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About dark sectors

Visible Sector
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Dark Sector

\

Multiparticle Spectrum

New Gauge Symmetries

J

 What if dark matter is not a single particle?

Dark sector models more complex, but then again, so Is
ordinary matter

Alternative to WIMPs, detectable signatures
Signature may be hiding in already-taken data
This talk: Semi-visible jets [1503.00009] (one of the many

signatures)

« CMS search accepted for publication: [CMS-EXO-19-020]
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https://arxiv.org/abs/1503.00009
https://arxiv.org/abs/2112.11125

_ Semi-visible jets in a nutshell

J % Dark sector

X

: \Decay to two
— P dark quarks

X

Leptophobic
Z' portal to
dark sector
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% Semi-visible jets in a nutshel

Q * Dark sector

ZI

X

I
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_ Semi-visible jets in a nutshell

Unstable

Dark sector

A

SM T Partly :
g partly

decaying back

to SM particles

X
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% Semi-visible jets in a nutshel

Q * Dark sector

X

X

yy= —m—m—oeeooennrrr
@ Number of total dark hadrons
( ¥ )
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% Semi-visible jets in a nutshel

rinv=0: Completely reconstructed — standard dijet search

rinv=1: Completely missed — standard DM search

O < rinv < 1: semi-visible. jets

J = Dark sector

X

X

yy= —m—m—oeeooennrrr
@ Number of total dark hadrons
( ¥ )
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% Semi-visible jets in a nutshel

SM particles

Z

-
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— Model parameters

« Complete model
parametrization
can have many
parameters

/ A dark
/ Mdark

and more...

e Some of these
based on non-
perturbative
ohysICS
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Model parameters

Focus instead on / X dark
'‘effective’ /mdark
parameters that o
have direct impact mz: X \
on jet observables

and MET

Can be 0..1 depending
on details of the model

X

Only affects
overall rate

Dark hadrons decay promptly (no long lifetimes), dark QCD
(Ndark < mz), and no leptons in the dark hadron decays

e Some alternative experimental signatures could be
realized altering these details (displacement, leptons)
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_~ Backgrounds

#1: QCD wET

 Dominant; MET from  Mimics SVJ if lepton is
misreconstruction missed
#3: W + jets #4: Z + jets

 MET from v, missed lepton ¢ Least likely to have MET

» Not so likely to mimic SVJ aligned with jet, but still
but high o noticeable background
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_~ Backgrounds

#1: QCD wET

* Veto leptons
* Require A¢min < threshold

e QOther less significant cuts Admin = min( Ad(j1, MET), Ad(j2, MET))
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#1: QCD wET

* Mostly instrumental MET, i.e. failure to
reconstruct the whole jet

 Example: ECAL dead cells
* Custom filter put in place to reject an additional 40% QCD
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_Backgrounds
#1: QCD  wET

* Mostly instrumental MET, i.e. failure to
reconstruct the whole jet

 Example: ECAL dead cells
* Custom filter put in place to reject an additional 40% QCD

 Main QCD rejection: require Rt = MET/Mt > threshold
* Good QCD rejection without sculpting M distribution
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Backgrounds

#1: QCD wET

* Mostly instrumental MET, i.e. failure to
reconstruct the whole jet

 Example: ECAL dead cells

* Custom filter put in place to reject an additional 40% QCD
 Main QCD rejection: require Rt = MET/Mt > threshold

* Good QCD rejection without sculpting M distribution
* Further reduction via a BDT based on jet variables

 Model dependent!

 Perform final fits without BDT too; weaker limits, but no model
dependence
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‘Phenomenology of SVJs

A¢ cut very
inefficient
for SVJs
101 . W ' i ]_0_1 ' '
| : — QCD | — QCD |
; Semi-visible Jet | Semi-visible Jet |
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| i
g -
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[1503.00009]

* Semi-visible jet searches not covered by current searches
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https://arxiv.org/abs/1503.00009

_~ Search strategy: Bump hunt

. Searching in Mr(JJ, MET): el i

igh-mass Z' (mz > ~1000 Hy R z
GeV) leads to a resonance 0l R
iNn the mass spectrum 0ok |

CMS simulation Supplementary (13 TeV)
LN e L

I T T T
arXivi2112.11125
Signal 3
(m,=21TeV,m,_, =20GeV, ]

eak |
rinv = 03’ OCdark = Ochj)ark)
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Mass [TeV]

2
My = (MET + \/ P, dijet T mcziijet) —(MET;+pa, dijer) "~ (METy +py, asjet)”

Kinematic edge @ mz

Better resolution than myy

* SM backgrounds smoothly falling
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_~ Signal regions

* Low and high ‘purity’ regions are constructed to enhance

sensitivity: Low:.15 < R7 < .25

CMS Simulation Supplementary ~ 138 fb™' (13 TeV) CMS simulation Supplementary 138 fb™ (13 TeV)
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e Kinematic edge
somewhat degraded In
OW purity region

12%

e Pronounced effect of riny
on Mr spectrum

19%
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— Results

High purity region only: Rr > .25

Background estimation relies on fit to data
No BDT

With BDT

CMS 138 b (13 TeV) . CMS | | 138 fb (13 TeV)
) L L B IR L L B = )|
= High-R; Signal (m__ = 20 GeV, - High-SVJ2 Slgnal( dark—20 GeV,
G>J - ¢ Data Finv = 0.3, Ok = OCZ(::) q>J ¢ Data Fiy = 0.3, 0(’dark (XSZ?:)
O 103E —g,(x) ---m,, = 2.1 TeV @ —9,(X) -m, =2.1TeV
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* No significant deviations from data
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CMS 138 fb' (13 TeV)
—

i~ L -
ﬁ_ i 95% CL upper limits BDT-based i
m 10 3 - Observed (of5) — Theoretical 3
© : - - Expected (o) = Observed (of[") :
1 [68% expected (of25) - Expected (or o) | NO BDT
[]95% expected (a2%) -« Observed (0l%%,) 3 | .
My = 20 GeV,r, = 0.3 ---Expected (2" ) E 1 '5 <Mz< 40 Tev (95 7o CL)
107" NN E
L R | With BDT
1 0—2 3 Tee B, ™ 2
5 1 1.5<mz<5.1 TeV (95% CL)
-3 n
10°F  With BDT
i 1 | | 1 | 1 1 |
2 3 4 3)
m,. [TeV]

3 Sep 2022 - Thomas Klijnsma - CIPANP 2022 - Search for dark matter with visible signatures # Fermilab 20 |



L|m|tS in (mZ', rmv)—p\aﬂe

No BDT

' l |
95% CL upper limits

Ifinv

1 138 fb™' (13 TeV)
0.9F.. !

Inclusive

Y || = — Observed
0.8 : — Median expected
Fox - .68% expected
0.7p “eesmssll ™ L.l ~ --.95% expected -
O 6 r Iy =" . __.="" “] mdark =20 GeV, OCdark = 0('Zark
BF ¢

0.5F
0.4F
0.3F

0.20 i
0.1F% N —
0=, 3 4 5
m,. [TeV]

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

—h
<

—h
<
N

1.5<mz <4.0 TeV (95% CL)

0.07 < rinv < 0.53 (95% CL)

1

With BDT

g o
2
- 10 m
5 o
1, ©
- _ g
| =
= B e T [ T T Y N & _ _1 b
" 95% CL upper limits E 10 8_
- RDT-based = o
. bserved _ 5
[ — Median expected i, B
L - -68% expected 10 8
- -- 95% expected ©)
mdelrk =20 GeV, OLdark ".4 Il —
= 10°0O
1 1 o\o
2 3 4 3) To)
o))

m,. [TeV]

S <mz<5.1 TeV (95% CL)

0.01 < rinv<0.77 (95% CL)

3 Sep 2022 - Thomas Klijnsma - CIPANP 2022 - Search for dark matter with visible signatures

2% Fermilab 21



Other dark QCD analyses in the pipeline

Boosted SVJs Emerging jets
What if mz is low and the Z' system  What if the dark hadrons have a
IS boosted? non-negligible lifetime”
q ISR / Published: [JHEP 02 (2019) 179]
o e

q

t-channel

Alternative production modes .
X Soft unclustered energy patterns

T (SUEPS) .

Large 't Hooft

@ coupling LA
' causing 2
q X spray

3 Sep 2022 - Thomas Klijnsma - CIPANP 2022 - Search for dark matter with visible signatures # Fermilab 29 |


https://arxiv.org/abs/1810.10069

~~ Conclusion

e Dark sector models can have interesting new signatures in
particle detectors

* [hese sighatures may be hiding in already taken data
 Presented a search for semivisible jets in the CMS detector

e First direct search for strongly-coupled composite dark
matter at colliders

 Both model independent and model specific results

 Many other interesting signatures possible - stay tuned!
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*2D exclusion limits vs. Mgark

No BDT With BDT

CMS supp 138 b (13 TeV) CMS supplementary 138 fb' (13 TeV)
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_~ Triggering

e [rigger on jet pr, Hr & s
for high

* Require low An(J1,J2)

efficiency Passes:
. : e high p;, low An
o Usually improves signal sensitivity
» Most t-channel QCD events Fails:
already rejected by Rt requirement ow p;, high An

 Mr>1500 GeV for trigger efficiency

, CMS simulation Supplementary (13 TeV) _ 05 CII\_IIIS, "S,"’rﬁ“/‘?t"f)”, Sluplpllenye/lvteliryl ———— (13 TeV)
=S e S B B ~E I . n 3 4
% 10 arxivi2112.11125  Signal (m,,,, = 20 GeV, o 0.45F N arxiv:2112.11125 1888 10~ ‘2
S 10 —QCD fo = 0.3, 00, =02 e -0 —-d . . 107 )
> - ff -my =21 TeV ] 0.4 S R - = -
© 1 E W(lv)+jets --m, =3.1TeV 3 C : 1 . 107 ©
o 10_1; —Z(vv)+jets - m, = 4.1 TeV ] 0.35F . e 10° 5
<LE 1 0_2 :-.1:»:.:.--‘-&-..:.1.-...!-_,.‘__: —_— ; 0.3 ;_ i x - _; 1 0—7 CYS
= v T T, : - | ] -8 0
0.2F : 1 410°0
107 1 : : 1 3 410
10_6:5 E: 01; E —g 10_12
107 : 0058 peassiE e 10"
E Lo 3 () M | ERSks SeRcRESSERESEEseRRMGREAETT | | 10714
0 1 5 0 1 2 3 4 5
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(13 TeV)

> i R 2
= 10° 2 & >
3 104§ € =
-5 = =
107 8 10°8
107 Q )
108 Q S
109 C 10° O
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1072 1072
arXiv:2112.11125 1073 10-1
a5 10 10
p_'p'ss [TeV]
. T : CMS simulation (13 TeV)
« Avoid/minimize direct cuts on My g 10F T e
- - . TR S 10F B 03, -
ingredients: prmss, jet pr - Wi T
© 11 3 L —Z(vv)+ets - -m, = 3.1 TeV E
E 107 : E_) o m, = 4.1 TeV .
» Relative variable (‘transverse < 107 —
. 107°E
ratio’) o}
10°F ,
. 107k i
* Reject QCD background e :
0.3 0.4 0

O TTIT
o
—h
o
N

without shifting Mt peak
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_~ Systematic uncertainties

e Signal:
* Experimental: (uncorrelated between years of data-taking)

* Luminosity, trigger efficiency, jet energy corrections (up to 12%),
jet energy resolution, pileup, statistical uncertainties in simulated
samples

e Theoretical: (correlated between years of data-taking)

 PDFs, renormalization/factorization scale, parton shower modeling
(ISR/FSR), jet energy scale/composition (up to 21%)

* Background:

* Fit parameters: freely tloating, uncertainties arise from statistical
uncertainty in data

* Fit normalizations: also freely floating, can change by up to 10%
— most impactful uncertainty
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™ Event selection

pr(J,) > 1000 GeV, £,(3,) > 0.
A(Prnm(J 1 2’pr'lr"nss) <0. §

/ Preselection
e N;>2

pr(J;,J,) > 200 GeV, n(J,,J,)| <24,

\

>-—> Signal topology

Jis pass noise rejection

» Data quality

R SS/M > (.15
AT\(JlJz) <L 5

—> Reject QCD

M. > 1500 GeV
e/u veto (pr> 10 GeV, |n| <2. 4)

» Trigger efficiency

pt™ filters

Custom dead ECAL cell filter:
veto events W/ AR(J 5, Cyepq) < 0.1
Inactive HCAL filter (2018 only):
veto events w/ p(j) > 30 GeV,
-3.05 <n() <-1.35,

~1.62 < ¢(j) < —0.82 )

Final Selection

> Reject tt, W(Lv)

> » Data quality

Gap jet filter: veto events w/ }

» Data quality

» Reject tt, W(Lv), Z(wv)
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~ Cutflows

Selection QCD tt W +jets Z+jets signal
pr(J12) >200GeV, 57(J12) < 2.4 1.2+0.0 6.4+0.0 2.040.0 1.3+0.0 83.0+ 0.1
Ry > 0.15 1.3£0.0 12.140.0 18.54+0.0 34.6+0.0 39.7+ 0.2
Ay(Jq, J2) < 1.5 94.9 +0.0 88.0+0.0 85.14+0.0 78.84+0.0 7974+ 0.2
My > 1500 GeV 0.240.0 3.140.0 4.040.0 5.6 +0.0 80.9+ 0.2
N, =0 93.0+1.8 62.0+0.1 66.0 £ 0.0 99.5 4 0.0 96.0£+ 0.1
N, =0 99.6 £+ 0.0 59.8 +0.1 57.340.1 99.6 + 0.0 99.4+ 0.1
pIss filters 99.5+0.0 99.9 +0.0 99.9 4+ 0.0 99.9 +0.0 100.0+ 0.0
AR(j1 2/ Cgeaq)* > 0.01 60.6 +0.3 95.140.2 95.2 4 0.0 95.6 £ 0.0 943+ 0.2
veto f. (j1) > 0.7 & pr(j;) > 1000 GeV 99.7 0.0 99.7 £ 0.0 99.6 +0.0 99.7 +0.0 100.0+ 0.0
APin < 0.8 94.8 +0.1 81.7+0.1 61.8+0.1 447 +0.1 87.7+ 0.2
Efficiency [%] 1.6e-05 0.006 0.0029 0.0085 17
high-R 9.0+0.1 29.5+0.2 38.8 £0.1 39.1+0.1 450+ 04
low-R 91.0£0.1 70.540.2 61.24+0.1 60.9 4 0.1 547+ 04
high-SV]2 0.1+0.0 0.6+ 0.0 0.540.0 0.7 +0.0 349+ 04
low-SV]2 1.1£0.0 1.7 £0.2 0.940.0 0.940.0 432+ 04
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™ ECF definitions

7 (m)
elP) — Zi1 i 2 min 9>
o e e s<te{i1 in,rin} U
1<i1<ig<-<in<ng m=1 1)%2see0tn
(B
N2 — 2%3 def e(particles: Particles, v, n, beta=1.):
(16('8))2 ‘'"'Raw "e" function from Angles paper''’
2 s = 0.
n==0: 1.
(B) len(particles) n:
(,B) 63 ptsum particles.pt.sum()
CQ — (,B) combination particle_combinations(particles, n):
(62 )2 z_product - (combination.pt / ptsum).prod()
thetas = r(+particle_combinations_columns(combination, 2))
thetas.sort()
(a B) 36§a) theta_product - thetas[:v].prod()
D2 ’ == (,B) S z_product (theta_productbeta)
3o/
(1€5 )
def N_series(particles, i, 1.):
oB) :
M(ﬁ) — 13 e(particles, 2, i+l) ( e(particles, 1, 1i)+**x2 )
2 (ﬁ) ZeroDivisionError:
1€9 1.
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™ Backgrounds

#1: QCD wET

e Some standard filters for instrumental
MET

* Not tuned for low Ad(j, MET) region

* Large source: Broken cells in the electromagnetic calorimeter

* Custom filter put in place to reject an additional 40% QCD

 Main work horse: require Rt = MET/M~ > threshold

* Good QCD rejection without sculpting Mt distribution

* Further reduction via a BDT trained on jet variables
 Model dependent!

e Perform final fits without BDT too; weaker limits, but no
model dependence
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- Variable definitions

e Girth: ¢ Z”"'

i )I]tt

* Major/minor axes:
M — [ Y.i ptiAn7 - ) p%,iA’/iA‘Pi]

— )i P'zr,,'A’/iA%‘ i P%,iA(/)zz \/ i pgr,i

® D: ) D —
Umajor — \/)\1 /Y P%,,- e . }T. 2i DT
 Nsubjettiness: 1,, = 1,/1, T;, = 1,/T,

Uminor — \//\2/ Zi p"zf,i 1 3 3) -
Tz(\/ﬁ) - Y 1Ry E P kmln{ARl,\,ARyk),... AR%}\,}
Pk p

¢ (,3) % (NI)
L6y = E Zi ... Z; min {9 }
1 n
1<ty <<, <N onst. =1 S<tEXi1 iy}
1) ,(1)
(1) _ 2‘-’;(; (1) _ _2¢y
N NV =

(1"&1))2

miss = Miss 2
M3 = [Erj; + EF™)” = [Br; + P

— MZ] + 2],7mIgg (\/M‘;'] + PT,” - pT,][COS((PII,miss))
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‘Tagging semi-visible jets

. Using a Boosted Decision Tree based on 15 jet-specific
variables discriminate between SVJs and SM |ets:

Heavy object ID

N-subjettiness T12, Ta2

Quark vs. gluon

Jet girth

Flavor tagging

Jet energy fractions:

Energy correlation fns Na', N3 AXis minor/major feharged hadron, fneutral hadron, | Ad(j, MET)
Soft drop mass msp ot dispersion felectron, fmuon, Tphoton
° NO Val’lab|e StrOﬂg|y _ 1(:MS Slimlu/elitioln I (13 TeV)
discriminating by itself S 0.9F

« Trained on various signal model parameter = 298F

1t 0.7
var|at|o.ns | g Tt Better
* Working point of score > .55 B lost
° RejeCt 84-88°/° Of :,_,‘ 0'4; iigna::ﬂev m,., = 20 GeV,
background jets - [03) _pn.
o . . (@) 0-25‘ W(lv)+jets (0.936)
e Keep 87% of signal jets X o4 09 ;
m - —Z(vv)+Jets (O 930)
* AUC of .946 w.r.t. QCD 00 04" gl

* Two leading jets must be tagged Slgnal kept
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Number of events

Data-Fit

HUITIVET Ul cvelllo

CMS 138 fo' (13 TeV)
L B L B L I BN
' Low-R Signal (m,,, = 20 GeV, -
4 i # Data l'inv = 03’ adark = 0‘2:?}5)
10 E —gz(x) =M, = 2.1 TeV
- X/ n,,=26.6/40 --m, =3.1TeV
103L [l Uncertainty [9,¥)] - my,=4.1TeV
10°F L
10 §r - :. _'._..l ............
| : ‘
10—1 | '-E-:—;E'l i | | . i Y
4:| T T T T LI
2K
Oglnu‘-ﬂ-t-.‘..:ﬂ HF’]_E'-[“_D:‘DJ]_U —1J_|] Tl
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