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Motivation: forward calorimeter at CMS4
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Figure 3: Left: Comparison of the pseudorapidity acceptances of all the LHC experiments [30–
34]. The ATLAS ALFA and CMS TOTEM proton spectrometers (“Roman pots”) installed inside
the beam tunnel at ⇡200 m around IPs 1 and 5 are not plotted. The TOTEM forward tracking T1
and T2 telescopes [34] are individually identified. Right: Kinematic coverage in the parton frac-
tional momentum x and momentum transfer Q2 plane corresponding to the CASTOR detector,
the central CMS/ATLAS [30, 31], the LHCb [33], and the DESY HERA [35, 36] experiments.

acceptance.

By measuring the very forward energy density deposited in the CASTOR acceptance, the char-
acteristics of the UE can be studied in a rapidity region far away from the central hard scattering
processes. The impact of CASTOR has been particularly important for underlying event stud-
ies [16, 19, 22], and has helped to constrain and tune models used to describe MPI, which are
responsible of a large fraction of the UE activity, in Monte Carlo event generators [21].

For the study of processes characterized by rapidity gaps, CASTOR further extends the acces-
sible range in terms of x, the fractional momentum loss of the proton, from about x > 10�6 for
the central part of the CMS experiment alone, down to x > 10�7 [20]. The low noise level of the
CASTOR calorimeter, equivalent to a few hundred MeV of energy, allows the reduction in the
rate of misidentified rapidity gaps, and improves the rapidity gap tagging efficiency. The use
of the CASTOR detector not only extends the kinematic range in which diffraction can be ob-
served, but also helps to disentangle single- and double-diffractive dissociation processes [17].

Measurements of very forward jets in the CASTOR acceptance [23, 38] have opened up the
possibility to study parton dynamics in a region of very small parton fractional momenta,
x ⇡ pT exp (±h)/

p
s ⇡ 10�6 (Fig. 3, right), which has never been accessible before. In this

low-x regime, where the standard Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) par-
ton evolution equations [39–41] are expected to fail, alternative evolutions described by the
Balitsky–Fadeev–Kuraev–Lipatov (BFKL) [42–45] or gluon saturation [46] dynamics should be-
come important. Forward (di)jets, as proxies of the underlying low-x parton scatterings [47, 48],
have long been identified as useful probes of beyond-DGLAP phenomena. When one jet is
measured in CASTOR and the other in the central CMS region, unique dijet rapidity separa-
tions of up to Dh ⇡ 10 can be reached. Such Mueller–Navelet dijet topologies [49] are sensitive
probes of the BFKL parton dynamics [50].

CMS has a forward calorimeter at
5.2 < η < 6.6

Inclusive scattering: xA ∼ pT e
−y/
√
s

⇒ potential to probe very small x ∼ 10−6

CASTOR data range Ejet ∼ 500 . . . 2500GeV

Promising kinematics: pT ∼ Qs,A

Left: Castor acceptance in the x ,Q2 plane in pp
collisions at

√
s = 13 TeV.

∆y ∼ 0.5 rapidity shift is required in p+Pb
CMS, 2011.01185
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CASTOR p+Pb data (proton towards CASTOR)

4−10

3−10

2−10

1−10

1

10

210

310

410

/d
E

 [m
b/

G
eV

]
σd

Data

Sys. uncertainty

-1= 5.02 TeV  3.1 nbNNsp+Pb  

CMS
KATIE KS nonlinear
KATIE KS linear
AAMQS MV

<-5.2η(R=0.5) -6.6<Tkanti-

KATIE KS nonlinear
KATIE KS linear
AAMQS MV

1000 1500 2000 2500
E [GeV]

2−10

1−10
1

R
at

io

4−10

2−10

1

210

410

/d
E

 [m
b/

G
eV

]
σd

Data

Sys. uncertainty

-1= 5.02 TeV  3.1 nbNNsp+Pb  

CMS
HIJING
EPOS
QGSJETII-04

<-5.2η(R=0.5) -6.6<Tkanti-

HIJING
EPOS
QGSJETII-04

1000 1500 2000 2500
E [GeV]

2−10

1−10
1

R
at

io

Difficult dataset for many model calculations (HIJING is doing ok). Also Pb+p data available.
Can we see saturation effects in this data?
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Forward particle production from CGC
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 = 5.02 TeVNNsp-Pb, NSD, 
ALICE

Excellent description of e.g. LHC RpA data
Based on T. Lappi, H.M, 1309.6963, ALICE 1801.07051

LO: 1→ 1 process: q + A→ q + X

Quark picks up Wilson line V (x).

Conjugate amplitude: pick V †(y)

Cross section ∼ FT of the dipole
S = 1

Nc
TrV †(y)V (x)

to momentum space S̃(p)

dσ

dyd2k
∼ σ0

2
xfi (x , µ

2)S̃(k, x).

S : BK evolution in x , IC from HERA
Generalized to nuclei T. Lappi, H.M, 1309.6963
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Jet production

CASTOR measures total E , and has no
y segmentation

Independently produced jets may be seen
as one (merged, total E measured)

MPI processes important!
LO: higher order processes neglected

Probability to have j partonic scattering
processes: Poisson

pj(b) = e−T (b)σ [T (b)σ]j

j!

Total jet production cross section

dσppMPI

dE
=

∫
d2b

∞∑
j=1

pj(b)

j∏
i=1

[
1

σ

∫
dEi

dσ

dEi

]
×

∑
measured

δ(E − Emeasured).

Note: not all j jets are merged and measured!
Generalized to nuclei:[

1

σ

∫
dEi

dσ

dEi

]
→
[

1

Ntot(b)

∫
dEi

dN(b)

dEi

]
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Jet merging
 

Cn=3(k = 2)

Total 5 jets, n = 3 of which
seen as one (merged), other
k = 2 jets do not contribute
to the measured energy

MPI: individual jets have independent azimuthal angles

Some of the jets are produced close to each other in
azimuthal angle → merged

MPI cross section modified:
Probability to produce n merged and k unmerged jets Cn(k):

Sample n jets in a jet (cone R), probability 2R/(2π)n−1

Other k : random azimuthal angle
None of the k jets can be closer than R to any merged n jets

At given n sum over all k

Detailed modified MPI cross section:
H.M, H. Paukkunen, 1910.13116 or backup
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Comparison to pA data

p + Pb at
√
s = 5.02 TeV
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H.P, H.M, 1910.13116. CMS-CASTOR data: 1812.01691.

Good agreement with CMS-CASTOR data

For comparison: a scaled pp result

Significant nuclear effects at small E

n = 2 merged jets gives a numerically
important contribution

n = 3 (or more) merged jets is only a
small correction

Results summed over any number k of
non-merged jets

Note: jet energy measured in the lab frame
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Nuclear suppression factor – magnitude of saturation effects

p + Pb at
√
s = 5.02 TeV
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H.P, H.M, 1910.13116

Significant nuclear suppression at small E

Merged jet production effects at high E
⇒ Robust prediction for large saturation
effects at small E

MPIs are more important in p+Pb
⇒ RpA > 1 at large E

However, pp reference would be needed in
the same kinematics...
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Nuclear suppression factor – magnitude of saturation effects

p + Pb at
√
s = 5.02 TeV
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A× pp
With nuclear effects

H.M, H. Paukkunen, 1910.13116

Proton reference at same
√
s w/o boost

Rshift =
dσp+A→i+X/dE (yshift = 0.465)

Adσp+p→i+X/dE (yshift = 0)
.

Compare solid (nuclear effects) and
dashed (A× pp) calculations:
Significant saturation effect!

Thick lines: full calculation (n = 1, 2, 3)
Thin lines: no merged jets, n = 1
Small difference, robust prediction at
small E
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Large x in the proton

p + Pb at
√
s = 5.02 TeV

500 1000 1500 2000 2500
E [GeV]

10-3

10-2

10-1

100

101

d
σ
/d
E

[m
b
/G

eV
]

2 jets
3 jets

CMS

H.P, H.M, 1910.13116. CMS-CASTOR data: 1812.01691.

Forward rapidity: x in the proton ∼ 0.1

Kinematical constraint:
∑n

i=1 xi < 1

Implemented using an effective multi
parton distribution function (see backup)

Large effect at n & 3 merged jets:
Solid: with

∑
i xi < 1

Dashed: no kinematical constraint

Results summed over any number of
non-merged jets

Longitudinal momenta of the k non-merged jets neglected, their spectra is peaked at small pT
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Dependence on minimum pT cut

p + Pb at
√
s = 5.02 TeV
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H.M, H. Paukkunen, 1910.13116. CMS-CASTOR data: 1812.01691

MPI probability depends on integrated
cross section σ: recall Poisson

pk(b) = e−T (b)σ [T (b)σ]k

k!

Regularized by lower pT cut
⇒ dependence on the regulator pT ,min

Results insensitive on this cut in the
interesting kinematics
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Conclusions

Calculate forward jet energy spectra from CGC

MPI processes are important (total energy is measured)

Expect large saturation effects (RpA ∼ 0.5) in the CASTOR kinematics

CGC calculation including MPI processes compatible with the CMS-CASTOR data

Currently large data uncertainties, but calculation with non-linear nuclear effects preferred
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Backups
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Multi parton scattering explicitly

“Merge 1”, n = 1

dσpp,1MPI

dE
=

∫
d2be−σT (b)T (b)

× dσ

dE

∑
k=0

[σT (b)]k

k!
C1(k)

Probability Cn(k) n jets merged, k not
2 parton scattering: effective DPDF

1

2
xixj

(
fi (xi )fj

(
xj

1− xi

)
+ fi

(
xi

1− xj

)
fj(xj)

)
n > 2 merged jets similarly

“Merge 2”, n = 2

dσpp,2MPI

dE
=

1

2!

∫
d2be−σT (b)T 2(b)

×
∑
k=0

[σT (b)]k

k!
C2(k)

×
∫

dE1dE2δ(E1 + E2 − E )
dσ

dE1

dσ

dE2
.

Note: no requirements for k jets, one gets

dσpp,2MPI

dE

C2(k)= 2R
2π−−−−−−→
∫

dE1dE2δ(E1 + E2 − E )

×
(

2R

2π

)
1

2σeff

dσ

dE1

dσ

dE2
,
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Importance of multijet production

n merged jet production cross section normalized by n = 1 jet production
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Summed over all k not merged jets

n = 2 merged jets: order 1 contribution

Two small-E jets easier than one high-E

n = 3 merged jets: only ∼ 20%
contribution on top of 1 + 2 merged jets

Phase space suppression

Thin lines: different min-pT cut (later)
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Constrained azimuthal distribution
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Naive = no constraints for the azimuthal
angles of the k unmerged jets H.P, H.M, 1910.13116

p + p at
√
s = 13 TeV

If no requirements for the azimuthal
distribution of k jets, we recover standard
single, double etc. parton scattering
formula

Black lines: part of the phase space
forbidden (otherwise would be merged)

Significant effect on the cross section
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