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utions to hierarchy probl

em (MSSM,...) have

| some fine tuning: little

nierarchy problem

® i.e. my>115 GeV exp. for ~SM higgs

e can higgs—dark sector alleviate this problem?

e i.e. make LEP/Tevatron bounds looser, so

that lighter higgs possible

* YES: higgs—lepton jets
e how to see them (@LEP, @Tevatron, @LHC)?

J. Zupan Higgs decays to dark sector 2
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WHAT DO WE KNOW ABOUT
HIGGS BOSON?

e [ioht higgs suggested by electroweak precision tests

o likely there exists a light scalar that couples to W and Z
in a similar way as SM higgs after EWSB, ~my V, V*h

e note: there is no exp. info on higgs-to-fermion couplings!
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EXP. CONSTRAINTS

e The LEP constr. imply

e either higgs mass
above 114.4 GeV

® or higgs decays in a
nonstandard way

e note: below W
threshold the decay
width is small

J. Zupan Higgs decays to dark sector
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HIGGS DECAYING TO DARK
SECTOR

e entertain the possibility that higgs decays
predominantly to dark sector

e higgs couples to dark sector (directly or indirectly)
and h—dark sector® dominates

¢ not unlikely, given 1,~0.02
e *dark sector:
® option 1: dark sector only decays into dark sector
signature h—missing Er
LEP bound is m;>115 GeV
® option 2: also decays to visible sector

J. Zupan Higgs decays to dark sector 5 IDM2010, Montpellier, July 30, 2010
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GENERAL SETUP

e our models supersymmetric (no little hierarchy)
(" )

- _/

® Gugark is broken at GeV (we will use Ggark=U(1)q)

e the cross-talk is done through kinetic mixing
(" )
€ |74 —

\_ J
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CASCADES

e one can potentially avoid LEP and Tevatron
bounds, it h— many body final states

® no dedicated searches
e BUT: have to check other searches
e such decays naturally arise in our setup

® h— hidden sector
® cascade in hidden sector

e then decay back to visible sector

J. Zupan Higgs decays to dark sector 7 IDM2010, Montpellier, July 30, 2010



SAMPLE DECAY

* results in many leptons and MET
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SAMPLE DECAY
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e results in many leptons and MET
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SAMPLE DECAY
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e results in many leptons and MET
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DECAYING TO HIDDEN
SECTOR

e will assume that higgs does not couple directly to
hidden/dark sector

e [SP decays due to kinetic mixing

e we want: higgs decaying to neutral particles in
(N)MSSM

e three choices
® neutralino portal
® sneutrino portal

® Slnglet pOr tal Falkowski, Ruderman, Volansky, JZ, 1002.2952

J. Zupan Higgs decays to dark sector 9 IDM2010, Montpellier, July 30, 2010



EEPTON JETS

e higgs can avoid detection at LEP& Tevatron,
if decay channels unconstrained by searches

e we focus on one such case: lepton jets

e high multiplicity clusters of boosted,
COlllmated leptOnS Arkani Hamed, Weiner, 0810.0714

* lepton jets arise, if mya< 2mpx
e also - there has to be mass gap between higgs

and its decay products (to obtain boost)

J. Zupan Higgs decays to dark sector 10 IDM2010, Montpellier, July 30, 2010
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also - there has to be mass gap between higgs
and its decay products (to obtain boost)
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BENCHMARK MODELS
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BENCHMARK MODELS

e we choose three benchmark spectra
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BENCHMARK MODELS

e we choose three benchmark spectra
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BENCHMARK MODELS

e we choose three benchmark spectra
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BENCHMARK MODELS

e we choose three benchmark spectra

Neutralino Higgs Decays Sneutrino Higgs Decays
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BENCHMARK MODELS

e we choose three benchmark spectra

Neutralino Higgs Decays Sneutrino Higgs Decays
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BENCHMARK MODELS

e we choose three benchmark spectra

e take my=100 GeV

e test against LEP-1, LEP-2, Tevatron
searches

e before any cuts one has
e O(100 higgs evnts/exp) @ LEP-2
e O(10* higgs evnts/exp) @ Tevatron

J. Zupan Higgs decays to dark sector 11 IDM2010, Montpellier, July 30, 2010



J. Zupan Higgs decays to dark sector 11

BENCHMARK MODELS

we choose three benchmark spectra

take mp=100 GeV

test against LEP-1, LEP-2, Tevatron
searches

before any cuts one has

-

t

\_

Many events, so isn’t
this excluded trivially?!

)14
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AN LEPTON JETS REALLY
HIDE THE HIGGS?

e O(100) higgses/exp @ LEP-2:

e preliminary selection cuts reduce this
by order of magnitude

¢ usually hadronic events identified by
charged tracks = hidden in hadronic

bckg.

® need dedicated searches

J. Zupan Higgs decays to dark sector 12 IDM2010, Montpellier, July 30, 2010



AN LEPTON JETS REALLY
HIDE THE HIGGS?

e O(10%events) @ Tevatron
¢ large QCD bckg., cannot search ‘by eye’
e still, there are many leptons...

® but Tevatron searches require them to
be isolated

® in lepton jets this not true

® need dedicated searches

J. Zupan Higgs decays to dark sector 13 IDM2010, Montpellier, July 30, 2010



LEPTON JET MONTE CARLO

Falkowski, Ruderman, Volansky, JZ, 1002.2952

o we simulated h—lepton jets at LEP and
Tevatron using Monte Carlo

® Madgraph for higgs production and decay
® Bridge for cascade decays

e SlowJet (our Mathematica code) for event
analysis

e thisis “theoretists simulation”: no detector

effects, to get precise limits this would be
needed

J. Zupan Higgs decays to dark sector 14 IDM2010, Montpellier, July 30, 2010



RELEVANT EXPERIMENTAL
SEARCHES

J. Zupan Higgs decays to dark sector 15 IDM2010, Montpellier, July 30, 2010



R E ( LEP-1 searches
Search Ref. | Obs. Bckg. Neutr. Sneutr. Singlet Max.
Monojets 142] | 3 2.8 <1 0 0 6.6
Acoplanar 41| | O 0.2 <1 0 0 3.8
LEP-2 searches

Search Ref. | Obs. Bckg. Neutr. Sneutr. Singlet Max.

H — 41 12 2 5.09 1 15 1 5.0
H—FE 36 8 11 2 5 3 7.5
H—->WW*2c H2 0 0.3 2 < 1 2 3.8
H - WW*2t H2! 1 1.2 | 1 3 5.0

61 5D 1 1 | <1 < A | 5.0

27 + E(OPAL) | [56 13 19.8 8 35 ' 7.8
27 + F (ALEPH) | [57 19 159 7 3 1 14.5

%+ 2A+E |BA| 5 3 2 4 5 90
Tevatron searches

Search Ref. | Obs. Bckg. Neutr. Sneutr. Singlet Max.

Dark photon 59 i 8 ~ 1 <1 <] 7.9

H - 4u 60 2 2.2 0 0 2 5.8
Unified 31 44 1 1.47 <1 ot | <1 3.7
Low pp 3l 45 1 0.4 | <1 < | 5.4
Like-sign 21 43 13 7.8 1 5 | < | 14.7

\_ /
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RELEVANT EXPERIMENTAL
SEARCHES

e two out of three benchmarks survive
e of course these are just benchmarks

e the higgs—lepton jets framework is more
general

® many knobs to turn
mutiplicity, mass gaps, final states...

e can one search for large classes of models
at once?

J. Zupan Higgs decays to dark sector 15 IDM2010, Montpellier, July 30, 2010
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ONGOING EXPERIMENTAL
SEARCHES

R 5
preliminary results of lepton i
jets search presented by DO |

search made for a different A £ X

benchmark . v
/ £

demands two lepton jets, /

each tracks within R=0.2, q

nothing in R=0.2-0.4, f f

MET>30GeV A. Haas, Boost2010, DO Note 6079-CONF

-jet

MET

f

f -jet

with these cuts neutralino benchmark gives O(100), singlet O(10) events

® bckg. is O(10) events = probably excludes our benchmarks

® but many knobs to turn, can avoid isolation requirements

J. Zupan Higgs decays to dark sector 17 IDM2010, Montpellier, July 30, 2010



POSSIBLE SEARCH
STRATEGIES
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POSSIBLE SEARCH
STRATEGIES

e event shapes

e simple U(1) lepton jets much more collim. than QCD jets

® but strongly interacting hidden sectors (hidden

showering) gives wider jets

s Jet Shape h

vvvvvvvvvvvvvv

h — Lepton Jets

&
oC

QCD lJets

pr () / pr (R)

0.4
R=07
0.2 ,
37 GeV < Jet pr <45 GeV
8002 04 06 08 10
Jet Radius (r / R)
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POSSIBLE SEARCH
STRATEGIES

e event shapes

e simple U(1) lepton jets much more collim. than QCD jets

® but strongly interacting hidden sectors (hidden
showering) gives wider jets

* lepton pair invariant mass

® in dark photon case can be quite striking

é : )
Lepton Invariant Masses
SO, i ' e kv s e OO
50! AR, ; <0.1
. 40} Sneutrino
2 |
2 30f
S Neutralino
& 20} -
10F
= e = A |
§00 005 010 005 020 025 030
: my- - [GeV] :
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POSSIBLE SEARCH
STRATEGIES

e event shapes
e simple U(1) lepton jets much more collim. than QCD jets

® but strongly interacting hidden sectors (hidden

showering) gives wider jets
* lepton pair invariant mass
¢ in dark photon case can be quite striking
e common feature: need to allow for many leptons in jets

® can we also use it to control bckg?

J. Zupan Higgs decays to dark sector 18 IDM2010, Montpellier, July 30, 2010



MORE MODEL
INDEPENDENT?

e two discrim. that don’t rely on details of the cascade

e “em fraction” fem T Eem/Etot(:l for eLD
e “charge fraction” fo = Ecn/Etor (=1 for eL])

e QCDr ejeCtion of ~10-3/ jet POSSible Falkowski, Ruderman, Volansky, JZ, 1007.3496

4 )

Tevatron Jet Discrimination
S S TR e
) . .' a H L - ® .. -

. - W+2j Background .

080 02 04 06 08 10 12
: EM Fraction
J. Zupan H1£\ P July 30, 2010




REACH

e light higgs can be probed now!

® choose a simple 3-step benchmark: avoids D0 search

e Tevatron higher reach than early LHC

\
Tevatron h+W Reach LHC h+W Reach
L=10fb" | L=1fb"
2 10} [".S‘tll]léle(:i E 10!{_ l-.s.tnmz?tec.l .
7 LEP Limit 7 ‘ LEPLimit =
-~ B S =~ B T s
i N
-—] 1 — oe*® —] 1 .......
—1 «*® - i '-]
N U
o 7 : R ; r
) Expected Reach - [ Expected Reach
o)) W o)) - -3 .
0.1 € = 107* Reach 0.1} € = 5x 1077 Reach
€ = 107> Reach ; Ecv =7 TeV € =5 x 107 Reach
100 150 200 250 100 150 200 250
my, [GeV| my, [GeV]
.

J. Zupan Higgs decays to dark sector
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CONCLUSIONS

e h—lepton jets can alleviate little hierarchy
(lower higgs mass)

® models + exp. signatures/ constraints

e discussed how to find them at LHC,
Tevatron, LEP

® exciting is that searches are within reach

J. Zupan Higgs decays to dark sector 21 IDM2010, Montpellier, July 30, 2010
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GENERAL FEATURES

* constraints are in general avoided, if

higgs decay has

® two-jet topology (higgs decays to two
lepton jets)

® high lepton multiplicity (at least 4
lepton per lepton jet)

e all electron or very high multiplicity

J. Zupan Higgs decays to dark sector 23 IDM2010, Montpellier, July 30, 2010



EXPERIMENTAL
CONSTRAINTS

e experimental constraints depend on the
assumed dominant higgs decay
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EXPERIMENTAL
CONSTRAINTS

e experimental constraints depend on the
assumed dominant higgs decay

e amodel indep. bound: my > 82 GeV
("

J. Zupan

Higgs decays to dark sector

~
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EXPERIMENTAL
CONSTRAINTS

e experimental constraints depend on the
assumed dominant higgs decay

e amodel indep. bound: mpn > 82 GeV
e for h—bb the bound is my > 115 GeV
(

. | N
® fOI' th].OO Gev 7% s LEP
: Vs =91-209 GeV
— Br(h%bb) <3 20% | H-bb
10
10 M5 608000 20
mm(GeV/cz)
\_ W,
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EXPERIMENTAL
CONSTRAINTS

experimental constraints depend on the
assumed dominant higgs decay

a model indep. bound: mp > 82 GeV
for h—=bb the bound is my > 115 GeV

® for mp~100 GeV
= Br(h—bb) < 20%

similar for h—1tt

J. Zupan Higgs decays to dark sector
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EXPERIMENTAL
CONSTRAINTS

experimental Constraints(depend on the

assumed dominant higg

a model indep. bound:

for h—bb the bound is n

® for mp~100 GeV
= Br(h—bb) < 20%

similar for h—1tt

Ratio to SM rate

——— (bserved

=== Median Background

90

95 100 105 110 115
M,,, GeV/c’

20

invisible h: mp > 115 GeV
e for mpn~100GeV = Br(h—MET) < 15%

J. Zupan Higgs decays to dark sector
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HIDING HIGGS IN NMSSM

( S5
NMSSM:MSSM—I_a SlnngeeEmisek, Gunion, 2005 L T
W DO ANSH, H; + kS e _;
two new higgses beyond MSSM (s, a) = v -
pseudoscalar a naturally light . T

for m, < 2my the dominant decay can
be h —2a—41

before this year the bound only m;, > 85 GeV

reanalysis by Aleph, m, > 107 GeV @95% CL (for
10 GeV> m,; > 4 GeV) Aleph, 1003.0705
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ARRIVING FROM HIDDEN

SECTOR

e the kinetic mixing Lagrangian for dark photon
( )

1 JLV 1 LV € LV

Lo = —Zb/,,,b — ZF’“/F +- > €OS Ow b"" Fu
1 , ,
v 2 Emib2 + b/’“j(/iark 2 All'JI/éK-'"I

J

\_
e the dark photon-photon mixing term is removed

by photon field redefinition

-

\_

A,— A, +ecosbw b,

~

_/

e dark photon couples to EM current,[ebu JE Mj

e Br’s of light photon to visible are fixed!

J. Zupan Higgs decays to dark sector 26
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J. Zupan Higgs decays to dark sector

NEUTRALINO PORTAL

susy = mixing also in gaugino sector

~

\

~N

J

shift hidden gaugino to diag. = visible gaugino

couples to hidden current

[/\5_>A5+e/\é ]

VDG)\BJ[J]

MSSM neutralinos can decay to hidden sector

/}(/

g

ld

W,

27
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NEUTRALINO PORTAL

e higgs decays to pair of MSSM
neutralinos, h — 2Ny, if 2mg < my

e for 2m i, < Mz Z also decays to N,

e consistent with LEP1, if Br(Z — 2N;) < 1073

(" )

1,’\‘,,‘] ‘,'\T]
h == = — Z
\ ‘,\‘1

N 1
\_ Y,

e possible, if neutralino mostly bino, since then

[B?“(Z — 2N1) X (Qﬁlﬁyl Br(h —> 2N1) X (9N1ﬁ)2]

J. Zupan Higgs decays to dark sector 28 IDM2010, Montpellier, July 30, 2010




SNEUTRINO PORTAL

e higgs-snu-snu coupling from D terms, is large
(" )

g1 3
Dl — ? (‘Hu|2_ IHd’2_ ’l/,‘|2+...) 1 1

g g VA B =
D3 = Z(H,T°Hj+HaT*H;+ L;T°L;) 2772
\_ J
e LEP1: Z should not decay to it = mz < 2mz < my

Dz =Ds3

e h — v dominates over h—bb

e the decay to hidden sector is from kinetic

mixing (as in neutralino portal)
é y ), )

n
\_

_ J
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SINGLET PORTAL

e NMSSM+two chiral fields x,x with hidden
U(1)a charges +2

[ W D> SHyHy + Sxx + xh* + {h2j

e X,X obtain masses from S vev

e higgs decays through - 2y
. |
F-term of a singlet »
i === == X
[VD\F5|2:|Hqu+\\|2] | "
S 3 \ ] )

G
e y’s decay to lighter hidden sector states
("

//{/' /)//

’
s’

’

s

X]= = > - X1= = = = =

~

~
~

nJ >3

J. Zupan Higgs\____ | " _ler, July 30, 2010
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EXPERIMENTAL
OBSERVABLES

J. Zupan Higgs decays to dark sector 31 IDM2010, Montpellier, July 30, 2010



EXPERIMENTAL
OBSERVABLES

e visible final states: electrons vs. muons

a . .
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1.00F"
0.70}
050 eTe”
+ —_
P
&7 0.30} ;
m Hadrons
0.20}
0.15}
0.10}
010 015020 030 050 070 100 150200 3.00
vqs Mass [GeV]
\_

J

J. Zupan Higgs decays to dark sector 31

IDM2010, Montpellier, July 30, 2010



EXPERIMENTAL
OBSERVABLES

e visible final states: electrons vs. muons

e lepton multiplicity (depends on the hidden

spectrum strongly)

J. Zupan Higgs decays to dark sector
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EXPERIMENTAL
OBSERVABLES

spectrum strongly)

® missing energy

J. Zupan Higgs decays to dark sector

visible final states: electrons vs. muons

lepton multiplicity (depends on the hidden

N Events

Tevatron Missing Energy

q
10°F

vvvvvvvvvvvvvvvvvvv

Neutralino

Sneutrino

-—
-
4

100 150

MET [GeV |

sl

IDM2010, Montpellier, July 30, 2010




EXPERIMENTAL
OBSERVABLES

e visible final states: electrons vs. muons

e lepton multiplicity (depends on the hidden
spectrum strongly)

® missing energy

e event topology:number of lepton jets and distr.

(" )

Acoplanar Jets MonoJet DiJet
Oaco = 139° Onco = 177°

Jetl st ‘

et
MNI = 30 GeV MNl =5GeV

Jet "v, f;:,1;::17':1:::115""""'ﬂ'::”'

_/
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EXPERIMENTAL

OBSERVABLES

visible final states: electrons vs. muons

spectrum strongly)

® missing energy

e lepton isolation

J. Zupan Higgs decays to dark sector

sl

lepton multiplicity (depends on the hidden

event topology:number of lepton jets and distr.
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