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BaBar Dark Higgs Search

arXiv:1202.1313 [hep-ex]|

Higgs-strahlung process, eTe”
A' decays to lepton pairs, pion pairs, or other (less pure)

— AW — AA

Backgrounds determined from same-sign data
6 events observed, consistent with backgrounds

(3 possible pairings of h' - A'A' per event)

New possible channel with dark Higgs and dark photons
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BaBar Dark Higgs Search

« New possible channel with dark Higgs and dark photons
Higgs-strahlung process, ete™ — A'R' . L' — A'A
« A'decays to lepton pairs, pion pairs, or other (less pure)

« Set limits on the dark gauge couplings, vs. h', A' masses

o - | | | | _— L, a LI | | T
= i m,=3GeV 7 = i my. = 2.5 GeV 7
S0 metGy § C 1u~9§— ______ m, =15 GeV E

- : —m =56V - - - m, =1GeV _ :
107 ; m,=3GeV — 107 m, = 0.5 GeV L7
i : —my, =1 GeV ; F —— my = 0.3 GeV ; :
10° N S 4 1wt ,,,// .
- f'* : h’ "y 3 ; o .
0% o } 108 - : -
ool— 1 .1 1[|r1':'_ S A B

0 05 1 15 25 3 2 4 6 8 10

my. (GeV) m,. (GeV)

Andy Haas 3



LHC era is just starting!

« 7TeVin2010/11, ~5/fb ... 8 TeV in 2012, ~21/fb
« 13 TeVin 2015, ~3/fb ... 2016, just restarted data taking
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LHC: The intense energy frontier

proton - (anti)proton créasTs sections
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Higgs, finally!
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A Mgy ATLAS (8 TeV)
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Nner-e

H->Z ,)Z,>41 (ATLAS)

Observed data well described by SM expectation=>Upper limits set
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CMS search for H - muon-jets

« Select 4-muon events
Data recorded: Fri Jun 24 19:30:08 2011 CDT

* Look for di-muon bR e
Invariant mass bump
at low mass in isolated
muon pairs
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12012

CMS search for H - muon-jets

CMS 2011 Vs=7TeV L,,=53fb"

W
a

« Look for two mu+ mu- pairs
to have the same mass

 Exclude SM H decays with
<1% BR to muon-jets 2
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CMS search for H - dimuon-jets

« Recently updated with 8 TeV dataset!

*  NMSSM Higgs sector: 3 CP-even neutral Higgs bosons h, , ; 2 CP-odd neutral Higgs bosons a
and a pair of charged Higgs bosons h*

* hy,22ay, hyor h; can be the boson observed at 125 GeV

* a2y, 2 pairs of isolated muons (di-muons), m,, =m,  within detector resolution

Light boson masses in the range 2m“<ma<2mr(0.25—3.55 GeV)
1 event obs. 2.2+0.7 SM exp.
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ATLAS Search for H - ditau-jets

NMSSM CP-odd scalar e .,
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Other LHC Rich Hidden Sector Searches

* Rich dark sector with long-lived dark-pions ...

What are emerging jets?

A novel LHC signature where dark or hidden sector quarks decay to the visible
sector via multiple displaced vertices of varying displacements within the same

jet object. Pair-produced dark quarks then give rise to neither prompt jets nor a

pair of displaced jets pointing to the same displaced vertex, but to emerging jets.

\Displaced Di-Jet

' ol arXiv:1502.05409

Emerging Jets

Qc Dark QCD

TeV ——

GeV¥ —T—
(,PC JI

asymmelry
sharing DM
e
annihilation

ﬂ-da Pds v+

Emerging Jet
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Other LHC Rich Hidden Sector Searches

Nner-e

Tracks
» Red: Truth

Clearly some challenges by-eye: “Where” is the emerging jet? Event-level quantity possibly more
Is some measure of “emergingness” of a standard jet possible manageable and powerful enough
if the displaced vertices are so broadly distributed? (TBD — still running)

14
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New Displaced Dark Photon Searches

Hidden Sector

» Y, accompanied by zoo of other “hidden” particles?
« Gy, bigger than U’(1)?

Dark
Showering

|_ EmHw| A Conceptual Diagram

% Lepton Jet

» Production of multiple
boosted y, from long

Unable to Deca :
N Wi Valley decay chains >
Through Ba > . :
Mok Inaccessioity multiple displaced LJs

[D. Ventura, ATLAS]
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New Displaced Dark Photon Searches

Run 1 Results: ATLAS

Targets y, decays beyond pixel detector, up to muon spectrometer
» Muon pairs: have only spectrometer information
- Electron / pion pairs: appear as jets in calorimeters

- LJ categorization: N |
[arXiv:1400.0746]

L) TYPE2
B D

. N EMCAL
' Bl HCAL
B nas

L) TYPEO LI TYPE1

only muons muons + jets only jets
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New Displaced Dark Photon Searches

Ru n 1 Resu lts ° AT LAS FRVZ model | Excluded c7 [mmn]
* BR(10%)
Events (+/- stat. +/- sys.) H— 2y + X 14.< =< 148
T [ [ — —
e i H 34y +X | 15 < cr < 260
Cosmic rays 40+11+9 .
Multi-jets (ABCD) | 70 + 58 + 11 - 107 D 3
Total background 110 £ 59 + 14 2 203 %" 5=8TeV 7
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New Displaced Dark Photon Searches

Run 1 Results: CMS

Targets y, decays within the pixel detector, into muon LJs only

« Trigger: dimuon, py > 17 GeV (leading), pr > 8 GeV (subleading)

» Selection criteria: [arXiv:1506.00424]

Model-independent 95% CL:

i _ (myy — 0.32)2
r(pp it 2a+X) B°(a = 2u) agen < 0.24 +0.09 exp | — > S nn

o = kinematic & geometrical acceptance

Dark SUSY e = selection efficiency
benchmark model =g G

with gg fusion): === === -
( 55 ) I mu- I M., [GeV] 0.25

CTyp, [Mm] 0 0.5 2
Egim ["-fir] 8.851+012 1.76 005 0.234+0.03
Mgen [Du| 14.32 +-0.14 2.7 +0.06 0.31 =0.03

€qim/ Cgen | 062001 065002 074+0.13

Mo, [GeV] 1.0
CTyp [Mm] 0 0.5 2
€sim |%] 6.134+023 4734007 1.1540.04
Xgen [%o 8891028 6981009 1.6840.05
€sim/ Xgen 0.69L003 0681001 0.68410.03

[arXiv:1506.00424]

mn, = 10GeV, my,, = 1GeV
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New Displaced Dark Photon Searches

Run 1 Results: ATLAS + CMS

10°2 20.7 b (8 TeV)

Combined results for y,

interpretation: w107 |

- Complementary .. o.1% 5

parameter space 510 i\ & 1% :

*.u

« |n regions other ; | = -i

experiments were S10°°F TS .

unable to reach! = | R

—" 010 Efa7 LAS of, o |

- ATLAS & CMS limits g [ i s .

have extra E 10 % sw Pp—h—n,n;—YpYpNpnp -.
Ea;amga‘;;m for _QE B(h—yoyp+X) = 0.1 — 40%

10,0 0.5 1.0 15 2.0

[arXivi1506.00424] Mass of y, [GeV]

Andy Haas 19



New LHC Experiment: MilliQan

« Milli-charged particles - massive, with electric charge ~10-3 e

« Easy to add to SM: “dark U(1)” (with massless dark photon)
kinetic mixing = dark fermion milli-charged under SM

* Currently weak direct limits for fermion mass > 100 MeV

« ~1 photo-electron observed per 1m long scintillator

 Require triple-incidence in time window

 Moving forward in CMS “drainage gallery” © — —. = = = = 7

Existing Coumimg Foom

CMWB MNeq
[Indirect

T sLAC Ml

Exisiing LHC Detector
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750 Pound Elephant in the Room

e Let's not forget the ~30 diphoton excess at both ATLAS and CMS

« We'll have enough data by ~July to either confirm or refute
« What ifitis real?
« Rich dark sector connections? Analyses we should plan?

SPIN-0 ANALYSIS

SPIN-2 ANALYSIS

background—on!y f t background only f t
%} ;I I T T T LIS R S '; %1042 | NELER | [ AR
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P Background-only fit E P 5 Background-only fit
= — = o
: Spin-0 Selection _ 2 102 Spin-2 Selection
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E LYy

= 107
T i = :‘ 1t — ; 1
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g + + | i 8 |1 : E
- 4i 8 sE * H =
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Backup
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Lepton jets

 Dark photons are boosted

Create “lepton jets”:
pairs of collinear electrons or muons

_,.-"--F'—-[.
' AR
e — . ||I| \
- " . . A —— J —
7 W= " AR, ! W, o~ 7 W ‘”?q% ¢
T w' ) 1 J,Lﬂu"] . t J q'ﬁ}p\“u“umn\"'_-:-_. .

I I I I I I I 1 1 I | I I I I I I [ . |r T

1 — eg
— HH
0.8
— hadrons

Probably prompt decays,
but maybe not...

0.6

Branching fraction

b4
o 1 . GeV\ /10-3\?2
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0.2 ody CI:EET?LY: My €
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SUSY lepton jets

« LSP decays to dark sector?!

« Changes signature of SUSY
- Less MET

- Two dark photons (lepton jets)

/\
A
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e ’ AS
Dark < N
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Electroweak h N P
= "\ \ -
Production 7 N
N
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SUSY lepton jets at ATLAS
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SUSY lepton jets at ATLAS

e Search for events with:

- 2 prompt muon lepton-jets "
- 2 prompt electron lepton-jets Muon S
_ isolation =
- 1 prompt 4-muon lepton-jet definition <
« Custom lepton-jet identification
to separate from QCD jets —
« Backgrounds measured in
control regions T
« Dark photon also could give S Tof Amas 3
peak at dark photon mass 5 16f fﬁ}_dt;;‘-gfb* ]
woqqp STOE =
- No excess observed Electron 120 LJZMe -
lepton-jet '°F  Emurijetme E
variable 8F —signaimc E
Electron L] | 1 Muon L] | 2 Muon L] 6F  —v Data
Data 15 7 3 4F
All background 15.2+2.7 30£1.0 05+03 22
8

Jet prob bkgd method: 14. 55+D 23

2.2+0.9 events

205 06 07 08 09 1
Cluster Energy Concentration
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SUSY lepton jets at ATLAS

* Cross-sections excluded for
various dark-photon masses
and radiation parameters
<~ 0.02-0.1pb

« Constrains strong-production
up to ~TeV and even weak-
production up to ~400 GeV
(assuming LSP — lepton-jet)

« Update to 2012 data
 Study long-lived decays to

Cross-section limits for various decays

Signal Parameters Electron L] 1 Muon L] 2 Muon LJ
ag My, [MeV] | Obs (Exp)pb | Obs (Exp)pb | Obs (Exp)pb
0.0 150 0.082 (0.082) - -

0.0 300 011011y | 0.060 (0.035) | 0.017(0.011)
0.0 500 0.20(0.21) 0.15(0.090) | 0.019{0.012)
0.10 150 0.096 (0.10) - -

0.10 300 0.37(0.37) | 0.064 (0.036) | 0.018(0.011)
0.10 500 0.39(0.39) [ 0.053(0.035) | 0.018(0.011)
0.30 150 0.11(0.11) - -

0.30 300 0.40(0.40) | 0.099(0.055) | 0.020(0.012)
0.30 500 1.2(1.2) 0.066 (0.043) | 0.022(0.015)

electron (or muon?) lepton-jets

in the tracker (~0.1 - 10 cm)

http://arxiv.org/abs/1212.5409
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ATLAS Search for WH — prompt electron-jets
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« Electron lepton-jets would have:

o 12000

- Large EM energy fraction G oo+ Dmazon N,
. ) - 2000 V_V(—)ev)+jets ’

- Large charged particle pT fraction O o evysiote

) ww, wz, 7z
[ Multi-jet
W Gsyst EDo—stat

- Large number of tracks

soool - [ Z(—e'e)+jets
- J-Ldt=2_04 fo™

« Separate signal from other
backgrounds with QCD jets

Data/MC

Andy Haas



ATLAS Search for WH — prompt electron-jets

. 10'° | |
 No excess observed with = |
. S ® Data 2011 (Vs = 7TeV)
2 electron-jets 0ol e Ho e-jets (m, =125 GeV)

[ W(—ev)+jets
C+

B W(—tv)+jets
[ Z(—ete)+jets
] WW, WZ, ZZ
[ Multi-jet
20005 Osyst @ Ogiay

« BR(h - electron-jets) < ~50% 10°

http://arxiv.org/abs/1302.4403

Ldt = 2.04 fb"

% 1 0 T T [ 1 1 1 r [ rrr 11T 1] 1 02
; ATLAS | 10
. ——e—— QObserved d o r&¥yE [ lasssssssssszuna
I Expected 2011 Data, 1s=7 TeV 1 , :
e . 10" -
T Ldt = 204 fb P ITITTTIIIA |

Observed (3-step model, m, =200 MeV)

Data / MC

electron-jet multiplicity

95% CL limit on oxBR(H— e-jets)/c

—
<

Signal model: 3—Step, I‘T]Y =100 MeV Backgrounds are Small:

d

00 1o 920 130 140 20 fb! at 8 TeV - BR < ~5%!
m,, [GeV]
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Dark-photon production

 Jet + dark-photon
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- Ir/-'—k.\‘::-_____-l- - )
e leptons —
L

New, kinetically coupled U(1)
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Rare Z decays

« Z decays to dark sector

¢ B [ A
cq. € 9,y sin” O
BR(Z° - did;) = 2 V74 M
%  48n
hc._:'-f:r'k
q / i
7
70 /
\
\h I =
r} \ Ii.l!-:l'i:-zzrh

o (£-= dark sector) (pb)

ILHC. Z-=ff
LHC:. Z-=h'h
Tevatmon: Z-= £
Tevatron: Z-=h' k'

107 10
BR(Z -= dark sector)

107 10

Factor ~200 smaller cross-section

But two dark-things in each event

Much less background from jets

Andy Haas
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