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Motivation

Evidences for dark matter:

e galatic rotation curves
* merging clusters of galaxies
« CMB anisotropies

200

K.G. Begeman, A.H. Broeils, R.H.
Sanders, MNRAS 249(1991) 523
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Motivation

Curious questions:
e |s dark matter a particle? How does it interact?

(1) Weakly Interacting Massive Particle (WIMP) as the most popular dark
matter candidate has been widely explored

(2 ) Gravity trong (| <
v X X X only
gravitational
1 interaction of
_ DM is verified

dark sector beyond DM? (dark forces? dark particles?)
further motivations for dark sector: experimental anomalies
eg. (g-2),, B-physics anomalies, DM anomalies

can be addressed by dark sector



Motivation

e Curious questions:
e |s dark matter a particle? How does it interact?

e (2) Dark sector

How to test this emerging paradigm?

* “Portals”:
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Motivation

 Dark photon as a hair of dark sector

 We need to check the assumption of the SU(3) x SU(2), x U(1)y
gauge symmetry. U(1)y?
e Extra U(l) symmetries exist in left-right symmetric or grand-unified

theories P. Fayet, Phys. Lett. B 95, 285 (1980)
P. Fayet, Nucl. Phys. B 187, 184 (1981)
P. Fayet, Nucl.Phys. B347, 743 (1990)

g

-
Dark spin-1, M/\,\'O

Sector dark photon (A’) a
probing

particle (from SM)

Gauge kinetic mixing gF;VF“” supposing SM particles are uncharged
under U(1)y

so that dark photon can

& couple to SM particles

A ANANANNDNNN Y
B. Holdom, Phys. Lett. B166, 196 (1986)



Motivation

B A
AV

B. Holdom, Phys. Lett. B166, 196
(1986) R. Foot, X-G He Phys.Lett.
B267 (1991) 509

e Abelian kinetic mixing: U(1)yxU(1)y

1

Lyinetic = 4B# By — 5 F, F*|— §UF;ILUB#

4
Y A
After EWSB: r\/\/\/\/w\/\/\/\, € = —Cwo

e Origion of kinetic mixing:

e at tree-level, € is arbitrary and NP may occur at any scale

(3

« at loop-level Y A p has both SM
and dark charges

€gp m Op: dark gauge coupling
€ ~ log —* .
1672 M.,  M«EW scale

€ is order of 10-3 for m,~ M.



Motivation

. Non-Abelian kinetic mixing: SU(2), xU(1)y w3 X=A’
AV
dim-6 operator £ yirogwe xm
A2 pel G. Barello, S. Chang, C.A. Newby,
Phys.Rev. D94 (2016), 055018
After EWSB:
Supposing that the dim-6 operator
Y X is generated at 1-loop level
ANV
C T__a a MV
B (H T H)WMVFD
CPiagy 167=my,
. —
2A2 € i cv’ sy
plwkps €= 32n2m?

[Cv2syy C
A= = 10 TeV
2¢ \/ e/10~4 . ;

intensity frontier
(dark photon)

cvisw c
i =AY ———— o g f——— % 1'TeV,
e 32r2e¢ '\ ¢/1074

non-Abelian KM

¢

4

energy frontier
(messager particle)



Motivation

» Non-Abelian kinetic mixing: SU(2), xU(1)x W3 X=A'
AV

C

dim-6 operator | — HIT9HW?® XMV
P A2 Y G. Barello, S. Chang, C.A. Newby,

Phys.Rev. D94 (2016), 055018

toy model:

N /

H ~ FH ® is a complex triplet scalar

\ /

P4 with dark charge

7\/\/\/\{\/; \m

s - Amix (7T ¢) (H 7 H)

2
99D )\Hlix v i
€ = ) 2 Swo~~ 10 gD /\mix
967 m py

400 GeV)Q

m ¢

gp: dark gauge coupling @

probed directly at the LHC



Motivation

Non-Abelian kinetic mixing: SU(2), xU(1)x W3 X=A’
AV
dim-5 operator —éTr(W'WE)X“” C. A. Argielles, X.-G. He, G.
A Ovanesyan, T. Peng, M. |.

Ramsey-Musolf, Phys.Lett. B770
Wy =W2T*, ©=3T° (2017) 101

After EWSB: (%) =g
A: integrating out unspecified heavy

states with both SM and dark charges

Y X
SM with real triplet scalar 2 AV
2
p:1+4—"§°:1+Ap o < 3.2 GeV e:B%SW
o A

H. E. Haber, H. E. Logan,

naturally suppressed
Phys.Rev. D62 (2000) 015011

by small triplet vev

strong 1st order phase transition

H. H. Patel, M. |J. Ramsey-Musolf,
Phys.Rev. D88 (2013) 035013



Motivation

 Observed baryon asymmetry of the universe, baryon to photon
densiy ratio
n= 2 — (5.54+0.06) x 1010
Ty
 Three ingredients are needed for the baryogenesis:

A. Sakharov, JETP Lett. 5 (1967) 24-27
 baryon number violation
« C and CP violation
e departure from thermal equilibrium (1st order phase transition)

SM CP violation is too small, new source of CP violation is needed
P. Huet, E. Sather, Phys.Rev. D51 (1995) 379
B /e -

dim-5 operators —KTr[WWE]X’“’ - KTr[WWE]XW

new CP violation



In this talk, | will concentrate on the current constraints and future
sensitivities of dark photon at colliders as well as test of CP violation

Abelian KM

Non-Abelian KM

SM +

1 M. He, X.-G. He, C.-K. Huang and GL,
= §JFWB“” JHEP 1803 (2018) 139

B, sxm BTW 31D G
A r| pv ] A r| nz ]

K. Fuyuto, X.-G. He, GL, M. J.
Ramsey-Musolf, in preparation



Parameters

 Dark photon mass generation
 Higgs mechanism

Vo(H, S) = —p2|H|? + MNH|* — 12|S|? + As|S|* + s|S|*| H|?
S is SM singlet “dark Higgs” with U(1)yx charge s,.and vev v,
(D,S)1(D"S) = mu = gusavs/V2

D. Curtin, R. Essig, S. Gori, J.
Shelton, JHEP 1502 (2015)
157

vector (dark photon) portal + Higgs portal:

H S
S X--_- K|SPIHf

B. Kors, P. Nath, Phys.Lett.

e Stueckelberg mechanism B586 (2004) 366

Only dark photon portal is involved



Parameters

 Dark photon interplay with dark matter

* If mp > 2m,, searches for A' - xx (invisible) also depend on m,
and ap X: non-secluded WIMP dark matter

1004 |
_ (x‘:
p
105
SM
1.3
.15
(Cana?) ~1.3 ban(SOO GeV)Q X ﬂ 2 L
ann¥)my>mgm ~ 1.9 P ! My 47713} — 'rn%/ z G, constraint
o1 allowed
resonantly enhanced for my = my/2 S E—
10 100 1000
m, in GeV
M. Pospelov, A. Ritz, M. B. Voloshin, s 2
Phys.Lett. B662 (2008) 53 b= (—)
e cos by

14



Parameters

Dark photon interplay with dark matter

* If mp > 2m,, searches for A' - xx (invisible) also depend on m,
and ap X: non-secluded WIMP dark matter

Missing Mass/Momentum Experiments (Kinetic Mixing, m = 3m,)

DarkLight
~

it ]
~_ 1 i

=T

—_—

é“: =

MMAPS _\j_-~~

< 10~ 10F mA64 vEPP-3 T

=

p—_

Q

-
.

T

Belle 11

1 10 102 103
m, [MeV]

Battaglieri et al., 1707.04591
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Parameters

 Dark photon interplay with dark matter

* If m,>m,, searches for A' - SM particles (visible) only depend on
My and € x: secluded WIMP dark matter

M. Pospelov, A. Ritz, M. B. Voloshin,
Phys.Lett. B662 (2008) 53

DM relic density is achieved if

)\ 1/4

' my, -3 Ty,
1} mEx10?x ( )

. ( m?z)) ’ 500 GeV

’JT((}{’)Q ’IT?%, |
70T my b= m?’ only constaint from thermal free-out

J. A. Evans, S. Gori, J. Shelton, JHEP 1802 (2018) 100

e Mininal dark photon signature with free parameters in the dark
photon portal: kinetic mixing parameter(s) and dark photon mass

16



Field redefinition

 There are two steps to achieve couplings of physical dark photon to

SM particles: R. Foot, X-G He Phys.Lett. B267 (1991) 509

» write the Lagrangian in the canonical form ( kinetic mixing term
IS removed)

e diagonalize the mass matrix

 Massive dark photon can couple to the SM currents through the
mixing with photon and Z boson

B (W3) A’ (X) v.Z A'(X)
'\/\/\/\/9QVVV\,':> AV VAVY



Field redefinition

e |In the Abelian KM case,

€ = —CwO
A A (1 0 —cwo \ o SWom?,
: 0o 1 Swomh | mh —mg
Zy | =V | Z V= m2 —m% | T O(o7)
, , 0 SH,’O'TI?.QZ 1 9
A A \" "W, —mZ ) _ swmye
a7 Z T = 5 3
cw(my, —my)
* In the non-Abelian KM case,
Ag — A" + ewxsws§Z‘u — BWXchgX“ iy O(B%VX),
2 = (ce + ewxewse) Z" + (s¢ — ewxewee) X + Oleyx), — P
A
XSL = —SgZ'u i CgXpJ + O(e%VX),
QCWeWszz 9
CP-odd term is not involved in field redfinition 2 X
3 o Levi-Civita tensor . ~
—§Tr(wowz)xg” — (W — 0" Wy™) Xo = 0

(X%) = zo

18



Dark photon couplings

* Couplings of dark photon to fermions S SWMie
ew (m3, —mz)

In the Abelian KM case, universally rescaled by € for small my

0.7
5 g 5 06
EffA’ = [elef’Y”f + 1—(vg —azy )f] AL < E 05
cw S1.L04
B[ eT
7 20.3
In the non-Abelian KM case, o
q - - 0'Oo 10 20 30 40 50 60 70
L:ff_X: —afV#(VX_AX’Y )fX,u my [GeV]
Vx = (ceazx — se)vz + Qraaxceswew, QAx = Swewx

Qzx — Cwewx
AX = (CgO{ZX — Sg)az,

The couplings of X to fermions are non-universally modified

19



Dark photon couplings

e Couplings of dark photon to Zh

In the Abelian KM case,

m
Lrigs = ——h A, 2"
%%

In the non-Abelian KM case,

m
Lhiges = X2 H, X, Z*
Cw

Owx = —2Tx(W,, 2) 4"

B,Ml/ 12 3aV v 3}.UJ 3bc b,[_L G,V

2 acquires vev

Z X
AV

X = Cg(Cg -+ GWXCWSW)(Sg — GWXCWC£)

After EWSB: ¥° =25+ 0

(

cosf) —sinf

sinf/ cosf

)

H,
H,y

|

125 GeV

20



Dark photon couplings

e Couplings of dark photon to Zh (and Ah)

In the non-Abelian KM case,

OWX = —ETI'(WO#VE)XSW,

After EWSB: ¥° =25+ 0
£

2 . JB Y114

OWX = _KTI(WOMVZ)XD :

h B cosf) —sinb Hl\ 125 GeV
Wg),w _ a”Wg’” B QVWS”'“ g€3ch§,uW0c,u o sinff cosf HQJ

2 does not acquires vev,
but neutral component

~

s B pyd g
15 - ot Aw o H H L XHY g, 7Y
—Q—A(CL-VC‘E+C"u-f',¥85)ZW(CQH2+89H1)C§Xﬁ QASW (o Hz + soH) (cg 5e2")
D (cwec -+ ewns) ol + seHy)ec K
— —(cwee + ewxs coHy + 8 C :
gl TR WG See TRRR important for EDMs (later)

new H;ZX couplings suppressed by sg 1



Dark photon couplings

e Couplings of dark photon to W+W-

In the Abelian KM case,
Leange = —te(e + 7 cot Oy ) [—E)“A'”(WJW; — WjW;)
+ AV (—WHRO,W, + WHO,WF + WHO,W, — W+, W, 5]

In the non-Abelian KM case,

8 v ' v
Owx = —KTI“(WOWZ)XE . Owx D —%Q(W&Wou — Wy, Wo, ) X§
o é R ~ 7:~-T _ _ O L

WSO WA -
e e - W+, W- fields do not change

2 acquires vev

22



Dark photon couplings

e Couplings of dark photon to W+W-

In the Abelian KM case,
Lgange = —ie(e + 7 cot Oy ) |- A (WIW, — WW,)
+ AV (-WTHOW, + WHOWF + WO, W, — W+, W F)]

In the non-Abelian KM case,

Lenuge = — ig(cwse — ewxce) [=0" X" (WIW, = WIW,)
+ XU (=WHOW, + WHOW, + WHOW, — W‘“&LW;)] __  CP-even

— igewxcgaﬂXy(WJW; - W;WM_)
— igéwxced" X" (WIW, — WiWw,) — 5 CP-odd

CP-violating W+W-X coupling (later)
23



Constraints

e Lots of efforts to search for dark photons which kinetically mixes
with photon
« beam-dump, fixed-target, low energy ete- collider, rare-meson-

decay experiments and LHC

Electron fixed target experiments Proton fixed target experiments
A ¥ A
" . — . o brems-
€ € strahlung € p  strahlung
\Z e e N 'A'.Z_ —p—P— N
< € A meson
Electron-positron colliders P.—’.',.'n'.,'.:; decay
et Y 9
Proton-proton + Drell-Yan
e A’ colliders: ~
€ q
L
S. Gori, CIPANP 2018 High intensity ~ High energy 24




Constraints

e Lots of efforts to search for dark photons which kinetically mixes
with photon

« beam-dump, fixed-target, low energy ete- collider, rare-meson-
decay experiments and LHC

beam-dump experiments:

g
=
~
20
o=
!

—~—

shield €
,yf
E ! : +

detector

S. Andreas, C. Niebuhr, A. Ringwald,
Phys.Rev. D86 (2012) 095019

25



Constraints

e Lots of efforts to search for dark photons which kinetically mixes
with photon
« beam-dump, fixed-target, low energy ete- collider, rare-meson-
decay experiments and LHC

!
— Ye
107 - - == De
T I\I TTT T T T T rrTy T '_: E.E r E E
\ / ‘ AN .EV 5 >6/W\,
<l NAMB/2 : % 1 * /
10°%F AL g = y =
\{::774 /\MJM . I.‘f“ll rﬂ ‘ l Y : | ELHUJMM prompt 7 A
10_72- \ . Arex g /3 g E
i § = - 1 Shaded: Existing bounds
10-8F : ¢ = — { Lines: Proposed experiments
2 —n p/w¢ I y@S)  Y(nS) 1
€
1()—95- & HCb py pre—module 4
loumé_ Orsay, UT0 . P. IIte.n: Y. Soreq, J. Thaler,
' [EHCh yt post—module {1 M. Williams and W. Xue,
o1l = LHCh g assumes 150~ 1 Phys, Rev. Lett. 116, no.
E LHCh D* assumes 15 tb 25' 251803 (2016)
I Lharm Nu Lal 11137 LSND * ]
10"12 [ B B A | L L1 1l 1 1 L1111l 1 1 T B I |
0005 001 002 005 0 1 0. 2 0.5 1 2 ) 10 20 50

even smaller 26



| will concentrate on Abelian and non-Abelian KM dark photons that
are accessible at the LHC and future high-energy et+e- colliders

€
107! N
EW precision

«“et*e colliders, B factories

Accessible at hadron colliders

and high-energy ete- colliders

Beam-dumps

— -

DV,
L

Supernova
cooling

10—10

m(A’)
MeV 100 MeV 100 GeV

Kinetic mixing paramter(s) and dark photon mass
are required not too small for prompt searches



Constraints

e Collider search strategies at the LHC (ATLAS/CMS, LHCDb)
M. Diamond, LHC DMWG 2017

€ € £
>{\/\/\,ﬁ B
z z, .

q

pp — Zp — 'l

= only requires vector portal ¢

benchmark model

{

alternative model

pp —h—>727,—- 21*2U
= only requires vector portal

= suppressed in vector portal » ———® -~
= significant if Higgs portal added

DMWG's newest focus

LHC DMWG public meeting on dark photons

Friday 22 Jun 2018, 09:00 — 18:30 Europe/Zurich
© 4-5-030 (CERN)

28



Constraints

Recast contraints from benchmark model to alternative model

oga(m, g1 )Ba(m)e(ta(m, 1)) = og(m,g)Be(m)e(r(m, gs))

- given a limit for at point (12, ) for model A, solve above to find
limit point (12, ¢5z) for model B

« absolute cross-section can be tricky, ratios are easier

oa(m,q1) e(ra(m, g.1)) Ba(m) _
os(m,gB) e(t(m, gp)) Ba(m)

Ba(m)
Bg(m)

oca(m,ga)
» og(m,gp)

o efﬁcjency ra,tio, S(TA(HM );
T e(r(m.gp) P. Iiten, LHC DMWG 2018

® branching fraction ratio,

@ cross-section ratio

detector efficiency

29



Constraints

 Dark photon searches at the LHCb
e interpreted as Abelian KM dark photon

Q
N
N

90% CL exclusion regions on [m(A’), %]

107

107

107

107 - LHCb prompt-like

-BaBar ]
1077 o K.LOE. o —
! e m(A) [GeV ]
T term is neglected Phys.Rev.Lett. 120 (2018), 061801
do _ m
pp= XA 5 Xptp— e i
do'pp_).XfY*_>X'u+M* (mi# — mAf)2 + FArmA/

for any multiparticle final state X and data-driven analysis is performed
since efficiency and acceptance for the measured SM process are the same

as for the inferred signal process .
P. llten, Y. Soreq, J. Thaler, M. Williams, W.

Xue, Phys.Rev.Lett. 116 (2016) 251803 5,



Constraints

 Dark photon searches at the LHCb

* interpreted as Abelian KM dark photon

107
[a]
(8}
107
107

10°°

1077

90% CL exclusion regions on [m(A4'), e

Q
N
N

’]

- LHCb prompt-like

- BaBar

KLOE .

proper decay length:

CTyt sete— =
Y ( 3

=8 x 10—3cm(

) —1
€2 oM mwf)

104

100 MeV

€

) (

m,yr

) —

Y. Tsai, L.-T. Wang, Y. Zhao, Phys.Rev.

D95 (2017) 015027

1 m(A) [GeV ]

Phys.Rev.Lett. 120 (2018), 061801

prompt searches for
10 GeV < my, < 70 GeV
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Constraints

 Dark photon searches at the LHCb
e re-interpreted as non-Abelian KM dark photon

q € € ¢
> /
aVAYAS LY.V
q \f‘

YA Zp

equal to 1 (prompt)
/

ox Br(X — ptp~)e(rx) {

g Br(A" — ptp~) e(r))

The couplings of X to fermions are non-universally modified, so one needs

fractions of each flavor of
quarks in dark photon production

ox Z ou || ok
a 4 a A’ O'f,_l,-

t=u,d,s,c,b

oy  T(A" - ¢@)

10 my [GeV]

P. llten, Y. Soreq, M. Williams, W. Xue,
JHEP 1806 (2018) 004
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Constraints

 Dark photon searches at the LHCb
e re-interpreted as non-Abelian KM dark photon

q € (s f
>1W\ N/ -<} ox Br(X — pu”) e(rx) 1
q = 7 ¢ o Br(A" — putu~) e(t))
D

Ta

0.020
0.015;¢
£0.010
ewx < 5x10-3 for 10 GeV < my < 70 GeV
0.005;¢
0.000 K. Fuyuto, X.-G. He, GL, M. J.

2‘0 3'0 40 5'0 6'0 70 Ramsey-Musolf, in preparation
myx [GeV]
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" q € € {
Constraints =NV v
4 z 2z ;

 Dark photon searches at the ATLAS/CMS

107 (non-Abelian dark photon

T & with my < 150 GeV is
10°08 1 15 2 25 3 35 4 45 5 considered)
JHEP 1710 (2017) 182

* re-interpreted as Abelian KM dark photon in terms of €

, . -0.55
e interpreted as Z' in terms of o Br
-0.60
EII|||III!!IIIIlIIIIIIIII|[[II|!III|I[II|1IIj .
= ATLAS . - Expectedlimit 5 | "F ~065
E s=13TeV, 36.1 b gug, ER-
= ) || Expectedt 1o J w=—0.70 . .
e Z =l Expected+ 25 | T% \g TIS |nCIUded
3 — Observed limit 3 & ~0i
— Zssu . ~0.80
10> =
E -0.85
] 150 200 250 300 350 400 450 500
10 = m [GeV]

T IIIIFII| T IIIII|T| T TTTITI] =k

generate LO pp — A" — ptp~ with ¢/cy = 1072

we project the

05%C.L. _ g (A")Br(utp”)]P*Cn 36.1 fb~1\ /? | sensitivities to 300
T\ Knooro@ B )02y \ Tz fb1, 3000 fbl

34



Constraints

 Dark photon searches at the ATLAS/CMS
e interpreted as Abelian KM dark photon in terms of o Br

. R IR R RN TR GG I
ATLAS

E i
E H- ZZ — 4| i g)l()pszcnt‘:c? E
- 13TeV, 36.1 o e 7
i [J*2 7
h E =
£ - JHEP 1806 (2018) 166 ]
E )
g i .
o - g
Z can be on-shell or off-shell & - .
Zy is always on-shell 105 "%"""25" 30 35 40 45 50 55
mzd[GeV]

. constraints on € in
< A Swm? e ' Abelian KM case are
T=—
AP o (2 — 172 (small) weak

35



Constraints

 Dark photon searches at the ATLAS/CMS
e re-interpreted as non-Abelian KM dark photon

(

oxBr(H — ZWX — 44)

4 =

oA Br(H — ZM A" — 44)

Z can be on-shell or off-shell
Z4 is always on-shell

'\/VV\/WVVV\/ X = colce + ewxcwsw)(se — ewxcwce)

Br(H — Z®ANBr(Z — ¢+07) =

o T(H = ZWX — (+/~X) Br(X — (+(7)

- gb T Br(A" — (+¢=)’
(exp. upper limits) _ GT(H = ZWA - 07 A) ¥’ Br(X — £+07)
— T, 72 Br(A' — £+’
CET(H — ZWA — (T(~ A Y2 Br(X — £+47)

Rx

" TEBr(H — ZMAlyweer it Br(Z — ¢+¢~) 72 Br(Al — (+0~)
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Constraints

 Dark photon searches at the ATLAS/CMS
e re-interpreted as non-Abelian KM dark photon

b

3.3F : :
—my= 15GeV

3.0¢
my= 25GeV
75 —mx=30GeV
— myx= 45GeV

2.0}

myx= 55GeV

1.5¢
| S < " s
0.5}
0.0L . ‘ .
10 20 30 40
10° ewx

Ryx>1 region is excluded

50

opBr(H — ZWX — 40)
oA Br(H — ZM A" — 44)

2-body decay,ewx=2x10"2

S 1072

2x 1074
1x107%
S TS

H
tot

(H-Z2X)/T

5

r
)
X
"
a5

%107

10 20 30 40 50 60
mX[GeV]

eywx < 2.6x10-2 for
10 GeV < my < 55 GeV

K. Fuyuto, X.-G. He, GL, M. J.
Ramsey-Musolf, in preparation
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Constraints

e Constraints from SM measurements
* |In the Abelian KM case,

4 2 2
My Sy 0o

2
mZ_mAr

deviation at order of o2

/l 0 —Ccw o
2
SWOM 4
L s IR G
Swomsy
O ———5 1
\ My — Mg
A. Hook, E. lzaguirre and J.
; G. Wacker, Adv.High
+ O(0?) EWPT Energy Phys. 2011 (2011)

859762

* |In the non-Abelian KM case,

deviation at order of eyx?

Ag = A* + EEW)(S]/Vngp = €WX¢9W{3£X'M + 0(6%;)(),

Z8 = (et + ewxewse) Z* + (s¢ — ewxewee) X* + O(e%VX),

X = —s¢Z" + e X* + Oleyyy),

38



Proposed searches and sensitivities

Abelian KM dark photon searches at future e+e- colliders (CEPC/ILC,
FCC-ee)

radiative return process: ,
* Previously used for low mass

o dark photon searches at BaBar

_ A’
e —»—«/\/\/\,< o Phys.Rev.Lett. 113 (2014) 201801

1  We proposed to search for dark
photon with mass as large as
kinematically allowed at future
""""""""""" e+te- colliders

0.20]
m,=70GeV — efey=10""
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Proposed searches and sensitivities

e Abelian KM dark photon searches at future ete- colliders (CEPC/ILC,

FCC-ee)

In the low-mass region, better sensitivities at the CEPC and FCC-ee (160
GeV) than at the LHCb
* |n the high-mass region, better sensitivities at the FCC-ee (160 GeV)

and FCC-ee (350 GeV) than at the HL-LHC

0.100
0.050

0.010

0.005] | ).

0.001
5%x107%

1x10™*

may>20 GeV

.......

— FCC—ee(350GeV),1.5ab™!
— CEPC(240GeV),5ab™!
— FCC—-ee(160GeV),10ab™!

50 100 150 200 250 300 350

LHC8,13/14=ATLAS/CMS

lack of dark photon searches
close to Z mass region at the
LHC

LHCS8 result: I. Hoenig, G.
Samach and D. Tucker-Smith,
Phys. Rev. D 90, 075016 (2014)

M. He, X.-G. He, C.-K. Huang
and GL, JHEP 1803 (2018) 139



Proposed searches and sensitivities

 Non-Abelian KM dark photon searches at the LHC NEW

H¥ > W*X

Z_ 1+
X
w+ HY W 5 z HY, W .
vt 4z 112

ANNNANAK i,

Hy, Hy v, Z H
I+
(©

(a) (b) (d)

C. A. Arguelles, X.-G. He, G. Ovanesyan, T. Peng,
M. J. Ramsey-Musolf, Phys.Lett. B770 (2017) 101
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Proposed searches and sensitivities

 Non-Abelian KM dark photon searches at the LHC NEW

H¥ > W*X

C. A. Arguelles, X.-G. He, G. Ovanesyan, T. Peng,
M. J. Ramsey-Musolf, Phys.Lett. B770 (2017) 101

Mx=300 GeV (130 GeV)

€

10°% 1077 10°° 7
] T T T T
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—4 —th
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s
10-° /
6% 19 =4 1R 162
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€

108 107 10°° 1072
10 T T T T
0.1 —Ww *tx
Wtz
— W TH,
—cs
—th
—tty
| 10 100
B/ A [TeV ']
Xo=1 MeV

branching ratio for HY — WX is essentially 100% for B/A 2 0.1/TeV
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Proposed searches and sensitivities

Non-Abelian KM dark photon searches at the LHC NEW

(X = fF) = kx N

proper decay length

ggm
127me

m m
(VZ+ A%)0(mx — 2my) kyx = (1+2—L) /1 —4—L

100+

o=Br (pb)

0.1t

100

mp+=mpg,=130 GeV
my=0.4 GeV

—_ATLAS 95% CL limit on o-+Br

o(vy=1.0 MeV,c1)
o(vg=1.5MeV,c7)
o(vs=2.5MeV,c7)

5 10 50 100

¢t (mm)

500 1000

I'x

long-lived X decays into
collimated jets of leptons,
I.e, lepton jets

recast h -> XX -> LJs

C. A. Arguelles, X.-G. He, G.
Ovanesyan, T. Peng, M. J. Ramsey-
Musolf, Phys.Lett. B770 (2017) 101
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Test CP violation in non-Abelian case

 Non-Abelian KM dark photon constriants from EDMs

Fermion electric dipole moment £FPM — —%dffaw%fFW

Owx = —%Tr(WOWE)f(SW {

\
W <@QEW — WD g WY Z,X \ H1,H2
\

\
- \

:> —%SVVA;LV(CQHQ -+ SeHl)(CgXlw —_ SQ:Z’U/V)

K. Fuyuto, X.-G. He, GL, M. J.

current limits: Ramsey-Musolf, in preparation

|d|<1.1x10 e cm |dn| < 3.0 x107%° e cm

NEW future sensitivities to d, can be 1.0x1029 e cm

T. Chupp, P. Fierlinger, M. Ramsey-Musolf, J.
Singh, arXiv:1710.02504



Test CP violation in non-Abelian case

 Non-Abelian KM dark photon constriants from EDMs

de, p,n [€ cm]

| [ LA T
Electron EDM constraint e

N d,| <8.7%107%° e cm
10~

dy

T TTTTT]
Lol

=2

T TTTTII
| II\I\[I’

ﬂ:ﬁ:z
A=1TeV, xog=1GeV
my = 100 GeV, my = 200 GeV

10—30

T TTTNT
Lt

Lrrratl |
1072

-3 U |
0 107

Mixing between neutral scalars

[BWX X ewx < 4 with Ce=0.95]

K. Fuyuto, X.-G. He, GL, M. J.
Ramsey-Musolf, in preparation

~

B

_ﬁSWAMy(CQHQ + SQHl)(CgXﬂ'V — S§Z’MV)

EDMs are proportional to sgCq
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Test CP violation in non-Abelian case

 Non-Abelian KM dark photon constriants from EDMs

Barr-Zee diagram:

S. M. Barr, A. Zee,
Phys.Rev.Lett. 65 (1990) 21

2-loop Y

W:I:

\
\ H1, Ho
\
\

Z(X)

negligible contribution to EDMs

@WX = —gTT(WQMVE)XSW
O Brose ypreqy g
wx 2 A g m v

2cwe m2

e
D) D) WX
my —Mx

tan 2¢ =

suppressed by (eyx)?

K. Fuyuto, X.-G. He, GL, M. J.
Ramsey-Musolf, in preparation



Test CP violation in non-Abelian case

e Collider signature of CPV non-Abelian KM dark photon

— igéwxceO" XV (WIW, — WIW,)

=

q q

azimuthal angle distribution

. - T. Figy, V. Hankele, G. Klamke, D. Zeppenfeld,
CPV HWW and HZZ couplings o\ SR\ 574 (2006) 095001

e SUSY particles searches S. Mukhopadhyay, M. M. Nojiri, T. T. Yanagida, JHEP
1410 (2014) 12

* has not been applied to a spin-1 particle



Test CP violation in non-Abelian case

e Collider signature of CPV non-Abelian KM dark photon

For VBF pp>jjX, ®, (®,) is the azimuthal angle of jet in
A¢j; = ¢j — dj,  the forward (backward) hemisphere
120 = Ap + Ay cos(Agj;) + Az cos(2A¢;;) + By sin(Ag;;) + Basin(2A¢,;)
InG, j. ji i j

K. Hagiwara, Q. Li, K. Mawatari, JHEP 0907 (2009) 101 exist only if CP is violated
After integrating A®; over (0, m) and (m, 2m), the asymmetry is

OA¢;i>0 — TA¢;;<0

A:

A#0  with CP violation
O-/_\qf)jj>0 T O-Aqf)jj<0

[€WX X ewx < 4 with C9=O.95}

For my=100 GeV, A=0.135 (signal only) K. Fuyuto, X.-G. He, GL, M. .
Ramsey-Musolf, in preparation
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Summary and Outlook

e Current constraints and future sensitivities of dark photons in the
Abelian and non-Abelian cases are discussed

« EDMs and azimuthal angle distribution are used to test CP violation
in the non-Abelian dark photon model

 Long-lived dark photons and messager particles are of interest

Thanks for your attention!



CP-odd term
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Test CP violation in non-Abelian case

 Non-Abelian KM dark photon constriants from EDMs

e / boson contribution

z € _my 1 My, 1 (rzmg, logrzuy, 7rzm,logrzm,
df = —ZCZVZq;bg— — log = — = -
8T v my, 2 1—rzny, 1 —¥zm,

e X boson contribution

TXH> log 7 "X Ho

il

e my |1 m?2 1 (rxm, logrxy
¥ = —CxVxcpso—L |Slog [ —42 ) — = ¢ 222 L
Gf = gra  XVXCO%0T " 508\ 1—rxm,

where rzg = m%/m?% and rxg = m%/m?.

l —rxmH,

(40)
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LHC low-mass region
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I. Hoenig, G. Samach and D. Tucker-
Smith, Phys. Rev. D 90, 075016 (2014)
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