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Introduction

m QCD is the theory of strong interaction describing the interactions between quarks & gluons

» Hard QCD - high p_: PDFs, strong coupling, perturbation theory, ISR & FSR, parton shower, (subjets)

» Soft QCD - low p_: soft interactions with low p_ exchange where perturbative approach is not applicable

» Minimum bias events, Fragmentation/Hadronization
» Underlying event
» Diffraction

Elastic/diffractive interactions:

o P P P i
X r I
\ /
e hard scattering P X P X
e (QED) initial /final state P ND SD DD
radiation
e parton shower evolution m Diffractive processes dominate in forward regions
e colour singlets m Soft diffraction (X=anything):
e colourless clusters _  Dominated by soft QCD — SD, DPE vs. s, t, Mx
e cluster fission . . .
—  Contributions to pile-up p-p events.

and in addition
+ backward parton evolution

soft (possibly not—so—soft)

underlying event
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Forward Detectors at CMS

Hadronic CMS Hadronic
Forward (HF) o s s Forward (HF)
=== | =
140 m (3.0<|n|<5.0) —_— — (3.0 <[n| <5.0) 140 m TOTEM RPs
- . (147,220m)

- =T —>
'I:I(‘)l';EZI\ZIIORPS ZDC CASTOR ZDC
(147, m)(|r|| >8.4) (-5.2<n < -6.6) (In| > 8.4)

TOTEM T2

__ (in front of
A CASTOR position)

P P

- Leading protons measured at 147 m
and 220 m from IP

* Small tracking detectors measure the
displacement of protons scattered at

*Tungsten-Quartz-Cherenkov sampling

calorimeter

» Segmented in 16 sectors in @ and 14
modules in z

« Separated electromagnetic and
hadronic sections

* Located at 14.4 m from IP in CMS

CMS Diffractive Processes

small angles w.r.t. the beam

+ Proton kinematics reconstruction
using simulation of LHC magnets
(optics)
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= Motivation:

Inelastic pp cross section @ 13 TeV

|JHEP 07 (2018) 161 |

» measure the inelastic pp cross section @ 13 TeV in the largest possible phase space that is
experimentally accessible

» the total pp cross section

O10t(8) = 0ei(8) + Oiner(8)
Oinel(8) = 05a(8) + 0aa(8) + 0ca(8) + Onals).

p X

H)

P P X
P P
Single dissociation : O

}U

P P P Y

Non-difiracthe oL Double dissociation: o Central diffraction: o

P

» go more forward and gain information on relative increase

reduce extrapolation uncertainty

» provide valuable input for phenomenological hadronic interaction models and Monte Carlo (MC)
tuning

» Inelastic cross section required for the modelling of pileup.

v
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Inelastic pp cross section @ 13 TeV

= Analysis strategy:

» Use low pile-up runs from 2015 withB=0Tand 3.8 T
» Trigger: both beams present @ IP
» Count events with an energy deposit above threshold

-6
> @ least one HF tower above 5 GeV (E >10 )

-7 -6
> @ least one HF or CASTOR tower above 5 GeV(§X>1O OR §Y>10 )

My

g — Hla,}{(ng &.Y)

» Correction for noise from no-beam events
» Data driven correction for pile-up events
» Correction to the particle level-different MC models:

PYTHIAS8 (D-L and MBR for diffraction), PYTHIA6, EPOS, QGSJET-Il, PHOJET

|JHEP 07 (2018) 161 |

Diffractive

events:

- largest gap
separates

the dissociation
systems

Non-Diffractive

events:
» Small largest gap
 randomly located
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Inelastic pp cross section @ 13 TeV (cont'd)

|JHEP 07 (2018) 161 |

®  Most models describe the relative acceptance
increase from (g,>1 0°, E>1 0°) to &> 107, g > 10)

Relative cross section increase in %

85 CMS 13 TeV
o i = CMS o ATLAS
E '« EPOSLHC QGSJETII-04
b - v PYTHIAG Z2* (SS) A PYTHIA8 CUETP8M1 (SS)
80 B ¢ PYTHIA8 Monash (DL) . += PYTHIA8 MBR
751 v A
B v © ®.
B .. 5
70— *
i * 0 %
651
i i
£>10° g >1070rg >10°

HF only: 6 (> 10-6) = 67.5 = 0.8 (syst) = 1.6 (lumi) mb

HF or CASTOR: o(’gx > 107 or g > 10¢) = 68.6 £ 0.5 (syst) = 1.6 (lumi)

mb

Data

Epros LHC

QGSJETII-04

PYTHIA 6 Z2* (SS)

pYTHIA 8 CUETP8MI1 (SS)
PYTHIA 8 Monash (DL)

PYTHIA 8 MBR

1.64 + 0.53
1.76
2,36
1.74
1.52
3.83
2.32

m The measured cross sections are smaller than those predicted by the majority of models for hadron-hadron

scattering.
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Dijet events with a large rapidity gap (jet-gap-jet events)
m Jets separated by a large rapidity gap [EPJ C 78 (2018) 242}

» gluon or quark exchange

p additional particle emissions between jets, DGLAP (kT ordered)
D0 data, compared to Enberg, Ingelman, Motyka

p» absence of particles produced between the jets (color singlet exchange, model (NLL BFKL + MPI+SCI) [PLB 524 (2002) 273]
CSE) I_|° 2 :I T I T T 1T | T T T 1 I LI | T T T T | T T T T B
! Z 1.8 - @ DOdata =
» BFKL dynamics (ordering in x), rescattering processes S — BFKL (Ml + SCI) -
0 . ---- BFKL (MI, no SCI, 15%) ]
B Events with gaps ~1% observed at Tevatron (CDF, D0O) and HERA E 1.4 E e BFKL (3%) e
Q92 E MT (11%) P S g
o F =
1 & s v =
0.8 Ei =
0.6 :_i - -
0.4 =
0.2 :I | | I T | | I | | | I | TN T O I I:
20 30 40 50 60 70
Er
jet-gap-jet event in the ¢ vs. n plane.
Analysis strategy: GAP
; — . . @
B Signature: two leading jets with no particles in between . .
. .
W Jets with p_> 40 GeV, 1.5 <|y| <4.5 . .

W Gap particles: [n[ <1, p. > 0.2 GeV

®
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Jet-gap-jet events: number of tracks

B Number of central tracks between the two leading jets in events with ije‘Z = 40-60 (left) and 100-200

(right)
p'? = 40-60 GeV 0.05 pb™ (7 TeV)
0 [
.E CMS -+ Data
@103 3 l_\ PYTHIA 6 (normalized for Ntramts >3)
u>J - [ HERWIG 6 (normalized atN __ =0)
I —o—
107
0
1E
H:IIIIIIIII\IIIIIIIIIIII\I\\IIIIIII
g of
o 1§++++* T e - ++
=0-9"
% % 10 20 30 40 50 60 70 80
: N,
=] racks

B Large excess of gap events over PYTHIA6 prediction (LO DGLAP)

Daia’(HER\gG 6+PYTHIA 6)

P’ = 100-200 GeV

| EPJ C 78 (2018) 242t

8 pb” (7 TeV)

" CMS ~+Data

__|PYTHIA 6 (normalized for N__
| HERWIG 6 (normalized atN _

5>3)
,=0)

ck:

ck:

i

this excess well described by HERWIG 6 (LL-BFKL, Mueller-Tang model)
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1

2:++ ..........................

JL TR Y R =

% 10 20 30 40 50 80 70 80
Ntracks
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Jet-gap-jet events: pT

B In order to quantify the contribution from CSE events, CSE fraction

F

- N : the number of events in the first bins of the multiplicity distribution

events

_ NF

non-CSE"

- Nevents : the total number of events considered

lfC

« as a function of p *“at \s = 7 TeV, compared to DO and CDF

| EPJ C 78 (2018) 242t

F
N, events N non—CSE

fcse =
N events

: the estimated number of events in these bins originating from non-CSE events

H jet2 —
m f__asa function of p** at Js =7 TeV, compared to

Mueller and Tang (MT) model
Ekstedt, Enberg, and Ingelman (EEI) model with 3

different treatments of the gap survival probablllty
factor |S|? 8 pb’ (7 TeV)
~1.2
T ot CMS
E’ 22:_ n]eﬁ *Y]]eﬂ! <0 ¢ CMS (pp, \'E=7TEV) : | * Data ) .
€ 2/ Gapregion-1<n<1 15<W™?<47 antik (R=05) 6 [ — — EEI(IST=0.7%) .
= 18l pp,18=1- o o EEI (MPI, IS2l from SCI)
o o 1.9 <i*"? < 4.1, Cone (R=0.7) g - MT
& 165 o CDF (pp, s =1.8 TeV) Wogl
w r 1.8 <i*"? < 3.5, Cone (R=0.7) L
o 14 (&) N
O _ F E{] -
1.2 % 0.6
1= + -
0.8 %é(} 0.4
0.6 :
- o + } I
0-45_ 0-2__niet1*n]'et2<0 '
0.2~ - Gap region -1 <n <1
_l\Lllllllll}lllll\Lllll{lllJllllJlL IIIIIII|III|III|III|III|III|III|III
% 20 40 60 80 100 120 140 ;p 160 180 % 20 40 60 80 100 120 140 |e J60_ 180
(3]
p‘T (GeV) (GeV)

B A factor ~2 suppression w.r.t. to DO and CDF data

observed earlier: 2.5 = 0.9 (D0) and 3.4 = 1.2 (CDF) decrease with /s = 0.63 A 1.8
TeV

B The MT prediction does not reproduce the increase of fCSE

CMS lefractlve Processes
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Jet-gap-jet events: GAP/CSE fraction

m f_, asafunction of etain 3 p,*ranges

p’” = 40-60 GeV

| EPJ C 78 (2018) 242t

P = 60-100 GeV 0.8pb* (7 TeV)

0.8 pb’' (7 TeV)

no

—_
()]

CSE fraction (%)

¢ Data CMS

— — EEI (1S% = 0.7%)

EEI (MPI, 1S°l = 1.5%)
...... EEI (MPI, 1S?l from SCI)
_____ MT

njeﬁ * n]etz <0
Gap region -1 <n < 1

- 2.5
X[
~ | e Data
& | —-EEI(S%1=0.7%)
O 2 EEI (MPI, 1S? = 1.5%)
© [ EEI (MPI, 1S? from SCI)
E I MT
& |
‘|-}J, 1'5:_ W o2
(&) - Gap region -1 <n<1
in
os- (‘——‘E{_ R
_I\I‘I\Il\llllllllllllll
035 45 55

p% = 100-200 GeV

. =

w
o

0.8 pb” (7 TeV)

¢ Data
— — EEI (IS™ = 0.7%)
EEI (MPI, IS? = 1.5%)
------ EEI (MPI, IS?l from SCI)

w

CSE fraction (%)

E - MT
2F et jet2 $
- <0
- Gap region-1<n<1
1.5
1 + +
os- e
:I 11 \-.lvll- I_.I_;_iv\.-ll-.-ll-ll-II-IIT.T“-II-I\-II-I\- |-.|_.|_|.-|I-|-I\- I_.I-'Il-l-l 1 11
e T R S - T -

CMS Diffractive Processes

B The NLL BFKL calculations of EEl, with three

different implementations of the soft rescattering

processes, describe many features of the data,

B But none of the implementations is able to

simultaneously describe all the features of the

measurement.
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Hard color-singlet exchange in dijet events @13 TeV

CMS PAS SMP-19-006

®  Events with two high-p. jets separated by a large P o rapidity gap
pseudorapidity gap (interval devoid of particle activity). §
—  DGLAP dynamics largely suppressed 5 gap

— allow to study BFKL pomeron exchange (Color singlet
exchange = two-gluon t-channel exchange).

/OO‘D
‘('_D'
—

u Central gap signature can be destroyed by soft-parton
interactions.

— Parametrized by means of rapidity gap survival

probability (|S]* =102 -10") at cross section level (NP

. jet
Correction) J
gap rapidity gap rapidity gap
" K J
. g 1 [ ]
et :
A .Jet_ ! ! * Jet 2
gap . |
o *IN
M -1 +1

B Analysis strategy:

» Study jet-gap-jet in inclusive dijet production in pp collisions at 13 TeV with CMS
» Study jet-gap-jet events with leading protons in pp collisions at 13 TeV (subset of CMS-only dijet sample +
forward protons detected with TOTEM roman pots)
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Hard color-singlet exchange in dijet events @13 TeV

CMS PAS SMP-19-006

B Event selection
* Dijet Event selection

CMS Preliminary

> Jets with pT jot > 40 GeV, 1.4 < |njet| <4.7 E| L I L B B |.| T T |D‘ T ;D;: ‘I,_I (;5;1!\; T T |E
> X < 0 to allow larger rapidity separation SE Central gap in i< o E
njeﬂ njetz g pidity sep - I X M < 1.8 <n_l<3.5, Cone (R=0.7) .
451 jet-1 jet-2 ¥ DO Vs=0.63TeV =
* Leading proton selection +F 19<_l<41,Cone (R=07) ]
» Leading proton must be detected in TOTEM-RPs (sector —_— CDF Vs =1.8Tev 3
45/56) bq 3'5;_ 1.8 <in_|<3.5, Cone (R=0.7) E
» Fractional momentum loss & < 0.2 and the square of the four- I_II.I.I 3;_ Do fs=1.8Tev _;
momentum transfer at the proton vertex 0.025 < -t < 4 GeV? w25 ;::"‘;‘k:l :ona = 3
o E s= e E
Yy 2 — L ot 1.5<in_l<47, antik (R=0.5)
155 E’( [® | cMs (s=13Tev,066pb"
g - ld<in 4.7, antik, (R=0.4) g
1= . o -
- e * L . 3
0.5 — T Q =
0:| | | L1 1 | 1 1 1 | 111 | L1 | | 1 1 1 ‘ 11 1 I 111 | 1 1 1 | 11 |:
20 40 60 80 100 120 140 160 180 200
p.. . [GeV
T,jet-2
/ \ B Comparison with previous measurements
NF — NF Number of jet-gap-jet events
f — non-CSE = : . i 2 . .
CSE N Number of inclusive dijet events B Generally, |S|° is expected to decrease with

increasing s, due to an increase in spectator

F. m . . .
e N": Number of dijet events with Npas < 3 in |n|< 1 (event counting) parton activity with JS.

o N: Number of dijet events with Ny.cs > 0 in |n|< 1 (event counting);

K N,fon_CSE: Non-color-singlet exchange dijet events with Npaes < 3'in |77|<)
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Fraction of jet-gap-jet

CMS Preliminary

26 1 | LI | T | L | L | ILBL | rrTd | L | UL | L | i l 1]
24 CMS s =7 TeV Central gap in nl<1 -

:_ Py = 40-60 GeV x < 0 _:

22 - ] CMS {s=7TeV rIjet—1 njet-z 3

2 Py ., = 60-100 GV e =

1.8 < CMS{s=7TeV -

H - —
\O 16 P, ., = 100-200 GeV =
(o) - [ ® | cMs Vs=13TeV, 0.66 pb™ E
w 14 :_ ijat_2> 40 GeV _:
1.2 ' ' =

o 12F ]
O .F ]
1= L -

Y~ - o [ ¢ ¢ .
0.8 dh 3

- e ° o .

0.6 | s | =

04 o o —
0.2 —

0 :I | 1111 | L1 11 | Ll 11 | 1111 | L1 11 | 1 | | I | L1 11 | | | 111 I I:

3 3.5 4 4.5 5 55 6 6.5 7 7.5

A
"

(o +]

mf  vs. Anjj expands the reach in pseudorapidity separations covered in the earlier 7 TeV CMS measurement,

» trend of increasing f___

vs. Ar]jj observed @7 TeV is confirmed @13 TeV.

» extends the range previously explored towards large values of Ar]jj.
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Fraction of jet-gap-jet

CMS Preliminary

26 1 | LI | T | L | L | ILBL | rrTd | L | UL | L | i l 1]
24 CMS s =7 TeV Central gap in nl<1 -

:_ Py = 40-60 GeV x < 0 _:

22 - ] CMS {s=7TeV rIjet—1 njet-z 3

2 Py ., = 60-100 GV e =

1.8 < CMS{s=7TeV -

H - —
\O 16 P, ., = 100-200 GeV =
(o) - [ ® | cMs Vs=13TeV, 0.66 pb™ E
w 1.4 :_ ijat_2> 40 GeV _:
1.2 ' ' =

m LT ]
O .F ]
1= L -

Y~ - o [ ¢ ¢ .
0.8 dh 3

- e ° o .

0.6 | s | =

04 o o —
0.2 —

0 :I | 1111 | L1 11 | Ll 11 | 1111 | L1 11 | 1 | | I | L1 11 | | | 111 I I:

3 3.5 4 4.5 5 55 6 6.5 7 7.5

A
"

(o +]

mf  vs. Anjj expands the reach in pseudorapidity separations covered in the earlier 7 TeV CMS measurement,

» trend of increasing f___vs. Ar]jj observed @7 TeV is confirmed @13 TeV.

CSE

» extends the range previously explored towards large values of Ar]jj.
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Jet-gap-jet events with a leading proton

,CMS-TOTEM Preliminary 13 Tev CMS-TOTEM Preliminary 13 TeV
L | ) ) I I 1 | T 1 1 | 1 1 I I 1 | 1 1 T ]

[ - 315 '_I LI LI LI T T T LI LI LI 1 I T LU L I_
- M1 X Mta < 0, 14< Injetl <47 1 i J";et.1 T njﬂ_; <0 14< | dug ]
2.5 n A . 3 1 _
- | ® | cMs, 0.66 pb ; Cp. >40Gev | ®]CMS,0.66pb ]
L . . _ L Tjet-2 . . J
R (jet-gap-jet) E 25[- (jet-gap-jet) E
X + | CMS-TOTEM, 0.40 pb ] 9 * | CMS-TOTEM, 0.40 pb™" -
— B i i i Ilo_l 2 . - -iet- - -]
w 151 (p-gap-jet-gap-jet) = o F 1 (p-gap-jet-gap-jet) :
o | 40<p,_ <100GeV . Ais 3<an;<85 =
- L . e - “— :
TR ’ ] T
0.5 - r e ® e ]
C 7 05— y [ ] ]
ﬂ L | - - - - - | - - - | - - - | - | - - - | U '_I | L1l Ll 1 | L1 1 | L Ll | Ll 1 L1l | Ll 1 | 1 Ll | L1 1 | Ll 1l | I_

40 60 80 100 120 140 160 3 35 4 45 5 55 6 65 7 75 8

eV] An,

|'F:’T,jaa-t-z [G )

m CMS-TOTEM results, when compared to the CMS results, suggest that the relative abundance of dijet events
with a central gap is larger in events with a leading proton

» Reduced spectator-parton activity in events with leading protons ---> More likely that central gap
“survives”.

» The present measurement sets a constraint on the theoretical treatment of rapidity gap survival
probability.
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arXiv:2002.12146

Single-diffractive dijet production @ 8 TeV

m  Proton tagging with RP => much more precise studies + large acceptance Plﬁ
m  Event selections ot

» Low pile up data @ 8 TeV

Submitted to EPJ C

Jjet
» CMS: at least two jets with p_ > 40 GeV and | < 4.4.

p At least one reconstructed primary vertex

P LRG
» TOTEM measurements important for tuning
p P

» TOTEM: RP single arm track (acceptance: 0< § <0.1,
, CMS+TOTEM 37.5nb" (8 TeV)
0.03 < [t] < 0.01 GeV?) (2] 180 s ]
c . —e— Data -
g 1601~ __ pOMWIG/PYTHIAG Z2* mixed with ZB 7
L i Background (ZB) 7
140} H1 fit B -
m Observables : do/dt, do/d§ where t and § are reconstructed from the - pl'2 5 40 Gev 1
proton track measured with RP 120l M <a.4 ]
m Background: inclusive dijet with a fake or pile-up single arm RP 100[~ + -
track rejected comparing § and §_ : 80: ]
Fractional momentumloss: 60| j
IR TR > (SR T aof- 5
&rorem = 1 pi|  Eous = Tz i _
Rl e - et s sl g
t=(p_p)2 %:|||||||||||||| e b b by 18 .

foor -04 -03 -02 -0 O 01 02 03 04

Eops ~ &

CMS >TOTEM
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Extraction of cross section
_ Differential cross sections as a function of tand ¢

MC/Data

Data/MC

arXiv:2002.12146

Submitted to EPJ C

. CMS+TOTEM 37.5 nb™ (8 TeV)
10 S —a— Data 3
g —— POMWIG (<§% =1) =

- -.-.- POMWIG (<§%>=7.4%)

— - PYTHIAB 4C
PYTHIAB CUETPSM1
PYTHIAB DG

== Exp.fitb=6.5 = 0.6 GeV™

10? g?*.....__' L =
: R et =
10 :_ Hlllzﬁt B """».'T.&-._.I r _:
E Py S A0GeY by E
- Inl' <44 i =
- D0<E=<0.1 E.. ................ -

1 0.03 <Itl < 1.0 GeV’

JIIII

[ G

i R e e e mme

o1 02z 03 04 05 0B 07 08 08 1

-t (GeV?)

—e— Data/POMWIG (<5%>=1)

do
r (nb)

MC/Data

Data/MC

10

2

s 2 9 -
[ tnooin

=]
-

CMS+TOTEM

37.5nb™ (8 TeV)

C  H1fitB —e— Data ey ]
iz —— POMWIG ( =1)

= i :: fw ----- POMWIG (<§% =7.4%) =

= m - — - PYTHIAS 4C 3

£ 0O<E<01 PYTHIAS CUETPBM1 n

= 0.03 <Itl <1.0 GeV* PYTHIAS DG 7

___J_—_.i_ ..................................

R
----- T ]
T L L L e e e

E  —e— Data/POMWIG (<S% =1)
o .02 004 006 0.08 0.1

B Events in which the proton is detected on either side of the IP are averaged.

B POMWIG corrected for two values of the suppression of the diffractive cross section (the gap survival probability)

® Pythia8 with Dynamic Gap model (DG) accounts for the MPI and describes the data reasonably well without further corrections
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Extraction of the ratios

arXiv:2002.12146
Submitted to EPJ C

107"

102

0.1
0.08
0.06
0.04
0.02

Data/MC

CMS+TOTEM

37.5nb” (8 TeV

L

e S S .
B T T
e ™
+
| —e— Data —
- —— POMWIG (<5% = 1)/PYTHIAG Z2° H1 fitB 3
[ -...=. POMWIG (<S° = 1/HERWIGS pJT”z = 40 GeV ]
[ — - PYTHIAB 4C "™ <4.4 .
[ PYTHIAS CUETPSM1 E<0.1 N
- PYTHIA8 DG 0.03 <Itl <1.0 GeV? ]|

\Q\

484 Data/ (POMWIG/PYTHIAS 22%)

%45 Data / (POMWIG/HERWIGE)

|

26 24 22 2

18

Il::rg1 X

107"

1072

CMS+TOTEM 37.5nb” (8 TeV)

® CDF Vs=1.96TeV |
Q? =100 GeV? )
0.03 < £ <0.09

Com
—m—
—n—
——
——

++-}++++

|

%

|

1

—— CMS Vs=8TeV
pI1I2 > 40 GeV
m'" <4.4
£<0.1
0.03 <Itl <1.0 GeV?

;

-28 -26 -24 -22 -2 -18
Iogmx

» Compasion of the ratio of the single- diffractive and nondiffractive dijet cross sections from different models
» SD simulated with POMWIG, PYTHIA8 4C, PYTHIA8 CUETP8M1, and PYTHIA8 DG

» PYTHIA6 used for simulation of nondiffractive contribution.
» POMWIG prediction shown with no correction for <S?> = 1
»Ratio as a function of the parton momentum fraction x.
» SD to inclusive cross-section ratio decreases with center-of-mass energy as observed at TEVATRON
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B LHC has provided access to a large phase space fas well as a new energy scale for

understanding of various aspects of QCD

B CMS has a rich physics program which is the perfect testing ground for QCD models

— unique forward detector instrumentation

— ranging from low to high p_and from inclusive to exclusive observables

— improve our picture of hadronic collisions, as well as its universality
B An overview of diffractive measurements has been presented
B Detailed measurements of inelastic cross sections across 11 units of pseudorapidity.

B CSE fraction increases with jet energy and rapidity separation

m  Still more measurements and efforts as well as LHC run 3 preparation on-going stay tuned!
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B LHC has provided access to a large phase space fas well as a new energy scale for

understanding of various aspects of QCD

B CMS has a rich physics program which is the perfect testing ground for QCD models

— unique forward detector instrumentation

— ranging from low to high p_and from inclusive to exclusive observables

— improve our picture of hadronic collisions, as well as its universality
B An overview of diffractive measurements has been presented
B Detailed measurements of inelastic cross sections across 11 units of pseudorapidity.

B CSE fraction increases with jet energy and rapidity separation

m  Still more measurements and efforts as well as LHC run 3 preparation on-going stay tuned!

Thank you for your attention!
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B An overview of some representative soft QCD and diffractive measurements has

been presented

B LHC has provided access to a large phase space fas well as a new energy scale

for understanding of various aspects of QCD

® CMS has a rich physics program which is the perfect testing ground for QCD

models

» improve our picture of hadronic collisions, as well as its universality

u Energy measurements in the very forward rapidity regions indicate some

interesting potential to further improve the underlying event model predictions

m  Still more measurements and efforts as well as LHC run 3 preparation on-going

stay tuned!

Thank you for your attention!
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BACKUP
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Dijet events with a large rapidity gap (jet-gap-jet events)

m Jets separated by a large rapidity gap EPJ C 78 (2018) 242

— gluon or quark exchange
D0 data, compared to Enberg, Ingelman, Motyka

— additional particle emissions between jets, DGLAP (k_ordered) model (NLL BFKL + MPI+SCI) [PLB 524 (2002) 273]
— absence of particles produced between the jets (color singlet ’
ﬁ :\ I I T T 177 ‘ T T 1 I T T 11 T T T I LI .
exchange, CSE), — 1.8 & @ DO datc =
C - .
. . . S T —— BFKL (Ml + SCI) .
—~— 1.6 1
BFKL dynamics (ordering in x), rescattering processes g - ... BFKL (MI, no SCI, 15%) :
B Events with gaps ~1% observed at Tevatron (CDF, DO) and HERA = s S BFKL(3Z) | | E
S 12 MT (11%) Y S ?
o L F } ]
jet - :
J 0.8 E,i -
0.6 ; E rr *:
GAP 0.4 | -
0'2 :\ | I 1 1 1 1 ‘ L 11 1 I L1 1 1 | T O O .
20 30 40 50 60 70
jet Er
jet-gap-jet event in the ¢ vs. n plane.
m  Analysis strategy: GAP
B I
» Signature: two leading jets with no particles in between . | 3
» I
» Jets withp_>40GeV,1.5<|y|<4.5 . * : © &
. I L]
» Gap particles: |n| <1, p_> 0.2 GeV :
0
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Jet-gap-jet events: number of tracks

®  Number of central tracks between the two leading jets in events with ije‘z = 40-60 GeV (left) and 100-200 GeV
(right)

p’®2 = 40-60 GeV 0.05 pb* (7 TeV) P = 100-200 GeV 8 pb (7 Tev)
£ [ cms + Data 2 [ cms + Data
D1 03 3 W PYTHIA 6 (normalized for Ntracks >3) D1 0° 3 | |PYTHIA 6 (normalized for Nmm >3)
u‘:j - |:| HERWIG 6 (normalized at N"ms =0) |_|=j - D HERWIG 6 (normalized at Ntracks =0)

108

i

—4—
==

1 1=
H_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIII ,—..:IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIII
w 2_ w 2
< L <
5 e ;

L) L)

[+ — T =

w i | I I 1 I 1 | L L L i L i

% l:"li) 10 20 30 40 50 60 70 80 % 00 10 20 30 40 50 60 70 80
E Ntracks E N‘tracks

m Large excess of gap events over PYTHIA6 prediction (LO DGLAP),

—  this excess well described by HERWIG 6 (LL-BFKL, Mueller-Tang model)
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Jet-gap-jet events: P,

0 . . . F F
B In order to quantify the contribution from CSE events, CSE fraction fCSE _ Nevents — Nmn_ CSE
- N°_ ... : the number of events in the first bins of the multiplicity distribution NEVEI'ltS
- NFnon_CSE: the estimated number of events in these bins originating from non-CSE events
—  Nevents : the total number of events considered m f__ as a function of pjet2 at Js = 7 TeV, compared to
Mueller and Tang (MT) model, Ekstedt, Enberg, and
® f_asafunction of p_*?at Js = 7 TeV, compared to DO and CDF Ingelman (EEI) model with 3 different treatments of the
CSE T ' . s 2
gap survival probability factor |S]| ;
8 pb (7 TeV)
& 220 getteye g ¢ CMS (pp, /s =7 TeV) & [ 4 Dpata CMS
C 2 Gapregion-1<n<1 1.5< lrfe”’zl <47, .’—.lnti-kt (R=0.5) g - — — EEI (ISzl = 0.27"/0)
Qo r & DO (pp, Vs = 1.8 TeV) ® ' EEN(MPLIS]I =1.5%)
© 18- 1.9 <h™'2 < 4.1, Cone (R=0.7) & [ EEI (MPI, 1S from SCI)
_g 16 & CDF (pp, Vs = 1.8 TeV) "u: - MT
w r 1.8 <W*"* < 3.5, Cone (R=0.7) o0 08
o 14 O [
O i
“E 0.6
Fooe { :
0.8 %) 0.4
0.6 5 + } i
0.4:— 0.2— TIien *_r]jetz <0
02— - G :
- ap region -1 <n <1
071\LlIIJIIII}lllll\tllll{lllJllllJIL O_I\\IIII‘Illl\\Ill\\III\‘III‘\II'\\\
20 40 60 80 100 120 14Q 160 180 0 20 40 60 80 100 120 140 60 180
P, (GeV) p: (GeV)

B A factor ~2 suppression w.r.t. to DO and CDF data observed earlier: 2.5 x+ 0.9 (D0) and 3.4 = 1.2 (CDF) decrease with Js = 0.63 — 1.8 TeV

B The MT prediction does not reproduce the increase of fCSE
B BFKL cross section is scaled |S|2 =0.7%
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Jet-gap-jet events: GAP/CSE fraction

m f__ asa function of etain 3 p ** ranges

o PL = 40-60 Gov 0.8 pb’ (7 TeV) ,5 Pz =60-100 GeV 0.8 pb’ (7 TeV)
— . ‘-o‘ - i
e o~ CMS
:e_: - e Data CMS < _ e Data \
e | — - EEI(1S4=0.7%) g - — — EEI(IS] = 0.7%)
O 2 EEI (MPI, 1Sl = 1.5%) Q 2 EEI (MP, IS°l = 1.5%)
e [ - EEI (MPI, 1S?l from SCI) o [ EEI (MPI, 1S? from SCI)
© I MT E - MT
E 0 15l
‘L}J, 1'5:_ n]en . n]etz <0 % ) - njeﬁ . n]et.z <0
(&) . Gap region-1<n<1i (&) - Gapregion-1<n<1
1; 1_—
—mh_{__ﬂ_% o s hoet
_\I\I‘|\I\l\|II|II|I||I|I||II||I\II|\I\I _""l""ll‘l‘ll‘ll‘ll\ll\ll‘ll\ll\llw
3 ~—35 4 45 5 55 6 65 7 %35 4 45 5 55 6 65 7
Am An_
_ i i
us p=* = 100-200 GeV 0.8 pb” (7 TeV)
—— " =
2 CMS . .
“~— [ ¢ Data B The NLL BFKL calculations of EEl, with three different
C 3 — - EEI(1S% =0.7%)
o r EEI (MPI, 1S3 = 1.5%) implementations of the soft rescatterin rocesses,
= ) P g P
© o5 EEI (MPI, IS from SCI)
© b - MT describe many features of the data,
L™ B
g 2;— njsﬂ,_q]eiE(o Py
O o Gap region -1 <n <1 B But none of the implementations is able to
- simultaneously describe all the features of the
T : + + measurement.
Y e —

1111 | | I . | 11 1 | 11 1 1 ‘ 1111 | 1111 | 1111 | 1111
B "%55 4 45 5 55 6 65 7
An.
i
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Double Parton Scattering

m Double Parton Scattering (DPS): two hard scatters within same protons
» increasingly important at higher s

» probe transverse profile of proton PDF pq
SPS . _-SPS W 7
DPS _ (f-’?) T hh' »a) * 9 (hi —b)
(hh' = ab) 2 ot ) - ,

pq'

» LODPS
o .. ~ (parton density)*

» mis number of “distinguishable partonic subprocesses”

P m=1when a=b, m=2whena=b

b Oq¢s regarded as an important link to transverse profile

of partons.
p» assumed to be process & energy independent
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DPS with same-sign WW production @ 13 TeV

m W Boson Production: a benchmark process at LHC

m  Same-sign WW DPS to leptons is very promising theoretically
» very clean final state: two leptons with some missing E_

P good process to track down correlations in proton’s pdf structure!
» improved MC models

/q(pl) o \

q(Pl) gi

qf(pZ) v

Q’(PQ) v /

Two leptons: e * or ptp®

pf}] > 25GeV , p,fri > 20 GeV

Ine| < 2.5, [nu| <2.4

pr > 15GeV

Nies < 2 (p5' > 30GeV and [njec] < 2.5)
Nb—taggedjets = 0 (pl?jel > 25GeV and |npjet| < 2.4)
Veto on additional e, i, and Ty candidates
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Results: DPS WW @ 13 TeV

EPJ C 79 (2020) 80

2]
=
w

77.417" (13 TeV

[ INonprompt ]
BopPs wWw* etpt 3

[ Total background uncertainty .
—DPS WW* =

4 6 8 10 12 14
Bin number (e*ut)
774071 (13 TeV

¢ Data

HRare
[lzz

Ewz
Cwy

[ JNonprompt

WoPs WW*  ptut

Data/bkg.
o
|

[ Total background uncertainty
—DPS W'W*

;

4 6 8 10 12 14
Bin number (uu*)
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Events

250

itivity )200
150

100

Data/bkg.
»n

120

Events

100

Data/bkg.
o

CMS 77407 (13 TeV
e Data [lWZ [ ]Nonprompt
MRare [Jwy* DPSWW el
[(Jzz [@wrzy [IJCharge misid.

J_.l_lllll\ll‘ll\ll\lll

[ Total background uncertainty

— —DPS W'W* —;
e :
2 4 6 8 10 12 14

Bin number (e u-)
CMS 77.4 b1 (13 TeV
— ¢ Data [wz [ _|Nonprompt ]
N BRare [Jwy* [EDPSWW WU~ ]
C []zz -

F [ Total background uncertainty E
- —DPS W'W* + -
T P ]
g ' - :
2 4 6 8 10 12 14

Bin number (u-)

® Maximum likelihood fit to the
final classifier

m  Final BDT classifier output for
ep (upper) and pp (lower) final
states,

— separate the charge for
maximum sensitivity

— More sensitivity to ++
configuration than --
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Results: DPS WW @ 13 TeV

m W Boson Production: a benchmark process at LHC
P Results obtained from the maximum likelihood fit to the final classifier distribution

Value Significance
(standard deviations)
ey 1929 54
ofslnsed . 087pb 25
ODPS WW, obs 1.41 % 0.28 (stat) 39
=+ 0.28 (syst) pb
Oaff 127t§3 mb —

m  Observed cross section values for inclusive DPS WW production

» o, extractions (vector boson final states)
CMS 77.4 b (13 TeV) .

e Observed Predictions: CDF gy“ g]rets (1.8 TeV) F——

PRL 7 ) 584

[stat oo PYTHIA8 (CP5) DO y+3jets (1.96 TeV) o
F'RD 89( 014) 072006

D syst — — Factorization approach DO v +b!c+2d7ets (1.96 TeV)
PRD'89 (2014) 072006

an At 011915 1.96 TeV)

6) 052008

| total stat syst pﬁ!»'.f'ﬁ:s1¥\fé"ozéet%za TeV) —a—

Wp +epu | I—EH 1.96 +0.74 (+ 0.54 ,+ 0.51) pb CMS Wi2jets (7 TeV) } = !

JHEP 03 (2013)
| ATLAS Z+Jhy (8 TeV)

| H EPJC 75 (2015) 2

o + e 1.36 +0.46 (+0.33,+0.32) pb ‘3.&@?.3‘5‘{;3’}‘;09?3 (8TeV)
| : MS W-W- (13 TeV) |

9

F'AS FSQ-16-00972017)

| : ATLAS 41 (13 TeV?

Wt + et | HeeeH : 1.41+0.40 (£ 0.28 , + 0.28) pb bty

MS W=w* (Q1 3 TeV) —a—
smp-m-ms(zm )

0 1 2 3 4 5 6

IIIII|IIII|IIII|IIII|IIIIIIIIIIIIII

0 5 10 156 20 25 30 35

Inclusive 6pq \yy (PD) Oy (Mb)
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EPJ C79(2019) 893

Average very forward energy @ 13 TeV

CMS Diffractive Processes

B Motivation: 4
. . ) 66<n<-52 0.22nb" (13 TeV)
¥ Energy carried by particles produced in the very forward ~ —
region powerful probe = 6 _CMS
¥ to study UE activity £ -
¥ to validate MPI models and tuning z al
- .
¥ First correlation study of hadron activity at very forward & 5 ¢ i
central rapidities performed @13 TeV NG - e
sA § 2 - 7“:’ s ﬁﬁh‘:ggegﬁiggpaw 7]
= Analysis strategy: w e %#% PYTHIAB 4C+MBR
#+ Average energy reconstructed in —6.6 < 1 < -5.2 as a function S m giﬂlszl-:'c i
. . . ™ 1 y . -
of the track multiplicity b v 0 L
¥ Activity in @ least one tower of HF calorimeter s 1sF ' g
¥ At-least one track reconstructed in CMS tracker with |n|< 2 g S ";“ e R R RS S et ]
~= - - - -
¥+ Apply a cut on reco. vertex multiplicity--> reduce PU events g L R e
i L L 1 L L | L L ]
059 50 100 150
-66<11< 52 0.22 nb™ (13 TeV)
-~ | i ' ' ' I ' ' =
\Y = i
g B = \\..
z - = %
IR I
» Comparison with models and high energy cosmic ray air showers %ﬁ - g /"ﬁeﬁ‘lm,w.umuu|uJ|u\L|J\Ll|uJILIJIUIH.I|U||| I
= i A T
. ~ | i —4— Data |
» Increase with Ntracks - f"' Syst. uncertainty
5 8 2r ﬁ{;‘_ s Sibyll 2.3
» UE parameter tunes determined at central rapidity can be safely -~ | & i g\?ﬁﬁg—g:s 1
i i HIKHt Herwig 7.1 .
extrapolated to the very forward region! 0 I e
[ T T ) j T T j j ]
»SIBYLL 2.1 gives the best description s 15F = “"—*-*—zn—?,_:%i 1
o r =R ]
8 1 '_,;m mmlm:::;:. T \w,;:\(.:»\\)n\ﬁ'\%.‘&\‘.x\mﬁ?m\&m_:
= E e w7
C L L L 1 L i L L 1 i L L L 1
05 50 100 150
Ntracks (m|<2)
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Ratio of average EM and hadronic energies

B Ratio is sensitive to the details of hadronisation, and discrepancies between models and data may reflect an inadequate
description of the hadron production mechanisms.

, -6.6 <1n<-5.2 0.22 nb™ (13 TeV) 6.6 <n<-5.2 0.22 nb™* (13 TeV)
——— B T L} T T I T T L] T | T T L] T | —— 2 T T T T I T T T T I T T T 1
3§ [ CMS 1 38 [cMS ]
11 B 7 L B 7
< 15[ = < 1.5 =
8 P mremrmrmm s e ey e s s g R L %gy .
aEIJ-uE - :.-v.r.-.-.i:::':':.‘:;:;:'.':.':;::;:;;:;:;:;:;:;::::.:;rg:;mﬂ:;;@ﬁ%’z 1 5 g B W‘?’WWWW ﬁ_ﬁ;ﬁ-% i
~ 1 N \__ E 1 [ \*\e\e\\*\\\4{\&%\%&{\&@&\%&%\\5\\\\%\““'\‘\'\\?‘\‘:\‘“"" \\RX\\__
[ —+— Data i . —+— Data ]
B Syst. uncertainty ] B Syst. uncertainty 7]
05 siiiss PYTHIA8 CUETPSMA _] 050 s Sibyll 2.3¢ 7
- %% PYTHIA8 4C+MBR - T F <<% QGSJetll.04 .
- ==== EPOS LHC . - <=1 PYTHIA8 CP5 .
i 404 Sibyll 2.1 i i HIHHH Herwig 7.1 i
0 ] L 1 | ! 0 | | L | L |

1 5 [ T T T T | T T T T | T T T T | 1_5 B T T T T T T T T T T T T T T ]
o — 1 = - .
© i ] ® i i
S F ] S ]
s i BT R R Sl s R ru s e me I-lliﬂt@t"&e};@@f\%)z‘ ] g E ?mt?::{:ngz;?f": ::zmi:ﬁmwwwﬁ,#gf::ﬁ% ;
i 1 1 1 1 I 1 1 1 1 | 1 1 1 1 1 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1

0-39 50 100 150 05 50 100 150
Niracks (1<2) N, (M<2)

> Ratio is approximately constant over the whole multiplicity range.
» No dramatic change of the particle production mechanism is observed at this very forward pseudorapidity.
» All model predictions are lower than the data

» QGSJETIILO4, SIBYLL 2.1, and HERWIG 7.1 provide the best description
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