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DIJET ANALYSIS OVERVIEW

Dijet searches is a big group of analyses, which aims to discover
BSM particles that can couple to 2 partons

Bunch of models considered...

2 regimes: boosted (<300 GeV) and resolved (>600 GeV) (as of

2018)

Dijet mass region of 300-600 GeV was not covered by CMS at /s =

13 TeV (up to 2018)

/org

Model Name X | Color | J’ | T/(2M) | Decay Channel
Axigluon A | Octet |17 | 0.04 qq qore
Eg Diquark D | Triplet | 0" | 0.004 qq X
Coloron C | Octet |17 0.04 qq
Heavy W W’ | Singlet | 1~ 0.01 qq
Heavy Z Z' | Singlet | 1~ 0.01 qq qore
Dark Matter Mediator Singlet | 1* | 0.02 qq
Resolved Jet 2
qorg qorg
X
X
qore qorg
Jet |

\org

o
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CMS Preliminary

LHCP 2019

95% CL
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I,/ My <~100%

ATLAS Boosted Dijet, 13 TeV/

=" [arXiv:1801.08769]

— B R T S CMS Dijet y, 13 TeV ATLAS Dijet+ISR v, 13 TeV
R A e A — [EXO-16-046] === larXivi1901.10917]
~ = o ATLAS Dijet TLA, 13 TeV
= -1 Tp/ My <~30% [arXiv:1804.03496]
[ M=% T T T T T T T g A - | CMS Broad Dijet, 13 TeV ATLAS Dijet, 13 TeV.
- = T [arXiv:1806.00843] == larXivi1703.09127]
2/ = /ML <10% CMS Dijet b tagged, 8 TeV
z - - [arXiv:1802.06149]
= \ 1 CMS Dijet, 8 TeV CMS Dijet Scouting '16, 13 TeV
=T [arXivi1604.08907] T [arXivi1806.00843]
CMS Dijet '16+'17, 13 TeV CMS Boosted Dijet '16+'17, 13 TeV
| 1 = [EXO-17-026] [arXiv:1710.00159]
= - uA2 CMS Boosted Dijet+y, 13 TeV.
[ | =7 [NuclPhys. B400,3(1993)] = [EXO-17-027]
- a - ?a?;ﬁxggrex/gmzom] /My <~5%
B N ... CDFRun2 CMS {f, 13 TeV
1 L ! [arXiv:0812.4036] [arXiv:1810.05905]
810 20 30 100 200 1000 2000 Z width (all T,/M,) Y width (all /M)
MZ‘ [GeV] [arXiv:1404.3947] [arXiv:1404.3947]
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RESOLVED DIJET SEARCH IN THREE-JET FINAL (DIJET+ISR)

Resolved dijet search in three-jet final state (Dijet+ISR & ATLAS Proiminay 2 S g CGWSray o
. .. . . . . . . £10 \s=13 TeV, 37.0 fb © g Y LA
shortly) is a resolved dijet analysis requiring additional jet in the &t = sedgoran Rl . 99 (075 TeV)
final state E o G ATV Bl qgg:glea
4 --g-- g%, mq'=540TeV S - qq (1. e
10 B 103
. . 5 ©
Covers the region of 350 to 700 GeV of the mediator mass. 10 o b
300(450)-600 GeV is not covered by CMS /s = 13 TeV analysis (. R
p-value - 0.63 1 E e Caogers
Data scouting + additional jet in FS — 100% trigger efficiency 1071 el ol R Rt
starting from 300 GeV of dijet mass E e = FE %
5 E cle T
a2 2 ®(8 O
ISR jet is the third leading jet in transverse momentum 9).05E - JES Uncartany _ WEE 25 &
T QF 0 Loy il 3
e . . ) ) &los ) HH — 06 08 1 12 14 16 18 2
Dijet is 2 jets with the highest pr 2 3 4 5 6780 Dijet mass [TeV]
i “ Py
E n beam axis
br
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DATA SCOUTING

Two-tiered trigger system:

LI (level 1) trigger: 40 MHz — |00kHz.

HLT (high level trigger): decreases rate to | kHz before data storage
Too small rate for some physics analyses !

AK4 Calo Jets PF Candidates
AK4PFJets  MET
. . . . . Vertices Vertices P
Data scouting — higher rate with the suitable performance for physics (opportunistically saved)
analysis P i SRy v
Reduced amount of data per event Figure 1: Calo Scouting. Event size =1.5 kB Figure 2: PF Scouting. Event size =10 kB
Types: Calo scouting; PF-scouting. A.U.
Calo-scouting technique used in particular by Dijet+ISR jet search. cak,s“.. Fir > 250 Ge\: Scouting with calores
Allows to select events with Hy = Y. pr > 250 GeV. :
Ability to extend resolved dijet search coverage from 1.5 TeV to 0.5 TeV. PF Scouti {:é;ﬁﬂé%& PE candidates
i Rate: 720 Hz
Sectoriie o b n ' " ' T = [Hr > 410 GeV: Parking |
Eecuon Pariig ) |+ Rate: 720 Hz |
Charged Hadron (e.g. Pion) A
= = = = Neutral Hadron (e.g. Neutron) 1T —
R \# ™ i i He =S | iet Hr (GeV)
/ I i | oo l * (Not to scale)
\ “H 250 GeV 410 GeV 800 GeV
(= N Rates from 2016 data.
Detector Jer 3 3 b o - .
b ﬁ{ T Luminosity = 103 cm2 s
[& Calorin?gter I
‘\_‘ Calorimeter | - [ k

Loosest Hr trigger in standard HLT menu




EVENT RECONSTRUCTION AND SELECTION

Preliminary selections before wide-jet reconstruction:
pr > 30 GeV and |n| < 2.5 for all AK4 Calo

Wide jet reconstruction:

Recovers strong final state radiation (FSR) jets not included into AK4 jet.

ARy; < 1.1
Nyets = 3

The two wide jets with the highest py is selected as a dijet. Third
jet is initial state radiation (ISR) jet.

ISR jet

|An| < 1.1 — suppresses QCD background and increases trigger 7 jet2
efficiency qorg
X
Third jet selection: p; > 72 GeV — defined by automatic .
alorl Dijet+ISR
procedure
Jet |

Fit range: 290-1000 GeV — lower edge is defined by automatic

procedure °




DIJET MASS SIGNAL SHAPE STUDIES

Signal: narrow Breit-Wigner resonance

M—— M M+——



DIJET MASS SIGNAL SHAPE STUDIES

Signal: narrow Breit-Wigner resonance

Shape is not gaussian-like due to the following

reasons:
Real shape Should be similar to ...
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DIJET MASS SIGNAL SHAPE STUDIES

Signal: narrow Breit-Wigner resonance

dijet mass, M_ = 500, WideJetsDR1.1 trijet mass, M_ = 500, WideJetsDR1.1
Sh i i I.k d h f II i 906‘1’“"”“"“““«"}"“2’::@“' Entries = 1030 2. F ’ e i Emmha 1030
ape is not gaussian-like due to the following 3 e e @ ol g ———
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1005—
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TRIGGER

LI trigger:L1_HTT240 (selects events with Hy > 240 GeV)

in order to go lower in dijet mass

Was turned on in 67.3% of the run — decreases luminosity
to 21.2 fb-!. Issue with LI_HTT in RunH: ended up with 18.3

fb-!

Events with Hr > 250 GeV were selected by HLT trigger.

Requiring the third jet shifts the trigger “plateau”

significantly

Trigger efficiency of HLT_CaloScoutingHT250, including RunH
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BACKGROUND ESTIMATION

Background fit is done using a smooth function:

starting from 290 GeV of the dijet mass.

do

p2x — 1

dm” — Po

xP1+p3 log(x)+p4 log(x?)

Bias study shows if background function to fit bkg+signal (up to 40%)

Fisher test is performed to choose the number of parameters (5)

The data is fitted using Combine Higgs Tool with profile likelihood method

Fit range, function and ISR pT cut is not trivial at all

— 300CMS Preliminary 18.3 ™ (13 TeV)
© C gen. pdf = 5-par. nominal funct.

g 2oL fit pdf = 5-par. alternative funct.
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DIJET MASS DISTRIBUTION SHAPE STUDIES

Dijet spectrum for three jet final state is different 3 700 <77 pi (GeV) <500
5 50.0 <isr pt (GeV) <60.0
than for two-jet FS. _

s 60.0 < iST pt (GeV) < 70.0

70.0 <isr pt (GeV) <80.0
80.0 <isr pt (GeV) <90.0
90.0 <isr pt (GeV) <100.0

Dijet mass distribution is shaped because of: -

Trigger: lower pr 3 cut — lower Hy — less events for
lower mass — dijet spectrum shifts to the higher 1
values

Kinematic selection: pr1 > pry > P13 >

ISR pr cut > M? = 2pr1prs (COSh(AU(ij)) -

cos(Aqb))~2pT1pTz cosh(An(jj)) — higher pr 3 cut
shifts dijet spectrum to the higher values.

The selection on ISR pr and fit range is not trivial .
I|_|_|I|l]II|IIlI|IIIIlIIII|IlII,,

1L
at all 10300 150 200 250 300 350 400 450

The automatic procedure to find ISR pr selection

Dijet mass distribution shapes within different ISR p se
and fit range was developed

b

500
m(jj)

lection.




DEFINING MODIFIED SIGNAL REGION

|deal way: make all the tests on background only distribution using
MC samples.

Issues:

Huge statistics of calo-scouting data

Not able to reproduce our data at the precision level given by statistical
uncertainty

Solution: use of data-driven approach
By flipping the sign of 717,, we get similar dijet mass spectrum
Signal plot An = n, — ny; control plot An - n, +n,

Modified signal region |n, + n,| < 1.1 corrected using bin-by-bin
correction that depends on pr 1 pr , using signal region |1, — 14| <
1.1 dijet mass shape:

MSR background shape is compatible with SR within ~0.1%
No clear narrow peak from signal

Signal contamination reduced by a factor of 3

£0.024
2
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0.012
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0.008
0.006
0.004
0.002

o
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AUTOMATIC PROCEDURE TO DEFINE THE EVENT SELECTION
AND FUNCTION

Recursive part:
Step-|

Select the fit range and ISR pr cut using MSR by looking at the
Kolmogorov-Smirnov test output in (ISR p7 cut)x(fit range)
space using N-parameter alternative and nominal function
given at Step-2 (N=4 in the beginning)

Select the lowest low edge (m;; or¢) of the fit range with
P(KS) > 40%

Select the ISR pr cut with the highest P(KS) (for given
Mjjleft)

Step-2
Select the fit function using Fisher test + y? criteria.

Repeat Step-| and Step-2 until fit range, ISR p7 cut and fit
function “converge”.

Step-3

Use Fisher test to select best fit function in SR

50

310 <mii <|1000]
305 <mi‘ <|1000]

Range
45 with
40 minimal

300 mii <|1000]
295k mii <|1000]

17.4

285k m. <[1000 35 Z:i]tjr,]leff
280 km, <1000 317,

275 km, <1000 30 P(KS) >
270 km, <{1000 409%
265 <mii <|1000] 25

260 <mﬁ<1000

255 km. <1000 20

250 :mii<1000

245k m, {1000 15

240 <mi‘<1000

235km, {1000 10

230 km, <1000

225 m, <1000 5

220k mil <|1000]

0

7 A(07 A:27 AA'7 A(67 A137 607 627 6Ak7 667 6B7 607 627 6A‘7 667 687107-1271 A71671%7 6()7 6'27 6&7 %67 667 90
P 3P 150 150 5P 150 15T 15T 150 15T 150 15T 15P{ 150 1 15 150 1 15T { 15T { (S0 P 18P {1501 5P 150 5P 5P R IS R I .
pr selection

ISR pr selection with

the highest P(KS) for
the given m;; range

Right edge (fixed)

Left edge

Step-1. Kolmogorov-Smirnov test in m;;-range — ISR pr

selection space



AUTOMATIC PROCEDURE TO DEFINE THE EVENT SELECTION AND
FUNCTION

* Recursive part: 5
. Step-| # of s 1) x© for all of the functions
par-s @) for 290 < my; < 1000 GeV
* Select the fit range and ISR pr cut using MSR by Iogkmg at the 3 764 764 mediator mass range and ISR
Kolmogorov-Smirnov test output in (ISR pr cut)x(fit range)
space using N-parameter alternative and nominal function 4 11.3 39.6 pr > 72 Gev.
iven at Step-2 (N=4 in the beginnin
2 P2 ( ginning) 5 8.88 9.4 ,
* Select the lowest low edge (m;; ;o) of the fit range with . 6 80 oot 2) Fisher test results. The best
P(KS) > 40% ' ' option: Nominal 4-parametric
. . . 7 8.72 10.03 :
- Select the ISR py cut with the highest P(KS) (for given function.
Mjjleft)
o e () mewe
© Step-
) L L |52 functi F-val cL 5620 functi F-val CL
- Select the fit function using Fisher test + y?2 criteria. unetion e unetion e
* Repeat Step-1 and Step-2 until fit range, ISR p; cut and fit 3Par-4Par 2329 0.000 3Par-4Par 633 0.000
function “converge”. 4Par-5Par 3.8 0.072 4Par-5Par 44.9 0.000
. Step-3 5Par-6Par 0.1 0.740 5Par-6Par -0.34 1.000
) ) o 6Par-7Par 0.10 0.753 6Par-7Par -0.43 1.000
* Use Fisher test to select best fit function in SR




AUTOMATIC PROCEDURE TO DEFINE THE EVENT SELECTION AND
FUNCTION

Recursive part: a10.<m < 1000 , 50
305<m|i<1000
300 <m. <1000
step- I 295<m:<1000
290<m”<1000
Select the fit range and ISR pr cut using MSR by looking at the ws0on 100
Kolmogorov-Smirnov test output in (ISR pr cut)x(fit range) 275 <m < 1000
. . . . 270<m"<1000
space using N-parameter alternative and nominal function 265 < < 1000

260 < m” <1000
255 < m” <1000
250 < m, < 1000

given at Step-2 (N=4 in the beginning)

Select the lowest low edge (m;; o) of the fit range with e < < 100
P(KS) > 40% 235<m::<1000
230<m|i<1000
. . . 225 <m_ <1000
Select the ISR pr cut with the highest P(KS) (for given 270 < <100
m:: ) L0042 ah_aB_a® 50 52 oA b 53 60 62 6h 60 68,10 12 741678 o0 o2 oA ab_e®_o0
1] ,le f t 01 5P1 5P 180 5P 1901 5P 5P 190 15P 150 15V 5P 1501 5P 1501 18P 5P 1501 18P 18P 50 18P 1501 5P 8P 57
Step-2
Select the fit function using Fisher test + )(2 criteria. . .
|st-2nd function F-value CL Ist-2nd function  F-value CL
llc’\epeat S‘t‘ep-l and §tep-2 until fit range, ISR pr cut and fit 3Par-4Par 2329 0.000  3Par-4Par 653 0.000
unction “converge’.
8 4Par-5Par 3.8 0.072 4Par-5Par 44.9 0.000
Step-3 5Par-6Par 0.11 0.740 5Par-6Par -0.34 1.000
6Par-7Par 0.10 0.753 6Par-7Par -0.43 1.000

Use Fisher test to select best fit function in SR




AUTOMATIC PROCEDURE TO DEFINE THE EVENT SELECTION AND
FUNCTION

* Recursive part: 2 :
# of N 1) x© for all of the functions
¢ Step-l par-s ©' o 270 < m; < 1000 Gev
* Select the fit range and ISR pr cut.using MSR by Iogking at the 8176 8176 mediator mass range and ISR
Kolmogorov-Smirnov test output in (ISR pr cut)x(fit range) 70 GeV
space using N-parameter alternative and nominal function 4 13.9 53.1 Pr > 2V
given at Step-2 (N=4 in the beginning) 5 10.06 10.03
* Select the lowest low edge (m;; o) of the fit range with 6 10.08 10.1] 2) Fisher test results.The best
P(KS) > 40% option: Alternative 5-
7 10.00 10.34 o f. i
- Select the ISR py cut with the highest P(KS) (for given parametric function.
e e (2)
* Step-2
Ist-2"d function ~ F-value [st-2"d function  F-value
* Select the fit function using Fisher test + y?2 criteria.
3Par-4Par 8828 0.000 3Par-4Par 2293 0.000
* Repeat Step-| and Step-2 until fit range, ISR pr cut and fit 4Par-5Par 5.3 0037  4Par-SPar 60.2 0.000
function “converge”.
5Par-6Par -0.03 1.000 5Par-6Par -0.10 1.000
© Step-3
6Par-7Par 0.10 0.761 6Par-7Par -0.26 1.000
* Use Fisher test to select best fit function in SR




SYSTEMATIC UNCERTAINTIES

Systematic Uncertainty Source | Uncertainty

Jet Energy Resolution 10% ot RECO resolution
Jet Energy Scale +2% shift of m;;
Luminosity +2.5%

Parton shower +6.0%




dcs/dmjj [pb/TeV]

(Data-Fit)
Uncertainty

X 18.3fb” (13 TeV
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Q B i-Expected £ 2 5.d. - Q o Expected +2s.d. -
There is no significant excess in 2016 dijet in three-jet 102 T Te—— E 0.05- E
final state data : B 0ok E
.. 10 T (e
Plot | shows the upper limit on the cXBRXA : E 0.15- =
. . . [ - AXiguon/coloron b 01; é
Plot 2 shows the upper limit on the coupling (calculated 1 — — Soalar diquar < g ]
using formulas on slides | 1-13) - a ] 0.05F -~ DM mediator e E
—rme mediator b F | | | ‘ ‘ | 3

10" 300 400 500 600 700 07300 400 500 600 700

Plot 3 shows upper limit on the coupling in comparison

with other analysis Resonance mass [GeV] Resonance mass [GeV]

Plot 4 shows binned fit
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o E 0.2 Bl - cor Assuming equal x section:
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O ot Dil 19 TeV . 4Mtop |2 2ZMiop
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_3F [arXiv:hep-ex/9702004] M me d M me d
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Dijet mass [TeV] M, [GeV] [arXiv:0812.4036]



¢ Search for a dijet resonance in three-jet final state is finished

* Long road from LI trigger decision to the final result
* A lot of work in between:
 Dijet background shape studies
* Automatic procedure development
* Background fit function searches
* Wide jets cone radius searches
© Trigger studies
* Relation between couplings dependence on mediator mass
* EE-LI pre-firing issue study
© Etc.

* The limit on the coupling set to 0.1-0.15 for mass range of
350-700 GeV



* Cannot perform the analysis for Run 2:

* LI HTT240 is off after 2016.The only trigger available
for whole Run 2 is L1 HTT320

* Cannot increase much ISR pT cut in order to increase
trigger efficiency (kinematic effect)

* Possible use of LI HTT320 with CR method to
determine the background (new analysis!).

* ISR pT — the first leading jet, look at the mjj < 300 GeV
(new analysis!)




BACK UP




SIGNAL

Samples are produced using the inclusive process qq/qg —
Z'(qq) + q/g for 300,400,500,600,800,1000 GeV mediator

Mmass.

Z' is the Breit-Wigner narrow resonance with ~10% /M
that decays to quark-antiquark pair, which create dijet. The
dijet invariant mass has the shape described by relativistic
Breit-Wigner theory and peaks at the mediator mass.

However, in case of three-jet final state, some mismatching
of the 2 leading jets (which we select as a dijet) with the 2
quarks from resonance decay is present.

There is no trivial way to improve matching or tag
somehow FSR (ISR) jet. Studies about possible FSR tagger
can be found in chapter 5 of AN
(http://cms.cern.ch/iCMS/jsp/db_notes/notelnfo.jspcmsnot
eid=CMS%20AN-2018/269).

dijet mass, MX =500, WideJetsDR1.1 trijet mass, MX =500, WideJetsDR1.1

lsr_poS08& Jot2_pt>45 &4 abs(diet_deta)ct.2 &4 Jot_pi>90 && IsrMC_pt> 1. hs h6
tion = ri mb/aliComb =

o

Undertow

=3

Undortiow

o Even®/10.0 BeV

=3

000000000

sssssssss

Undortiow

L | | Lo el ] % e o %1%1
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
mass [GeV] mass [GeV]

Signal shapes for M = 500 GeV. Dijet (left) and trijet
(right) invariant mass. Black line - good matching
(DR < 0.4) and red line - bad matching.The green
line is the sum of the two categories.

The dashed red line represent events with bad
matching, with the additional q/g matching of

one of the two leading jets.




SIGNAL SHAPE STUDIES

“Bad” shape: second peak at lower mass than the mass of the resonan

Reasons:
Events without MC ISR parton:
Wrong combinations: dijet system contains one of the FSR jets
dijet = jet(q,) + jet(FSR)
ISR jet = jet(q;)
Right combinations: FSR jet interpreted as ISR jet or no jet
dijet = jet(q1) + jet(qz)
ISR jet = jet(FSR) or 0
Events with MC ISR:

Wrong combinations: FSR (dashed red line) or ISR (remaining events) jets ar
included to the dijet system

dijet = jet(q,) + jet(FSR) or jet(q,) + jet(ISR)
ISR jet = jet(q;)

Right combinations: ISR jet reconstructed in a right way in most cases (black
dashed line)

dijet = jet(q,) + jet(qz)
ISR jet = jet(ISR) or jet(FSR)

[$)
o

Evéents /104 GeV
(=)

150

100

50

isr_pt> 50. && jet2 pt>45 &t

dijet mass, MX =400, WideJetsDR1.1

bs(dijet_deta)<1.2 && jet1_pt>90 && isrMC_pt<1.

s dijet mass with right combination

e _dijet mass with wrong combination

587
345.5
59.18

0
0

1000 1200 1400

dijet mass, MX =400, WideJetsDR1.1

2999

260.1
50.24

ist_pt>508&& jet2 pt>45 &&

fraction = rightComl
[-10083/21154 = 0.48

0

1000 1200 1400

trijet mass, MX =400, WideJetsDR1.1

h3

= trjot mass
s trjet mass with right combination

Entries 587
Mean 478.6
Std Dev 173.1
Underflow 0
Overflow 13

s _trijet mass with wrong combination

h4

Entries 2999
Mean 3734
Std Dev 60.59
Underflow 0

Overflow 0

0 600 800 1000 1200 1400
mass [GeV]

trijet mass, MX =400, WideJetsDR1.1

o
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o
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Events / 108 GeV

=2
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0 1200 1400
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BACKGROUND ESTIMATION

To fit the dijet mass spectrum we use analytic smooth function (method
used by resolved dijet analysis). However, the functions used by resolved
dijet analysis are not capable to perform good fit in our case.

2017 (13 TeV)

rrrTrTTTTTT rrrTTTTTTTT
+ Data

1 — Fit

We defined 2 families of functions that are able to fit dijet mass spectrum.

Difference in shape with the standard dijet analysis is caused by kinematic
cut (for instance p; cut) or small trigger inefficiency.

Tt e qq (0.50 TeV)

do/dm, [pb/TeV]

To define a range of the fit and ISR pr cut we use procedure that is different
from what standard dijet analysis has (see slides 10-15)

..............
""""
b
LIS
_____
LI

x2/NDF=129/14=09 Tt
Wide Calo-jets
0.27 < m, < 1.00 TeV

10EL Ml <2.5, 1an] < 1.1

=2

3 do poe'o8P2x—1) do poe'o8P2x—1) IT _%

dm” xP1 dm” xP1 % -'é

4 do  pyelos@zx—1+psx do  pyelos@zx-1) 2] 5
dmj; xPa dmj; — xPr¥pslogt) > 04 06 08 1
5 do  po 2108(D2x—1)+P3x+p,x? do poelog®:x=1 Dijet mass [TeV]

dmj; xP1 dity; s loE@)+pa loE(O* Background fit using 10% of the data
do  poelo8@x—DHpsxtpax®+psx? do poelo8@zx-1) performed in 270 < m;; < 1000 GeV
dmj; - xP1 dm;; " xP1+Ds log(x)+p4 log(x)?+ps log(x)3

mass range.



RUN H CHECK

Two-stage check of the Run H data:

Check the GOF including and excluding Run H data:

Should have similar y2/ndof

We use the ScoutingCaloHT data obtained by DST_HT250_v trigger path (consists of

events mainly selected by Hy > 250 GeV cut

Check the trigger efficiency with and without Run H data:

We use ScoutingCaloCommisioning data samples which allows us to check the trigger

efficiency of HLT_CaloScouting 250

Conclusion: we can use Run H and the data inefficiency that influence standard
dijet analysis does not have impact on our samples. Integrated luminosity

increased by ~3 fb~ 1.

Trigger efficiency.
Right column: data
w/o runH

Middle column: only
Run H data

Right column: data
with Run H

(Data-Fit)

Bin Excluding RunH Only RunH Including RunH
197 - 220 87.19 % 87.68 % 87.30 %
220 - 244 94.17 % 96.12 % 94.59 %
244 - 270 98.77 % 97.45 % 98.49 %
270 - 296 99.68 % 100.00 % 99.74 %
296 - 325 100.00 % 100.00 % 100.00 %
325-354 100.00 % 100.00 % 100.00 %
354 - 386 100.00 % 100.00 % 100.00 %
386 —419 100.00 % 100.00 % 100.00 %
419 - 453 100.00 % 100.00 % 100.00 %
453 — 489 100.00 % 100.00 % 100.00 %

117 (13 TeV) 11" (13 TeV)
< T T T T al| = [T T T T T
g : cus ¢ Data 3 |q:) d cus ¢ Data
3 ¢ E 3
2 @ — Fit 3 2 e — Fit
= E E| = E
5 ¢ e qq (0.40 TeV) g @ e 9 (0.40 Tev)
o) E [o} E
S 16 ° 16
102, e, = 105, e,
o T o T
E @INDF=101/14=07 el 7 E @/NDF=187/14=10 el
=t Wide Calo-jets = £t Wide Calo-jets
E 0.27<m, <1.00 TeV 3 E 0.27<m. <1.00 TeV
102" i <25, 1An1 < 1.1 - 102" i <25, ]Anl < 1.1
E. | =) | 1
3F i = = i
g3 =
IS TlE 2f
g 5 s
c 1= slc &
@ 0 w|D Ok
o 4 a [&]
< r = r
S —2- El =]
-3c . . . . | -3k, . . . . . . |
0.4 0.6 08 1 0.4 0.6 08 1
Dijet mass [TeV] Dijet mass [TeV]
Trigger efficiency of HLT CaloScoutingHT250, excluding RunH Trigger efficiency of HLT CaloScoutingHT250, including RunH
T f( *‘llMHJ‘
0.8 08
0.6 0.6,
0.4 0.4
0.2 0.2

o0 N T AV N O N O A
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m

i

ol b b b b bev i Lol
200 300 400 500 600 700 800 900 :gOO
i

Fit results for the
5-parameter
nominal function
for 10% of the
data obtained
excluding (left) and
including (right)
RunH.

Trigger efficiency
and fit excluding
RunH (left) and
including RunH
(right) data



EE LI PRE-FIRING ISSUE

EE L1 pre-firing issue might impact final kinematic distribution even if analysis
does not use objects that can fire EE L1 triggers.

Plots |) show the distribution of the signal for 500 GeV of the resonance

mass

From the table below we can conclude that EE LI pre-firing has no impact on

the final dijet mass distribution and we should apply corrections.

We did it using the following maps
https://lathomas.web.cern.ch/lathomas/TSGStuff/L | Prefiring/PrefiringMaps 20

6and2017/ and recipe
https://twiki.cern.ch/twiki/bin/view/CMS/L | ECALPrefiringVVeightRecipe.

The main idea is to implement the weights on the final kinematic distribution,

which depends on 77 and p; of jets:

w =1— P(prefiring) =

(1= ()

i=jets(,photons)

using efficiencies from the map above.

Mass GeV Nominal

Pre-firing Difference

300
400
500
600
800
1000

11504.0
15235.0
19421.0
21998.0
27725.0
31260.0

11376.7
15045.9
19158.4
21704.8
27417.7
30979.3

1.11%
1.24%
1.35%
1.33%
1.11%
0.90%

Number of events for the
Nominal andlysis selection,
Pre-firing selection (removing
events with pr > 100 GeV and
2.25 < n < 3.0) and difference
in %. If the last one is = 1% or
less, than analysis is not
influenced by pre-firing issue.

Dijet mass distribution, MC signal, 500 GeV

[2]
§ — & —o— Dijet mass, analysis selection
o —
014 —
— --+-- Dijet mass, pre-firing issue
0.08— .
_ o0
0.06 — A4
— &
- =
0.04—
C ° <=
| e .
0.02 — ° ==
C e O
I— @
0 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1
\O NN ANN onn onn 4
;,: 105 ® o ©0 0 0 o o o o o
% olol.[°|,l0l®] |e|®]|o|° o
8 0 00%00%0000000°° 0 " ©
10— o
200 200 600 800 7000 1200 1400 1600 1800 2000
m,, GeV

Distributions of the signal using analysis selection (black
line) and signal excluding events using jet selection of
pr > 100 GeV and 2.25 <n < 3.0 (green).



https://lathomas.web.cern.ch/lathomas/TSGStuff/L1Prefiring/PrefiringMaps_2016and2017/
https://twiki.cern.ch/twiki/bin/view/CMS/L1ECALPrefiringWeightRecipe

RELATION BETWEEN DM COUPLING g' AND g.
INTRODUCTION

Partial widths for a vector mediator Z' that decays to 2 DM particles and quark-antiquark pair (according to https://arxiv.org/pdf/1603.04156.pdf) are:

XX glz)MMmed 1/2 m%M VA —
l-‘vector - T(l - 4ZDM) (1 + ZZDM); Zpm = M2 P v - XX
me

ZM 2
red,,, = J4"med (1- 4Zq)1/2(1 +224);24 = anlq Z' - qq

vector
4 med

In our case, we consider mpy, = 1 GeV and gpy = 1, thus (1 — 4zp,)/2(1 + 2zpy) ~ 1and TEX = %Mmed.

Fq q gzzmeed
vector —  4p

Furthermore, if mg; < M4 (as in EXO-16-056), than partial width of Z’ going to a quark-antiquark pair is

The total cross section ¢ for particle production via a Breit-Wigner resonance is approximately proportional to product of partial width in initial and final
states divided by full width, and for the dijet process (AN-17-013,Appendix —“Relation of limits on DM Coupling”):

LIy T(q@)?
r T

The partial width of I'(qq) decaying to any qq pair for my < Myeq is
g 1893
F(qq) = 2 Ffeqcmr = a Mmed = T;Mmed
Partial width into DM particles (considering only Z' — yy decay, gpy = 1):
_ 1
rex) = mMmed
Full width for Z’ that couples to gg and x:

med

r= (1893 + 1)

Now consider the case when Z' couples only to quarks with the total width I (the analysis is sensitive only to this type of coupling):

N (@) (gq)
F = F =S F’(qc‘;) - ( ) med

Setting the cross section of the two resonance processes equal to each other, we get

O (1892)° -
Eq. | Fa) + TG~ L WD 2 1gz 11 1892 +1 18(9)" = 94 = 9q 1+ 1/(18g2) Q



https://arxiv.org/pdf/1603.04156.pdf

RELATION BETWEEN DM COUPLING g’ AND g. DEPENDENCE OF
THE COUPLING ON THE MEDIATOR MASS

In a case of dijet ananly5|s in three-jet final state, relation is different, since we are searching

for the new particle in the range of 300-600 GeV, than m; < M, is not fulfilled for top
quark.

We start from

2M 2IW l ZM
a) = ) Fre (1= 420) (1 + 22) = 2 (541 #2001+ 220) =Sy
qq

2 1
where z;,,, = ——= and Nf =5+ (1 4zt0p) (1 + Zpr) is the effective number of quarks.
Rewriting Eq. | fmom previous slide we get

2
g d
I'(qq)? r'(qd) <—q4,;ne Nf) g MmedN , 1
= - - — _
(@D +T0D " GaMpea, . 1 an 7 TS0 T
—ar ' T 12 Mmea 3N gq

Also, to find the upper limit on the coupling g,, we need to use this formula:

(g,) _ (g,) (O-XBRXA)‘)S% G
q % - q
95% CL Mc (o XBRXA)MC Areco

Where (g),, . is calculated using g, = 0.25 for My, form 300 to 600 GeV.
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0.18

0.179

0.178

0177

0.176

0.175

0.174

0173 B~ L

Coupling of leptofobic Z' vs mediator mass, gq=0.25, gDM=0

Dependence of g, on mediator mass assuming

gC[ = 0.25 for Mppy = 1 Gev.

q

Coupling g

; 2.0 (13 TeV)

|: T | T T ‘ T T T | T T T | T T T B
0 93_CMS 95% CL limits 4
T . —— Observed 3
0.8 quark-quark B Expected + 1 s.d.
0 75 ------- Expected + 2s.d.
0.6f E
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The upper limit on
the g, coupling. In
the red circle you can
see small dependence
of g4 coupling
obtained theoretically.




AUTOMATIC PROCEDURE TO DEFINE THE EVENT SELECTION AND

FUNCTION. STEP- |

We define (for now) the control region within 0.9 <
|An| < 1.1.This region is not orthogonal to SR, but it has:

Chi2 profile “

Lower purity

Fit Range
ga2g

Lower sensitivity

Distribution is shifted towards larger values

We use three-step automatic iterative procedure to define
ISR p7 cut, fit range and the function we’ll use to fit the data:

Step-|: select ISR ps cut and fit range using control region data,
looking at the y? probability obtained with N-parameter function
(from one of 2 families) in step-2 (at first iteration N=4). Criteria
to chose mass range and ISR p; cut:

Fit Range
gggeeg

Select the mass range with the lowest left bound having
Prob(x?,ndof) > 33% among all ISR pr cuts

Select ISR pr cut for which we have the largest
Prob(x?,ndof).

The result here illustrated is the following: the lowest left
bound is 270-1000 GeV, obtained with the nominal function
(4-parametric). The highest probability we get by selecting the
events with ISR pr > 70 GeV.

Step-2 ... see the next slide

lllustration of step-

| of the iterative

automatic
procedure.

l) Probability of
x* using 4-
parametric
nominal
function.

2) Probability of
x* using 4-
parametric
alternative
function.




AUTOMATIC PROCEDURE TO DEFINE THE EVENT SELECTION AND
FUNCTION. STEP-2

*  We use three-step automatic iterative procedure to define ISR pr cut, fit range w |) )(2 for all of the functions
and the function we’ll use to fit the data: par-s B
©' ' 270 <™ < 1000 Gev
3

*  Step-2: using the mass range and ISR pr cut found in step-I, perform a Fisher

test to choose the best fitting function (using CR). 1764 1764 mediator mass range and ISR
* We choose here 4 parametric nominal function since, since the pair 4par- 4 1.3 39.6 pr > 70 GeV.
5par has CL>0.05 and |** function of this pair has least parameters among all
functions. 5 8.88 9.41
“= Step-I and step-2 are invoked recursively until ISR pr cut, fit range and fit 6 8.80 9 66 2) Fisher test results. The best
LG L0 G B e option: Nominal 4-parametric
* Step-3 ... see the next slide 7 8.72 10.03 function

Fisher test is using to define how much effective parameters we need to perform a fit. First of all

we need to define F-value of two given models f; and f,: [5t-20d function vl CL [5t-20d function £l CL
RSS1 — RSS:
e 3Par-4Par 2329 0.000 3Par-4Par 653 0.000
21 = RSS
N — 7212 4Par-5Par 3.8 0.072 4Par-5Par 44.9 0.000
¢ . = . . —_— 1 . 2 - i [ i
where RSS; = Y, ins(datay;, — fitpin)* - residual sum f squares of model i, n; is the number of SPar-6Par 011 0.740 SPar-6Par .0.34 1 000

parameters of the model i, N is the number of bins.

Under the null hypotheses that model 2 does not improve significantly the fit than model I, 6Par-7Par 0.10 0.753 6Par-7Par -0.43 1.000
the F-value is distributed by F-distribution with (n, —n;, N —n,) degrees of freedom. The
observed confidence level defined as:

Fpq
Cly, =1 —j F(f;n, —ny, N —ny) df @

% The null hypotheses is rejected if CL,; < a, where a assumed to be 0.05.



AUTOMATIC PROCEDURE TO DEFINE THE EVENT SELECTION AND
FUNCTION. STEP-3

2 .
* We use three-step automatic iterative procedure to define w Eiie 1) x© for all of the functions
ISR pr cut, fit range and the function we’ll use to fit the data: S 0 for 270 < m;; <1000 GeV
3 8176 8176

* Step-3: select the best fit function in the SR using Fisher test mediator mass range and ISR

: . . 4 13.9 53.1 pr > 70 GeV.
* We chose alternative 5 parametric function as a fit
function 5 10.06 10.03
. 0,08 ol 2) Fisher test results. The best
I We mlght .add additional fit parameter if CR contains few times option: Alternative 5-
less statistics than SR. - 10.00 10.34

parametric function.

B I e
% Fisher test is using to define how much effective parameters we need to perform a fit. First of all

we need to define F-value of two given models f; and f,: 55274 function vl CL [5t-2nd function =il CL
RSS; — RSS.
e 3Par-4Par 8828 0.000 3Par-4Par 2293 0.000
21 = RSS
N — 7212 4Par-5Par 53 0.037 4Par-5Par 60.2 0.000
> where RSS; = X, i,s(datay;, — fity,)? - residual sum f squares of model i, n; is the number of

parameters of thg model i,bN is the l;mmber of bins. 5Par-6Par -0.03 1.000 5Par-6Par -0.10 1.000
> Under the null hypotheses that model 2 does not improve significantly the fit than model I, 6Par-7Par 0.10 0.761 6Par-7Par -0.26 1.000

the F-value is distributed by F-distribution with (n, —n;, N —n,) degrees of freedom. The
observed confidence level defined as:

Fpq
CLy, =1 —j F(f;n, —ny, N —n,) df °

% The null hypotheses is rejected if CL,; < a, where a assumed to be 0.05.



SEARCH FOR A NEW CONTROL REGION. RESULTS OF CHI-
SQUARE SCAN FOR THE 1°T CR (FLIPPED n)

Alt 3

Alt 5

8,320 <m, <1000
& 315<m, <1000
OC 310 <m, <1000
{T 305 <m, <1000
300 <m, <1000
295 <m, <1000
290 <m, <1000
285 <m, <1000
280 <m, <1000
275 <m, <1000
270 <m, <1000
265 <m, <1000
260 <m, <1000
255 <m, <1000
250 <m, <1000
245 <m, <1000
240 <m, <1000
235 <m, <1000
230 <m, <1000
225 <m, <1000
220 <m, <1000

A S A A A A L Al -0 0% S S8 h 80 80
P Pqs? Pe? Pef Pef D1s® Pqs® Pqs® Prs® Ppis? Pps? P Drs® PP Dgs® PP P P PR Pt Prsf Pqs® Pqs? Pqs? Pq? Pqe?

8,320 <m, < 1000
S 815<m, <1000
@ 310 <m <1000
{T 305 <m, <1000
300 <m, <1000
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290 <m, <1000
285 <m, <1000
280 <m, <1000
275 <m, <1000
270 <m, <1000
265 <m, <1000
260 <m, <1000
255 <m, <1000
250 <m, <1000
245 <m, <1000
240 <m, <1000
235 <m, <1000
230 <m, <1000
225 <m, <1000
220 <m, <1000

> = S0
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Chi2 profile
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>
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Chi2 profile
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245 <m_ <1000
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220 <m, <1000

P SAE M A0 A0 S50 6 »& 16 >
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8,320 <m, <1000
S 315<m, <1000
E 310 <m, <1000
L 305 <m <1000
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265 <m, <1000
260 <m, <1000
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245 <m_ <1000
240<m, <1000
285 <m, <1000
230 <m_ <1000
225 <m, <1000
220 <m, <1000
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SEARCH FOR A NEW CONTROL REGION. RESULTS OF CHI-

SQUARE SCAN FOR THE SR

Alt 3

Alt 5

8,320 <m, <1000
& 315<m, <1000
OC 310 <m, <1000
{T 305 <m, <1000
300 <m, <1000
295 <m, <1000
290 <m, <1000
285 <m, <1000
280 <m, <1000
275 <m, <1000
270 <m, <1000
265 <m, <1000
260 <m, <1000
255 <m, <1000
250 <m, <1000
245 <m, <1000
240 <m, <1000
235 <m, <1000
230 <m, <1000
225 <m, <1000
220 <m, <1000
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Probability of y* scan for alternative functions for SR. Comparison with the previous slide shows the

difference in the regions of good fit in SR and CR. It is caused by difference between shapes of SR and CR,

which | mentioned before.
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SEARCH FOR A NEW CONTROL REGION

Until now we have several ideas to implement in a very short time to
find the best CR, which we could use in the automatic procedure:

Flip n of the second jet.
However, the dijet mass distribution in SR is more steep than for CR.

Define 1 of the second jet as a function of the 1 of the first jet and An
skimmed using gaussian.

With this we try to make dijet spectrum in CR more similar to SR.

Problems of the 2 methods above: signal is smaller and peaks at the different mass than the
mass of the mediator, but it is not still enough to neglect it’s contribution.

Use jets from CR (some sub-region of An > 1.1) and try to
reconstruct the background dijet mass spectrum.

It might further remove the contribution from the signal.

Alternative method: find the lowest fit range directly using 10% of data in
the signal region (if expected limits obtained with 10% of the data are
already excluded by other analysis).

For the further details see [1]:
https://indico.cern.ch/event/8055 | 3/contributions/3372466/attachments/1818786/297
5978/dijet_ISR_I.pdf

Dijet mass distribution for | (flipped 1)
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Dijet mass distribution for part of the data (left) in SR
(blue) and CR (red). Difference is (SR-CR)/SR in %. One
can see more steep distribution of SR than CR.

Dijet mass spectrum for the signal sample (right) in SR
(blue) and CR (red).The peak at the resonance mass is
not presented, but still we have big signal
contamination.



DARK MATTER INTERPRETATION

Dark matter particles: a Dirac fermion X and a particle mediating
interaction Z’ (s-channel)

Four parametric model: mpy, Myeqs 9q» 9pm- 300 230
Lagrangian with spin-1 mediator model: 350 142.7

Lvector — _gDMZ;’L)ZVMX — Yq z Z;ﬁ)’”q 400 99.3

q=u,d,s,c,b,t 450 71.1

The total width is given by the sum of all partial widths: 500 50.4

3 2 M . )
[oaror = w (1 — 4zpa)Y2(1 + 22py); zpy = —ZDM WARD &4 550 35.6
n Mmed
7 _9iM 1/2 m: 600 26.4
I‘geccltor = q47;ned (1 o 4ZCI) (1 + ZZCI); ZCI = Mz—q'z - qq
med

Simplified DM model (suggested by ATLAS/CMS DM forum): Z' —

. Cross sections using |A77 i j| <11
qq or DM DM with unknown mp,, # 0.

and |n| < 2.5
9dq = 0.25, gpy = 1:scan the mediator masses from 300 to 600 GeV.

The cross sections for Z' masses of 300 to 1000 GeV with 50 GeV step was

calculated. 6




DIJET MASS SIGNAL SHAPE STUDIES

dijet mass, Mx =500, WideJetsDR1.1 trijet mass, Mx = 500, WideJetsDR1.1
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JES AND JER UNCERTAINTIES

Normalized Yield / GeV
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CMS simulation (s =13 TeV > CMS simulation \s=13TeV
-~ —qq, 550 GeV G 014 —dg, 550 GeV
N S n ‘
- o 0.12F
N > C
— © 01
- N -
ol £ 008
B 5 .
- W < 0.06F
— 0.04
— 0.02(—
bt ) 1 1 1 l 1 1 1 l 1 1 1 | 1 1 1 l 1 1 1 : 1 1 1 | 1 | 1 1 | | 1 1 1 1 1 I b i 1 T
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] |
Systematic Uncertainty Source | Uncertainty
Jet Energy Resolution 10% of RECO resolution
Jet Energy Scale +2% shift of m;;
Luminosity +2.5%
Parton shower +6.0%




JET ENERGY CORRECTIONS

How to compute JES and JER for Calo Scouting analysis? _ ___[Datasets Objects
/ParkingScoutingMonitor /Run2016B-v2/RAW
. . . /ParkingScoutingMonitor/Run2016C-v2/RAW HLT Jets
Take 2 datasets with RECO and HLT data containing the same /ParkingSeoutingMonitor/Run2016D-v2/RAW
events. /ParkingScoutingMonitor /Run2016B-PromptReco-v2/MINIAOD
/ParkingScoutingMonitor /Run2016C-PromptReco-v2/MINIAOD | RECO Jets
JER /ParkingScoutingMonitor/ Run2016D-PromptReco-v2/MINIAOD
P j1i _p j2 Table 9: Dataset containing both HLT jets and RECO jets.
Dijet pT balancing method. Main variable A = ——— e .
Pt +PT bo.mf : ::Iio
a(my)) . N2 2
O-(A) 0,12; . O-(m) = _+ _+ CZ
mjj 7J 2
o1 my; My
<0‘(m] j )) 008" K HLT and RECO jets (ciorr;mon cuts
. olm:: m;; 0.06E- jets pr (leading jet) > 10 GeV
¢ - Gaussian <1, (%) cip — 1), sk = o1 ”) 4LL o, s preubleading o> 10GeV
L) o' m .. r }7
11/ RECO JJ 002 Widejets pr (leading widejet) > 10 GeV
m )
]l JRECO O oto a0 20w [‘ és?o pr (sub-leading widejet) > 10 GeV
mJJ [GeV] |17| < 2. 5
JES 34,28
0 3 ave
<pr(HLT,probe)> N f ( < ( WL i be) >). Geometrical Matching AR(IF—E;RECP(T)) <03
<pr(RECO,probe)> Pr /P ’ . Table 10: Event selection
(S —— Data
(HLT,probe) o — Fit
PEC 822 o f((pr(RECO, tag)) )
pr(RECO,tag) f (’f) = po + p1log(x) + p2log®(x)
pr(RECO,probe) % ‘
- RECO, ta o
pr(HLT,probe) i
- RECO, ta 3
pr(HLT,probe) — f((pr(RECO, tag)) ®owe 10 e Gy



SYSTEMATIC UNCERTAINTIES

CMS simulation

Vs=13TeV
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Parton showering:

reduced (ISR mR= [/72, FSR mR= 2, FSR mR= 1/7/2,
FSR mR=2);

default (ISR mR= 1/2, FSR mR= 2, FSR mR= /2, FSR
mR= 2);

conservative (ISR mR= [/4, FSR mR= 4, FSR mR= 1/4,

FSR mR= 4);
32 decorrelated variations of mR.




