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New physics signature

« Astrophysical observations indicate the existence of dark matter
* No observation in laboratory
« Several models with various type of interactions

« Dark sector interactions can give non-prompt signatures we should
be looking for

« Challenging!
« Analyses often require complex trigger strategies
* Final states may require dedicated reconstruction techniques
* Unconventional ways
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Emerging Jets
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Dark Photons in ZH decays

« Search for a scalar boson produced in

association with a Z boson and decaying to

an invisible particle together with an
isolated photon

« Dark photon couples to the Higgs boson
through a charged dark sector

Variable Selection Reject
Leptons 2 leptons, pt > 25/20 GeV WZ,7Z7,VVV
Photons >1 photon, E% > 25 GeV All but Zvy
[myp —my| <15 GeV WW, top-quark

Anti b tagging Applied medium working point Top-quark, VVV

Jet counting <2 Top-quark, VVV
Apyy jmiss £ >2.5 radians Zy
Fmiss | F7
i = P/ b <04 Zy
A(Pjet,p_rrniss >05 Z’)/
! > 60 GeV Zy
e > 100 GeV Zy
P > 110 GeV Zy
my < 350 GeV WW, top-quark

CMS PAS EXO-19-007

Two oppositely
charged leptons

H\\ At least one
%‘f photon
D
MET > 110 GeV
Also look at: Higgs boson rare and exotic
decays at CMS by Fengwangdong Zhang

Selections and major background processes
rejected by different variables used

Variable of interest: m; (MET, photon): my = V2pRisEX[1 — oS (AP miss 77)]

« Jacobian peak structure with end-point at m; ~ my, flat or lower values for background
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Dark Photons in ZH decays [ cwmspasexo-19-007

137.4 b (13 TeV) 137.4 b (13 TeV) 137.4 0" (13 TeV)
[2] N 2] C N o)
€ -® Data 2 Bkg. unc. c s “® Data 2 Bkg. unc. € | -® Data
g [ mz eu SOF m= WZ g Nz /7
w | wz u wz w r B
al- . A% C M S 10° E_ . vw C MS 10— .Top-quarkMIW C M S
[ Preliminary o HEw Preliminary - ' Bkg. unc. Preliminary
B Top-quarkww ep region 10 [l Top-quarkww WZ region L ZZ region

“t  Control Regions

0
0 100 200 300 100 200 300 0 100 200 300
m, [GeV] m, [GeV] m, [GeV]
m+ distributions
137.4 b (13 TeV) 137.4 b (13 TeV)
%’ 15— -8 Data = Z(H (v +7) (0.1x 0 )+ bkg. *"E’ 5 "_ -®- Data = Z(H (v +7) (0.1x o )+ bkg.
L%’ B Nz = Z(I)H, (1, +) (0.1x o )+ bkg. :>j I Nz = Z(I)H, (1, +) (0.1x o )+ bkg.
wz 2\ Bkg. unc. i wz 2\ Bkg. unc.
. VW C M S N . VW C M S
o 7 Preliminary L Hv Preliminary
10 __ B Top-quarkww Ml <1 10 — B Top-quarkww Ml > 1
[ Signal topology
5 LT 5 - I
L ] |
L ] L ]
0 1 N m L g 0 'l "l
0 100 200 300 0 100 200 300
m, [GeV] m, [GeV]

EPS-HEP2019: VARUN SHARMA July 12, 2019 6



Dark Photons in ZH decays

Process Yields
Data 14
Nonresonant bkg. 24+11
Wz 81+20
77 1.5+03
Zy 0.7 £0.7
Other bkg. 0.6 £0.3
Total bkg. 13.3 +3.8

ZH,,s (BR=10%)
ZH,, (BR=10%)
ZH3OO (BR:].OO/O)

179 £1.2 (1.42 £+ 0.09 %)
12.3 + 0.8 (4.32 £ 0.28 %)
3.9 £ 0.2 (6.80 £ 0.34 %)

Observed yields, bkg estimates and
signal predictions in the signal region

o
2
-_ 10 S
i— =
>
=
t
=
Q
X
N
'310—1

Signal predictions for BR(H—invisible+y)
= 10% assuming SM ZH cross section for

given H mass

CMS PAS EXO-19-007

137.4 fb™" (13 TeV)

10‘2E

llIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIll

CMS Preliminary |
ZH — 204pT" 4y ;

— Observed
--- Median expected
Expected = 1o

Expected = 20

SM
0.1x Oy, 7y

Lo o b by by o by by by |

140 160 180 200 220 240 260 280 300
m, [GeV]

The observed and expected 95% CL upper limits at m, = 125 GeV assuming
SM production rate on BR(H—invisible+y) are 4.6% and 3.6%, respectively
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Emerging Jets JHEP 02 (2019) 179

« Class of models includes new, electrically-neutral fermions called “dark quarks”

* Not charged under the forces of the SM but are charged under a new force in
the dark sector (“dark QCD”) that has confining properties similar to SM QCD

« Such models naturally explain the observed mass densities of baryonic matter
and dark matter

« This search consider particularly, the dark QCD model of Bai, Schwaller,
Stolarski, and Weiler (BSSW) that predicts “emerqging jets”

Dark quark initiate shower of dark pions:

Qok
Mediator decays eventually SM particles produced
g prompty Koo
o - Two ordinary jets
IS (SM quarks)
Xhi TS

Lots of Hadronic activity: Trigger on H;
Qo

Emerging Jets (EJs): Long-lived dark hadrons giving rise to displaced vertices
when decaying to SM hadrons
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Emerging Jets JHEP 02 (2019) 179

Events

(Data - Pred.)

CMS Experiment at LHC, CERN
Data recorded: Tue Sep 27 10:30:59 2016 EDT
< Run/Event/LS: 281707 / 1308250303 / 826

4 . —
" .

Use of displacement and associated
tracks and vertices to tag EJs

4 Jets: either 2-EJs or 1-EJ and large . X \ S
MET e

Multijets with b-jets main background: “ ~

use data-driven estimates, studied as ., :

a function of track multiplicity =

16.1 fo"' (13 TeV)

16.11b"' (13 TeV)
——

o y—r—r . P e
[}
CMS ¢ Data - CMS ¢ Data
I Predicted [ Predicted ]
Predicted unc. 1 Predicted unc.

The H; and number of
associated tracks of

| the observed data

] events and expected
background in one of

—_
o

0 0
o ] g ] the CRs
2r h 1.2 1
o Qo
50 r -50
) ol - Sler
-4 . . . . . . . Ql -4, . . . . L L
1000 1200 1400 1600 1800 2000 2200 2400 5 10 15 20 25 30 35 40

H; [GeV] Track multiplicity
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Emerging Jets JHEP 02 (2019) 179

Criteria group PUyg, (<) [em] Dy (<) (IPyp) (>) [em] agp (<) , Model parameters
Set number Expected Observed Signal

EMJ-1 25 4 0.05 0.25 mxpi [GeV] My [GeV] ey [mm]

EMJ-2 4.0 4 0.10 0.25 1 68+ 15+ 5 131 367+ 4.0 600 5 1
SR EMJ-3 4.0 20 0.25 0.25 2 318+ 50+ 14 47 (146 + 26)x10% 400 1 60

EMJ-4 2.5 4 0.10 0.25 3 194+ 70+ 55 20 156+ 16 1250 1 150

EMJ-5 25 20 0.05 0.25 4 25+ 25+ 15 16 1514 20 1000 1 2

EMJ-6 25 10 0.05 025 5 139+ 19+ 06 14 353+ 4.0 1000 2 150
SM EMJ-7 25 4 0.05 0.40 6 94+ 20+ 03 11 207+ 25 1000 10 300
QCD EMJ-8 4.0 20 0.10 0.50 7 4.40 +0.84 £ 0.28 2 5.61 £ 0.64 1250 5 225

Requirements on the variables Expected and observed event yields for each

used in identifying emerging jets selection set

16.1 fb' (13 TeV)

— ] 03
e - — Observed limit
E § = Expected limit
e
< ==== Expected limit + 16
R

« Dark pion decay lengths between 5 and
225 mm for dark mediators with masses 10*
between 400 and 1250 GeV are excluded

CT

» First dedicated search for the pair 10
production of a new particle that decays
to a jet and an emerging jet

95% CL upper limit on cross section [fb]

my [GeV]

RN
o
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Dark Photons to 4 Muons TS HICA8-003

» Search for the pair production of a light boson that decays into a pair of muons

» Interpretations: Supersymmetry (SUSY) models with hidden sectors (dark
SUSY)
« Breaking of a new U(1), symmetry gives rise to a massive dark photon yp

Dark neutralino: undetected (MET)

Non-dark o
neutralino
n n
Trigger: At least 7 Couple of
three muons h === oppositely charged
p muon pairs
m,, = 125GeV; m, = 10 GeV N

np

» The lifetime, and thus the displacement, of the dark photon is dependent upon
kinematic mixing parameter ¢ and the mass of the dark photon
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Dark Photons to 4 Muons TS HICA8-003

« Similar invariant mass for muon pairs

» Negligible backgrounds: bb, J/i pair production, Z+ J/i , electroweak 4u via off-
shell Zs

_. g CMS SR A UL CMS 35.9 fo'' (13 TeV)
| 10" D 10 SV
3
(2, ~ g 10-3 BaBar LHCb
N (O]
= e Bl
E S o 107 o e
< £ Vi
1033 E 10° 5! Uy, 01 CMS
S o 70 \11
g % N
_48_', E 10°° CHARM:F::::\\
19793 7 o B
8 - 107RE
_: E 10° 10 8 - ]
1 7 pp—h—2n,—2y_+2n —4p+X
7 8 9 -9 . . .
m,, [GeV] 10701 1 10 100
1
. . myD[GeV]
Triangles: Data events in SR No observed excesses:
Bullets: Data events outside SR constrain yp masses 0.25 - 8.5 GeV
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H Iggs |nV|S|b|e Phys. Lett. B 793 (2019) 520

« Search for invisible decays of a Higgs boson in i
association with jets :
* Search exploits large m; and |An,| that characterize ; ¥’ Dark
VBF higgs production --=-- matter
: : : candidates
* Major background (95%): Z(vv)+jets and W(£v)+jets > 7
o
359fb (13 TeV) 359fb (13 TeV) \;\
AN RARRN RARRN AR AR RN LARRE RARN [ T A AR RARRN RARRRRARE AR RARRN RARRR RS RRRRE
< 10° CMS _+_D( .2( v)+iets (QCD)3 > 10 CMS —+—o« .2( V)Hets (QCD)3 . . .
% 10° Pred. from Dwa )+jets (QCD) -2( )tiets (EW) ] ,9@ 10° Pred. from Dwa )+jets (QCD) -Z( )tiets (EW) ] nggsprOdUCtlon Vla
g L ST R o g LT e e associated production & gg-
. B ovosons [ ] oter bkgs. Il ovosors [ Jowerbies. 3 fusion also considered

----- VBF H(125)-inv.

— — ggH(125)5inv. 3 TF Ll g eees VBF H(125)-inv.

— — ggH(125)sinv. ]

10 10 | Observed M distribution in

10° 10 signal region compared to
5 o N e B miiﬁfi,,i.i.:l:,ﬁf.:“':”in'ciia.if,'::"""""""""""- expected backgrounds
i R + Left: Fits in all CRs excluding SR
8 (= P N Y P PR FRUTE FRUNE SRUT PR N P . . . .
3 | e Right: Fits including SR as well
3; Eg ]
e s s e s T s s T e s s e s

m; [TeV] m; [TeV]

Upper limit on B(H — inv) of 0.19 (0.15) at 95% CL, assuming SM production
rates for the Higgs boson and a Higgs boson mass of 125.09 GeV
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o

Hiaas invisible Phys. Lett. B 793 (2019) 520  g3ish
L
Interpretations: Higgs portal models of Dark Model interactions e
49" (7 TeV) +19.7 fb" (8 TeV) + 38.2 fb™' (13 TeV) 05 0 49" (7 TeV) + 19.7 fb' (8 TeV) + 38.2 b (13 TeV)
B . I ! T ' ror T ! rorrrr
“ - CMS = E 10 90% CL limits
1.3F 045 2 § B(H— inv) < 0.16
2 °© -39
120 :::;t;stﬂt ? _E 10 Higgs-portal models
-==95% CL = B 10 £== Fermion DM
1.1i SM production ; 0.35 c>n< o Scalar DM
C H g Direct detection
1F :' S 1042 XENON-1T
L k= — LUX
C = 107* —— PandaX-Il
09 E 025 4 —— CDMSLite
' = 107 —— CRESST-II
0.8 o _ —— CDEX-10
s - N 107
X
0.7 0.15 © B
6 07 08 09 1 11 12 13 14 O L -
Ky m, [GeV]
Observed 95% CL upper limits on (o /oSM ) Constraints on the spin-independent
B (H — inv), whose production xs varies as a DM- nucleon interaction cross section

function of coupling multipiers

The observed 90% CL upper limit of B(H — inv) < 0.16 is interpreted in terms of
Higgs-portal models of dark matter (DM) interactions
Limits provides the strongest constraints on fermion (scalar) DM particles with
masses smaller than about 18 (7) GeV
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Invisible Higgs boson decays " cMsPASHIG-18:008

using ttH production

First upper bounds on the branching fraction of invisible Higgs t
boson decays (H — inv) using ttH production :
t
The observed (expected) upper limits on B(H — inv) at the 95% CL e ST
g
are 0.85 (0.73), 0.71 (0.87), and 0.89 (1.06) at the 95% CL for the all-
hadronic, semi-leptonic, and di-leptonic final states, respectively 3
35.9 b (13 TeV) 35.9fb™ (13 TeV)
2 ' ' ! _ 310:'"x"'l"'l"'}'*'}
%2.5_— CMS Preliminary 7 § of CMS Preliminary E
£ i —e— Observed - s 0 3
é [ --©- Median expected a ; 8_ — combined rgxb::g:: ," E
c: I - 68% expected 7 2
o - — 2
c L 95% expected 6
S 151 -
E i 5F —A1l
g I 45— ol
S :
o | 3f
2 0.5 2_ .
ki 3
- | | ot e I E R R |
E— v} m oL 0 0.2 0.4 0.6 0.8 1
BR(H — inv)

Combined observed (expected) upper limit for BR(H — inv) < 0.46
(0.48) at the 95% CL for a Higgs boson mass of 125 GeV
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Summary

No excess yet
* New ideas, brain-storming to continue

Lots of exciting searches from CMS on-going
Highlighted several recent results on Dark sector searches today

Displaced vertices searches continue to attract new efforts and
ideas

A lot of room for new searches in this comparatively unexplored
frontier

Stay tuned for more results!
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EXTRA MATERIAL
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H Iggs |nV|S|b|e Phys. Lett. B 793 (2019) 520

35.9fb™ (13 TeV) 35.9 b (13 TeV)

= T T T - 8 N i AEEEAREY AN AREEE &7 ARARARRE BARRN
» r 1 3 L ) ' ]
o 14~ CMS -1 5 - CMS 4
S 1 ® 7 ]
‘E | —— Observed i - 7: ; E
T 121 4 2 ¢ ! ]
Tz r --&- Median expected : N 6:_ '.' _:
e 1 L - 68% expected b E :, :
ot ! 1 5 / .
S r 95% expected £ r N b
E%F ab E
g oo : / ]
gt 3¢ g
1 N [ — Combined ]
O F ]
< 0.4 25 — qqH-tag N
8 F ; —Z(I)Htag |
0.2 1E ,"z' —Observed — V(qq')H-tag ]

F - - Expected ggH-tag

| | ot “Z=rd I I U U U FUUTE N B
Combined  VBF-tag  Z(l)Htag V(aq)H-tag  ggH-tag 0 01 02 03 04 05 06 0.7 08 09 1

B(H — inv)

4907 (7 TeV) +19.7 b (8 TeV) + 38.2 fb™" (13 TeV) 490" (7 Tev) +19.7 b (8 TeV) + 38.2 b (13 TeV)

g F T T ] j LA L | 'j T T |’,| LA Y L L L
L [ cCwms 15 [ cCms ! |
z 0.9 - o 7F ! ]
= [ —e— Observed E - r / i
T o8F , 4 < ¢t ! 1
% E --&-- Median expected E (\I‘ 6 - -
< 0.7 E . 68% expected E - :
o [ ] r ]
S 0.6} 95% expected - 5 r .
E os . 4 =
g 1 g 1
& 0.4 - - I Observed B
577 3 7
_ o L - - - - Expected B
O 0.3 L ]
3\‘; F 21 Combined 7+8+13 TeV  —|
S 0.2 A Combined 13 TeV |
0.1F 1 :_ Combined 7+8 TeV —:

r | | 0 A PR SEEE ETETET BT BT

0

0.1 0.2 0.3 04 0.5 0.6 0.7
B(H — inv)
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