DIS2013 — Marseilles, France — April 23" 2013

nght nggs and Dark Photon
Searches at BABAR

XXl International Workshop on Deep-Inelastic
Scattering and Related Subjects

i1

Alejandro Pérez INFN -

INFN - Sezione di Pisa ‘ (&~ Lo¥

On behalf of the BABAR Collaboration h;f“‘iﬁ‘




Outline

s The BABAR dataset

s Some highlights
* Light Higgs Boson searches

> Y(2S,3S) - yA° (- hadrons) —

> Y(1S) - YA (- T'T)) “ —

S Y(AS) — YA (= W) /
 Dark Higgs searches

-e'e - Ah'(- AA); A" -e'e, A' S u'u, A STTTT

Alejandro Pérez, DIS 2013 Marseilles, France. Apr 23th 2013



BABAR dataset

T(n 5) resonances 7 Runs over the course of 9 years
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Run7: data at Y(2S) and Y{(3S) Total data sample ~531 fb

a  Experiment was able to rapidly adapt ? 471X106 Y(4S) decays

trigger for new experimental environment: | ¢ 120x10° Y(3S) decays

low-multiplicity and low-energy-photons 4 98x10° Y(2S) decays

s 18x10° Y(1S) from Y(2S) - T Y(1S)
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Light Higgs Searches
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Motivation

------- g e R S e R e

MSSM model introduces 2 Higgs doublets: h, H (CP-even light and heavy), A (CP-
odd), H* (charged partners)

Next to MSSM (NMSSM) includes the possibility of a light Higgs boson to solve EW
fine tuning: one CP-odd and one CP-even Higgs and one neutralino

Mixing can produce light CP-odd Higgs A°=A __ cos(8,) +A_ _ sin(8,)

singlet

MSSM

| PRD 81, 075003 (2010) |
] T I I T ] ] T I I T ] T | T T ]

=150 GeV, any F

If m  <2m , models not excluded by LEP

Radiative decays Y(nS) - yA° (n = 1,2,3)
offer an ideal environment to search for
light Higgs:

 Fully reconstructed: A° - pu'u”

« Partially reconstructed: A°- 11", qq
Can have large BR!

4 0<mA0<2mT )

2m <m_ < 7.5 GeV/c?
T A0

| umml | IIHIHI ! Ilmul | |||||||,|

BR(Y(3S) - YA)xBR(A® - u*
5}
Nl

| |||||||| I ||||||I| I ||||||I| UL

7.5<m <88 GeVic?

1 | - I | I I l. 1 1 1 | 1 1 1

\88<m, <92 GeVIczj —0.5 0.0 0.5

(Y
°
©
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) A°decay products depend on m(A°) and tanf
e A’ invisible
o A LT
< A0
i - HH BlA’~ ff)«m] /tan B up-type fermions
“~» A’ - hadrons

Motivation

B(A’ - ff)« mf tan’ . down- type fermions

BR(a->/4L)

| PRD 81, 075003 (2010) |
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Light nggs Searches at BaBar

Y(ZS) and Y(3S) radlatlve decays Y(1$) radiative decays
.. Y(25,3S) - y A° Y(1S) - yA°

Y i § ;j_'.-l 2y ,
VWWWg- -~ @ SIIPTLN

2 2
my — Mg

2y G s Y(1S) sample by tagging the 11T in
Y(2S,3S) - I Y(1S) transitions

Search for monochromatic photon in

the recoil mass spectrum s Reduce backgrounds using missing mass
A°_ u*p” PRL 103, 081803 (2009) & Di-pion recoil mass "

0 Myecoil = A'{T(ZS) + My, — QJ\/[T(QS)ETF/W
A’ 1't” PRL 103, 181801 (2009) 0

A~ had PRL 107, 221803 (2011 my = (Pt = Prx = P,)"(Missing mass)
ikl ' (2011) | . A invisible (light dark matter)

Alejandro Pérez, DIS 2013 Marseilles, France. Apr 23t

f PRL 107, 021804 (2011)
J - A’ p*p” PRD 87, 031102 (2013)

This Talk > L L
« A'S 1T arXiv: 1210.5669 (preliminary)

— 4




107, 221803 (2011

Y(25,35) — YA, A’ - hadrons |, oS Rev.Let )J

............ e R v e

4 First broad-band search for hadronic A°
decays 10*

s Reconstruct the decay chain (beam-
energy-constraint to improve m(A°) 2
resolution: 3 - 26MeV/c?) 1o

* Photon with > 2.5 (2.2) GeV in 3S (2S)
data, r®-veto

« at least two tracks in A° candidate
decay

4 Reject Bhabha & di-p with PID

s Two parallel analyses:
* CP-odd (only CP-odd final states)
o CP-all (all final states)
s Fit and scan (many points) A’ mass

spectrum including several background  10°
components:

e Continuum

p% cP-all | Détasét: |
Iy 98x10° Y(2S)
121x10°Y(3S)

Background fit
Continuum data

o ~ CP-odd (no mIK'K) |
Iy (b)

Events per 10 MeV/c?

resonances
* Non-resonant Y decays (spline) —_—

<=

2 4 6

Candidate mass (GeV/c?)
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* Resonant Y decays (5-16 resonances)



0 a0 Phys. Rev. Lett.

....... — A Dataset.
Results: 98x10° Y(2S)
s Most significant signals (N_ /o(N_, )): Product of BR UL vs A° mass L121x10° Y(3S)

e« CP-all: 2.90 at 3.107 GeV/c® 107
e CP-odd: 3.10 at 4.727 GeV/c®
(Probabilities of 33% and 62%)
O No evidence of A° production is
found in the Y{(2S,3S) data.

(a) CP-all

10
10

Observed
MC-expected
Stat-only

| IIIIIII| | IIIIIII| |

107 '
)]

s 90% upper limits are calculated on
B(Y(2S) - yA))xB(A° - hadrons) and
B(Y(3S) - YA°)xB(A° - hadrons)
assuming the same matrix element for
both 2S and 3S decays

10

90% C.L. BR(Y(3S) - YA°)xBR(A® - hadrons) (10)
90% C.L. BR(Y(2S) - YA°)xBR(A® - hadrons) (10)

CP-odd (no T'T/K'K")

B(Y(2S,3S) - YA’ )xB(A® - hadrons)
UL is (0.1 - 8.0)x10° @ 90% C.L.
for 0.3 < m(A°) < 7.0 GeVic? A” hypothesis mass (GeV/c’)

2 4 6

=
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0 a0 - ArXiv: 1210.5669
Y(1S) - YALA Tt ‘BABAR preliminarJ

............ B oo g DT v e

4 Mono-chromatic photon in Y(1S) rest frame

Dataset:
98x10° Y(2S)

s T pairsfromT- v, T-evw, T-TV

s Fit and scan (many points) for narrow peak on photon recoil mass in Y(1S) system
(A° mass resolution 18-32 MeV/c?)

s Two mass regions: low and high (different optimizations)
s Fit largest upward fluctuation: 2.7¢ (3.06) @ 6.36 (8.93) GeV/c? for low-(high-) mass
s Pseudo-experiments: 7.5% have 3.00 fluctuation 0 no significant signal found

my = (Poto — Pix — P,
Largest upward fluctuation: low-mass Largest upward fluctuation: high-mass

E—E{}Fﬁ B gahtng s e 2 Fo L dd L 3
] S S S L LU S d I S, i P
%‘: “cLow m(Ab) mass x*/df = 68.0/58 . ;;;: = xe/df = 64.3/75 3
S Wb BABAR preliminary 1 2 5°:H'9h m(A’) Tass E
: . Data } % i oE BABAR preliminary ]%[ Ll + -
- Signal PDF . = =
= Total POF o et N

b
S i |
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0 90% C.L.

BF UL

10°%

gix B(A">19) UL @ 90% C.L.

.......

Product of BR UL @ 90% vs m(A°)

- YA A o T ‘

R S e e e T

BABAR prellmlnary

f

0 ||
1y
|| ||
+.' ' | |
|||| LI

ArXiv: 1210.5669
BABAR prelimina

Dataset:
98x10° Y(2S)

B(Y(1S) - YA?)XB(A’ = T*T")
UL is (0.9 - 13)x10° @ 90% C.L.
for 3.6 < m(A°) < 9.2 GeVIc?

10

iy (GeV)

g° XBR(A’ - T'T") UL @ 90% vs m(A°)

Set constraint on gszBR(AO - T'T") using
Yukawa coupling of b-quark to A°

B(Y(nS) = vA%)

BaBar Combined

CLEO Y (1S)— v A’

BABAR preliminary

B ) L m?
T(nS)

mQ
and combine with previous BaBar result
Y(3S) - yA% A’ T

B(Y(nS) — I+1-)

g° XB(A’~ T'T)
UL is (0.09 - 1.9) @ 90% C.L.

for m(A°) < 9.2 GeVIc?
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Use four charged tracks and a single photon

with E*y > 0.2GeV

Muon ID for at least one p candidate
Beam-energy-constraint improves the A°

mass resolution (2-9 MeV/c?)

Dominant background: Y(2S,3S) - 1t tY(1S);

Y(1S) - (Y)U'U non-resonant

Fit and scan (many points) for a narrow peak

to the reduced di-p mass

No evidence for A° production is found

BEVAY T

Phys. Rev. D
87, 031102 (2013)

R S R R R I

reduced di-| mass

_ 2
Myed = \/ M, = 4mﬁ,

Dataset:

92.8x10° Y{2S)
116.8x10° Y(3S)

AT TT
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Largest upward fluctuation
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" Global significance = Q.90
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f2 UL (10 BF UL (109

f2 UL (10

10

107

I IIIIII|
—_
(ep]
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| IIIIII|

—Y(2S, 35)-mm Y(1S), Y(15)—=yA", A%w

—Y(2S,39) -y A" A’ 5

10E

Phys. Rev. D

0 0
VA A’ MW | g7 031102 (2013)

"""""" Dataset:

92.8x10° Y{2S)
116.8x10° Y(3S)

B(Y(1S)- YA )xB(A’ - p*p)
UL is (0.28 - 9.7)x10° @ 90% C.L.

for 0.212 < m(A°) < 9.2 GeVIc?

Set constrain on ? xBR(A” - u'W’) using
Effective Yukawa coupling of b-quark to A°

B(Y(nS) — 7AY) _@ L
MM '

B(I(nS) —I717) M (ns)

and combine with previous BaBar result
Y(2S,3S) - yA®; A° - piu”

£, XB(A"~ pW)
UL is (0.29 - 40)x10° @ 90% C.L.
for m(A°) < 9.2 GeVIc?

3th 2013
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Some exclusions based on BaBar results

4 0<mA0<2mT N

s Boxes: BaBar maximum to minimum exclusions (we 2m, <m, <7.5GeVic*

exclude the regions above the boxes) 7.5<m_ <8.8 GeVic?
s Additional constraints with Y{1S) radiative decays \8.8 <m,, <9.2 GeVic’ )
il tanf=10, M,q5=100,200,300 GeV g i tanf=10, b]![m,_vlﬂﬂ'zﬂﬂ 300 GeV

105

108

10~ °

n—8

fllqu LI

BR(Y(3S) - YA)XBR(A’ 5 L' W")
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Motivation

T e = = Forvrs AL e

s Evidence for dark matter is now overwhelming: 511 keV y-ray excess (INTEGRAL),
e’ excess (PAMELA, ATIC, FERMI, HESS, AMS)

s New models introduce hidden dark sector with U(1) gauge group

DARK

« O(TeV) dark matter - O(GeV) dark photon (A') - SM fermions
(lepton pairs, protons kinematically forbidden)

« Coupling to SM patrticles via kinetic mixing term eF“"BuV Standard Dark

« A'coupling to SM fermions is characterized by aDaz Model Photon
PRD 80, 075018 (2009

104
A dark photon can be readily produced in
e'e” - YA (- I'I'/q9).

Limits on e'e” - Y (2S,3S) - yu'u” can be
reinterpreted as limits on dark photon
production

A' obtains mass via Higgs mechanism,
adding a dark Higgs boson (h') to the theory

- Excluded region

Planned experiments

10°

10°°

10—10

0.01 0.1 1

-2 “favored region”
g g 16



Dark Higgs boson h' search

e R R S e e e T

s Search for the “Higgs-strahlung” process
e'e - A* - hA, h' S AA
s Selection using full dataset Y(4S,3S,2S) of
516fb™
» Exclusive: fully reconstructed 3 dark photons
- A's e'er, u'y, o (using PID);
- All tracks total invariant mass > 0.95vVs
« Partial reconstruction: 2A' decaying to leptons

and 1A' to hadrons. %0.15
4 + X or 2p2e + X Q014

- 4-momentum of rd A'p_=p_—p, —p, 2 0.12

* Require the 3 A' candidates to have similar 01
masses (AM = Largest mass difference) 0.08
0.06

Signal MC: m(h') = 3GeV, m(A') = 0.5GeV 0.04

10% of data used for optimization 00z
Same sign data for background studies:
(e’e)(U "M )(H7K) and (e'e")(HH)+X

Alejandro Pérez, DIS 2013 Marseilles, France. Apr 23th 2013

Phys. Rev. Lett.
108, 211801 (2012)

ALAA
suoIpey

O Data same-sign

e Signal MC

Signal region

m Data Dptimizatiun_:

) N N I P I
02 04 06 08 1 1.2 14 16 1.8

Average mass m,. (GeV

B
I'\.'i-—|lIIIIIIIIIIIIIII“IIIIIIIII

—
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. Phys. Rev. Lett.
|
Dark Higgs hoson h' search 108, 211801 (2012)J
5“ 3"_I UL DL DL L L LN LA LN LR LR |
3 E e du2n - E
: 25 m 2u4dx .
e - s 2edn p— .
Results: 2:_ v 4u+X B
s Perform dark Higgs searches in range 155 (e e)pp, (6'e) .
2 g e e—=e e pp. (2 e )mm, ]
0.8 <m < 10.0 GeV/c* and 0.23 <m, < / e fl et E
3.0 GeV/c? with m_>2m o P — E
s Six events are selected from the full “'ﬁg—l i — — —T
BaBar dataset: 1x4u21t, 2x2u4Tr, T2z 3 45 8 ﬂmhjﬁ V)
1X2€4T[, ZXZHX Cross section upper limit (ab)
s No events in the 6 leptons final state > 0
. @) N
s Three entries for each event = 25f
[1 3 possible assignment of h' - A'A £ 25
s 90% C.L. Bayesian UL on x-section -

Alejandro Pérez,

computed with uniform prior

DIS 2013 Marseilles, France. Apr 23th 2013




. Phys. Rev. Lett.
Dark Higgs boson h' search 108, 211801 (2012)

UL on a_g’vs m(A’) UL on a_g*vs m(h')

2

-II
w
o
©
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1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIL|_|,| 111
=1
=1
=]

T
my = 2.5 GeV
c- M= 1.5 GeV ,,r

DE

¥

-

(=]
o
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3
I|T|| IIIII|T|] IIIIIIII| IIIII|T|'| III-

- =1
e C .
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—
Q
=

1 L L 1 L 1
0.5 1 1.5 2 25 3 1070 e g
m,. (GeV) my, (GeV)
Limit on £* assuming a_=a

=

s o <fewx10™ @ 90% C.L. ~ . h

L3

4 0O = gzD/4n, g, = dark sector coupling 10°

constant, € = mixing strength 107

;I |||Tl:| I.I_II:H |..|-}r.ﬂ'|. | |!||§1'_l

s Assuming a_= a, limits on € are [10°, 107], w°

about 10x better than previous 10°
measurement

e M =3GeV

::::f::::::"f"' .emluded — m, =5GeV
=N rr1h,=TGe‘J

B BB AR |
E oo vvond ond el 3o it B

-“]-I' B ] 8 e ---|----r--|-r-|-|-|-|| L - |

10° 107! 1

m, (GeV)
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Conclusions

[

o

s BABAR last data collected in 2008, but collaboration still very active
s BABAR continues to produce interesting and competitive results

s Light Higgs favoured by NMSSM
« Comprehensive searches using a variety of channels:

BR(Y(2S,3S) - YA’(- hadrons)) < (0.1 - 8.0)x10° @ 90% C.L.
BR(Y(1S) - YA’(-» p*H7)) < (0.28 - 9.7)x10° @ 90% C.L.
o e s New results
BR(Y(1S)- YA’ (- 1'17)) < (0.9 - 13.0)x10”° @ 90% C.L.
(Better constraints than CLEO)

 Significant constraint NMSSM parameter space!
s Dark Higgs suggested by dark sector models

 Searche'e - A*-Ah'(- A'AY):
aDaz < few x10*° @ 90% C.L. If a_=da, constraint on €2 10x better than
previous measurements

s Ongoing analyses in progress!

Alejandro Pérez, DIS 2013 Marseilles, France. Apr 23th 2013 20
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Experimental Issues

[ PRERSn S LEELEE LA s ons S O BRC = s L LR et oo

= Small S/B ratio, mostly continuum (e‘e —qq, g=b) background.
= Use kinematical and event-shape variables to discriminate:

Beam-energy substituted mass Energy difference Event topology
\/ E %) AE = E E (multivariate
beam p beam methods)
3 4o P et~ 15 MeV ]| i
& acoool Correctly ] §m -
asoool- - T 4doooo- m
& <om] reconstructed E g | ]
~ =00t BB events R Phaatat .
£ 20000 ] § 20000 T
o :::jc 2.5 MeV/c? E - ]
sooof- ] oo N
D 521 522 623 524 525 52 527 630 528 &3 02z ©is ©1 ©0s © 005 Ol 015 02
Mg (GeV) AE (GaV)
1 3 8
S o E R
~ 1=z _ ; 3 a I + e
§ '™ Combinatorial 1 % : c
(I 3 L
=t Background E ool i
20 = -
g.E 521 522 523 524 525 526 527 528 529 5—.3 %2 I-éHS -(;1 -0.0;.5 l-cl oos  od D.I'IS 0.2
Mes (GaV) AE (GeV) ,“fJet-structure)
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Nnrth Damping
[1. 1% GeV]

Paositron Return Line
l

PEP-ll: aB factory at SLAC

PEP Il
Low Energ}r

Rm?{g vl

Pos-'rtroln Source

Cross-Section (nb)
1.10

%gm:i Linac ) FE:;EIT I High Energy Bypass (HEB)
ﬁﬁt}g ;:VTW o e i ngﬁEEf'lg
: PEP |l Low Energy Bypass (LEB) Rlﬂg (HE
et LHEe
T(nS) resonances
=S8 I _
~ =
N el cesg 1 BB
n &7 : | 4Wesn
5 . 145! CLEO |
'E 15 4 [=32KeV :
£ 1! ow=Tnb 30201
+ Wt * ' " I=20KeV | 430 ! -
: ' y Owis=
AR ; L 4. -  [=20MeV
g Fo * -» | . iu‘ “M«L‘ - r‘ﬂ'“’ﬁ l.t PRI
~‘5"4 Y(1S)  Y2§) Y(38) | Ts) 1
g.“ 44 10.00 102 1034 1037 lﬂ_'li 1058 LGA2

Mass (GeV/c?d)

Alejandro Peérez,

D15 2013 Marseilles, France. Apr 23th 2013

Important background for many
analyses e'e” - qq (q = u,d,s,c)
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BABAR Physics

[

7 Runs over the course of 9 years

> [ BaBar
g 500 PEP Il Delivered LUMINOSHY: 553.48/fp  w-ereeseeemerrreeeemsssss oo,
< - BaBar Recorded Luminosity: 531.43/fb -
£ - BaBar Recorded Y(4s): 432.89/fb -
=3 L BaBar Recorded Y(3s): 30.23/fb a
- | BaBar Recorded Y(2s): 14.45/fb N
g 400|—. Off Peak Luminosity: 83.85/fb e, |
© L _
S
R :
- - Recorded L1 _
300{— ittt SSU—— 1y /S50 S——— —
200 :__ ................................................................................................................................................ ____
100 I ]
Nilfl Tttt
S A A A S

Alejandro Pérez, DIS 2013 Marseilles, France. Apr 23th 2013

Over 500 submitted/published papers:
4 CPV, CKM angles: a, B, y
s Semi-Leptonic B decays: |V _|, [V_|

s B-Bmixing: |V |

4 D - D mixing

4 Precision measurements, rare decays of
B, charm hadrons, 1

4 Spectroscopy, discovery of new states

4 QCD

4 Limits on new physics (NP)

30 publications in 2012

~471x10° BB (0.5 x Belle)

~690%10° cc

~500%10° 1~

~1.2x10° Y(3S) ( 7 x Belle+CLEO)
~1.0x10°8 Y(2S) (10 x CLEO)

~1.8x107 Y(1S) (from Y(2S) - t'TT Y(1S))
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BABAR Detector

Magnet of 1.5T

positive z axis

Y

Intrumented flux
return (IFR)

pn*'-Identification

Silicon Vertex Tracker (SVT) I

Decay vertex reconstruction
of tracks near from IP

e+
—

J Drift Chamber (DCH) I

charged particles tracks deviation
reconstruction: angles and
momentum measurements.

Detector of
Cherenkov light (DIRC)

Charged particles ID
K/mt separation >2.5¢ until 4GeV/c?

I Electromagnetic calorimeter (EMC) I

Detection of v, e~ identification
and n°—vyy reconstruction, Measurements of Energy
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Y.(].S) - VAO Ao - TT ‘BABAR prelimina

ArXiv: 1210.566?J

R R e R A

Dataset:

Mono- chromatlc photon 98x10° Y(2S)

T° pairs from T pvv, T-ew, T TV

Fit and scan for a narrow peak to the photon recoil
mass in the Y(1S) system

Two mass regions: low and high (different
optimizations)
Fit largest upward fluctuation:

« 2.70 (3.00) @ 6.36 (8.93) GeV/c? for low-(high-) mass

Pseudo-experiments: 7.5% have 3.00 fluctuation

O no significant signal found

Largest upward fluctuation: low-mass Largest upward fluctuation: high-mass

Pull

Events/ (1 GeV*)

Z

:Trl 11 *1’ ; ; { + ;TTI*.T.*I;IL—I ;4411;1;1 il 7 rTI;+I$ lt E z % %+ % j
SRS S A it 1= N 1 t T Ty
:_ILOW m(A°) mass o I;I:Z.-'lljrl=|lssin.-lssl - I% *;; 60? xZ/df = 64.3/75 E
= - 4 2 =-High m(A°) mass =
Dt BABAR preliminary 2 % = BABAR preliminary % il =
E Signal PDF i | } J[ -
- Total PDF 'F% o } I _. M } }‘

= h Las --uq"' 7t /\A

IIIIIIIIIIIIIIIII r;1§¢ll:f'lne?\.:-:'ll] 2 - - S T R E—T) Imlxl(GeV 56



Some exclusions based on BaBar results

T i = = Forvrs AL e

s 10 g7

 Upper limits on light Higgs coupling T E Generally preferred by NMSSM
times BR from several BaBar searches = | ]
I > X - BaBar =
. o @ C preliminary i
4 Boxes: BaBar maximum to minimum 3 41k
— exclusions (we exclude the regions -
= F y
above the boxes) ( o<m <2m \ie1021 -
Zmr < on <75 GEVICZ ; — A" hadrons ;
7.5<m_ <8.8 GeVic? 10° e T ]

0 1 2 3 4 5 6
In NMSSM: gp = tan 3 cosf» m,, (GeV)
in.nﬂ' 10, leawlﬂﬂ Eﬂ'ﬂ ﬂﬁﬂ' Ge¥

2
\8.8 <m, < 9.2 GeVIC)

\‘.l:l.ll =10, M -—IUU E‘UU‘ EUD IJ-ET
10~% grerr £ L 108 v T

. (=150 GaV, any F ] [ ] E piGD OV, ey P ] [ huy g P15
- OO | i st _
'y 10 s 3 10 —
t ] Tﬂ E
g ].= : s
. 1078 B w0t . :
X s 3 O ' d = F S . :
IE 107 g 4 __" | E ] 10~2 — > ' - |
t o ] 1.1 ; et Fr e : 3
0 . ; :1__ : . .EF._:',. 5 [ : soby i ; ]
£ 107 g g « 2 1070 - E . + —
-1 G = - e g p— =
& K 1 & 5 _~‘A“—s~’c'c !g :
1 4 i - ]
1[}_9 I PR 1.[}—? P P - wda ]
-05 00 05 -06 0.0 05 -05 00 05 -5 00 05
a, non-singlet fraction {cos8,) a,; non—singlet fraction (coséd,)
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