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CMS s-channel semivisible jets analysis

JHEP 06 (2022) 156; arXiv:2112.11125

> 7' mediator and SU(2)garx model
» Phenomenology of SVJ + analysis strategy
> Event selection
® Cut-based search
e SVJtagger: BDT search
» Background fitting
» Results
» Outlook and conclusions
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Jo Pr 596 GeV

7 j, BDT 0.685
T 897 GeV

1 3.060

0.205
3151 GeV



https://arxiv.org/abs/2112.11125

CMS SVJ Z' s-channel model

> Leptophobic Z' boson from broken U(1) symmetry qq — 7' — XX
e Couples to SM quarks (g,) and dark quarks (g,)
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> Dark sector SU(2): N =N=2 “ arXivi1503.00009;1707.05326

e Contains dark gluons (Gwd) and dark quarks (x_) that bind into pseudoscalar 1, and vector p,

hadrons (all with same mass m
( 2 61/ (11Ngl _ 2N;f)

e Dark coupling runs, depends on A, (Q,=1 TeV): aa(Aa) = —~ (Qu/ha) AP = 3908 GeV

®* These hadrons don’t have any SM charges
e Some dark hadrons will be stable: it °" and p " <= DM candidates!

e Unstable p, can decay to a pair of SM quarks of any flavor with equal probability, if m, > 2m,
e Unstable 11, must decay through a mass insertion — prefer decays to heavier SM quarks
e Probability of producing p, = 0.75 (3 spin-1 states + 1 spin-0 state)

» Z, symmetry assumed for stable dark hadrons: only even production of dark hadrons is allowed
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Model parameters

» Coupling choices aligned with LHC DM WG: e
° gq = 0.25; gX:o_5 -> Br(dark)~47%; rz/mz':5'6% _ <# of stable ha rons>

Tinv =

# of hadrons

e Same as LHC DM models with g, = 1.0

> Generated with Pythia 8.226, 8.230 + HV module
» Signal depends on four parameters:
e m_: 19 values [1.5-5.1] TeV

e r_: fraction of stable dark hadrons 12 values [0,1]

inv

q

e 0 : chosen values depend on m . aP** maximizes
multiplicity in dark shower, 1/2area, 3/2qreak

e m: 12 values [1,100] GeV - mX:O.SmOI

» Benchmark values:

Q0|

o 2~ — 100 1.0 102
e m_=3TeV; m=20GeV, r_=0.3; a,=peak S Di =20 GV | i
) v B d = [P e —— dak
» Do three 2D scans (m_,vsm_, r._, a ) = 475 points & =03 | o | malReEV C JE P— .
. £ Ogark = aﬁiﬁiﬁ - Oark = ag;:ﬁ % '
® 4D scan would be 8208 points! 1 RS Haiipteel 44

1 0.0 102 ——
1.5 5.1 1.5 5.1 15 5.1

m, [TeV] m, [TeV] m,, [TeV]
Aran Garcia-Bellido (Rochester) 3/14



Search strategy: bump hunt

» We assume unstable dark hadrons decay promptly
» Decay to SM quarks = SVJs are expected to be wide
» Bump hunt in transverse mass

my = [Brgy+ EPSP — [Prys + PP

== mJJ + 2meSS <\/ng +p'2I‘,JJ — PT,JJ COS(¢JJ,miss)>
e Kinematic edge at m,,
e Better resolution than m_,

e SM backgrounds have steeply falling distributions
» This is the first search for SVJ exploring new signal:
> Split into two different searches:

® “Inclusive” search using only event-level variables
which should give “model-independent” results;

e “BDT-based” search: train a SVJ tagger using our
signal model, explore full sensitivity if our model is
‘correct”
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Semivisible jets vs WIMP signatures

» Typical WIMP signal: high MET, high A¢,,.(jet, MET)

» SVJ signal: moderate MET, low Ad,,,(jet, MET)

» QCD: low MET, low Ad_. (jet, MET)

» High-MET searches (SUSY, MET+X) reject events with low A¢,.(jet, MET)
e Jets aligned with MET considered to be “noise” (or mismeasurement)

» Previous DM searches never covered this phase space

CMS Simulation (work-in-progress) 4151 (13 TeV)
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Event selection

g Trigger CMS :S'imlulf.atipq Sluplp/lerrlleIntrfzry| . (13 TeV)
e Unprescaled jet p. and H_ triggers O d5Es e ) wiveri s
> Preselection (J=AKS jet) T '
e Signal topology: N >2; p.(J,,J,)>200GeV; |n(J, ,)|<2.4

e Trigger efficiency: m_>1500 GeV, An(J,,J,)<1.5
e QCD rejection: R_= METIm_> 0.15
e Reject non-QCD: e/u veto (p,>10GeV;|n| < 2.4)

e Data quality: CMS MET and jet filters + custom dead
ECAL cells filter
> Full selection:

o A (J,. ,MET)<0.80 = rejects tt, W(tv), Z(w)

min\— 1,27

e ECAL Gap jet filter = data quality

» Control regions :
e Single muon: used for trigger efficiency measurements 10

e High-An = preselection except An(J,,J,) and m_ cuts: 5
used for data quality studies, kinematics similar to signal

Aran Garcia-Bellido (Rochester)

= dark =

tt Fin -OSadk-ocglf) ]
—W(lv)+jets ---m,, = 2.1 TeV
—Z(vv)+jets - -m, = 3.1 TeV

EHE L m, = 4.1 TeV

Arbitrary units
2
=

-t
<
n

—
S
@




Instrumental backgrounds

> Usual jet ID and MET filters not enough to describe data 3591”13 TeV)

2 b o "4 o 5
» Developed two filters specially for this analysis: 3 ¢ Daavinno ieanng
» ECAL dead cells: major source of fake MET 210 %w” 3
e Existing filters not tuned in this region of low A¢__ 10° %Z‘;j:ﬁ:@
* Developed custom filter vetoing events with AK4 jets with i Cooctonoony,
AR(j, ,, cell,,,) <0.1 ¥ T oeRontn,
e Killed 40% of QCD background, only ~5% of signal 10‘1; "
» Misreconstructed jets near barrel-endcap gap in ECAL 10‘25 | | | | |
rv X f ven |n h| h_m || h| h MET 500 ) 1000 1500 2000 2500_ 3000
» Observed excess of events in high-m, tail, hig arxiv:1903.06078 o™ [Gev)
e Arises from jets with high photon fraction, high p_, o  CMS simuation Supplementary (13 TeV)
|r]|~13 E 10_ _%ré(g:2112.11125 f:?zaégnt:a:fz;%%\)/_
. . . . @ 3 —;[Itv Iv)+jets -22 z gl 13 E
e Default spike killer not tuned in gap region for saturated £ o . ziies meattv
rec-hits < 102 ]

e Veto events with p.(j,) > 1000 GeV and f () > 0.7

» Important to use Control Regions to check MC-data
agreement in data region free of signal

o 05 1 s

sts [TeV]
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Inclusive search

> After full selection: 57%
QCD 110684 + 864 0.000016
tt 6716 + 47 0.0060
W(v)+jets 8458 + 14 0.0029
Z(w)+ets 5340 + 15 0.0085
SVJ _3000_20 0.3 _peak 941 + 6 17

® NNLO o normalization for EWK processes

® QCD with LO ¢ plus empirical k-factor on MET at preselection
e Overall data/MC unimportant since bkgd is estimated from data  ss%
» Cut-based high-Rr (R+>0.25) has optimal significance for a
single region
» Adding low-Rr region (0.15<R<0.25) improves expected limit
by ~60% and helps covering r. ~0 region

» Limits are derived for the combined low+high R_regions
Aran Garcia-Bellido (Rochester) 8/14



SVJ tagger

» Try to discriminate between SVJ and SM background jets using jet substructure vars.
® Heavy object tggg.lng: m.so, To1, T32, ECF: Nz(l), N3<1). | /Zip?l“,i
® Quark-gluon discrimination: Omajor, Ominor, girth, pr dispersion: D, = S
e Flavor (energy fractions): f,, fus, fro, fe, fu v

» Train BDT with equal mix of QCD and tt, with signal mixture of many models

e Reweight background jet pr spectrum to match signal: avoid sculpting
e Ranking 5 most important variables: msp, A@min, T21, T32, Dpr

o CMSSmiton (187 CMS Simuaion Supplmeniay _ (13TeV)  CMSSimiaton  (13TeV)
= I =D Signal (m, = 3.1 TeV, | CanXivi2112.11125  Signal (m, = 3.1 TeV, ] i | _QCS Signlal (m, = 3.1 Tlev,

=) 1F tt liny = 0.3, ok = 0‘2:?: ) E - —QCD Tiny = 03, O ark = aZkak ) | 1 tt Moer = 20 GeV, e = OLSZ:E) =
> —W(lv)+jets ---m,,, =1 GeV ] 1g=t - My = 1 GeV E g —W(lv)+jets -1, = 0.1 ]
g —Z(vv)+jets --m,,, =20 GeV . E —W(lv)+jets - =My = 20 GV ] C —Z(vw)+jets --r,, =03

- ~++My = 50 GeV i [ —2Z(vv)+jets -+ My = 50 GeV ] - "+l = 05
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SVJ tagger performance — BDT search

» Important to check that tagger has a flat efficiency vs mz

» Overall very good performance AUC~0.94.
® Choose working point 0.55 based on background estimation statistics
® 87% SVJ efficiency and 12-16% mistag of SM jets

» BDT search requires both leading jets with BDT>0.55 on top of low-Rr and hlgh Rt
selection » low-SVJ2, high-SVJ2

e Reduce background by factor ~60 while preserving signal

1CMS Simulation CMS S/mulatlon (13 TeV)
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Background Estimation

s PRI, M SRR » Perform analytic fit to mr data to
= £ igh-R Signal (m,,, =20GeV, ] & E ow-R; Signal (m,,, =20 GeV, 3 . .
N e medean 1B LN sem o | estimate smoothly-falling
[ Wconminy 5,00) - - 41 ToV 12 ol Blrcoramy g mo41TY ] backgrounds (X=mT/\/S)
g 107 £ B
= L 2 102§— f{}f} _ (1 . x}p, x—{@ﬂ:ﬁ Inx+...)
% 10" 2
: : X 1 In x IN“ x+...
i i g(x) — eﬂ‘l x@[ +23 +24 +... ]
105" 1Uﬁ : . . .
T T T | T 7 P Use Fisher testing to determine
5 GPiA Pl 5 Pl optimal number of parameters
2 3 4 5 6 7 8 2 3 4 5 6 7 8 . . .
m; [TeV] m[Tev P g(X) chosen as primary fit function,
¢ K Tmnae ] g ofmeE Tmmmed () used for bias studies
LN e T 1SN W w2 T 1 e Generate toys with f, fit with g
g 10:‘_‘ """ .Unce#alnty lg,00] -~ my=4.1TeV g 1025— IUnce?amty lg,00] ~my=41TeV 3 ] ]
E E .. ® Ensure g can fit different data

: distributions
Nl » Signals shown with cross section

o
T

P HTNe  at observed limit
» No significant deviations from SM
e Small pulls
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Observed limits (Incluswe search)
» Observed (expected) exclusions: T p—
e 15<mz<4.0TeV (15<mz < 4.3 TeV)
» Depending on mz:
® 0.07 < r'iny < 0.53 (0.06 < finy < 0.57)
e All mq, 0q Variations

95% CL obs. upper limit on o B [pb]

m,. [TeV]
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E T T T T T T T T T T T T T T E [ T LI T T T T T |
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o 3 = Observed {uid’x] Theoretical " ] lllll_m )
B - -Expected (o) = Observed (o;2)) 7 — Median expected
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m,,.=20GeV,r_=0.3 -Expected (¢2%) 7 (.6F & fi it il e
107! T 0P i e e
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Observed limits (BDT search)

» Observed (expected) exclusions: 3 g
= o
®15<mz<51TeV (1.5<mz<5.1TeV) & g
> Depending on mz: : - TS
® 0.01 < riny < 0.77 (0.01 < riny < 0.78) e (UG -
. . - -b8% expacted o
® All mg, a4 variations 03
m, [TeV] &
CMS 138 o (13 TeV) CMS 138 fo (13 TeV)
= — T T T —T] > 09 | =
& 95% CL upper limits BDT-based 7 L Sy &
o 10 = Observed (02°) — Theoretical E 10 o
o - -Expected () = Observed (c,”) 1 b
[68% expected (%) - Expected (oj%) | -
[J95% expected (%)  =~Observed (¢ ) 3 1 (o)
m,., =20 GeV,r_ =0.3 --Expected (o2") E
10_1 _§ f
E 10
: 10" e
1072 E . %
E = Median expected : y
1 0.2 - -68% expected ' ng
_ i «« 95% expected 0
107 =
_|
109
> 3 4 5 ‘%"
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Summary/Outlook

» First analysis on semivisible jets phase space with simplest signal: resonant Z’ search

¢ | ots of dedicated studies of Pythia vs Madgraph, and learning Pythia HV parameters
» Had to take extra steps to understand data with MET aligned with jets, understand JES for signal
» Dual strategy with inclusive and more model-dependent search with higher sensitivity

e Cut-based search is more general, can be reinterpreted for similar signals

e BDT-search improves background rejection by almost two orders of magnitude, but is model
dependent - First SVJ tagger applied to data

» Analysis with 138 fb* of data excluded a large portion of semivisible jets model space
® Scanned a wide range mz, rin, Mg values

» Now working on low-mass Z’ boosted channel, t-channel with bifundamental mediator, and
using scouting data to lower jet pr thresholds (reduced event reco size)

> Will use new technigues such as autoencoders for SVJ tagger to be more model independent
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Extra: high-SVJ2 candidate event
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Systematic Uncertainties

> Signal: Uncertainty Yield effect [%]
e Experimental (uncorrelated between years): Integrated luminosity 1.6
_ _ _ o ) |]et energy corrections 0.05—12|
= Luminosity, trigger efficiency, jet energy Jet energy resolution 0.02-2.3
corrections, jet energy resolution, pileup, | Jet energy scale 0.29-21
statistical uncertainties in simulated samples  FDF USae
_ Parton shower FSR 0.07-9.4
® Theoretical (correlated between years): Parton shower ISR 0.0-2.9
L L Pil ighti 0.0-1.3
= PDFs, renormalization/factorization scale, tleup reweighting .
) i Renormalization and factorization scales 0.0-0.12
parton shower modeling (ISR/FSR), jet Statistical 12-4.9
energy scale/lcomposition Trigger control region 0.24-0.40
Tri ffici 2.0
» Background: oo e 3329
® Fit parameters: freely floating, uncertainties
arise from statistical uncertainty in data JES: Expect heavy quarks to appear
* Fit normalizations: also freely floating, can more often in signal jets than in SM jets
change up to 10% - most impactful — Study p,(gen)/p.(reco)
uncertainty — larger spread than for SM

— propagate uncertainty to MET
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Mass sculpting

CMS simulation Supplementary

m. [TeV]

# scu

|

0.5

» Avoid direct cuts on mr components: MET, jet pr
» Relative variable (“transverse ratio”): Rr = MET/m+
> Cutting on Ry rejects QCD background without

shifting mr
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