
the cumulants i can be directly linked to the generalized susceptibilities such as

2 = µ2 = V T 3�B
2 (12)

3 = µ3 = V T 3�B
3 (13)

4 = µ4 � 3µ2

2 = V T 3�B
4 . (14)

-2

-1

 0

 1

 2

 3

 140  160  180  200  220  240  260  280

ms/ml=20 (open)
27 (filled)

χ
6B
/χ

2B

T [MeV]

cont. est.

Nτ=6

8

-2

-1

 0

 1

 2

 3

 140  160  180  200  220  240  260  280

HRG

Fig. 5: Ratio of sixth to second-order baryon number susceptibilities from lQCD. The left-hand figure
is from [140]. The right-hand figure is calculated from recent lQCD data on sixth and second order
susceptibilities from [152].

In the O(4) universality class, a singular contribution to the pressure shows up for higher order
moments. More specifically, at vanishing chemical potential, all odd susceptibilities of the net baryon
number vanish. In addition, in the O(4) universality class, the second- and fourth-order susceptibilities
remain finite at the phase transition temperature at µB = 0 in the chiral limit, implying that only sixth-
and higher-order susceptibilities diverge [139, 141]. Thus, for physical quark masses and at µB = 0,
only higher order cumulants n with n � 6 can exhibit O(4) criticality, whereas at finite µB this is
already the case for n with n � 3.

Sensitivity to chiral criticality due to the vicinity of the O(4) line at µB = 0 is borne out in
phenomenological models as is shown in [141, 150], and in lQCD predictions [140, 152], by strong
deviations of �B

6 /�
B
2 from unity as shown in Fig. 5.

We note that a convenient baseline for the cumulants of multiplicity distributions and fluctuations
of produced particles in relativistic nuclear collisions can be obtained in the framework of the hadron
resonance gas (HRG) [144, 152–155]. In this model, uncorrelated Poissonian fluctuations of baryon and
anti-baryon multiplicities result in a Skellam distribution for the net baryon number, in which the higher
moments and cumulants can all be related to the first moments in the following way [154, 156, 157]:

n(NB �NB) = h(NB + (�1)nNB)i (15)

For zero net baryon number then all odd cumulants vanish and all even cumulants are identical.
Measuring such cumulants with precision poses a formidable experimental challenge due to the

requirement of very large data sets (> 109 events of a particular event or centrality class) with superb
control of systematic uncertainties. As a first physics case to consider along this line, the impact of
measuring the distribution of net protons as a proxy for net baryons needs to be studied further. We
note that, at LHC energy and low transverse momentum, particle production near mid-rapidity takes
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Looking forward

�27Deepa Thomas

All pixel Inner Tracker System GEM based TPC readout Pixel Muon Forward Tracker

Major upgrade during LS2

• Faster interaction trigger

• New online-offline system


Run 3+4: x 100 higher statistics than Run 2

High precision measurements including beauty 
hadrons possible.




CMS PHASE-2 UPGRADE FOR THE HL-LHC

10/16/19 PL MCBRIDE - USLUA - CMS STATUS26

Barrel Calorimeters  
• ECAL single crystal granularity in L1 Trigger 

with precise timing for e/g at 30 GeV
• ECAL and HCAL new back-end electronics Muon Systems    

• DT & CSC new FE/BE readout
• New GEM/RPC 
• Extended coverage to |η| < 2.8

1.6 2.4h< <

3.0h <

Beam Radiation 
and Luminosity, 
Common 
Systems,
Infrastructure

MIP Timing Detector  
• 30 ps resolution
• Barrel: Crystals + SiPMs
• Endcap: LGADs

Tracker 
• Si Strip Outer Tracker designed for L1 

Track Trigger  
• Pixelated Inner Tracker extends 

coverage to                  3.8h <

Calorimeter Endcap 
• Si, Scint + SiPM in Pb-W-SS
• 3D shower imaging with 

precise timing

L1 Trigger/HLT/DAQ   
• L1 40 MHz in/750 kHz out 

with tracking for PF-like 
• HLT 7.5 kHz out


