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[What | will explain today]

7' can simultaneously explain

2. Cosmic ray anomaly

AMS anti-proton excess
interpreted as Dark Matter annihilation
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constraint : B,— B, mixing consistency : relic density

vN > vNputp~ prospect : direct detections




[B anomaly]

Deviations from SMin b — su ™y~
Obs. 1 R 1(B- Kum—)/r(f; e )

SM: 1+ 0(0.01)
0.090
LHCb : 0.745700°9 4+ 0.036

~ 2.00 1406.6482 (LHCD)

Obs. 2 Angular analyses of B —+ K*¢T¢~

7 oa | 1308.1707 (LHCb)
;i ];Hs(;ffromABsz 1 00 Observables. 1512004442 (LHCb)
of -+ | Including all, 1604.04042 (Belle)
-t —
odf T 1 ~ 4.0 0

Obs. 3 Angular analyses of B, — ¢ £T¢~

1305.2168 (LHCb)
~ 3.50 1506.08777 (LHCDb)



[B anomaly : a solution]

The deviations can be explained by

New Physics in b — sy~ with the form of

aGp
\V2r

B — Vi Vi 374 Pob] [py" (Cv + Cay®) ]

Global fit to data suggests existence of NP
[1510.04239]

Point1: withV-Acurrent Cy = —Cjs ~ —0.65 (best fit)
Point 2 : only in muon sector

Point 3 : comparable with SM (C;M ~ —C5M ~ 0.94)



[B anomaly : a model]

The simplest thought = Z / with left-handed current

Lz = gbs (3Y"PLY)Z), + gup (B PLp)Z),



[B anomaly : a model]

The simplest thought = Z / with left-handed current
Lz = gbs (3Y"PLY)Z), + gup (B PLp)Z),

To implement this interaction in a realistic model

-/ ’ should be a new gauge boson (will get mass after symmetry broken)

* Interactions should respect the SM gauge invariance

This work = U(1)’ gauge



[B anomaly : U (1)’ model])

This work = U(1)’ gauge (coupling = g’, charge = Q)
Luay = 9'Qq (@L¥"qr)Z;, + g'Qe (ZL'YMKL)ZZL

qr = <ZL) — (VL> are charged under U(1)’
L



[B anomaly : U (1)’ model])

This work = U(1)’ gauge (coupling = g’, charge = Q)
Luay = 9'Qq (@L¥"qr)Z;, + g'Qe (ZL'YMEL)Z;L
qr, = <ZII_:) el — (VL> are charged under U(1)’

Structure of the couplings

- 3rd gene. quarks (tt, bb) and 2nd gene. leptons (pu, vv) are charged

* b-s-Z’ coupling is generated by a mixing of the quark field



[B anomaly : U (1)’ model])

The minimum form to address the issues :

* In the gauge basis

Luay = 9q (@Y qL)Z' + ge (5 ’Y“’fz)z'

t v
qy, = (bi) e L= <:LL> , (95 =9'Qy)



[B anomaly : U (1)’ model])

The minimum form to address the issues :

* In the gauge basis
Luay =94 (@37 a3)Z;, + g0 (EfYH43) Z),

t v
qy, = (bi) e L= (:;) , (95 =9'Qy)

* b-s coupling is obtained from a mixing in the mass eigen basis

dr, dy, 1 0 0
SL =D | st s, D=|0 cosOp sinfp
Do by J=r 0 —sinfp cosfp

* For the other fermion fields, gauge eigenstates = mass eigenstates



[U (1)’ model : processes]

Allowed parameter space :

- parameters
9q > ge Op , and mass (1mz)

 relevant flavor constraints

B - K (*)H_I_ p—  [1510.04239] B — K (*)wj [1409.4557]
Br, angles, ] .
b °  distributions, etc. b °  Branching ratio
77 H 77 UV (upper limit)
I ~100 observables 7,
B;-B,; mixing [PDG2o16] Ny — Nvptp~ [1609.04026]

v v
b A b Mass difference \Eﬂ/lzﬂ Cross section
of Bs L
S S N&N



[U (1)’ model : processes]

Allowed parameter space :

- parameters
9q > ge Op , and mass (1mz)

 relevant flavor constraints

Process Observable Constraint on
b— sutpu~ global fit (~ 100 observables) g,9¢sin@p cos epmg?
b — svi branching ratio (upper limit) gqg¢sin@p cos@pm;
B°-B° mixing mass difference (AMy) g7 sinOp cos Opmy,;
vN - vNutp~ production cross section gfm}?

- we define ratio of the couplings: “hierarchy of the couplings”

9q
ge

Ng = (ex) ng >1 = gq > ge




[U (1)’ model : constraints])

Space on (gq gemz; OD) for several choices of 1, = —

r )
-1 Neutrino trident |
10 production (95%C.L.) 3
1072
<
107F
10—4 rnl il 1
1072 107! 10° 10!
1 TeV?
8q 81 X >
my
. J

dq

ge

* Region in _ explains

the b — sput 11~ anomaly

* A small mixing in limited range

is only allowed



[U (1)’ model : constraints])

Space on (gq gemz; OD) for several choices of 1, = —

r )
-1 Neutrino trident |
10 production (95%C.L.) 3
1072
<
107F
10—4 rnl il 1
1072 107! 10° 10!
1 TeV?
8q 81 X >
my
. J

dq

ge

* Region in _ explains

the b — sy~ anomaly

* Region in {_ ) satisfies

all the flavor constraints

* The reference point (%)
6p = 0.005

gqge/m%, = 0.12/TeV?

* A small mixing in limited range

is only allowed



[U (1)’ model : summary]

Reference point *

4 A
mz.
gg = Nypge = 0.35+4/1yp
1 1 TeV
. y
(Just keep this in mind)
Next point

* introduction of Dark Matter to our model

* DM solution to Cosmic Ray anomaly

 Correlation between B and CR anomalies



[U (1)’ model : dark matter]

Z’ as a mediator of Dark Matter :

* We can easily introduce (Dirac) DM into our model

L1y —gq( q77~Y qL)Z' ge (ZE’Y'%%)ZL,
+ g . )Z;

- DM annihilation channel

X z! b VvV, 2(3g2 + 2g2 iy 2
_>\/\<_ <0"U> = gx( gq gﬁ) 49:(
X blL+ 17“ 27 m,

So, what can we play with this?




[CR anomaly]

AMS-02 antiproton observation

* Precise measurement of antiproton flux in cosmic rays at ISS

Phys. Rev. Lett. 1177.091103
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[CR anomaly : DM interpretation)

AMS-02 antiproton observation

- Recent studies for re-fit to AMS data taking DM into account suggest

XX — bb is favored when
m, ~ 70 GeV and (ov) ~ Relic density

Phys.Rev.Lett. 118.191102
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[CR anomaly : DM solution)

Implication with respect to our model

* [Relic density] + [DM favored by AMS-02 data]

2 (392 + 297 70 GeV)?
(ov) = 9x (39, 9) (( ) ~ 4.4 X 107%°cm®/s
27 m?,
* DM solution in our model
4 )

— mZ,
gy = NnNygq = 1.09/n, TV

\. J




[CR anomaly : DM solution)

Implication with respect to our model

* [Relic density] + [DM favored by AMS-02 data]

(397 + 70 GeV)?
(ov) = 9x (39, %g) ( ) ~ 4.4 X 107%°cm®/s
27 m?,
(XX — bb dominated)
* DM solution in our model
([ )

— mZ,
gy = NnNygq = 1.09/n, TV

\. J




[CR anomaly : DM solution)

Implication with respect to our model

* [Relic density] + [DM favored by AMS-02 data]

92 (392 + 247) ((70 GeV)?

(ov) = 5 / - R) ~ 4.4 X 107%°cm®/s
7T mZ’

(xX — bb dominated) (AMS-02 data favored)

* DM solution in our model

( )

— mZ,
gy = NnNygq = 1.09/n, TV

\. J




[CR anomaly : DM solution)

Implication with respect to our model

* [Relic density] + [DM favored by AMS-02 data]

g5 (395 + 347) ((70 GeV)2> ~ 4.4 x 10725 cm3/s

-
\

x> bb dominated) (AMS-02 data favored) (Relic density)

* DM solution in our model

( )

— mZ,
gy = NnNygq = 1.09/n, TV

\. J




[CR anomaly : DM solution)

Implication with respect to our model

* [Relic density] + [DM favored by AMS-02 data]

(ov) : %) ((70 GeV)2> ~ 4.4 X 107%°cm®/s

\

x> bb dominated) (AMS-02 data favored) (Relic density)

* DM solution in our model

( )

— mZ,
gy = NnNygq = 1.09/n, TV

\. J




[B and CR anomalies]

Requirement
* In terms of couplings

m z:

2
B physics : gg ~ 0.12n, X ( > for the point

TeV

. S D mz \° 7
strophysics : Qi X for m, = 70 GeV

Ty 1 TeV
r N
nX ) nq ~ 10 (9x = "x9q5 9q = Nqge)
\ y

- The DM re-fit to AMS data indicates Y — bb is dominant process
Atleast, g > 1 (gq > g¢)

Indeed, 71q; = 2 (gq = 2gy) is sufficient (86% of full bb case)
q q



[B and CR anomallies : LHC prospect]

Collider limit and prospect

é N\
< 107! ;
T
N
2
X 1072 E
N
T ]
o
& 1073 -
@) : 1
200 400 600 800 1000 1200
' (GeV
_ mz (GeV) )

[ATLAS-CONF-2016-045]
—_— ATLAS 13 TeV

...... nq:2, Ny =

Z’ mass / = couplings/

Hierarchical couplings are favored: gx > 94 > ge

Small 2’ mass is (1) still viable
(2) rather favored

Mz, nv 500 GeV



[B and CR anomalies : DM prospect]

Current & future limits of DM direct detection

""" [Talk by M. Lisanti] 1612.01223 (PandaX-II)
| 1602.03489 (LUX)
1509.02910 (LZ)

\
AN |
\\\~ S \\ \‘ i
] N, T %
1044 | SN 2016 -] L7

o\ DA -z
2 ~ X cIm
\\\\\ Pt =
Y =Z--"
RN— = urren

Future 2 10—4scm2

WIMP-nucleon cross section (cm2)

100 10! 102 103 104
WIMP mass (GeV)

DM-proton scattering in nucleon

* Kinetic mixing (€) of 2’ and photon induces a contribution

2
eeg, m z
- Our naive estimation obtains 0, — (cegx 7 ) <A77 10 45 cm?
7TmZ/

sufficiently detectable in near future



[Summary]

7' can simultaneously explain

SM/data deviations in b — su ™y~

AMS anti-proton excess
interpreted as Dark Matter annihilation

One viable scenario :
Luay = 94 (@BV'GE)Z!, + g0 EE"02)Z, + g5 (RV*X) Z),

with

dr I 0 dr
Gy ~ 59qs Gq = 29s, SL ~[0 ~1 0.005] (st
L) a0 0005 1) b



[Summary]

constraint /prospect : pp — putT "

{ LHC bound J

Z!

{ B physics J DM issue J

anomaly : b — spuTpu™ anomaly : antiproton excess
constraint : B,— B, mixing consistency : relic density

vN > vNputp~ prospect : direct detections




[Summary]

constraint /prospect : pp — putT "

[ LHC bound J

constraint : S—BS mixing consistency : relic density

vN > vNputp~ prospect : direct detections




constraint / prgse” ™

constraint : B,—B, mixing consistency : g . oC

vN - vNptp™ prospect : %







[DM direct detection]

DM-nucleon scattering

« Coupling to up-quark is very much suppressed, but exists
Luazr = quuu(a’YuPLu)Z;
Xyw ~ | Vs —0pVys|? ~ 6 x 107° for %

(no interaction of d-d-Z’)

- Still, it gives rise to a contribution to XN — Xx/V X X
E /
2 X2 2 N -
g, m N

2
g uu n
O'N:(]_—|—Z/A)2 X e m2
A

~ 2 x 10~ °tcm?
keeping the conditions from B-physics & Astrophysics

for the n, = 2, 1, — 95 scenario and for xenon



[DM direct detection]

€
Kinetic mixing of Z’ & photon _ F""Z

/ ’
- L
- Natural size at one loop (for “marginal” point)

1. Log divergence at UV cancels only if g4 = g¢

2. The present case is, however, gq > ge

3. Possible solution is to introduce heavy vector-like fermion (F)
4. In this case, contribution at the low energy is calculable

e ~0.04eg, (for mp ~ 100TeV and g, = 2g)

* DM can then interact with proton in nucleon

2
eeg.m
a — ( Ix 4p) ~ 1.7 x 10~*°cm?

7TmZ/

1. Just below the bound from PandaX-ll 1.8 X 10~ *°cm?

2. Well above the expected reach of LZ experiment ~ 10~*"cm?

sufficiently detectable in near future



[UV completion]

Simple example

- Gauged flavor symmetries
SU(3)g X SU(3)e X SU(3)a X SU(3)e X SU(3)e X O(3),,,
SU(3)yxSU(3)¢ — U(1)’ at TeV scale

* Direction of U(1)’

We assign U(1)’ in a way that qgand ¢? are charged under U(1)’

- Some requirements (unimportant for today’s topic)

Scalar field that breaks U(1)’ to get Z’ mass
Chiral fermion(s) to ensure anomaly free

Cut-off scale (>100TeV for <1TeV Z’ mass) due to running effect of gy



[UV completion]

Realization of U(1)’

. gives a prediction on hierarchy of coupling
arXiv:1704.08158
SUB)gxU(1)gp_r — U(1)’
W —5/9 . =t (DN —"pr)
Op ~ ViV,

arXiv:1706.08510
SU(3)L X SU(3)R — U(].),
ng=4, n, =7 (DM is not considered)

Op ~ ViV,



[LHC bound]

Two relevant analyses

0.1

G XB(Z'—up) (pb)

0.001

0.01F

X 7z 7
b put
N ‘ ! ‘ \ \ ‘ \ ‘ \ ]
‘. Excluded [— ATLAS ZSup @ 13 TeV] |
i . nq:2, nX:4model i
N\ —— n =2,n =5 model
q X
L N - -
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Allowed~. \
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EN
- m_=70GeV RN R
- X ~ o -]
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[ATLAS-CONF-2016-045]
(also, CMS-PAS-EXO0-16-031)
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[arXiv:1611.03568]
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[ Reference model ]

[LHC bound] -

Usual bound vs Our bound q>€<”
e q b

gsm (GLy"qr)Z),

% - ATLAS Preliminary . g
o ! 3 s =13 TeV, 13.3 fb™ xpected + 16 q—u, d, S, (C, b)
E Expected + 20 . . Z 1.
107 — Observed limit — L. gsm = 4 coupling
~ — Zssm E
102 o _ 4
. £ E [ Our model ]
_ b>€£<“_
10-4;— b ,u+
B T B S S ¥ S S Ry PDF suppressed
M., [TeV]
[ATLAS-CONF-2016-045] Smaller mass

will be allowed

(also, CMS-PAS-EXO0-16-031) N




[Cosmic Ray anomaly]

AMS-02 antiproton observation

* Fit including DM
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[Cosmic Ray anomaly]

Conflict with dwarf spheroidal galaxies?

The most recent Fermi-LAT searches for emission from
dark matter annihilation in dwart spheroidal galaxies cur-
rently exclude cross sections of (ocv) > 1.9 x 10725 cm? /s

at 95% C.L. for 80 GeV DM annihilating to bb [53]. This
is in tension with the cross sections suggested by the DM
interpretation of the p excess. However, recent works
54, 55| have pointed out that the dark matter content
of some of the dwart spheroidals in the Fermi analysis
may have been overestimated, resulting in a less strin-
gent limit that can be compatible with DM explanations
of cosmic ray excesses.

[arXiv:1504.02048]
[arXiv:1603.07721])



