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Outline

CMS detector and forward instrumentation

Introduction

Single and double diffractive cross sections at /s =7 TeV
[PRD 92 (2015) 012003]

Forward rapidity gap cross section at /s =7 TeV
[PRD 92 (2015) 012003]

Jet-gap-jet First observation at the LHC!
[CMS PAS FSQ-12-001]

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFSQ
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Single Diffractive (SD)
[1  Energy of scattered protons ~ beam energy (within a few %) - protons in the final state

Pomeron exchange (IP), Large Rapidity Gap (LRG)
[0 If X = anything:

= Measure fundamental quantities of soft QCD
= Contributes significantly to pile-up, underlying event (SD ~ 15 mb, DD ~ 10 mb)

O If X includes jets, W's, Z's:

- Hard processes, calculable in perturbative QCD
- Measure proton structure, QCD at high parton densities, discovery physics
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..exclusive reactions

Study the reaction
pp > pOXp®)

where numerous production mechanisms can contribute to produce the central system
X=ee, g, vy, WW-, .

IPIP exchanges vy interactions yIP fusion

R. Chudasama's, M. Khazad, D. Takaki
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Challenge to tag the LRG with CMS

" The rapidity gap(s) maybe very forward and outside CMS acceptance
" Pileup events destroy the gap(s)

" The gap(s) survival probability is low

- LRG not always/really usable - proton tracking (and timing) detectors

[1 Already installed
" TOTEM Roman Pot (RP) stations

N.B.: joint TOTEM-CMS data

1> 2016
" CT-PPS (CMS-TOTEM)

Exclusive analyses based on vertexing still possible in a pileup environment
6
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~

Soft diffractive cross sections
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Event selection

Based on Large Rapidity Gap (LRG) tagging

Kinematics defined by M, and M,
(hadronic systems with largest separation in rapidity)

Single and double diffractive contributions
separated with CASTOR tag

16.2 pb! low pileup (u=0.14) data at /s =7 TeV

minimum bias trigger
no vertex requirement (fo retain My < 100 GeV)

LRG cut based on Particle Flow (PF) objects

P X

P p

P Y

single diffractive

SD

P X
”)
v Y

double diffractive

DD

acceptance+background: PYTHIA8-MBR, diffraction with Minimum Bias Rockfeller model
systematics: PYTHIAS8-4C, diffraction with Schuler & Sjostrand model from PYTHIA6
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b)

Experimental topologies

“ 3 experimental topologies based on the position of the LRG
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Experimental topologies

GAP ON POSITIVE SIDE
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GAP ON NEGATIVE SIDE

“ 3 experimental topologies based on the position of the LRG

(7T
!'62;-0( eV) 10°

]

16.2ub "' (7 TeV)
1 T

CENTRAL GAP

3

16.2b" (7 TeV)
L A\l ]

o T T T T T T LA | T T T T g A ] T T A ] T E
z . ' 5 ® CMS 3 510‘: © CMS * ggnu\s-usn k
o~ 1 4
3 127F S5 !
2100 10* 4 E10° & oo
j’:: ; 3 g— == O no }
10° 10° o, 3 ‘01!,_ : O Pilevp 4
10 10? - o ! 9
10 1 Pt 10 e 1 P § L‘- 10.AA i L iA L 1 1 | 5 .
. 4 5 5 4 & 5 0 1t 2 3 4 7 .8 9 10
nmax nrmn Ano = n?v\ax. ']2-\»
Nmax (r]min): highest (lowest) n of the particle candidates in |n| < 4.7
AI’]OI difference between the closest-to zero positive (n°,,,) and negative (n°,;.) h of the particle candidates in |n| < 4.7
b) N min ]]max d) nm'n ']max 0
: : f) n n
I H } icastor{ . ’ ‘ min max
i T
|
c) Mo Miax e) Mon Miax -In(\s/m ) In(\s/im )

10



Experimental topologies

DIS 2016, M. Ruspa

“ 3 experimental topologies based on the position of the LRG
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“ 3 experimental topologies based on the position of the LRG

GAP ON POSITIVE SIDE GAP ON NEGATIVE SIDE CENTRAL GAP
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Events / 0.2 units
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Experimental topologies

“ 3 experimental topologies based on the position of the LRG
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SD and DD cross sections vs ¢

» 16.2 ub™ (7 TeV) » 16.2 ub™ (7 TeV)
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“ MBR model for 2 values of the Pomeron intercept o (0) (1.08 e 1.104)

® Same implementation of Schuler & Sjostrand model in PYTHIA8-4C and PYTHIA6

14
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SD and DD cross sections vs ¢
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SD and DD cross sections vs ¢
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MBR model for 2 values of the Pomeron intercept ap (0) (1.08 e 1.104)

Same implementation of Schuler & Sjostrand model in PYTHIA8-4C and PYTHIA6

Cross section integrated over -5.5 < log § < -2.5, then background-corrected to obtain

0> =4.06+0.04(stat. )+ 0.69/-0.63(syst.) mb

vis

Extrapolation to § < 0.05 with PYTHIA8-MBR - 16
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SD cross section

16.2 ub™ (7 TeV)
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DD cross section vs An

16.2 ub™" (7 TeV)
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MBR model for 2 values of the Pomeron intercept o (0) (1.08 e 1.104)

Same implementation of Schuler & Sjostrand model in PYTHIA8-4C and PYTHIA6

Cross section integrated over -5.5 < log § < -2.5, then background-corrected and
summed between the forward and central gap samples to obtain

o’ =2.69 +0.04(stat )+ 0.29/-0.30(syst.) mb

Extrapolation to An>3 with PYTHIA8-MBR >

18
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DD cross section

16.2 ub™ (7 TeV)
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Forward rapidity gap cross section

20
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Event selection

Inclusive measurement, no separation of SD and DD
16.2 ub! low pileup (u=0.14) data at /s = 7 TeV

minimum bias trigger (hit in either of the BSCs)
based on Particle Flow (PF) objects
at least 2 PF in the BSC acceptance
no vertex requirement (to retain My < 100 GeV)

PYTHIA8-MBR, diffraction with Minimum Bias Rockfeller model
PYTHIAS8-4C, diffraction with Schuler & Sjostrand model from PYTHIA6
PYTHIAé-ZZ* 20.3ub™ (7 Te\{)

SRR AR AR AR LR AR RRRRE RARAE
E CMS —e— Uncorrected data

—— PYTHIA8-MBR (£=0.08)
——— PYTHIA8-MBR (£=0.104)
-~~~ PYTHIA8 4C
—— PYTHIA6 Z2*

largest gap between each edge of the detector and the position in n
of the first partice found in moving away from the edge

21
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Forward rapidity gap cross section

COMPARISON TO ATLAS

20.3 ub™ (7 TeV)

CMS =e= Data

—e— ATLAS Data, 7.1 b (7 TeV) ]
[Eur. Phys. J. C72 (2012) 1926] ]

ATLAS / CMS
o000 S
ohvrDO=vRD

—~> Agreement within uncertainties

d(f B NCVI
dAn®  T,L(Aq),

“ Different hadron level definition:
Inl < 4.7 (CMS) vs |n| < 4.9 (ATLAS)
- up to 5% effect

“ Unfolding based on different MCs:
PYTHIA8-MBR (CMS) vs PYTHIA8 (ATLAS)
- up to 10% effect

> CMS result extends ATLAS measurement by 0.4 unit of gap size

22
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Rapidity gap between jets

23
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[CMS PAS FSQ-12-001]
Motivation

Gap > color singlet exchange (CSE)
between incoming partons

N Four-momentum transfer much larger than

N jet in standard diffractive processes - can be
understood in BFKL-inspired QCD approach
GAP to parton-parton scattering

" Disentangling BFKL-DGLAP

O== jet

" Gap survival probability

First observed by DO and CDF and later at HERA

This is first observation at the LHC!

24
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[CMS PAS FSQ-12-001]
Event selection

10 pb-! low pileup data at /s =7 TeV

jet 0 or 1 vertex
|nj€1‘1| > 1.5' |nJ€T2| > 1.5
GAP two leading jets in opposite hemispheres ('OS sample’)
ot CSE: - HERWIG color singlet, LL BFKL Mueller-Tang (MT)
~M 1 model reweighted to describe jet pspectrum
- JIMMY package for MPI
inclusive dijets: PYTHIA6 Z2*
GAP
? . Charged multiplicity distribution in
) ;9 . The gap region be.’rw.een the leading
- jets used to discriminate between
N CSE and not-CSE events

25
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p"Tet2 40-60 GeV

8 pb™ (7 TeV)
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Events

Charged multiplicity |n| <1 window

pJ'Tet2 100-200 GeV

CMS PAS FSQ-12-001]

" Excess of events in the

lowest track multiplicity bins
not described by PYTHIA 6

" Addition of HERWIG color

singlet > reasonable agreement

8 pb™ (7 TeV)

CMS 7
Preliminary

—+-DATA 4
— PYTHIA6 i
— PYTHIA6+HERWIG CS

OAHH‘

NTRACKS 2 6
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[CMS PAS FSQ-12-001]

Signal definition

s'Qnal IS gap ff‘GC"’lOﬂ, fCSEz Neven‘rs with gap/ Nall dijet events

[] Count events exceeding QCD (PYTHIA) background at low multiplicites

[ 1 Several approaches to background estimation tested

“ Data driven: sample with
two leading jets in same
hemisphere ('SS sample’)

" Negative Binomial Distribution
(NBD) fit to the multiplicity tail
ex’rr'apola‘red to low Nypacks

p;"’ 100-200 GeV 8ot (7 TeV) co 200 Ge" 8po (7 TeV)
2 TrTrTy I Ty I Ty ' 12 LA o l Ty 2 g ' Ty L g l Ty ' Ty 2 I vvvvvvvvvv [ Ty I Ty ' 12 T l T L.
§ L la e o CmsS § - - CMS
w ‘.’ - Praliminary w "-’ - Prefiminary
' = ) - -
13“ $ S - rE ‘-' —— -
»’ '-0-. 3 !.‘ . .
{ ' - D
—— e - ]
K —— ., ——
RS +
10 T 1W0E -
e £ ol
~+- : +
—+- DATA. 0S J [ —— DATA ’
i} [ — NBD FIT i
% DATA, SS | i * NBD FIT EXTRAPOLATION |
3 E E
lL aad e e e a1l ‘l.LLAIAAL: :. Lo s e s o e el A.IAAA‘:
30 &0 50 60 0 80 o 10 20 30 40 50 60 70 80
Niracks Ninacks

> Use NBD fit as baseline, SS as systematics

27
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w
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80

60

n
o o

-20

405

Signal definition

[CMS PAS FSQ-12-001]

[ Compare data after background subtraction to HERWIG noMPI

p":‘z 40-60 GeV

1]
§1 20 cus
Preliminary

¢ DATA-BKG(NBD FIT)

I HERWIGS noMPI

o
€120
S L
> L
w [
100

P’ 60-100 GeV

8o

¢ DATA-BKG(NBD FIT)

I HERWIGE noMPI

> Excess described by HERWIG noMPI

8pb’ (7 TeV) p"? 100-200 GeV 8pb (7 TeV)
120 CMS
Preliminary ¢ DATA-BKG(NBD FIT)
100
I HERWIGS noMPI

- Bins with Nyacs = 0,1,2 included in the signal definition

28




DIS 2016, M. Ruspa

[CMS PAS FSQ-12-001]

Results: gap fraction vs p /’ﬂ

8 pb™ (7 TeV)

- 2.5
O\O L
= [ cms ¢ CMS
o _ Preliminary 1.5 < I®""?| < 5.0, anti kT (R=0.5)
B 2 et e ¢ DO (Vs=1.8 TeV)
© n n <0 1 jet1,2
= — |n9ap| <1 1.9 <*"“I < 4.1, Cone (R=0.7)
w [ 1 CDF (Vs=1.8 TeV)
8 1.5 1.8 <*"?| < 3.5, Cone (R=0.7)
i El] 5 0
P |
S A
o5l © + ‘
> Modest increase with pt i
_III|III|III|III|III|III|III|III|III

OO

20 40 60 80 100 120 140 160 180
jet2
P (GeV)

- Suppression by a factor of about 2 observed wrt CDF and DO results
in agreement with earlier observation by CDF and DO (gap fraction decreases
when /s increases from 0.63 to 1.8 TeV)
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[CMS PAS FSQ-12-001]

Results: gap fraction vs p+

8 pb’ (7 TeV)

Q
Q C
o 14— CMS
g - Preliminary
- 1.2
[T) B
S + Data
p S
= I
w T MT model
7)) N
o L
0.8
0.6F { +
0.4/—
0_2__ ......................................................
o_l 1 1 | 11 1 | 111 | 111 | 111 | 111 | 111 | 111 | 111
0 20 40 60 80 100 120 140 160 180

Py (GeV)

> The MT (no simulation of MPI) does not reproduce the rise with p; and
underestimates the CSE fraction
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[CMS PAS FSQ-12-001]
Results: gap fraction vs py

Modified soft color inferaction (SCI) model by A. Ekstedt, R. Enberg, 6. Ingelman
and L. Motyka [private communication]

Original model with BFKL equation solved at NLL [PLB 524 (2002) 273]

1.4

T T T T T T T +
x
BFKL+NewSCl
2 X  CMS
dSCI +  BFKL+NewSClI
+
1= -
8 -1
- _ o _ a i
e v +
ﬁo””’***n——ff,,,61\;;; = 6
T + + + +
L L L L L L L L B +
55 60 65 70 75 80 85 90 95 +
E,[GeV] 4 =
(a) 100 > Epy > 40GeV
0.2 Il Il Il Il Il
40 60 80 100 120 140 160 180 200
E,,[GeV]

- For large p; the old SCI destroys too many gaps

- Relatively good description by the modified SCI
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[CMS PAS FSQ-12-001]

Results:

gap fraction vs Anietljet2
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Modified soft color interaction (SCI) model
by A. Ekstedt, R. Enberg, 6. Ingelman and

L. Motyka [private communication]

NLL [PLB 524 (2002) 273]

1.4

1.8

1.6 -

Original model with BFKL equation solved at

12 -

<
&

s '

. .[CMS PAS FSQ-12-001]
Results: gap fraction vs Anietliet2
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(C) 200 > Epy > 100GeV

(a) 60 > Ero > 40GeV

- Fair description by both old

and modified SCI
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Summary

® Inclusive

CMS extends the ATLAS measurement by 0.4 unit of gap size

at 7 TeV
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CMS diffraction with run I data

[] A few measurements with Run I data based on LRG tagging

= Dijet production [PRD 87 (2013) 012006]
= W/Z events with a pseudorapidity gap [EP) C72 (2012) 1839]

= Jet-gap-jet analyses [CMS PAS FSQ-12-001]

L[] CMS-TOTEM common 2012/2015 data with proton tag under analysis

Looking foward to proton tagging with TOTEM/CT-PPS in Run IT!

See Yellow Report for Forward Physics [CERN/LHCC 2013-021]
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CMS diffraction with run I data

« A few measurements with Run I data based on LRG tagging

— Dijet production
e« CMS [PRD 87 (2013) 012006]
e ATLAS|PLB 754 (2016) 214]

— W/Z events with a pseudorapidity gap observed by CMS
[EP) C72 (2012) 1839]

— Jet-gap-jet analyses
* ATLAS [EPIC72(2012) 1926, EP) C74 (2014) 3117]
* New: CMS [CMS PAS FSQ-12-001]

« CMS-TOTEM common 2012/2015 data with proton tag under analysis

See S. Sen's talk
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DD cross section vs An
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Where is the rapidity gap at LHC ?

Total room for particle production @LHC: An=In(s/m,?) = 20

DIS 2016, M. Ruspa

* Rapidity range effectively populated by particles: An=In(my?/m_?)
Depends on My, e.g. with My= 500 GeV: An= 12

- The resulting gap size depends on the process, e.g. in central diffraction,
assuming two symmetric gaps, each will have a size of An = %2(20-12) = 4

i.e. very forward, often outside CMS-ATLAS acceptance
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DD (pp — XY), 7 TeV " DD (pp — XY), 7 TeV N DD (pp — XY), 7 TeV "

as WS ' as CMS 09 - 09
Simulation Simulation 08

. i - - 0.7
25fai o 10T scfm n_>-1, CASTOR tag

16 2 256 3 35 4 15 2 25 3 35 4

I°g1oMV |°g1oMV IogwMV

| 15 2 25 3 35 4

FIG. 6 (color online). Simulated (PyTHIA 8 MBR) event selection efficiency in the My vs. My plane for true DD events after (a) the
rigger selection, and (b) the FG2 selection with a CASTOR tag or (c) the CG selection (Fig. 3). The regions delimited by the solid (red)
Iines in (b) and (c) are those ofthe cross section measurements; the dashed (red) box in (b) corresponds to the enlarged region for which the
cross section is given (Sec. IX), assuming the same dependence on My and My : the dashed (blue) line in (c) marks the region of Ay > 3.
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Detector level € distributions

f- My _ZE+p)

proton fractional momentum loss reconstructed from particle candidates in |n| < 4.7

OIS 2016, M. Ruspa

s s
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FIG. 8 (color online). Detector-level distributions of the reconstructed and calibrated £y for (a) the entire FG2 sample, and the FG2
subsamples with (b) no CASTOR tag, and (c) a CASTOR tag (statistical errors only). The data are compared to the predictions of the
PYTHIA 8 MBR (top three plots) and PYTHIA 8 4C (bottom three plots) simulations, which are normalized to the integrated luminosity of
the data sample. The contribution of each of the generated processes is shown separately.
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Largest calorimetric rapidity coverage ever!

Elastic and diffractive

/ protons \
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Energy flow at the LHC
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» Most energy is deposited between
8<|y|<9

» Main CMS calorimeters: |y |<5

Maximal rapidity at the LHC:
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