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The model: A theory of dark pions

e Hidden Valley (HV) models

e Dark QCD-like force

e Arbitrary number of flavours and colours
within approximate confinement N < 4N _

é o Lightest dark hadron: "dark pion" 9
Long-lived-particle (LLP)

o Higgs Portal
6.9%BR m— KK T
K—rrm
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The model: A theory of dark pions

e Hidden Valley (HV) models

 Dark QCD-like force

e Arbitrary number of flavours and colours
within approximate confinement N< 4N, .

é o Lightest dark hadron: "dark pion"
Long-Lived-Particle (LLP) 0.100

e

Investigated lifetime range: 5 to 100 ps ey
* Higgs Portal < 0.010}
6.9% total BR t— |(:|(+_11+_ l
K:_’ 'I't+'|'[_ Emf‘/ 0.001 | unaccounted for

* Massregion: 1.2 <M < 3 GeV
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Higgs bosons in Run 2

* Higgs boson 13 TeV cross section: 56.9 pb =56.9 - 102 b

* LHCb Run 2 luminosity: 5.7 fb-1= 5.7 - 1015 b""
é * Higgs bosons LHCb Run 2: 56.9 - 5.7 - 103 = 324330 9

e CMS 2022: BR (h — invisible) <18%

e Best case scenario dark Higgs bosons run 2:

324330 - 0.18 = 58379



Simulation

e Generator level 5,10 & 100 ps: 10K events
e Complete detector 10 ps: = 1M events

e 200M background events each, bband cc

o Three analysis categories for long and
downstream tracks: LLLL, LLDD, DDDD

e LLLL: Long track reconstruction of ft and K’

e LLDD: Long track reconstruction of 1t
Downstream track reconstruction of K:

e« DDDD: Downstream track reconstruction of it and K’

1T

VELO

upstream track
I

VELO track
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* Major background: D meson ( = 1865 MeV)

* 574 -10-3BR D— K'K'

* And55.52BR B — D X
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Generator level studies
Dark pions per Higgs

Number of dark pions and dark rhos before cuts.
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@ Generator level studies
Acceptance effiencies

* For long tracks:

* Distance from beamline: < 30 mm

* z-coordinate cut: -100 < z < 600 for VELO
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Generator level studies
Acceptance effiencies

Generator level cuts

* Pseudorapidity2<n<5

* Total momentum > 2 GeV

* Distance from beamline: < 30 mm for long tracks

* z-coordinate: -100 < z < 600 for long tracks, 600 < z < 2200 for downstream
tracks
3.0%

Best performing categories

2.4%
* 5 ps: LLDD (1.91%) 9
(107)

1.73%

1.8% ) * 618 reconstructible decays
in Run 2

* 10 ps: LLDD (1.73%)

* 554 reconstructible decays

1.2% 1.02%

(57)
°

0.73%

o 'n Run 2
0.6% : * 100 ps: DDDD (1.02%)
I o & * 327 reconstructible decays
0% : I in Run 2
Acceptance 5 ps 10 ps 100 ps

efficiency

@ Decays LLLL (both long)
@ Decays LLDD (long '|l'\|; , downstream K:)
Decays DDDD (both downstream)




Generator level studies
Acceptance effiencies

* In 5 and 10 ps, despite much lower K  acceptance downstream

* Daughter pions have similar acceptance, highest in downstream

* In 100 ps, similar acceptance K

* Daughter pions have higher acceptance in downstream track, larger difference

100%

80%

60%

40%
27%

20%

1.86% 2.18%
0 — ®

Acceptance 5 pslong
efficiency

25.23%

6.24% 6.56%

- 3.06% 2.9.5% 1667  1.98% 318%  3.09%
- [
5 ps downstream 10 ps long 10 ps downstream

O K: acceptance efficiency
® nt' from K. acceptance efficiency

Tt from K: acceptance efficiency

11.81%

9.22%

. 3.77%  3.45%
0.64%  0.84% °
ogu o0& 7

100 ps long

100 ps downstream



Generator level studies
Run 2 predictions

" After cuts, 1 dark pion per dark Higgs

" Recall: 58379 dark Higgs bosons in Run 2

» Using the acceptance efficiencies, predict Run 2 reconstructible

é decays
5ps 10 ps 100 ps
LLLL 239 204 47

LLDD 618 554 204
0 23 327




Complete detector simulation
Stripping selection

0.20%
Recall: 1M signal events
[ ]
200M background events
E 0.16%
0.14%
(1352)
e Run 2 LHCDb stripping selection for LLP's
0.12%
83 * Despite higher cross section of cc,
0.08% o o . —
acceptance efficiency is lower
0.048% . o .
S * Recall generator level acceptance efficiencies:
0.04%
* LLLL: 0.63%
?1'3?102%% 0.00088% 0.00078%
. % 0.00057% 0.0008% 0.0014% O. % . o
0 - (17?) (13129) (163) (2868) (1538) ¢ LLDD. 1.73/0
Acceptance LLLL LLDD DDDD * DDDD: 0.07%
efficiency
@ Signal events acceptance efficiency cc background events acceptance efficiency

@ bb background events acceptance efficiency



MVA: Gradient BDT

* Hyperparameters: * Simple BDT

* Learning rate: 0.15 * Training weak learners based on prediction of negative gradient of loss function, for minimization of loss function

* Number of estimators: 100 e Train features:

* Maximum depth: 4

e * Subsample: 0.5 a

* PID variables ProbNNk and ProbNNpi ; for KM, PiP

* Flight distance x2 w.r.t origin vertex ; for LLP & Ks
* Vertex isolation: smallest Ax2 when adding one track ; for LLP

* Isolation variable 0.40nc_mult (neutral particles in 0.40 mrad cone); for LLP

* Isolation variable 0.40nc_sPT (sum transverse momentum neutral particles in cone); for LLP



MVA: Gradient BDT

LLP_PT, LLDD category
Before any cuts
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MVA: Number of events

e bb LHCb acceptance cross section at 13 TeV: 144 pb

* €C LHCb acceptance cross section at 13 TeV: 2369 pb

bb events: 8.21 - 10"
CC events:1.35 - 108

o Recall 58379 dark Higgs bosons

é

* Recall the much broader mass window in DDDD

* Because of this, computed for both

* Recall acceptance efficiencies

LLLL

LLDD

DDDD

Signdl

0.0487

0.089%

0.147%

bb

0.00667%

0.000577%

0.001 4%

CcC

0.000887%

0.00087%

0.000787%

small 60 MeV (2470 < M < 2530) window and complete range 1.2 < M < 3 GeV

e Future research needs to fit width per category

e Extrapolation to Run 2 in mass ranges, using estimated number of events.
Remarkably accurate background extrapolation for LLDD (150k from data vs. 170k extrapolated)

Category
Event type LLLL LLDD DDDD
Run 2 signal events in mass window 1.67 3.03 1.10
Run 2 signal events in total mass range 2.80 5.14 7.952
Run 2 bb background events in mass window | 965260.80 | 91108.80 160056
Run 2 cc background events in mass window | 1377336.60 | 81019.80 | 1134277.20




MVA: Background suppression
Estimated significance

BDT score of Gradient Boosted Decision Tree. LLDD track
I 1 | | | | I | 1 | | 1 I | | | I

Sos[ "
s i
* Need more data for more natural distribution g |
* High signal retainment ( > 90%) coor ]
* Recall from generator level: 0.4 L i
* 10 ps estimated Run 2 DDDD reconstructible decays: 23
0.2 i
* 100ps estimated Run 2 DDDD reconstructible decays: 327 : - ;iagcfglmund : 9
0.0 i | BT R R P _I-I'I_I'I-IJJ- |
0.0 0.2 0.4 0.6 0.8 1.0
BDT score BDT
Category
LLLL | LLDD | DDDD
Signal events cut efficiency 91.9% 99.1% 100%
Background events cut efficiency 1.33% | 2.44% 4.24%
Signal events left in mass window 1.53 3.00 1.10
Signal events left in total mass range 2.57 5.10 7.52
Estimated significance, with signal events in mass window 0.009 0.046 0.005
Estimated significance, with signal events in total mass range | 0.015 0.079 0.032




MVA: Improvements

* Improvement opportunities:

é

* LHCb Run 3 trigger: factor 10

* Kinematic cuts with Armenteros-Podolanski plot: factor 10
Symmetric momentum distribution of equal mass pions;
plot shows transverse momentum w.r.t mother vs.
longitudinal momentum assymetry

e Other: Flight distance in mm ; additional isolation variables
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Conclusions

* Cautious optimism
°* Run 3 LHCb

°* BDT improvement

é
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Decay vertex p051t10n of simulated 7 and K§ in the VELO and TT region. 5 ps lifetime
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Counts (normalised)

Counts (normalised)

Ks_PT, LLDD category Ks_IPCHI2_OWNPYV, LLDD category
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Counts (normalised)

PiM_ProbNNpi, LLDD category LLP_PT, LLDD category
Before any cuts Before any cuts
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Counts (normalised)

Counts (normalised)

LLP_ENDVERTEX_CHI2, LLDD category
Before any cuts
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LLP_0.40_nc_sPT, LLDD category LLP_0.40_nc_mult, LLDD category
Before any cuts Before any cuts

o L | 1 <04 ! - | = = 1 ' © '
D) T L n -
20301 | —— bbbar § £ | —— bbbar
s ccbar {1 E - ccbar
%0.25 - | signal — 20.3 i signal
5 5 T
o o) L
Q020F |H -~ O I
0.15F | 1 02r "
0.10 F - - | _
- 0.1 : =
0.05 F J _
0.00: l | o L iy o | ///.: 0.0- i il ’“ | ﬂ i  A——— /.///.-
0 5000 16000 15000 20000 2 4 6 g 10
Value of LLP _0.40 nc_sPT Value of LLP_0.40 nc_mult
LLP_M, LLDD category Ks_M, LLDD category
Before any cuts Before any cuts
2 1L "~ 1 T T =) UL L L L U B B
= : —— bbbar 3 = —— bbbar
E ccbar § 0.04 - | ccbar |
g signal ) - signal
 01f 4 2003 :
O o ] _ |
: : i [ :
_ _ | ,l _ _ 1 0.02 - !:.r 1| 1L { [ ' _ ]
OOTE I 1 EN gl [ Ly :
: I W 1 o001} 0 (M .
: [l Hl_ : : {1 1' I '
-3 b . 1 - I ' ' ] el 1:’-‘
ol 0 R A N /n’.‘nﬂMun.uw.//; 2 0o Elnl!™ f‘ 'R R
2000 4000 6000 8000 10000 ‘ 470 480 490 500 510 520 30

Value of LLP_ M Value of Ks M



