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Motivations for the study

CMS Physics Analysis Summary

Contact: cms-pag-conveners-exotica@cern.ch 2021/08/22

Search for resonant production of strongly-coupled dark
matter in proton-proton collisions at 13 TeV

The CMS Collaboration

The first collider search

2Z' mediator. The resonant production and decay of such a
collisions would result in two “semi-visible” jets, which contain

one of the jets, a signature ignored by most dark matter searches. The observed dij

bansvelsemassspechumssnm&dyhﬂmg.nexpeded&omﬂ\eSM,nos&mhue
compatible with the signal is observed. A g the same couplings as the SM Z
boson, medlabrmassupho39TeVamexdudeda!95%cmﬁdamelevel depend-
ing on the other signal model parameters. To enhance the sensitivity of the search
for this particular class of models, a boosted decision tree (BDT) is trained using jet
substructure variables to distinguish between semi-visible jets and standard model

ranges of the other sngnal model parametem.
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jet substructure
jets from background processes. When the BDT is employed to select events with jets study focuses on the semivisibl
identified as semi-visible, the medi lusion increases to 5.1 TeV, for wider physics model that predicts signatures
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ABSTRACT:

The production of dark matter particles from confining dark sectors may lead to many
-l experimental signatures. Depending on the details of the theory, dark quark produc-
~-vroton collisions could result in semivisible jets of particles: collimated sprays

s jets from non-SM particles.

Snowmass dark showers

hich only some are detectable by particle collider experiments. The

E -acterised by the presence of reconstructed missing momen-
X pL ~+s of the jets. This complex topology is sensitive to
O I T “at generate artificial missing momentum.
J S S reject ordinary jets and identify
neural autoencoder network with

for analyzing anomalous jets. The
the technique can apply to any new
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Motivations for the study

HOW JSS CHANGES
WITH NEW HV MODULE ?

& WHAT ABOUT probVector?

(*) probVector is the probability to produce a vector meson from HV
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Process

>
}r PROCESS DETAILS
g k. ( JEURERE——— \
s Hard process L
-7 = q,q
gsM - — - .“ pp 9444 ’:
GSM Zl
> Dark hadrons %
DIAGONAL T, p UNSTABLE :
A
HV MODULE DOMAIN
(*) Image adapted from E. Bernreuther paper [arXiv:1907.04346v2] (*) vector meson is taken to decay to dark pions
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Testing JSS observables

Samples for testing

OLD VS NEW PY8 l Changing probVector (NEW PY8)

1 di ; Sample 1: 1 diagonal pion deca
Sample 1: 1 diagonal pion decay decreasing invisible fraction P 9 g Y

Sample 2: 2 diagonal pions decay Sample 2: 2 diagonal pions decay

Sample 3: 3 diagonal pions decay v Sample 3: 3 diagonal pions decay




Samples

Nc = 3, Nf =3 (50k events X 3) Nc = 3, Nf =3 (50k events X 3)

PARAMETERS SETTING PARAMETERS SETTING

Adark = 10 GeV Adark - 10 G@V

m, =102 GeV (%) m,, =102 GeV (%)

mﬂ=6GeV,mp=26 GeV mﬂ=6GeV,mp=26 GeV

probVector = 0.75 probVector = 0.5/0.75

(*) constituent quark mass: m, = m, + #A



Jets & constituents
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Comparing old & new HV module
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Generalized angularities
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0857 02 03 04 05 06 07 08 09 001 02 03 04 05 06 07 08 09 1 0857 02 03 04 05 06 07 08 09
LHA (GenJet, R=0.4) LHA (GenJet, R=0.4) LHA (GenJet, R=0.4)

Some systematic discrepancies for LHA > 0.35
Higher discrepancies for 3 pions decay (smaller invisible fraction)
Discrepancies also observed in AK8 gen jets (could not confirm for p.>200 GeV due to limited statistics, see backup)
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Generalized angularities
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Some systematic discrepancies
Higher discrepancies for 3 pions decay (smaller invisible fraction)
Discrepancies also observed in AK8 gen jets (could not confirm for p.>200 GeV due to limited statistics, see backup)
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Generalized angularities

: Evll[llvv|vl||||l|l|l|lv|||v|||l|||lvll|v|vv||l|lE P Evlvlllv||vl|l]|1|l|v|l|||lvl]lllllvvl||||vl|ll|§ P 10 LN L L L L L L L L L L
z P B = E ] Z
e — 1n decay (old py8) --- 1mdecay (new py8) = 1‘5 ——— 2 ndecay (old py8) --- 2 mdecay (new py8) §— 1 ——— 3 mdecay (old py8) --- 3 mdecay (new py8)
10"_5 E_ 10—1_E = 10!
‘(TZI;_ e 102 10°2
10‘32_ = 10’3;— —; 10-
10 = 10" = = 107
10’5_5 = 1052— 3 10°°
.,ts‘_u“!_J..g....,....I....I....g....l....l....g...._ ‘.,._s‘__..“g.,..|....I....I....g....‘....!....!....g...._ e '.'"'-".-"-.'""""'-"""-'."
1.155 E 1155 T 1.15
B o 3 hahdo ] A {H
05K ) 4 ! * 1§ .
e N f**‘”’“‘“ A - *“**"** -
95E- 0.95E + E 095 l
0.95 0.95 + E 0.9
0.83 = L L L _g 0.851—- L L | L L | L L L E 055
0807 0.2 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08
pTD (Gendet, R=0.4) pTD (Gendet, R=0.4) P, D (Gendet, R 0. 4)

e No obvious discrepancies
e Peakat0.7 is certainly due to jets with 2 high p, SM pions with equal p,: 1/\/§ ~
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Axis minor and major

g 10 T T T T =) i E T T § L E § E
27 El = = = 2! E|
— 1zd Id py8) --- 1nd 8 3 I —2nd d py8) --- 2xd 8) ——3nd Id py8) --- 3md 8) . .
s o <o taneay oty 3 2o ) -ee 2ncay v ] T eree e o s | o Narrower jets with new HV
10" - o' E < Pythia version
o 3 W9 - - e Seems consistent with jet
3 . 4 4 angularities (lower
i 3 i 3 5 angularities)
- L il & - :| I ] - I ] 5
1'5% 1 171'%5 il
1 11E AE £ .
— W et s 1 e % 1 e Same differences observed
0ssET ¥ 4 4 pt + E 095E T t - 0ssE e, 1 E
0.95 E 0.9E L] g = 0.9 . E 1
e 4 L osse w7 o - . **ﬂﬂlf % o for AK8 gen jets (see
0% 005 01 0.5 2055 03 o 005 01 045 02 025 03 %% 005 04 045 02 025 03
Axis minor (GenJet, R=0.4) Axis minor (GenJet, R=0.4) Axis minor (GenJet, R=0.4) backu p)
H E T T T T T T T T T | 3 E T T T T T T T T = | ] T T T T T T T T E|
2 E = z F ] z 3
4L —— 1mdecay (old py8) --- 1mdecay (newpy8) _| jb— —— 2mdecay (old py8) --- 2mdecay (newpy8) _J 1 ——— 3 mdecay (old py8) --- 3 mdecay (new py8) -
102 ;7 é 102 é 102 —;
10° ;— —; 10° ;— = 10° —;
10 ;_ —; 10 ;_ _; 107 _;
10°® ;— = 10° ;— = 10° —;
. _nuluulu‘|M||A||H|l:|u|4x|d1|u uA;LuA: A—:lu|M|H|n||M|H|u||l||u|wu-lllu Hullu: —: ]
J%E E 1 .1'%5 1. 1?1’%
1"0.? 2 *"‘%*’?W+ -¥+ 1 nl 1l : 105g P L Y L 1lal 1 [ : 105 #8505 |
T £ 23N i B E By’ % 3wsts 41 i 1Be-a® FIT S
ossf 5 +f+1 +ﬁ,l TT i - ossE BN ++TT l{ﬂ Ll : o2 vatgr [ :
0.55 = . ) . ) W ) . ! ) = 0.5§ = . ) . ) & . " i ) = 0.85 . ) . - 4 : - N . ) =
08505~ 0.1 0.5 02 0.5 0.3 035 04 045 05 08505~ 0.1 0.5 02 0.5 03 035 04 045 05 08505 0.7 0.15 02 0.5 03 035 0.4 045 05
Axis major (GenJet, R=0.4) Axis major (GenJet, R=0.4) Axis major (GenJet, R=0.4)

Jet substructure study with new Hidden Valley Pythia module Snowmass da



Comparing probVector = 0.5 & probVector = 0.75
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Comparing probVector=0.5 and probVector=0.75 (new Pythia)
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Comparing probVector=0.5 and probVector=0.75 (new Pythia)

g B A AR A P an A AR RS AR AR RARRS AAARS AaRS= P = A AR RS AR S AR RS nAR RS ARRS=
=z — — =z — — = - -
1 E 1x decay (probVector = 0.5) = = = 1x decay (probVector = 0.75) = 1 = 2= decay (pobVector=0.5) = = = 2=z decay (probVector =0.75) = 1 E 3 ndecay (probVector=0.5) = = = 3 xdecay (probVector = 0.75) -=
e E 0 E o = =
102 =3 1072 = 102 =
10° E 0 E 10 =
W' E ol 3 e =
1o g E e ” g 1o*E =
W R R R ] B I R e Ly B LR il el e v 4 ksl w20 A L B SR RS il
1i5E 3 N + - 3 1 ++ =
110.51’1{.++ - 1.1-++ 11E
05EL m e 1.05;— M‘}* o = 1.051: £y o B E
1E--%-=rne . bt L i iy . Bl - g S e v i vl B & sk g coublols- wddelala oy : g e e € et v S dealabeomentdels o
0.95E- W *Mﬁﬁ}. 'H'{ L E 0.95E s +++¥+ + E 0.955 i *q.”#‘fﬂﬂ L E
0.9 E 0.9 E 0.9 E
0.85F = 0.85E . 0.85F
= 01 02 03 04 05 06 07 08 0. b 01 02 03 04 05 08 07 08 09 0 01 02 03 04 05 086 07 08 09
Girth (GendJet, R=0.4) Girth (GendJet, R=0.4) Girth (Gendet, R=0.4)

Jet substructure study with new Hidden Valley Pythia module Snowmass dark showers 24/02/2022 17



Comparing probVector=0.5 and probVector=0.75 (new Pythia)
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Axis minor and major
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Comparing 1, 2 & 3 dark pions decays
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Comparing 1, 2 and 3 dark pions decays
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Comparing 1, 2 and 3 dark pions decays
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e Energy fractions, number of tracks / constituents change significantly as the number of unstable dark pions changes
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Test of IRC safety
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IRC safety

Phys. Rev. D 17, 2773
Phys. Rev. D 17, 2789
Phys. Rev. Lett. 111, 102002

IRC for JSS observables

M
Generalized angularities
}f 1% D2 Take a generalized angularity V: only for k = 1 the collinear
B splitting of M1 into D1 and D2 must not change the value of V
2@ (pTD)Z

We expect large fluctuations for IRC unsafe observables
LHA Width Thrust looking at the evolution of the shower from dark sector to SM

1T @ @ (@) D1

Some IRC unsafe observables which were used in standard
> B quark-gluon discriminant can introduce large model
dependence if used in dark sector analysis

Multiplicity

1

2
AR\ P
K _ Z Z;ic ( 1)
[ i i€jet R J

collinear safety: Vpi1(...,ki kj,...) = Vi (.., ki +kj,...) if k; || &,
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Test of IRC safety

Strategy: Check how substructure variables evolve with showering from dark sector to SM

Procedure

Compute JSS at 3 levels:
o (1) Unstable dark hadrons decaying to SM quarks (multiplicity N.)
o (2) SM quarks from dark hadrons (multiplicity N.,)
o  (3) SM hadrons from hadronization of the SM quarks

Plot ratios (1)/(2), (2)/(3) and (1)/(3)

Levels defined based on Pythia particle status and PDG ID of daughters or
mothers

To make the comparison fair between each level, looked only at jets for
which N, = 2N,
o So that there is no bias from not taking all SM quarks from
unstable dark hadrons
o Most jets have N, = 2N,

Used new Pythia 8 version with probVector = 0.75

Jet substructure study with new Hidden Valley Pythia module
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Test of IRC safety - LHA
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Peak at 1 in all ratios
=» LHA is IRC safe (as expected)
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Test of IRC safety - Girth
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e Peak at 1 in all ratios
=» Girth is IRC safe (as expected)

e Values close to 0 certainly due to jets with 1 unstable dark hadron (AR=0)
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Test of IRC safety - p_D
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e Ratios not consistent with
-*» p,D varies at different stages during the showering
- p.D is not IRC safe (as expected)
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Conclusions

e Some differences observed for JSS observables between old and new Hidden Valley Pythia module
o  Enhanced discrepancies for smaller invisible fraction
o Observed for both AK4 and AK8 gen jets with low p_. cut (25 GeV)

e Jets seems narrower with higher probVector and with new HV Pythia version

e Some substructure observables (energy fractions, number of constituents) can show large variations for different
values of probVector

e Could check IRC safety of some JSS observables (generalized angularities): p;D shows large variations - is it
safe to use it in analysis? [originally used for the limited purpose of quark-gluon discrimination]
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Backup
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Number of tracks
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Number of dark hadrons
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Dark pions and rhos p..
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Supplementary material for GendJet with R=0.4
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Comparing probVector=0.5 and probVector=0.75 (new Pythia)
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Comparing probVector=0.5 and probVector=0.75 (new Pythia)
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Comparing probVector=0.5 and probVector=0.75 (new Pythia)
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Gendet with R=0.8 study
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Comparing old and new Pythia Hidden Valley module
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Generalized angularities for AK8 GendJets
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Generalized angularities for AK8 GendJets
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Generalized angularities for AK8 GendJets

2 E T T T T T T T T T 3 2 T T T T T T T T 2 10 T T T T T T T T ==
=z C .| z z =
s 1ndecay (old py8) -=-- 1mdecay (new py8) - L ——— 2 ndecay (old py8) --- 2mdecay (new py8) ] —— 3 ndecay (old py8) --- 3mdecay (newpy8)
e 3 e 107 -
0t 3 102 = 102 <
NO Jet e = ;— 10° —;
p; cut -k 4 i
100 = 10° —;
I o e b b L]
1.15 115 1.15 4 )
1.1E 115 11E -
105 b ‘}*&i‘%‘# + H 1055 105e St ++ ++LLL I 4 L
095F Taat e T ’H 0955 0.95E & “rf T
0.9E- 0.9 0.9E it 414 bp || =
085 4 085 ) ) ) ) 085 b =
b2 0702 03 04 05 08 07 08 09 o 0102 03 04 05 08 07 08 09 o 07 02 03 04 05 08 07 0.
P, D (GenJet, R=0.8) pTD (GenJet, R=0.8) P, D (GenJet, R 0.8)
. T - T T T Eaamanssat T T T PO L o e e e o e
2k 3 z = E E
gl == 1mdecay (old py8) --- 1mdecay (newpy8) _| 5 ~—— 2 ndecay (old py8) - -~ 2 mdecay (new py8) - —— 3 ndecay (oldpy8) --- 3 mdecay(new py8) -
E 3 E = 1= =
w0 E ‘0";— —; b -
0t E 10°k- <
p- > 5 =
200 GeV ¢ |
0te 3 100 o
E 3 E ' 3
e E E 0 E
4 | _ Ti S | | | | | il sse bl o] | I | | |
Vi + f* S T 1 T l T L s lJ T,
1.1E T E - i 1B
1958 f}-x] 1 i‘%%( ! ” “'l y ! %‘*‘ 1’1; 1s L - N L3 %+++,H§+ lI}
E E ] 3 ik . ed
o TR ks SR | R T L e R R i I 1 o U RN .
0.85| & . 0.85F 4 E 0.85E-
& 01 02 03 04 05 06 07 08 O. 9. 01 02 03 04 05 06 07 O 5 et 01 02 03 04 05 06 0.7 08
pTD (Gendet, R=0.8) pTD (GenJet, R=0.8) pTD (GenJet, R=0.8)

Jet substructure study with new Hidden Valley Pythia module Snowmass dark showers 24/02/2022



Axis minor for AK8 Gendets
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Axis major for AK8 Gendets
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Comparing 1, 2 and 3 dark pions decays
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Comparing 1, 2 and 3 dark pions decays
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Comparing 1, 2 and 3 dark pions decays
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Comparing 1, 2 and 3 dark pions decays
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Test of IRC safety - LHA
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Test of IRC safety - Girth

10

% '; T | | 98 ot | | TTT | TTT I TTT I TTT | TTT I TTT | TTT | TT § % 10 E'_I TT I [ AL l TTT I TTT ] TTT TTT I TTT I TTT | : I I | | T I_E % -I TT | B L | TTT | TTT | TTT TTT | TTT | TTT | LR I TT I_
=z E oo . ] Z E = —_— 3 = 10 -
C 17 decay 2 n decay ] F 17 decay 2 n decay ] c — 1mndecay --- 2 ndecay 3

1 - L _ C ]

= —-3ndecay E e —-3 ndecay E L —-3mdecay N
10 . L - ] - :
: atd : 107 ek : 101 E

= et 3 g E - :
102 ot = = -2 — - .
g E 10°E E 102 =

- 1 o C iR : ;
| L|]. AL - | [1H 1 - R
10 g L! ]J-J | r'l-lr-=§ 10°} 1111JLf[rLr1—§ 103 HY -
- ] | E 2 .. 1 IH

- — i — : 1. [
10 E 1042“ E 1074 J-—l b
i 1 ifl ] - el [l |
107 E 10°g]| E 1085 114 I E
i - il : f Ik

1 0—6 111 | Loy | Juigiy | 111 I L1l I 111 | L1l I 111 | 111 | 111 1 0—6 II| 1 | s 1l I L1l | L1 I 111 I Lt I L1l I 111 | L2 | 111 1 0—6 111 | Ll | 111 | L1 | 111 | 11| | 110 : l L I: L l LIl I!
0O 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
Girth Unstable dark hadrons / Girth (GenJet, R=0.8) Girth SM quarks from dark sector / Girth (GenJet, R=0.8) Girth Dark hadrons / Girth SM quarks (GenJet, R=0.8)

Jet substructure study with new Hidden Valley Pythia module Snowmass dark showers



Test of IRC safety - p_D
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Kinematic variables
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Transverse mass
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Min azimuthal angle between jets and MET
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