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Outline of the talk

Lengths of homogeneity (R;,,) and BEC intensity (1) parameters in broad

multiplicity range (Niaas < 250 )
O High multiplicity pp collisions: ridge structure and signs of collectivity (similarities with

AA collisions)
= What femtoscopy could add to this investigation?
O Results and conclusions should be independent on analysis technique
= Three analysis methods are employed
O Brief introduction to the three analysis techniques (emphasis in one of them)

Results
O Comparisons of the three methods

= R, and A fit parameters vs. Niacks and vs. (Niracks, k1)
O Comparison with results from pp collisions at 7 TeV

O Comparison with model expectations s

" StUdy Rinv Vs. (I\]t]r.acl(s)l/3 and (_ng’;les)
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Outline of analysis methods

Double Ratio (DR), as in (*)
& PRC 97 (2018) 064912

L Ratio of Single Ratios (SR)
= Data SR divided by MC SR

= Non-BEC contributions:
removed by directly
performing the ratio
of data to MC

O Fit double ratio with a function
representing the BEC signal alone

PRL 105 (2010) 03200

(*)
JHEP 05 (2011) 029

& JH

Cluster Subtraction (CS) —

fully
data-driven,
asin PRC 97 (2018) 064912

O Employs Single Ratios only
O Non-BEC cluster is

estimated direcly from data]

(+-) SR
Estimates the amplitude

(“height”) of the cluster |

using (==%) SR in data

O Fit SR with functional form |
combining signal+cluster
components

Hybrid Cluster Subtraction (HCS)
partially data-driven, as in
ATLAS [PRC 96 (2017) 064908]

Q
4

a

Employs Single Ratios only
Uses MC SR to correlate
(+ -) and (%= =) background
Non-BEC effects: estimated
from data (+ —) SR
= Uses MC estimate to
convert this contribution
into the cluster in
the data (= %) SR
Fit SR data with combined
function for signal + cluster



Common to all methods — | (Coulomb and fit)

Final state (Coulomb) interactions One-dimensional fit to Correlation

O Analytic form. for Coulomb correction Functions
[PRC 97 (2018) 064912]

Cop (qinv) = C[1+ Ae™ WineRin"](1 + € giny)

K(ﬂinv) = Gw(C) [1 + g dinv Rinv/(1-26 + Ginv Rinv)] CIi2nv = —(k, — k2)2 — M —4mﬂz

inv

C = mlxem/qmv

O Lévy distribution with @ =2 index of

Q In pp collisions = well-approximated by stability;
Gamow factors particular cases:
" | exponential fit (a = 1):
G(0) = exp(zz% = Gaussian fit (a = 2)
COS(7) — 2 » ¢ - fit parameter (long-range

= Toexp(—270) correlations)



Common to all methods — Il (Single Ratios)

Single Ratios (SR) Pairs of same charge tracks from the
—same event (with BEC)
exp S(k k ) sti nal/dq
R ( —k —k ) — 17727 [ g ] .
19=5=% Bk, k,) aN_./dq l| _—7 Different reference samples (no BEC)
1.gCMS Preliminary e {13 TeV)
Background or Reference Sample pair selection options I |
(one of the main sources of systematic uncertainties): —~ 4 0< N'™ < 79
O Same event — examples: > B 0<ky<1GeV
« opp. charges (® resonances) (cl\jn L . F'?a:]? |
* rotation of 1 track of the pair . 81'4? + Pythiag ]
Q Mixed events (&) —examples: | ooem==mmTTTTTTT =0
| Tracks with similar multiplicity within same n range (default)___| 112 -
* Random mixing: Mix 40 events in a given multiplicity range R
1%
o o5 1 s 2

:
https://cds.cern.ch/record/2318575 (FSQ-15-009-pas.pdf) q_ [GeV]
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Double Ratios (DR) Method

i T+ h
Ref. sample: similar Ng{™ in same n range Data (i %) SR shows BEC

Data (+ —) SR: resonances & cluster (not in mixing)

Shows (non-BEC) correlation in (+ ) MC

]
]
O MC (+-) SR: reproduces resonances + cluster
]
]

o DATA _— 1_4_MC /\ B
1.35;‘ + + tasé + + .. . .
b ( ) SR (BEC) b ( ) SR (no BEC) _ To eliminate such spurios correlations
Gl 1-12:': = .2:: > double ratio technique (DATA/MC)
n: 11.5— SR E 15§, + —
1_1_W\‘-,. ( ) 14 " ( SR B
mi \ mxmg events (signal tos «.\\; r\mxmg events (signal
1?’ ‘w-"-a\ g \-\_.M,.:.:':—\'::'l 1_'(9““'*“"‘“"""“""“\": %“""MM/“:,M\” N‘.,,i
095 g e o Tz T4 Te Ts 2 R TN I Y B R S N 18CMS Preliminary pp (13 TeV) CMS Preliminary pp (13 TeV)
q (GeV) q(GeV) ] e
r offine ] [ < NOffine
CMS Collab., PRL 105, 032001 (2010) St SN PR 0N <79 ]
CMS Collab., JHEP05(2011)29 G . Data 18
CMS Collab., PRC 97 (2018) 064912 St.4r + Pythia6 1 e ]
e [ e "
. P 1 zi12-= 1
Double Ratios (DR)>remove non-BEC ;% | & N
and reduce bias [dNSIgnal/dq] S — L S————
—_— e 0 0.5 1 1.5 2
Cpe(q) = R@) - = Thet/% S Y g e T [GeV]
BE — R — -dN, 1749 "
mc () [ﬂ] (No BEC in MC)
dNref/d https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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Cluster Subtraction (CS) method —

] . https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
Remove non_BEC ContrIbUtlonS CM‘SI‘DrtT)I[mi‘na‘ry‘ o pp(13TeV) 100M$Prgﬁminary - pp(13TeV)

1.8 . ———
[PRC 97 (2018) 064912] k 19<N°""”e<21 1 i 105<r\(’"“"€<109
. . L 02<kT<03GeV_ L 02<kT<03GeV
O Fully data-driven technique STO . Datase S - Data £ ]
. ) e Data +- (0] H - Data +-

O Effect of resonances: decreases with O M —c e mwrass 10 s )
. . Ofﬂine g 1.4 —C* fit, 22 /Ndof =147 / 84 8 1.4 —G* fit, 2 /Ndof =245/ 84
Increasing N, s 2

O Modulation of non-BEC effect from h* SR in g : 6231-2, ]
data

b ) 1 5 2
t= (g ) — _ (4 : q,, [GeV]
C (ginv) = c {1 + a2 P [ <21;;2/>] } (1+ € ginv) , CMS pretminary "™
‘. kr < 0.3 GeVic PPb. Vs =5.02 THVE- §"’3"kl'i“83$¥'°
. H kT<04Ge\hc -a- <kr< fc
O band o, can be parametrized as oo b L:ggg‘\ﬁg | osf L 085K S08 Gavie [
= b > cluster amplitude: : B R
. ; f 1w 0.6 I b Pl
RS i oaiidlo
offline b k o gofiitl |8 peyetinranefe i il ]
b(Nyy  kr) = ottt €XP - (&)] oty SESRE -\ Q‘j‘::;;;** AV
trk Ty \Hipgipteedvedsranghil
H ATE g 1‘- : “dp A * I f
. 0, 2 cluster width: . e Lo ‘
offline TS W ol o v o v v
0 50 100 150 200 25

Illustration from https://cds.cern.ch/record/1703272 (CMS-PAS-HIN-14-013)

offline N n 0 50 100 150 200 25
_ _ Ttk T
[O'h (N, k)= [0’0 + oy exp ( e )]k ] Nee N



https://cds.cern.ch/record/1703272
https://cds.cern.ch/record/2318575

Cluster Subtraction (CS) method — I

Modulation of non-BEC effect in h* correlations:

O The cluster contribution: also present in h* pairs, with similar shape but a smaller amplitude (see slide # 7)
L Use the form of the contribution obtained from h* pairs: b and o, fixed

O Assume the width is the same and determine the (% =) cluster relative amplitude z( t‘;flflme)
+4+ /. _ offline Tin
[C (Ginv) = ¢ [1 +2z (Ng™™) ab\/27'( eXp ( Z)] CBE (7 inv )] lllustration from

PRC 97 (2018) 064912

CMS Pbe pr pp

GMS PbPb, pPb, e
2. PP 12 [+ POPb, vy =276 TeV

. 12|+ POPb\Ey=276TeV 2 :
) aNOfﬂlne+b e pPD, Ve = 5.02 TeV E e ngdjs——’\l;‘Te?/ 02 TeV 7
Z(NOfﬂme) - ( v e pp’ﬁzﬂev 3 ' ppE-276Tev el
- i [|—=— pp,Vs=2.76 TeV ] b i
trk 1+N0fﬂ1ne+b k ] 08 L PP, Vs = 09Te¥*#* *
f—— pp, Vs =0.9 TeV E 08 r
trk 08¢ + LY AT
+ Z 0.6
N
0.4 1
I ] 02| ]
[CBE (qan) — [1 _|_ )\ exp(_qanRan)] J i = 1 02<kr<03GeV ‘ 0 b OAsKkr<05GeV |
0 0 50 100 150 200 250

0 50 100 150 200 250

rec2
rec2



Hybrid Cluster Subtraction (HCS) Method — |

Technique used by ATLAS [PRC 96 (2017) 064908] in BEC analysis with pPb
events

[ Goal: remove the non-Bose-Einstein contributions

Procedure

O Simulation = goal: estimate the Background (Bkg), non-BEC, present in data SR
= QObtain conversion functions: relate [Bkg (+ —)] € [Bkg (&£ =£)] using SR from MC

= Use conversion functions: convert fit parameters from [Bkg (+ —)] into Bkg (&= %) in SR
from data

O Final fit function in data (= &) SR: combination of Signal + Bkg forms
= Bkg fixed with the parameters obtained in the previous step
= Notation: Background parameters denoted as B and o; (as defined in the next slide)

= Resulting Signal: described by free parameters (A and R;,,) fitted with exponential
function



Hybrid Cluster Subtraction (HCS) Method — Il

Fitting Same-Sign and Opp-Sign SR in MIC
O In Monte Carlo: no Bose-Einstein effects = Bkg can be modeled by fit parameters
O In data: BE effect not present in [(+ —)] component — Bkg only
= Use the relations from MC to estimate the Bkg component in (& %) SR

Fit Functions

CMS Simulation Preliminary — pp (13 TeV) 1 CMS Simulation Preliminary ~ pp (13 TeV)

q. XB i 19 <N <pq ] i 105 < N2 < 109 |
Q(qinv> — N(l + B exp | — % ) . 0.2 <k; <0.3 GoV . 0.2 <k; <0.3 GoV
B <120 o Pythia 6, + 4 <120 o Pythia 6, + -
8 i Gauss Fit, 2 / Ndof = 52 / 48 8 i Gauss Fit, 72 / Ndof = 47 / 48 1
: : inv _ +  Pythia 6, ++ , L +  Pythia 6, ++

| Flt parameters re|atI0n ( aB,A _2 ) 81 1%% 0% —GaUSSFit,XZ/NdOf=109/91 ; 81 1; —GaUSSFit,XZ/NdOf=96/91 ]

s =

— oc am
(o) | =plley) | +B] & 5
0'97 L L L L 097 L | | |

\\1.5\\\\2

:
CIinv [GeV]

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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Hybrid Cluster Subtraction (HCS) Method — Il

++

Relation [(¢,)"']  vs. [(aB)_1]+_(Pythia6 Z2*): Relation (B)** vs. (B)*~ (Pythiab 22*):

0.5CMS Simulation Preliminary __ pp (13 TeV) 0.CMS Simulation Preliminary _ pp (13 TeV)
) r 7T T N T T T T ‘ T T T T ‘ T T T T ‘ T T T T

F . | ®0.2<k, <0.3GeV
0-45¢ [ m03< k: <0.4 GeV o

— r ] Ty 0.4 <k, <0.5GeV
, | L | | i
g 04f ] N | * 0.5<k;<0.7GeV ° ]
— [ B Wick: B
+ [ — Y f.!' = o .’r —
L035; ] QL -2 w f
— C (LR ] o)) L ]
m L 2 1§ 1 L i
= 03] ] S 1 ]
= VoL ® 0.2<k <0.3GeV | -3r 5
. W 03<k;<04GeV | I ° ]
0.25 Vv 0.4<k, <0.5GeV i 1
* O.5<k1<0.7 GeV _4 ++ _
0 L1 1| ‘ I ‘ I - ‘ I I I ‘ I :‘ | l | | | | ) ) ) ) ) ) ) ) ) ) ) ) ]
62 025 03 035 04 045 05 4 3 5 1 0

-1y+- _
[(og) T [fm] Log(B)*

+_

p=0.82 # 0.04 (stat.); B = 0.077 =% 0.013 (stat.)

@) =0l +8]

https://cds.cern.ch/record/2318575
(CMS-PAS-FSQ-15-009)
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Hybrid Cluster Subtraction (HCS) Method — IV

After getting relations for “'Bkg”’ fit parameters in Monte Carlo

O Bkgin data is estimated in (+ =) SR
O Assume relation of (+ =) SR and (= =) in data is the same as in MC
L Use conversion function to estimate “"Bkg” in (&= &) SR in data
O Fit with: C(qinv) = Q(qinv) X CBEC (qinv)
1 8CMS Preliminary pp (13 TeV) 1 8CMS Preliminary pp, Vs = 13 TeV
. T T T T ‘ T T T T T T ‘ .\ T T T . T T T T ‘ T T T T ‘ T T T ‘ \. T T T
19 <NI™ <21 i 105 < No™ <109 1
I * Data, ++ 0.2<k,; <03 GeV | |+ Data =t 0.2<k,; <0.3 GeV |
~1.6 o Data, +- - ~1.6;; © Data + =
= I (Exp. x Gauss) Fit, 1° / Ndof = 166 / 95| = I (Exp. x Gauss) Fit, x° / Ndof = 1028 / 95
O || —— GaussFit, 32/ Ndof =62/ 48 O || —— Gauss Fit, x2/ Ndof =51/ 48
8 1.47% - Background 7 8 1.40 - Background N
=) S
~ ~ [
ol cl12 N
n w |
Lo
Il Il ‘ Il Il ‘ Il Il ‘ Il Il I Il Il ‘ Il Il ‘ Il Il ‘ Il Il

1.5 2 0 0.5 1.5 2

1 1
q_ [GeV] q_ [GeV]

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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Results: discussion about anticorrelation (I)

SIS Pelmnay__ wSTen . OMSPreimiay_____ ppUSen . CMSPreimiay g (310
. L o<Nf g T 10 <N <2 1 31< N2 <33
Zoomed (along the y-ax|5) : TSI : socio<to | : S0k <ro
correlation functions from 3 .; | orremms 1 3.4 | “mememwees 1 B | Commeseemes
D R t h d CC\ID L —1 model, 2/ Ndof = 195 /93 (C\ID —1 model, 2/ Ndof = 140 /93 (c?l —1 model, 2/ Ndof = 135 /93 i
me O © =} ) i
<} S S} ]
: : : -
. . . o ! Rl
O Fits with exponential (red) 7 ] 7 ] 7
and T'mOdel [CSOI’gO, Zlményl 0% o5 gv 152 0% o5 i—}V 152 R T iav 52
| e | |
NPA 517 (1990) 588] (green) G [GEV] G [GEV] Oy [GEV]
|pCMS Preiminay____ plioTey | CMSPelmnay _ po(3Tey | CMSPeimnay g3ty
O t-model explains better the i dock<o | i sosicas ] [ Al
overall behavior of data 0 I N VS BN I Rt RO I WP
((3 s — 1 model,?/ Ndof = 902 /93 (C?I L —1 model, 2/ Ndof = 281 /93 (C?I —1 model,?/ Ndof = 84 /93
S T e | Q
<2 S T =)
O Dip‘s depth (A): P P . N =
° o an o
o o | o
= distance of the t-model fit ] [ ] ,
atItS.mlnlmumandthe 0% o T T T s 0% T os T T s T 2 0% o5 T s 2
baseline C(1+€ gi,,) 9, [GeV] a,, [GeV] 9, [GeV]

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)



https://cds.cern.ch/record/2318575

Results: discussion about anticorrelation (ll)

Anticorrelation depth

CMS Preliminary pp (13 TeV) CMS Preliminary pp (13 TeV)
N T T T T ‘ T T T T ‘ T T T T ‘ T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T ‘\ T ‘ T
3 Integrated in ky Double Ratio Method : ?;N&%gjf"ej;
=  Decreases with <Niacs>, 0.04 = Data -4 0.04F M zg:jg .
tend to = const. above 100 - 40 < NI 5
. o Syst. <NEie
O and differential in kp I ye ] I b S
= Decrease with kt for lower < + 1<a H 5 éﬁiﬂé:ﬁm:‘;ﬁ
<Ntracks> ranges 0.02r -1 0.02f g g Al 8 ?g;gi‘k"@:;"::?of
" For <Nyaqs>>30 2> L i i hd v 110 <Njy™ <120 |
= const. with increasing kr = ] & g g O 120 N <140
7 ™ ¥ Snmnman W | - EER
Dip’s depth at the highest multiplicities: e T BT 05504 06 o8 &

tends to a constant (not zero) value 2>
O Possible consequence of the DR method
O oran intrinsic characteristic of the collision system

= keep memory of its initially small size, even at the
highest track multiplicities produced in pp collisions

k; [GeV]

Tracks

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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Results for R, and A (with systematlcs)

5CMS Preliminary pp (13 TeV) LCMS Prellm/nary s ‘RP‘U?TE‘V)
e : r
0<k;<1GeV 1 0<k;<1GeV

o Cluster Subtraction © Cluster Subtraction

FO r t h e t h reem et h (o) d S 4? o Hybrid Cluster Subtraction i 1 .5 O Hybrid Cluster Subtraction| ]

4 Double Ratio

.g- % Double Ratio
. o = < 1§+ b % % % % %, :
O R;,y and A as functions of multiplicity and k 2 % ]
inv T o é i
05 o 3 g%@@@@@é@@é
Similar trends for all the methods : : ; :
I B PR S N S H SN AT AR N N
%80~ 100 150 200 %50 100 150 200
: : o N

O R,,, increases with multiplicity and (Npaeks Nacks ?
decreases Wlth kT CMS Prgl{rrr(nary pp‘“?‘-"—?v‘) CMS Prellm/nary pp (13 TeV)
[ | ; ngh multlpllClty ‘ ‘ i prormr ngh multlpllcﬂy IR
r o Cluster Subtraction ] o Cluster Subtraction 1
O Adecreases with multiplicity (mainly for 4 5 EZEETL‘?{:?.?’S“*’"“""‘T 1_5 g Hybrid Oluster Subtacton
lower values) and decreases with k; = 3 j I ]
= % o 1 Q. %

. . . . = 2 =

O Larger deviations in the magnitude of A for o= — @1 H
CS technique (larger uncertainties in this method) 1 e Cluster Subtraction ] 0.5 M',"'";“.;"sf;'f‘;ubtrac,,on E

[ = Hybrid Cluster Subtraction ] = Hybrid Cluster Subtraction

0:“ ¢ DoubleRato i G: ¢ DoubleRato

O HCS chosen for comparison (with relative uncert.) 0250.30.350.4 045 0.5 0.5 0.6 0.250.30.350.4 0.45 0.5 0,55 0.6

(k;) [GeV] (k. )[GeV]
https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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Comparison with CMS and ATLAS @7 TeV

R, Results from HCS compared to

O CMS for pp@7 TeV [PRC 97 (2018) 064912] [ ATLAS for pp@7 TeV [EPIC 75 (2015) 466]
using Double Ratio method (n-mixing using Double Ratio method (opposite
reference sample) sign reference sample)

5CMS Prellm/nary 5CMS Prellm/nary
% b HCS Method pp @ 13 TeV ‘ ] : ¢ HCS Method pp @ 13 TeV (sar‘ne range)
[ ]Syst.: HCS ] [ ]Syst.: HCS ]
4t [ Intramethods variation B 4t r ]

i ] Intramethods variation
- 1 CMS-pp @7 TeV ] - 1§ ATLAS-pp @ 7 TeV

T s ! T g poefoee® o
=7 REFETEE | = HEHHHTEHE?HEEM B
mE ; EE 2; fiisg E} ] {

4

0%\\‘““““““““l“: :\\\\\\\\\\\\\\\\\\\\\\\\\\\\\l\j
0 S0 100 150 200 OO 50 100 150 200 250 300

(N ) (N (ptTrk>O.1 GeV))

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)

tracks tracks
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1/3

Rinv VS. Nt

racks
5CMS Preliminary pp (13 TeV)
Qualitative comparisons: fits with statistical SRR
. .. L HCS Method .
uncertainties only i i
Q Linear fit 41 [ ]8yst.: Hes .
U Linear + Constant i Intramethods variation ]
O Both return compatible results 'g 3 — Linear fit + constant .- . 7
bR Linear fit : ]
Including systematic uncertainties > | - .
O Point-to-point correlations = not trivial 0 2r N
O Studies of extreme cases only i ]
= Fit considering fully correlated systematics 2> B ]
similar results as using only statistical uncertainties L ]
® Fit considering systematics fully uncorrelated e -
O | ‘ | ‘ L 11| ‘ | ‘ L 11| ‘ | ‘ L1 | \7
o 1 2 3 4 5 6 7
< N >1/3
tracks

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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1/3
dNtracks )

Rinv vs. ( 5

. . . Prelimi 13 TeV
Comparlson Wlth CGC predlctlon 5?M$\ \(?\Imlﬁ\a\ry\ T T ‘ T 1T ‘ T 1/3pp( \:3‘\ \e\ \?
= [McLerran, Schenke, NPA 916 (2013) 210; - HCSMethod, x = (dN_, /dn) ]

P. T. A. Bzdak et al, PRC 87 (2013) 064906] - [[]syst.:HCS ]

4 N Intramethods variation ]

O Calculation for pp @ 7 TeV (does not include —_— Linear fit -
the system evolution) - 3L === Rpp(x) fit N

O Similar shape, but very large difference in magnitude o= [ =R, CGC i i
> o 1 .

c A ]

O Above 1.7 : fit with same function obtained from I_ 2r ]
CGC prediction (dashed black curve; stat. uncert. only) A+ . | SRR -

R, (x) = (1fm) x [a+bx+cx?+dx%], forx <34 1 B@ “““““ -
PPA7 7 e (fm), forx > 34 B i
7\ J"\\\\"‘\ ‘ | . ‘ I 11 | ‘ I 11 | ‘ | . ‘ I 11 | ‘ I 11 | ‘ 11| \7
N (1 %05 1715 2 25 3 35 4

I N /dn )"
< tracks N >

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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m; dependence

— 2

1/R2 vsmr = [mZ + k%
1nv CMS Preliminary pp (13 TeV) 0 CMS Preliminary pp (13 TeV)
_ - Hybrid Cluster Subtraction | R e F L
O In hydrodynamic models [ ¢ Minimum-bias ] 05" Hybrid Cluster Subtraction ]
[Sinyukov et al., NPA 946 (2016) 227] 0.8 DfVSt-:HCS . 5 e o 0<N™ <19 ]
ntramethods variation L ]
C\'E' [ w High-multiplicity 1 ] C\E' 0.4F om 20<NI™ <39 ]
o — Syst. : HCS — Y= L offline ]
" Intercept: reflects the source = 0'6: e HOS etion = . 40SN:E:meS59 ]
geometrical size (at freeze-out) > [ —Linearfit . 1 =03 T B0SN™<79
C\@_ 0.4 - Linear fit . 5 “@‘ 02: o 8OSNofl‘Iine<99 ]
~— 4 v L 1 Noﬂllne 11 ]
= Slope: reflects the flow component ... : 7 1002 =119
0.2 0.1L A 120 <Nj "™ <139 1
o Llargerslope (larger flow) 1 7. ] F 140 <N <250 ]
for |oWer mU|tip|iCitieS 0' I ) PR PR PR P I ] O'J\ IR I I R R \_\ \m\(\ \_\ | \:
(similar to peripheral AA 0 02 04 06 08 1 0 02 04 06 08 1 12 14

collisions) m; [GeV] m; [GeV]

.. as compared to
o higher multiplicities (similar
to more central AA collisions)

https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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Summary of results in pp collisions at 13 TeV

BEC in Minimum Bias and High Multiplicity events in pp collisions at 13 TeV
O First investigation with both MB and HM events = three different techniques employed:

= Double Ratios involving data and MC (Pythia 6 —Z2* tune) [PRC 97 (2018) 064912]
= Fully Data-driven as used in CMS [PRC 97 (2018) 064912]

= Hybrid Data-driven (transfer function from Pythia 6 — Z2* tune) — [ATLAS, PRC 96 (2017) 064908]

O 1-D BEC (exponential fit): R, (and A)
= Scrutinized in detail as a function of multiplicity, searching for:
o Changes of slope [PLB 703 (2011) 237]
o Continuous growth with (N,,,..)*> = compatible with data
o Possible saturation of R, ,, in the high multiplicity range = also compatible with data
= Detailed investigation as a function of k; (in MB and HM ranges)
" m;—scaling with different slopes in MB and HM: Hubble-type of flow larger in MB than in HM

O Qualitative comparison with models 2>
= CGC/IP-GLASMA [NPA 916 (2013) 210; PRC87 (2013) 064906]
= Hydrodynamic models (with different Initial Conditions and EoS) [Sinyukov et al., NPA 946 (2016) 227]
= Both classes of models qualitatively describe the experimental results within uncertainties

O Complete results: https://cds.cern.ch/record/2318575 (CMS-PAS-FSQ-15-009)
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THANK YOU!!
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ADDITIONAL SLIDES



Experimental cuts and definitions adopted

NoMline definition

pcooooou

HighPurity

p;> 0.4 GeV
In|<2.4
|opr/Pr|<0.10
|d,/o4,| <3 wrt PV
|dyy/ Oy | <3 Wrt PV

Track selection for BEC analysis

poooooo

HighPurity

p;> 0.2 GeV

In|<2.4

|o,1/pr[<0.10

|d,/ 04,] <3 wrt PV

|dyy/ Ty | <3 wrt PV
pixelLayersWithMeasurement > 1

Other variables

Q noffline — g _ 250
U k; (GeV) <1 GeV or
k; € {0.2-0.3, 0.3-0.4, 0.4-0.5, 0.5-0.7}

kr (GeV) = |pr1+ pr2l/2

Q g, (GeV)= 0.02-2.0

2 2 2 2
[ 19 = Jinv = _<k1 _k2> - Minv _4mn2 ]

[ Fit Function used :




Sources of systematic uncertainties

Main sources of systematic uncertainties
(J Reference samples
 Monte Carlo modeling of correlation functions
O Cluster amplitude z(N°",,,) in the Full Data-Driven method
O Track selections
O Coulomb corrections
Other sources (less significant)
1 PU dependence
L Z-vertex position dependence
O HM HLT trigger bias
O Track corrections




Offline Event and Track Selections

Event Selection Track selection for BEC analysis
J At least 1 Reconstructed Primary  HighPurity
Vertex: |V,|< 15cm Q p,;>0.2 GeV

d p <0.15 cm (transversal distance) d |n|<2.4
 Reject beam scraping =2 Q |o,/pr]<0.10
HighPurity track fraction > 0.25 for Q |d,/o,,| <3 wrtPV

with multiplicity > 10 Q |d, /0| <3 wrt PV

 HF Coincidence Filter 1 pixelLayersWithMeasurement > 1



