Physics of Dark Gauge Interaction

(with an emphasis on low-energy parity test implications)

Hye-Sung Lee

Institute for Basic Science
CTPU

CosPA 2015
(Daejeon, October 2015)



Before my talk,
Let me introduce CTPU.



Institute for Basic Science

~ Center for Theoretical
Physics of the Universe
(CTPU)

Center for Artificial Low Dimensional Electronic Systems

Our society in the twenty-first century is based on information technology, which is supported by logic
and memory devices produced by the semiconductor industry. So far, the development of the device
indus...

Director Han Woong Yeom —

Center for Underground Physics

We now know that neutrinos are massive. But we do not know their absolute masses nor their natures.
Discovering these important unknowns can be related to leptogenesis theories that make attempts to

Director = Yeong Duk Kim —

Center for Relativistic Laser Science

The Center for Relativistic Laser Science (CoReLS) was established in December 2012 to explore
novel physical phenomena in the relativistic laser intensity regime. The electron motion enters the
relativistic regime ...

Since November 2013
Director Chang Hee Nam

Center for Axion and Precision Physics Research

Particle Theory and Cosmology

The IBS Center for Axion and Precision Physics Research (CAPP) is located in Daejeon City at the
Korea Advanced Institute of Science and Technology (KAIST). Our center aims to launch a state of the
art ...

Director  Yannis K. Semertzidis Detall

Faculty members, Postdoctoral fellows,
Administrative staff

Center for Theoretical Physics of the Universe

The IBS Center for Theoretical Physics of the Universe carries out research on particle physics and 4
cosmology, which aims to understand nature at the most fundamental level and answer the questions f
about the ...

Director Kiwoon Choi Detall J

Center for Theoretical Physics of Complex Systems

Today the eyes looking for novel technologies and new generation devices focus on nano- structured
materials with unprecedented electrical, mechanical, optical and other properties like graphene,
nanotubes, ...

Director | Sergej Flach et




Kiwoon Choi

CTPU faculty members

Tel. 8400

kchoi(AT)ibs.re.kr

Kiwoon Choi (Director)

Sang Hyeon Chang

Physics beyond the Standard Model, Supersymmetry, Particle cosmology At CTPU, We Study NeW PhySICS In

Tel. 8420

{  Particle Physics and Cosmology.
Sang Hyeon Chang |

sector of the Universe.

Kenji Kadota

Particle Cosmology: early Universe (inflation, baryo/leptogenesis), particle

eromersy e, e o, oo o0 (Dark matter physics,
: Dark gauge interaction,
s onii Kadota | Collider searches of dark sector, ...)

Tel. 8414

Hye-Sung Lee

Particle Theory (especially, physics beyond the standard model)
Tel. 8416

hlee(AT)ibs.re.kr

s faies. google.com/ailespriane/ Axion, Inflation, Dark matter, CMB,

Hye-Sung Lee Supersymmetry, New gauge
symmetry, Dark force, Collider
Myconghun Park signals, Electroweak symmetry
Collider Physics and Dark matter phenomenology of the physics beyond the breaking, Higgs boson, ...

Standard Model

https://sites.google.com/site/ishaed/

Myeonghun Park




CTPU postdoctoral fellows

- Stephen Angus

= String phenomenology, BSM
« Tel. 8419

»

Wonsang Cho

s

Collider phisics, Beyond the Standard Mode
Optimization, Evolutionary algorithms, Infol

»

Tel. 8417

»

hepkosmos(AT)ibs.re.kr

Arsham Farzinnia

»

a

Beyond the Standard Model physics, Electrc
massive color-octets, Collider phenomenolo

« Tel. 8412

»

farzinnia(AT)ibs.re.kr

-~ Sang Hui Im

« Supersymmetry (NMSSM), Axion physics, F
« Tel. 8415

e shim(AT)ibs.re.kr

- Min-Seok Seo

= Physics beyond the Standard Model, Supersymr
r Tel. 8411

= minseokseo(AT)ibs.re.kr

- Ryoutaro Watanabe

= Flavor physics, B physics, Higgs sector, Lepton 1
» Tel. 8413
= wryoul985(AT)ibs.re.kr

- Yang Hwan Ahn
= Particle Theory (especially, physics beyond the :

» yhahn(AT)ibs.re.kr

- Kunio Kaneta

= Particle Theory (collider phenomenology, electrowe:
matter, neutrino physics, leptogenesis, physics bey:

- Andrew Spray

- Beyond the Standard Model physics, Dark Matte
Phenomenology

- Doh Young Mo

- Beyond the Standard Model, Supersymmetry, Cc
Physics

+ Toyokazu Sekiguchi

* Ohkyung Kwon

= Particle Astrophysics, Quantum Geometry and Quantum '
Principle, Interferometric Phenomenology

= o.kwon(AT)kaist.ac.kr

a dozen postdoctoral fellows in various research fields



CTPU intern students, visitors, staffs

- Hyeon Seok Seong - Eunkyung Bang

« Hyungjin Kim

= KAIST

« KAIST = Administrative staff

= Cosmology

= Inflationary Cosmology = Tel. 8401

]

= sbravos(AT)kaist.ac.kr bek0328(AT)ibs.re.kr

¢ hjkim06(AT)kaist.ac.kr

= http://sites.google.com/site/hyungji

- Inwoo Park = Junghyun Kim

-~ Sang Joon Lee

= KAIST = Administrative staff

= jegallyang(AT)gmail.com
= wjdgusO06(AT)ibs.re.kr

- Sung Hak Lim - Subeom Kang = Mijin Kim
. = KAIST

KAIST = Administrative staff

) ) = Tel. 8402
= sunghak.lim(AT)kaist.ac.kr
= mijin1024(AT)ibs.re.kr
- Seok Hoon Yun - Minho Kim - Sung Yeop Na
= KAIST
= POSTECH = Administrative staff

= Tel. 8403

= kmhmon(AT)postech.ac.kr
» nsy0128(AT)ibs.re.kr

ol

many intern students, frequent visitors, and administration staff



Center for Theoretical Physics of the Universe (CTPU)

Rd.y. "&j?'1{'.

CTPU (3rd floor)

T —r—
=y

S

L

|
; ‘
) | "

o

o NNRARRRRARRRENRARY

- -1

. rE | \1_ Br=mix -
i 3 LN, T
: o - = —_—
———— — = A%
== PR ==Y —_— L F

S —




Center for Theoretical Physics of the Universe (CTPU)

g (LTS Ry
,,/ z Q&z’%zm—--__ % ]
LB I smexmemal o elaa |
. " goiZny  eazeietag i
Y il
//’, CHMIAA| Cigrel s |BS CUP o
// QI diian i
83042 2 = = [
1T e v Shduicicl el 2w A A
N W% a2 A EZA B
\ g 1A WaE a IE %
A | 3L - % IBSCTPU | . w
] | IBS CAPP 73 N\
‘—--“‘:::: . / = = 7 H Lg?_ cﬁ | 1 _‘4' ~.
R (=T o) KAISTICCE2| 4 2 '_ﬁ @
LGSF3} C A il 3 i
o e Hoae IeHFH @S2 B
= sigforng 23toiny ' 4
Rl = SK O] tetf|o] A4 \ B
= aick| Ao| At = s -
5 =S (178.7m) 222H3E2A N ”
CHM A2 '™ IBS H &/ | Cg*@z W ©o-_<
He OfZ A new Q Al | SR
. 4m | by
(44 (2018) %/
/] S2R2203 /) B
I pH S 2 o olaxm / N -
KAIST \ (212 % / s W\
+ . 229 CHHMBC \*
A (main campus) e )y . = 7 %
P, = o = > R S
=Y A\ B ToEd - 1 =7 SBEWLET [ iy N
] S F|AE u! —— ﬁ }f/ i i
( ] A KBS x "1',:‘11‘."\
) A HiA 1
" [ / L s RO |
a ] YR syt it s HouAd
LN YT oy OHESHES SB}HIE] LGAKRI
aww‘f—%@% Az CH
iy a .
y CPEL ARHAA ~_ *Daejeon
4 VLS gy BT oy
n EN2ITE Bl - o e—— L E TV Ty
YRt 2ot34 =
HAHGA FEEUA o = 45 = HEDSYY A3
o3y 1 & \E’H_m Pl 7+ $A|sgq



Physics of Dark Gauge Interaction

(with an emphasis on low-energy parity test implications)

Hye-Sung Lee

(IBS Center for Theoretical Physics of the Universe)

CosPA 2015
(Daejeon, October 2015)



Outline

1. Brief history of sin? Ow physics

2. Dark Force Models (Dark Photon, Dark Z)

3. Typical Dark force searches (based on dilepton decay channels)
4. Invisibly decaying Dark gauge boson (Z' — xyx)

5. Importance of Low-Q? parity test (precise measurement of sin? 6w)



History of sin® Bw physics
1961. Glashow introduced SU(2).xU(1)y symmetry (W=, WO, B).
A, = cosbw B, + sin HWWS , 4, =—sinby B, + cos QWWB

1967. Weinberg added the Higgs mechanism (with a Higgs doublet and a vev).
my = myz cos Oy (mass relation with 8w is given)
and also predicted the weak neutral currents mediated by Z.

1973. Neutral currents (predicted in the SM) were discovered in v scattermgg

. . ‘__’ " “q
But is the SM a correct theory for the neutral currents? s = CERNG Gargame"e -

J Z, fA* (Tsr — 2Q sin® Oy — T3¢7s) f
cos Oy

Parity Test (weak mixing angle) can tell.

’!
\':‘s -~ \z!’ A

1978. SLAC E122 (polarized eD scattering) measured Parity Violation asymmetry
(or-oL/Or*0L), Which gave sin? Bw = 0.22(2). (Agree with the SM)

Parity Test established SU(2).xU(1)vy as the EW interaction structure.



Lessons from the history

Establishment of the SU(2).xU(1)y by the parity test (1978) at SLAC occurred much

earlier than the direct discovery of the W*/Z boson resonances (1983) at CERN
SPS.

The Nobel Prize in
Physics 1979

In the Press release from Nobel foundation:

The first obsenvation-of-arreifect of the new type of-weak interaction

wasmade in 1973 at the European nuclear research laboratory, CERMN;
in Geneva in an experiment where nuclei were bombarded with a
beam of neutrinos. Since then a series of neutrino experiments at
CERN and at the Fermi-Lahoratory near Chicago have-given results in
good agreement with theory. Other laboratories have also made
successful tests of effects-oftie weak Treutial-current interaction. Of
specidl Interest is a result, published in the summer of 1978, oian
experiment at the electron accelerator at SLAC in Stanford, USA. In this

Sheldon Lee Abdus Salam
Glashow

Prize share: 1/3

Steven Weinberg

Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1979 was awarded jointly to Sheldon
Lee Glashow, Abdus Salam and Steven Weinberg "for their
contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles,

including, inter alia, the prediction of the weak neutral current”.

experiment the scattering of high energy electrons on deuterium
nuclei was studied and an effect due to a direct interplay between tiie
electronmagnetic and weak parts of the unified interaction could be
observed.

LESSONS from the history:

(i) Parity Test (by precise measurement of sin? Bw) can be a critical way to search
for a new gauge interaction.

(i1) Its finding may precede the direct discovery of a gauge boson (by bump search).



Weak mixing angle running and current constraints

SM prediction
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Weak mixing angle running and current constraints
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Dark force (Light Z') models



Dark gauge boson

Dark gauge boson : a gauge boson with very small mass and very small coupling,
with motivations from the Dark matter physics [e.g. positron excess] and others [e.g.
gu-2 anomaly]. (Ex: Dark Photon)

gey* )
The Standard Model of
Particle Interactions

wee Generations of Matter

Force Carriers

Z!

(Dark Force carrier)

Heavy Z' (~ TeV scale)
. Traditional target of discovery.

MeV GeV TeV PevV |
(Z" mass)

Light Z' (~ MeV - GeV scale)
. Recently highlighted subject with growing interest.

- Roughly, MeV - GeV scale
- Extremely weak couplings to the SM particles




c Light Z' models -z

~~
ey

Z’: a gauge boson of dark sector U(1). Lun = —EBWBW 42

2 cos By M 4 HY

couples to the SM particles only through small mixing with SM gauge bosons.

(i) Popular Model: “Dark Photon” [Arkani-Hamed ef al (2008); and others]

* Z'mass = MeV - GeV
» Z' coupling = ex(Photon coupling)

(i) New Model: “Dark Z” [Davoudiasl, LEE, Marciano (2012)]

« /' mass = MeV - GeV (cf. Z mass = 91 GeV)
« Z' coupling = ex(Photon coupling) + £zx(Z coupling)

iInherits properties of Z boson like parity violation.
(different couplings for left/right-handed particles)




Higgs structure matters

Model-dependence in coupling comes from how Z’ gets a mass (or Higgs sector).
- Dark Photon: (Example) additional Higgs singlet gives mass to Z’

coupling = ¢x(Photon coupling)
Lint = —ceJt 7/ (Coupling to Jy¢ is largely cancelled, for myz < my.)

em“~

- Dark Z: (Example) additional Higgs doublet (+ singlet) gives mass to Z'

coupling = ¢x(Photon coupling) + £zx(Z coupling)
1

Ling = —[e e, + ez (g/2co80w)Incl Z), 5= (57 - Qrsintow) fruf — (572 Fries

(Example) Dark Photon case
. Z-Z’ Kinetic mixing is cancelled by Z-Z" mass mixing (which is “induced by
kinetic mixing”) at Leading Order.
Ling ~ —eJb A, — (g/2cos 0w )2,
(Kinetic mixing diagonalization) — —eJ* [A, + 52,2] —(g/2cosOw) Il 2, + O(e)Z/’L]
-/’ mass matrix diagonalization) _ —eJH [A, + 52&} —(g/2cosOw)JIN -2,

(depends on Higgs sector) (for Higgs singlet)
N\

Dark Force couplings depend on “Higgs sector”.




Effects of New Model (Dark Z)

Mz’ << Mz
Parameter space (Z' mass and coupling to the SM) is extended from 2D to 3D.
(Dark Photon) (Dark Z)
£ 1
£ 1
_) ,
, — Z mass
— Z mass

£z (Z-Z' mixing)

£int = —¢& €J’u Z/

em“~ |

Ling = —[eedl,, + ez (g/2cosbw)nc] Z),

Dark Z =

Dark Photon with more general coupling.
- Dark Photon

a special case of Dark Z (gz = 0 limit).

Some experiments irrelevant to Dark Photon searches become relevant to
Dark Z searches. They include “Low-Q? Parity Tests”.




Typical Dark Force Searches
(Bump hunt of a new resonance)



Anomalous Magnetic Moment

y
S
(magnetic moment) = _9K s
< v/ 2 Nk
S |
o ' Green band: explains the 3.60 deviation in ay
W

(Cf. Tau data now agrees with e+e- data.)
a possible hint of Dark Force

'[Gninenko, Krasnikov (2001); Pospelov (2008)]

50 10 50 100 500 1000

Maark photon [MeV]

au=(gu - 2) / 2 : Always an important motivation/constraint for New Physics.

- One of the major motivations for the light Dark gauge boson (Z').
- Unlike other motivations, it is independent of the unknown DM properties.
- |t is independent of the Z’ decay BR.




Bump searches of Light Z

[ 2015 constraints]
-2 ' — Tt

10

KLOE 2013 [Dark Photon & Dark Z boson]

(as €z is tiny)

w

10° Mostly from the Z' — |+I- searches

1) Electron, Muon g-2

i) Beam-dumps

i) Meson (quarkonium) decays
Iv) e+e- collision (radiation)

v) Fixed target experiments

BESIII

(
(
(
(
(

arXiv:1507.02330

1072 107 1 ,.10
m, . [GeV/c]

1l

10 ]

With 2015 results [CERN NA48/2 using pion decay closes the last gap (April 2015)]:
whole green band (g,-2 favored) is excluded now.

We need to keep probing the other parameter space (Intensity Frontier).



Bump searches of Light Z

[ 2011 constraints and plans]

10_4_ I T T 1 Il|w\ I I I I T T T I I I T T 1 I.::
i 8
107 kY \£ ¥ /
Test (M .
10°E KLOE/|  APEX "\ —=
E Fal  MAM
B DarkLight ]
\E 1()'7%— VEPP3 E Unfilled CUI"V.252
S - E774 HPS 1 |proposed experiments
N
10°E —
N £ E141 -
W B 7]
107 E
- E137 .
10_10 é_ L 1 11 | ] ] ] [ T | | | L1 1 IE arXIV1 1094855
10 10" 1
my, (GeV)

“Dark gauge boson” physics is a rapidly-developing field.



Dark Force searches in the Labs

vvvvv

e .i! i : ‘: |
- Mainz (Germany)* |~ ~

GSl (Germany) VEPP (Russia)

. N ¥

ERN (Europe) KEK (Japan)
/7 INFN (ltaly)

~ FNAL (USA)
SLAC (USA)

BNL (USA)

UCLA
- Noptune
- PEGASUS
- Support

INFN LNF 3
- SPARC . .
- SPARX /

SLAC LLNL
= LCLS || - pLEIADES

Many searches for Dark Force in the Labs around the world (ongoing/proposed).

Exciting time!
(With some exaggeration)
Whole world is searching for a new fundamental force.



Events/(1 MeV)

Example: A Experiment (APEX) at JLab - Hall A

[APEX Collaboration]
Electron, P = E0/2 \\\\
Dark Photon -
Bremsstrahlung , “ Septum o7
‘ e~ Beam 7 /
e /1 — -
W target \\ Q@\T&\

fixed target

Positron, P = E0/2

New Fixed target (Tantalium Z=73) experiment designed for direct Dark Photon
production/detection.

108 “““““““““““
7 i _
106 ,-""/ — Z’' — e*e  narrow resonance at Z’ mass
105 signal * (Direct bump search at Low-energy facility).
107
S50
104{:;:::::: :::g&:::_S_M\'?lfgﬂm * The High Resolution Spectrometers (HRS)
1000 T at Hall A are used.
oot B

180 200 220 240 260
e“e” mass (MeV)



Example: Meson decays into Light Z’

Typical Dark Force searches in meson decays are performed in flavor-conserving
ones with quarkoniums (gqgbar-type mesons).

Dark Photon .
from Meson decays n - 4

n(dd) = yZ — y + dilepton-resonance
(Direct bump search)

Flavor-conserving meson decays
m(dd), n(dd) = y Z' (WASA, HADES, PHENIX, NA48/2)
¢(ss) = n Z (KLOE)
I'(bb) = y Z' (BABAR)

. Important searches for the Dark Force



Invisibly decaying Dark gauge boson
(Missing energy search)



Visible/Invisible decay of Dark gauge boson

2 main categories of Dark force search (in terms of the dominant decay modes) :

v4 Branching Ratio

(i) “Dilepton Resonance” search (typical search) o

¢+ Visible Dark Gauge Boson 0.70}

.........
o

Z — £~ is the major decay y |
4 mode in an ordinary scenario. « | Hadons |

p— 0.15¢

~

0.10f

Whole green band (g,-2 favored) is excluded. R O e T TS T
vqs Mass [GeV]

[Batell, Pospelov, Ritz (2009)]
[Falkowski et al (2010)]

(i) “Missing Energy” search
Invisible Dark Gauge Boson

Z — yyx is the major decay mode,
7! If ¥ (very light dark sector particle) exists.

X

X BR(Z'— missing energy) = 1 is taken.

Does the green band (g,-2 favored) survive?



Invisibly decaying Dark gauge boson

(i) Missing Energy (Z' — xx) searches

Ix1074——

10 [Dark Pho

Izaguirre et al :.

(i) K* — 1* + nothing (BNL E787+E949)

[Pospelov (2009); and others]

W:t

’/
-
-

-
-
-
-
-
——-
—
o ——

-
-
-
-
-
-
-
__——
—
e o———

E787+E9%49

BR(Z;—missing) = 1

=7 Y A ‘ R A B
Ix10 5710 50 100 500 1000

Z, mass [MeV]

§ 4T 3 g I e
Zg

| (ii) e*e” — y + nothing (BABAR)

[Izaguirre et al (2013); Essig et al (2013)]

et

N VY
Zq =

More constraints through y interaction at detectors in some beam-dump experiments
are possible, but they depend on the y coupling (ap). (will come back to this later)

In Dark Photon model, small portion of the green band survives the constraints.



Invisibly decaying Dark gauge boson

(i) Missing Energy (Z' — xx) searches
[Davoudiasl, LEE, Marciano (2014)]

I %1074 ——

Ix1074——

5% 1075} 5% 1075}

Essig et al.
1x107°y Ay AT T T TTTTT ’ 1x107°} TLTTTTTTTT =S ]
Sx 106 ——T - | 51079 ______,,———”"\ A f

’ N % "~ expie . "E787+E949
"""""""""""" More green band survives
1% 1076} 1x1076} in t K ]
: E787+E949 in the Dark Z case
5%x1077} 5% 1077} .
Max suppression
BR(Zd—>mlssmg) =1 BR(Zd—>m1ssmg) =1
-7 Y A ‘ ‘ A R ‘ ‘ -7 Y A ‘ ‘ e ‘ ‘
I>10 5 10 50 100 500 1000 1 x10 5 10 50 100 500 1000
Z, mass [MeV] Z, mass [MeV]

In Dark Z model, because of the additional term (ez term), there can be a sizable
interference in the flavor-changing meson decays.
The "K = 1 + Z' (nothing)” constraints (orange) can be much weaker (1/7 times).




00007, —— &+
S 000067 ===mme
y | T
K — -IT + Z o 0-0005;* pure dark Z (£=0) ~~~~<__ 7
= o0004 T ]
N 00003 T
& I ]
+.T 0.0002" ]
) : E
Sé 0-0001; dark photon (6=0) ]
0.0000 =— —_ ]
0.00 0.05 0.10 0.15 0.20
Z, mass [GeV]
\/ A(m3-, m2 mZ
+ + ¢ }: 2
F(K — T Zd) — 47 ]./\/l\
6472 m
pol
1 m2. —m? ° my :
. 2 2 K T 2 2 2 2 d
with E AMIT =2 (f+) — (2m¥k +2m5 —mz,)| [emz,A+6 b
1 4 mgz, my
po

/

Additional term of Dark Z model

- Dark Photon :
(loop-suppression with y)x(small €)

- pure Dark Z :
(loop-suppression with Z)x(small €z)x(enhancement factor)




Example: JLab BDX (Beam-Dump eXperiment)
[BDX Collaboration]

(plastic scintillator) JLAB experiment (proposal)
12 Gev 10 m —— to test invisibly decaying Z’
e Dirt .
X
Beam Detector Nucleon Scattering E... > 1MeV , ap =0.1 ,m, =10 MeV
10~4¢ BaBar ’
- 10-5 ’
/
10~
W LSND I
1077}
scattering to produce Z’ scattering to detect y
(promptly decaying to y) (via Z) 1077 1‘;’;1100000
€ 2 / mi / 8 D 62 / m124 , 10~° \‘- BDX 10  ---eemeeeeeeeees
50 100 200 500 1000
m, (MeV)

(i) Test experiment at JLab Hall D with low current (0.2 pA).

(i) Full experiment at JLab Hall A or C with high current (100 yA). EOT ~ 1072,
(ilf) Signals: nucleon/electron recaoils.

(iv) 2 scatterings are required to produce and detect. n, ~ “2°
(v) BKG from comic rays (neutrons, muons).

4

Y



Example: P348 (beam-dump for dark gau

CERN experiment

to test invisibly decaying Z’ L

e-,10-300 GeV
ScF-W ECAL1

[P348 Collaboration]

10_2_ I I l‘llllll T ||||E|| T 1 ‘I IIIIIII L T T TTT ]
E rkLight | V1 : -
E \ KRN . . BaBar | ]
Veto 2 / C SuvA Ak ! i
- 7t 1 /| KAl 1
= o A N ErsT eodo i

\ 3 ay favored | |-‘\\ , \/ -7 B\’lﬁa_r [ l,
10_ = == == == 4=-;—/-— -——‘———'-— \ ’ im[‘)rovcd "I E
- \ | PR N Belle [1-177
ScF-Pb HCAL e A, oeeenes Lo ' AN, 5 lﬁwﬁy |l i
ScF-W ECAL2 ' C~pelle

w B \ { Ko>rmA ~.ﬂ(.:onv‘izrt‘izd I
L \ / J \(aZIZL A .

I I VEPP-3 Belle II

component for 1074 standard
invisible decay - .
: LSND -—--= 30GeV |

@p=0.] J — 100 GeV

-5 4
10 - | | lllllll | | lllllll | | lllllll | | llllll—l:
1072 107! 1 10
my [GeV]

(i) Primarily e-beam (10-300 GeV). EOT ~ 102
(i) Detector is hermetic (catching all SM particles except for neutrinos) and
measures total energy deposit.
(ilf) Test “energy loss” (Missing E) by invisibly decaying Z'. (Essentially BKG free.)
(iv) Does not depend on unknown ap (DM coupling).
(v) Can search for the visibly-decaying Z’ as well.




Another possible Dark force searches

. Low-Energy Parity Test
(applying to Dark Z)



“‘Dark Z" effects on Weak Neutral Current phenomenology

[Davoudiasl, LEE, Marciano (2012)]
Dark Z : Ling = —leeJb, + ez (g/2cos 0w )] Z),

Dark Z modifies the effective Lagrangian of Weak Neutral Current scattering.

4G

£eff — _ngjléc(SIHQ HW)J/iVC(Slnz Hw) \‘ JInc
L mz 1 () (momentum transfer)

1+ 62 = 5 :

GF—>< + 1—|—Q2/m2Z,>GF (52 — )
—
. 9 my cos Oy 1 o }

0 1 —eo 0 NC

9%

s 0 (for Q7 2
2+ O (for Q° > m¥%)

- Sensitive only to Low-Q? (momentum transfer).

- Low-Q2 Parity-Violating experiments (measuring sin” éy) are good places to look.

Dark Z effectively changes the weak neutral current scattering

(including parity), but only for the “Low”™ momentum transfer (Q).



Weak mixing angle running and current constraints
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Low-Q? Parity Test (measuring Weinberg angle) can search for the Dark force.
Atomic Parity Violation, Low-Q? Polarized Electron Scatterings, DIS
It is independent of Z' decay BR (good for both visibly/invisibly-decaying 7).




Weinberg angle shift due to Dark Z (very light Z’)

[Davoudiasl, LEE, Marciano (2014)]
Deviations from the SM prediction (due to Darkz) |
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can appear “only” in the Low-E experiments. | . 7z =100 MeV
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Low-Q? Parity Test (measuring Weinberg angle) can search for the Dark force.
Atomic Parity Violation, Low-Q? Polarized Electron Scatterings, DIS
It is independent of Z' decay BR (good for both visibly/invisibly-decaying 7).




Weinberg angle shift due to Dark Z (intermediate mass case)

0.242 1 [Davoudiasl, LEE, Marciano|(2015)]
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Low-Q? measurements (Cs APV, E158, NuTeV) show 1.8c deviation from the SM.
Introduction of Dark Z (~ 10 GeV) can help fitting. (Blue band: Less than 1o deviation)




Summary
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The Parity Test (precise measurement of sin? Bw) has been important in studying new
gauge interactions. (Critically helped establishing the SU(2).xU(1)y model.)

There is a growing interest in the dark gauge interaction (mediated by a light Z’) around
the world. (Partly because many existing low-energy facilities can join the searches.)

While most searches of the light Z" are based on the direct resonance searches or
missing energy searches, the parity tests in Low-Q? (APV, Polarized e scatterings, DIS)
are important and complementary searches, independent of Z' decay BR.

History may repeat! (Dark Force evidence from Low-Q? parity test before bump/missing?)
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We live in’_a Dark Worl_d

+ 4  DarkEnergy

] 638"/
Positron excess

(observed in satellite experiments)
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o PAMELA .).JJA ’L\ “Dark Force”

A Fermi AEIUJJB}},? e
. 5y 4 (Force among Dark Matters)

Positron fraction

No corresponding antiproton excess
: Typical DM annihilation would
produce both e+e- and p+p-

e* energy [GeV]




Dark Force (Force among Dark Matters)

Z’ - New gauge boson of MeV-GeV scale (cf. Proton: 1 GeV)
(Dark Force carrier)| - Extremely weak couplings to the SM particles

dark matter halo

DM A

DM A

Dark Matter annihilations with Dark Force can
explain anomalies including the positron excess.
[Arkani-Hamed, Finkbeiner, Slatyer, Weiner (2008)]
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Extended range of parameters (of Dark Photon )
Energy Frontier

Limited area
discussed
in this talk

-
w

Cold Dark Matter
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Intensity Frontier
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Log,omx[eV]

[Jaeckel (2013)]

Different regions of parameter space require different methods to explore.
More theoretical studies and experimental innovations are needed.



Neutral currents observed at CERN Gargamelle
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BBN & CMB constraints on Dark Photon

10710 ¢ e :
) o/ [Fradette,Pospelov,Pradler,Ritz (2015)]
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Fig. 3. CMB constraints on VDP. The lifetime in seconds and relative number density of dark photons to baryons prior to their decay
is included.




Dark Z lifetime
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FIG. 2: Z, lifetime with Z; mass for 62 = 10~* with ¢ = 0
(solid blue curve) and £ = 2 x 10~* (dashed blue curve) cases.
We take p, ¢, J/1¢, T masses as the representative threshold
for decays to mesons.

: BR(Z' — eTe™)
L7 = —[ceJt +¢ Ow)JN ] 2! ~
int [ €Jem A (g/ COS W) NC’] L BR(Z, . BVE)




Bounds on & (in Dark Z)

Process Current (future) bound on 4 Comment
Low Energy Parity Violation| |4| < 0.08 — 0.01 (0.001) Fairly independent of mz,. Depends on «.
Rare K Decays 16| < 0.01 — 0.001 (0.0003) my < my, < mi. Depends on BR(Za).
Rare B Decays 6| <0.02 —0.001 (0.0003) |m3 < m%,6 < m%. Depends on BR(Z4). Some mass gap ~ 3 GeV.
H— ZZ,4 16| < (0.003 — 0.001) m%d < (my — mz)?. Depends on BR(Z;) and background.

TABLE II: Rough ranges of current (future) constraints on 4 from various processes examined along with commentary on
applicability of the bounds. These processes have negligible sensitivity to pure kinetic mixing effects.




Electroweak precision constraints
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[Hook, I1zaguirre, Wacker (2010)]

The constraints from the EWPT are not strong (Z pole shift [cyan] is strongest).



Alberto Lusiani — Pisa Search for dark photon and long-lived particles at BABAR Backup Slides

Future experimental prospects for Dark Photon searches

Chris Hearty, “Dark Sector’, Belle Il Theory Interface Platform meeting, Oct 2014
reviewed the Dark Photon sensitivity of future experiments

ete™ - ~yA, A —ff efe” =5 ~A", A" — invisible

Belle Il 50 fb™'

500 fb™

5ab’

50 ab™

PHIPSI 2015, September 23-26, 2015, USCT, Hefei



Beam-dump Experiments
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[Andreas, Niebuhr, Ringwald (2012)]

Z' is produced via Dark Photon bremsstrahlung (like Fixed target experiments).
Z’ decays after shield (long-lived Z': very small mass, very small coupling).

(Ex) SLAC E141 (1986): 9 GeV e- beam, 10-12cm tungsten shield, 35m decay
chamber, to search for high-E e+ (from Z’ or Axion) at 0° angle with spectrometer.



Dark Force searches at Jefferson Lab
Nuclear/Hadronic Physics Lab
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Kinetic mixing parameter

Dark force searches at the LHC
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3;4,"“@,%;00 m... ol (Ex) Looking for displaced “Lepton-Jet
107 e - objects (from boosted Z° — £*¢7) in a
1045 E1410 y b Hidden sector model. [Falkowski et al (2014)]
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[ATLAS 1409_0746] without nearby hadronic activity)



Dark force searches at the LHC

(Ex) Dark Z produced via decays of heavy particles.

rare Higgs decay ;
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8 TeV LHC with 20 fb™
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[KC Kong, LEE, M Park (2014)]
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[D Kim, LEE, M Park (2014)]

(i) Look for a narrow dilepton resonance or LJ (for visibly-decaying Z’),
or (ii) Employ a kinematic method (for invisibly-decaying Z').




