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The dark sector

> A very rich phenomenology, depending on
the underlying model (symmetries),
mediator, couplings, number of families,

and masses 2 SM N 2 Dark Sector
e | epton-jets, photons, new hadronic “The
P J g Quit e by U).?¢,y
showers B, W, g, ¢ = SUN g d’ ¥d
® Multiplicity may be very high or low |SU(3)xSU(2)xU(1) 2 (N), gd’ T, P,
e May have boosted signals, missing

energy... - / -

» Lifetime: considered a free parameter

® Prompt: hadronic exotic searches
(resonant & non-resonant)

® | ong lived: striking new signatures "’
» Challenging analyses
e Often need complex trigger strategies

® Novel final states that require dedicated
reconstruction techniques

= New algorithms, taggers
® Exciting challenges for experiments!
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Many different signatures
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CMS: Emerging jets

» Pair produced bifundamental scalars (X; = Q4 Q)
» Dark quarks Q4 hadronize in hidden sector
e Dark pions 114 have lifetime and then decay to SM
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® Multiple secondary vertices within same jet
> Signature: 2 emerging jets + 2 prompt jets
» Selection: 4 AK4 jets, |n|<2 with H;>900 GeV

® 7 signal regions based on:

= Median of IP,; of tracks within jet

= p; fraction of “prompt” tracks in jet aprv;, =
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https://arxiv.org/abs/1810.10069

CMS: Emerging jets background estimate

» Signal consists of tracks originating from several vertices at varying IP from PV
® Sub-jet axes point out radially from PV
e Heavy flavor jets could mimic the signature of short 1, lifetime

> Multijet QCD (light and b-jets) is the main background

» Estimate fake rate in two y+jets CRs in data, one with heavy flavor and one without
e The b-jet fraction of each CR (f,) is fitted to two MC templates (light and b jets)
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CMS: Emerging jets results

»Observed events in agreement with expected bkgd. in all 7 SR

Set number Expected

Observed

Signal

Model parameters

meK IGEV] Mok [GEV] CTrpk [mm]
1 168+ 15+ 5 131 367+ 4.0 600 5 1
2 31.8+ 50+ 14 47 (14.6 £ 2.6)x10? 400 1 60
3 1944 70+£ 55 20 1564+ 1.6 1250 1 150
4 2254+ 254+ 15 16 151+ 2.0 1000 1 2
5 139+ 19+ 06 14 353+ 4.0 1000 2 150
6 944+ 20+£ 03 11 207 £ 25 1000 10 300
7 440 +0.84 + 0.28 2 5.61 £ 0.64 1250 5 225
. 16.1 fb (13 TeV)
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Emerging jet candidate

» Event passes SR1 and SR5

» Jets 1 and 4 pass the EMJ
criteria

N\ CMS.] CMS Experiment at LHC, CERN
b | Data recorded: Tue Sep 27 10:30:59 2016 EDT
Run / Event / LS: 281707 / 1308250303 / 826

C CMS Experiment at LHC, CERN

| Data recorded: Tue Sep 27 10:30:59 2016 EDT
Run / Event/LS: 281707 / 1308250303 / 826
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ATLAS: Higgs to displaced jets

» New pseudoscalar boson a decaying exclusively to ATLAS-CONF-2021-005

bb, Z - & used for trigger (allows reach to low jet p;)

e Sensitive to 2 <c1,< 20 mm o
LT b
e M_€[15,55] GeV
. | )
» Extend std. reco. tracks to Large Radius Tracking b
» Standard b-tag algos are ineffecient for long ct § [ anasrama | om
=~ 10 Sre=sn: ﬁ}n:.im} """ my = 15 GeV
» DisplacedVertex algorithm: Npy;es>2 § Zm 5 Gev
e Prune for displaced tracks SIE T
.g 03 w! *a *e., 'hq i YLV i
e N.>2, m/AR, >3GeV, r/g,>100, max|d,|>3mm o ‘
» At least one central jet with CHF<0.0450or ¢,,,,<0.05 g | , ..
] 5 10 15 20 25
r o Bmm r Reduced mass (m/AR.) [GeV]
_ p;k,ld <05 _ ZtrkePVipg’k e
CHF = Jet apy, = rk c 7F Jﬂ:'l'l_;!!.."?p[Prelin['ninar[n,rI I Iq. OtI)servetl:I I -
P > D7 Z  F \s-13Tev,1397" s Predicted .
GE_ x;ie;tzsz\’ﬁ e
» Bkg validation in orthogonal y+jets sample j U E
® DV algo achieves similar efficiency as b-tagging 3 E
DL1 algorithm 2 E
£ E
E...I....Ilr.”._.m._lrn..ln..I....I....I....Tu-"
-20 15 10 -5 0 5 10 15 20
Yy Jet DL1
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http://cds.cern.ch/record/2759209?ln=en

» Use CR to estimate bkgd in ny, =

ATLAS: Higgs to displaced jets results

» Control regions defined based on Npys

» No observed events,

2

ATLAS Preliminary

expected 1.300. 08(stat)+0 27(sys)

10"
1[}10
10°
10°
107
10°
10°
10*
10°
10°
10
1

Events

1.4
1.2
1

Data/Bkg.

ATLAS Preliminary

h ', ¢+ Data
g |-1|3_;-T::’ 139 b s Bkg prediction
yAi—aqa =15 GeV
B(H — aa — bbbb) = 102 ma=35{3ﬂ"¥'
- m, = 55 GeV
ct, =10 mm
»
PERENEREBERLDERERERERER]
[ ! i
E“ .
0

Aran Garcia-Bellido (Rochester)

5 - 13 TeV Prob(DV) |n CR
) "' 107
D 7.7e-03 B.3e-03 4.0e-03
E +13e03 11.1e-03 + §.3a-04
g
10°
10
10°
10°
10°
Jet P; [GeV]
= ET T T T
0 T ATLAS F"rnellmlnah_.ur S A ]
9 - '«.. {s =13 TeV, 139 fb" .
1 | ZH H—aa .
[‘Iﬁ | ) ‘*_ K ¥ :_‘_.-r > i
@ st &,
T B :"l 0 —‘r ,;.‘Ii.."‘ -
T k- R
= B FAE
- 107'F Y S s =
o - " g .
£ - LS JEgF m,=55GeV ]
= _ T st - m,=45GeV  _
) i e My =35GeV
o ---m, =25 GeV
j - e m, = 15 GeV -
O
3 102 S el
s 107 1072 10t 1
Mean proper lifetime ct, [m]

Vertex probability

9/15



CMS: XX—=qgqg gg displaced jets

» Pair-production of long-lived neutral scalar X with equal decays to u,d,c,s,b.

» Use displaced jet trigger (H, and track IP reqs) <q
q X _

» Dijet candidates from all possible pairs of jets (AK4) z- 7 q

» Adaptive vertex fitter (annealing) to find SV applied a \;\ h

to each dijet candidate .

» Preselection based on SV x*/ndof, m__, p(vtx),
second largest P, VX track energy fraction in dijet, Lirackesv Etrack

Etrackedijet Etrack

and C
Secondary-vertex/dijet variable Requirement
Vertex x°/ndof <5.0
Vertex invariant mass >4 GeV
Vertex transverse momentum =8GeV
Second largest two-dimensional IP significance >15
Vertex track energy fraction in the dijet >0.15 5 plet |y Flets
{ (charged energy fraction associated with compatible primary vertices) <0.20 g = =rackePVy “track * —track€PV; “track

Ejet, + Eet,

» Build likelihood discriminant based on: vertex track multiplicity; vertex L.,
significance; Cluster RMS

Y sin(Prrack — Paijet R RMScurer = 4| 1/ Nircto ;g‘) L

jop _ 1Pk ) (1 L ) Newts (LGP (i) — Lay)?

’
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https://arxiv.org/abs/1811.07991

CMS: XX—qgq qq displaced jets Likelihood
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CMS: XX—=qq qq displaced jets results

» Final selection also requires
® For jetl: N(3D prompt tracks)<1l, CPEF<0.15
® For jet2: N(3D prompt tracks)<1l, CPEF<0.13
® | hood>0.9993 = N,,:=1; N,,=1.0 £ 0.2

» o, > 0.2 fb are excluded for
my, > 1 TeV for ct, € [3, 130] mm
» The lowest o, excluded is 0.13 fb,
atct, =30 mmand my, > 1 TeV
g prows Poinnay 2016 (15TeY) O P o)
Sk R i bl
b b
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ATLAS: Displaced jets with RECAST

» Based on CalRatio displaced jets (decay in HCAL)

¢ \Vith dedicated CalRatio triggers for jets
with high values of E,//Eg,

= Includes L1 topological selection = low m,

e Train NN with L,,, L,, E,/Eg, to get L,,, L, for each jet

® Then use BDT to classify each jet as LLP signal, SM
multi-jet or Beam-Induced-Background

» Recast into Higgs mediator/dark photon production

e Dark photons are boosted, decay into quarks

e \Validated with signal from original analysis

e Powerful use of Analysis Preservation tools
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https://arxiv.org/abs/1902.03094
https://cds.cern.ch/record/2714064/

ATLAS: Dark-photon jets results

m, =125 GeV (new I|m|t |n thls reglon)
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Summary/Outlook

> Exciting new signhatures with dark shower phenomenology
® No excess in the data so far
® |nvestigating regions of parameter space for BSM previously unexplored at colliders
e Still room for new searches in ATLAS and CMS
e But stay tuned, several new analyses in the works!
» Strong collaboration with theorists to tune models, implement signal MC tools...
» Overlap with LLP searches can shed light on some models/final states

» Need to develop new triggers, reconstruction technigues, algorithms for jet tagging,
and background estimation

» Detector upgrades will bring new trigger capabilities, better pointing calorimeters,
more timing information...

H—ss ID/MS vix, low EMF/trk jets 36.1 s lifetime 0.12-116 m m(s)= 25 GeV 1911.12575
VH with H — ss — bbbb 2¢ + 2 displaced vertices 139 s lifetime 3.6-62 mm . . m(s)= 25 GeV ATLAS-CONF-2021-005
2 |
S FRVZ H — 234 + X 2 e—, u—jets 20.3 |[FAiiEHHE 0-3 mm AT I—AS Prel I mlnary m(ya)= 400 MeV 1511.05542
n
5- FRVZ H — 2y4 + X 2 pu—jets 36.1 ¥a lifetime 1.5-307 mm m(ya)= 400 MeV 1909.01246
‘é FRVZ H — 4yg + X 2 pu—jets 36.1 »a lifetime 3.7-178 mm m(ya)= 400 MeV 1909.01246
= H— ZqZa displaced dimuon 32.9 Zg4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H — ZZ4 2 e, u + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2 m m(Z4)= 10 GeV 1811.02542
| ®(200 GeV) — s s low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5 m o < B= 1 pb, m(s)= 50 GeV 1902.03094
e
% P(600 GeV) — s s low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5 m o x B= 1 pb, m(s)= 50 GeV 1902.03094
& (1 TeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o < B= 1pb, m(s)= 150 GeV 1902.03094
N - W displaced vix (uu or ge) + p 36.1 N lifetime 0.44-37 mm m(N)= 5 GeV, LNC 1905.09787
=
% N — WE displaced vitx (uu or gue) + . 36.1 N lifetime 0.64-22 mm m(N)= 5 GeV, LNV 1905.09787
e 0.01 0.1 1 10 100
ct [m]
|| HoXX(0%), Xoree, my= 125 GeV, my = 20 Gev x | CMS Prelimi r:ﬁary 1411.6977 (Displaced dielectron) | 0.00012425 m | 20 fb~1 (8 Tev)
g H-XX(10%), X-pu, my =125 GeV, mx =20 GeV X B 1411.6Y// (Displaced dimuon) ! 0.00012—-100 m B 20 fb~1 (8 TeV)
o - - I T 1
8 | H-XX(10%), X—bb, my =125 GeV, my = 40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m ! ! 132 fb~! (13 TeV)
+ _ . h 1
& H-XX(10%), X=bb, my =125 GeV, my = 40 GeV X | CMS5-PAS-EXO-20-015 (Hadronic CSC decays) f 0.12-450 m | 137 fb~! (13 TeV)
- 1 i
;‘ H-XX(10%), X=bb, my = 125 GeV, my = 40 GeV X CMS-PAS-EX0O-20-003 (Displaced jets + Z) 0.004-0.248 m B B 117 fb~! (13 TeV)
dark QCD, Mg, = 5 GeV, my,, = 1200 GeV Xo | 1810.10UbY (Emerging Jet + jet) 0.0022-0.3 m i i 16 b1 (13 TeV)
i 1 1 i i
1077 1073 1073 107t 10t 103
ct [m]
. o . . . o - . . . LHCP 2021
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Recent_Results

Extra material
> Z(¢0)H, Higgs to displaced jets CMS EX0-20-003

Zoomed view of
secondary vertices
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Complementarity of H decay searches

VH prompt ZH displaced .
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CMS: XX—=qgqg gg displaced jets

» By assuming the flight direction of the SV is aligned with the dijet direction, we
can estimate the position of the SV using track parameters

e Vertex L  can be estimated based on the track IP
the dijet direction: [Piack ( | [Pack )

,o» track curvature R and

LEXP _
X — .
y Sln(ﬁbtrack - lfpdijet)

» Then tracks are clustered based on the similarity in L,5® using hierarchical
agglomerative clustering algorithm

» The cluster that is closest to the reconstructed vertex (i.e. AVF vertex) is

R

chosen. 3 35.9 fb™! (13 TeV)
. % cMS ¢ oma g

tracks (LEXP(I) =T )2 107 — Multijet M
S )C}? NY = Jet-Jet model = -eee--- = eV, cr, =3 mm 3
RMScluster — l/Ntracks Z L2 ’ L%ma --=- xzﬁzw,c::znmm i
i=0 Xy ¥ = i m, = 300 GeV, ¢t = 300 mm E:
3

=

[ n
TTTTTT

|

AR SRS i1 UL T WY I R ...+.._ E
I I TS
0 02 04 08 08 1 61X 14 Lg 18 2

_ _ Cluster RMS
Aran Garcia-Bellido (Rochester) 18/15



https://arxiv.org/abs/1811.07991

CMS: Higgs to displaced jets

» Backgrounds:
e 90% Z - W+jets: estimated in low Z p; CR
® 10% tt: estimated in ep+jets CR

» Tagging variables for DV algorithm:
o Track IPg, IN XY ; Ofppa O =~ g

e Track angle ©,,: between ray from PV to track
Innermost hit and jet direction

e Jets are DV: log(IP,)>1.25, log(®,,)>-1.5, a,,,<0.45

tracks
2 tracks€vtx; P T

sig

_ CMSFreliminary amz  117/ib (13 TeV) _ CMS Preliminary sun: 117/ib (13 TeV) o CMS Preliminary mne  117/ib (13 TeV)
E [ = Sigilie 55 tbbbE M eS8 oral SggiH-- 55—+ bkl M, <38 cr a1 E = Sigili 55— SbbhE M a3t cTal Segiti-~ 55— bbbl M a2 cr,a10 E E = SigiH- 55 bh]: W <5 c1 sl SigfH= S5+ bibtlc Mo 02,280
B ; m— Sagifie 55 bhbE M58 Cr,a 10— g 55— bbb M <28 o <1000 B ; m— il 55« 0BT M8 T, 00 e St 55 bbbAE M <28y, 1000 B | S S5 b M SR 1 S100  — e S5 btk M) S 7, <000
L .
E F [ Total Background E e [ Total Background E " [ Total Background
= = =
= = T 10"
S S S
o 1T o Y
i i o [
107®
107 10 r
= I R | R P ] | L, MR ] I R R R - L
e e 1 2 3 4 e 4 3 =2 9 0 T2 Yo 02 04 06 08 1 1.2
ADDCaloJetMedianLog10IPSig AODCaloJetMedianLogl10TrackAngle ADDCaloJetAlphalax
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http://cds.cern.ch/record/2767507?ln=en

CMS: Higgs to displaced jets results
>Global fit to CR(tt)+CR(Z+jets)+SR: get bkgs with scale factors
®| argest systematic uncertainty assigned to SFs
>/ validation regions defined by inverting one or more tag vars.
e Perform fit In VRs as well

et closes within uncertainty for all validation samples

»Results also include S - dd search

i 117fb (13 TeV)
. 117 fb 1 13 TeV CMS P.I"E.l'fm.fﬂ&f}" |
0130MS Preliminary ( ) & F pp —> ZH — Z(T) H(SS): S — bb (100%) |
012 ZH;H— SS;S—bb;ct =20 mm -4~ Dat*a h 10

011; B(H — SS) = 20% zy —— Observed limit (95% CL)

10V E --ene- M = 55 GeV i
10°E — — M. =15 GeV tt+t
10° Other

108 — Background pred.

C — — Median expected limit
1°E . mg=15GeV « mg=40GeV . mg=55GeV

- 168% 68% 68% ]
10° E D expected D expected D expected

— — —
ORI

—_ i
2w 999 =
(4]

t W N ek

i -
§

1D—2_| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIIII_

Opata
|
w
U'l o
i

1 10 10° 10°
S proper decay length [mm]

Data - pred.

VRT VRZ VB3 VR4 VB5 VR6 VR7 SR
Nd'5>2 N,,.=3
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CMS: Strongly Interacting massive particles

» Signature: pair of narrow neutral jets (neutron-like) q X = DM
® | arge X cross-section yields early showers in ECAL o
e Small x cross-section yields punch-through and MET
> Selection: q X = DM
® Nieis = 2, Py > 550 GeV, Ag(j..),)>2 CMS-EXO-17-010
® Photon & conversion veto, MET filters  curselection  Background prediction o SIMP signal [
criterion from data 1GeV  100GeV 1000 GeV

e N, =2, ChF, , < 0.05

< (.20 898 = 30(stat) L 33(syst) 969 130058 634+44 225+0.07
e Use data CR to estimate ChF(p+,n) <015 209+ 10(stat)+ 17(syst) 229 1269457 613+43 218+0.07
. . . < 0.10 26.6 = 2.2(stat) £ 9.3 (syst) 30 119756 589+42 2.09+0.07
» SIMP-nucleon interactions are uncertain <007 51+ 06(stat) £4.1(syst) 4 1153455 568+41 2004007
for m,>100 GeV <005 127+022(stat)* 0 (syst) 0 1101453 544440 190+0.06
16.1 ﬂ]1 |:13 TEW 16.1 fb‘-l {13T’E'v} 16.1 .Ib_-1 13 T
E1OBE| T T T T T T T |§ E1Dﬁ T LI L LI B R I B B B N |E '_|.IDE . —r : T -l I{ «E-'"'i"}
E ; CcMS SIMP m, = 1GeV (x10%) E cMS SIMP m,_ = 1GeV (x10%) E i 108 g CMS 85% CL upper limits
3 - Simulation SIMP m, = 100GeV (X10°) 3 Simulation SIMP m, = 100GeV (x107) I~ e Observed
5 107 3 SIMP m, = 400GeV (x107) 3 5 10° SIMP m, = 400GeV (x10%) _| =10F~ Expected median
= : [ oco simulation = : [ ] eco simulation E T 1 0f E ﬁ:gﬁ z ; ::
2 [ | 2 [ & 10° ; T Tmodel
E 105 ;' _I_I_| '_! E 4 — _ID4 ' {scalar mediator, g_ =1,
= - E =Z 10 o
i _|_|_IJ 10°
10° 3 ! 10°
f L ; 10° 10
1 C 1
10°F E i
3 E s 10—1
] 10° E 10°2
1 1 | 1 | I 1 1 1 1 il | |n| o gy g I Py L gl |: 10_3 Lo s a1 aaal Coy g a1 eaal =
0 2 4 6 8 0 0.2 0.4 0.6 0.8 1 1 10 10° 10°
Number of jets Jet ChF m, [GeV]
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http://arxiv.org/abs/2105.09178
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