dual-readout is close to achieving

(in geant high-precision simulation)

�/E ⇡ 30%/
p
E

Next step for us: built and test

a large (4t) copper module to test this.





This is the W and Z di-
jet mass distribution 

you get from leakage-
suppressed DREAM 

events: 

�E
E ⇡ 30%p

E

This is really 
important, and 

we want to 
demonstrate this 
experimentally:
built a multi-ton 

module



Do we think this is possible?

DREAM data 
(leakage suppress using  

beam energy)

GEANT simulation, HP 
means “high precision” 

which means the 
neutrons were treated 

more properly

�/E ⇡ 30%/
p
E

�/E ⇡ 32%/
p
E



Produce our own copper absorber plates: load with fibers (try square fibers)





We will test one fiber per SiPM pixel:  the ultimate in transverse granularity

The CAEN DRS4 at 5 GHz gives us 4 cm longitudinal segmentation: one physical channel!



We did this in GEANT, now we just have to do it in copper.



“Unification of experimental resolutions” near 2%  
 for all the partons of the Standard Model  

This is a scientific goal worthy of the next big collider



We would be most happy for 
you at IHEP and Tsinghua 
University to join RD52 as 
major participants in this 

interesting instrumentation 
program. 

richard.Wigmans@ttu.edu 
or 

hauptman@iastate.edu

mailto:richard.Wigmans@ttu.edu?subject=
mailto:hauptman@iastate.edu


RD52 - CERN Project - http://highenergy.phys.ttu.edu/dream 

“Dual-Readout Calorimetry for High Quality Energy Measurement” 

Goal is a fundamental understanding of hadronic calorimetry and   
the achievement of 1-2% energy resolution at high energy. 

1. Build 4-6 tons of Cu-fiber Pisa-like modules  
            * reduce leakage fluctuations down to ~1%. 
            * pay close attention to optics 

2.  Reduce fiber antenna by using SiMs directly onto fibers 
             * reduces backgrounds 
             * OK in magnetic field 

3.  Build and test “projective” fiber modules 
              *  buildable large detector 

Thank you for your attention.


