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@ Motivation for IVDM

@ Mechanism of isospin-violation in the DM-nucleon scattering
> Effective operator analysis

> Some examples

© Realization of IVDM from double Higgs portals
(The discussion in this talk is mainly limited in the Higgs-portal models)

» 2HDM-+singlet model
» DM phenomenology

> Collider search signature

@ Conclusions

Based on JHEP 1411 (2014) 105; JCAP 1610 (2016) 040 with A. Drozd, B. Grzadkowski and
J. F. Gunion.
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Evidence of existing dark matter

The existence of DM at astrophysical and cosmological scales is well established.
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« determine the total mass, missing mass

NO candidate for dark matter in the SM of particle physics.
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Basics on dark matter

The identity of DM is still unknown including mass, spin (if it is a particle?) and we can
classify
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Motivation for IVDM from the direct detection

Experimental results are typically translated into
the event rate (or limit) for the spin-independent
cross section for DM scattering off a nucleon

o _n as a function of DM

mass.
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Standard assumptions:
@ "Standard Halo Model’
@ Short range interaction -
@ Equal couplings to protons and neutrons g
Q Elastic scattering s

Relaxing the cond. #3, the tension between the
null result of the LUX (2013)/SuperCDMS and
the (tentative) positive signal regions favored by
CDMS 1l and CoGeNT could be alleviated.
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Isospin-violating dark matter

By definition, dark matter differently coupling to
protons, f, and to neutrons f,.

z
obM—N = 0DM—pOx(fn/ 1)

op: DM-proton cross section
o%: DM-nucleon cross section assuming f,/f, = 1

J.Feng et.al., PLB703(2011)124, 1307.1758

-
Electron Recoil
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Nuclear Recoil
(neutrons, WIMPs)
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Nucleon={proton, neutron}
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How to detect WIMP DM?

Neutrino detectors can constrain the DM
spin-independent direct detection cross section by
searching for the neutrinos produced by DM

annihilations inside the Sun.
When the WIMP capture and annihilation processes in the Dark matter
Sun is in equilibrium, the neutrino signal is determined
only by the annihilation final states and by the capture

Dark matter

The Sun

rate Neutrinos produced from
’ decays of annihilation
rC =op CO(MDM7 fn/fp) products may be detected.
which is o the direct detection cross section. Fo = CO(MDM7 fn/fp = 1)
o 7 Go(Mowm, f/f;
= 0 DM In/Tp
=]
o 10° . . .
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arXiv:1610.08683
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Impact of the I[VDM on the direct detection

Spin-independent cross section [pb]
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In the IVDM scenario, the interpretation of the experimental limits on the dark matter
spin-independent cross section may be significantly modified.

@ On the one hand, the direct detection constraints are shifted depending on the
target nucleus, possibly changing the hierarchy among different experiments.

@ On the other hand, the relative strength between the bounds from neutrino
detectors and those from direct detection experiments is altered, allowing the former

to be more competitive.
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Mechanism of IV in the DM-nucleon scattering

IVDM is a generic framework that includes many dark matter
candidates that interacts differently with up and down quarks
at Quark level realization.

@ Spin-0 WIMPs

¢o oo
(€ 9

srosen —
; Pavton Densiy Funciion of proton (G=(10 Ge¥Y'
CTEQSL

JHEPO05(2014)086
DM operator O i
real oW = Z C(R) ¢ qq Z BéN)Cq(R)
q=u,d q=u,d
complex (S) | O©) = Z C§CS)¢*¢ - qq Z BéN)CISCS)
g=ud g=ud
20 + C (£,)
Cv) — (CV) ;[ 4% _ *\ = u d P
complex (V) | O = q;d Cy V(9" 0ud — #0073 q | 2mpm X {Cl(LCV) +20§CV) (fa)
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Mechanism of IV in the DM-nucleon scattering

Quark level realization @ @ @ @
° Spin—% WIMPs @ @

DM operator O In
. 1 Ny =

Majorana oM = Z CéM)QXX +qq 2mpm Z Bth)ngM)

g=u,d a=ud
Dirac (8) | O®) = 3" CPIxx - g 2mpn Y B{VCP

q=u,d a=ud

20" + O (£,)

Dirac (V) o) = CPIxvx - e 2mpm % Dy v
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An example of Dirac fermion DM: neutrino in the SM

v v

ig ( f cv ca
-5——(-a

2cosf, Vv VYS)Y}J

Ve, Vs Ve 3 3

e, uT, T —3+2sin?6, -3

u,ct %— %sinzﬁw %

1 2 oin2 1

_ v-a d,s, b —3+3sin’6, —3
2cosB 4 in)Yu

q q

At g* < m3, the Z propagator reduces to ig"”/m3, and the four-fermion amplitude
reads

V2Gr 7(vi, — ayys)uv A(vy — aq75)7"a,

For a non-relativistic neutrino, only the time component of the vector current and the space components
of the axial current survive.

@ For the vector part, one obtains for protons

> @ The axial part leads to the four-fermion
and neutrons respectively

coupling constants

Gr = %(1 — asin20u)v, GP = V2Gra, (auBu + agAd + a.As)
. Gr G! = V2Gra, (auAd + agAu + asAs)
& = _EVV Here Aq is the fraction of the proton spin
The interaction is mainly with the neutrons. carried by quark q.
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Majorana fermion DM: neutralino LSP in the SUSY

@ A Majorana fermion is a spin—% particle that coincides with its antiparticle.

@ It has neither vector nor tensor currents.

@ It has both spin-dependent and spin-independent interactions with nuclei, the former
mediated by Z boson and squarks, the latter by Higgs bosons and squarks.

_ X
H, ho W q
/\ K ?
q q
Z-portal Higgs-portal colored mediator

The paper JHEP 07(2015)129 investigated the following four scenarios:
@ SM-like Higgs exchange (probably unlikely)
@ Non SM-like (light and heavy) Higgs exchange
@ SM-like Higgs and light squark exchange
@ Generic Higgs and light squark exchange
but the authors restricts the mgx > 50 GeV.
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Mechanism of IV in the DM-nucleon scattering

Consider the scalar DM via Higgs-portal

iH=h,H,... i = h,H,
/\\ :
q q g ‘Q;qf}
light quarks heavy quarks

fo  mn FIXy+ Fi3p

fo FpFﬁiu+F5iD

where the combined form factors (including the QCD NLO) are
2 35
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o2 367
R =y ifhs il (14 o as(mg)
s 27 36
for which the nucleon form factor has the relation defined as
f-;VG =1- Zq:u,d,s f.ll.\g and the DM-quark effective couplings
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VDM from two-Higgs-doublet portal

Double Higgs portals:
© SM Higgs (at 125 GeV discovered at LHC) portal: OFF — NO invisible decay.

@ BSM Higgs portal: ON — responsible for producing thermal relics.

Type Il Higgs Yukawa interaction: generate the isospin violation
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2HDM+Singlet model (2HDMS)

JHEP 1411 (2014) 105

Adding a real gauge singlet scalar S to the two-Higgs-double model (2HDM)

The full potential (defined in the general basis) in the scalar sector is
V(1,0,5) = mdfdy + miofd, — [m§2¢1¢2 + h.c.]
A A
+ S (@]01)7 + T2 (0102)% + 23(®]01)(9]02) + M| ®] 022

+ | Z(@]92) + 26(0]01)(9]P2) + A7 (0] 02)(®]02) + hec.

1 1
+5m352 + E’\SSA + 7182(®I01) + k2 S (PLP2) + S2(r3®lds + huc)

Symmetry: Z x Z5
o Zz : ¢1 *>¢1,¢2 —)7432
° Zy:®1 — 1,0 b3, 5 - S

S could be a dark matter candidate provide it does not acquire a VEV.
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2HDM+Singlet model (2HDMS)

the S-dependent part (after the EWSB)

1 1
Vs = =m252% + E’\554 + ApvhS? + AyvHS?

2 1
+ S2(AHH + AprthH + Apnhh + AaaAA + Apys - HTH™) @
where

m2 = m3+ (k1 cos? B + rasin? B)v? (2)
A, = —kK1sinacosf + kacosasinf 3)
Ay = kicosacosfB+ kasinasinB (4)
Aaa = %)\HH_,_ = %(Hl sin? B + k2 cos? ) (5)
App = %(nz cos? o + k1 sin? @) (6)
AHH %(/{1 cos? o + Kp sin? @) (7)
YT — %(nz — K1)sin2a. (8)

Remarks

o NO AS? interaction, so A cannot be a portal in this model.
o The set of independent inputs:
{ms, Mo, Av, As} + {mu. mpy.ma, my+ sin(f — o), tan 3, mfg}
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Phenomenology discussion

Both h-125 and H-125 scenarios could fit very well with cosmological observation.

Fully suppressed the invisible decay for the SM-like Higgs.
@ Produce proper relic abundance

Direct detection

Indirection detection

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 17 / 24



Experimental constraints

Owr focus: light dawk matter

mg < 50 GeV
The invisible decay width for the SM-like
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Higgs H is
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Portal coupling Ay, for the SM-like Higgs being constrained very small.
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Finding a IVDM, a really challengeable job

Applying the Higgs-quark coupling pattern into

the generic f,/f, already derived yields

tanf = —

fhpp _ mnpn
pru mpFu

where the weight parameter is defined by w =

H mediator

only ]
0.99

09 \\ b
08f A

-0.85 -0.80 -0.75 -0.70 -0.65 -0.60 -0.55 -0.50
sin a
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Finding a IVDM, a really challengeable job

Applying the Higgs-quark coupling pattern into

the generic f,/f, already derived yields

Higgs Cy Cy Cp
fEp _ mapn h sin(8 —a) | cosa/sinf | —sina/ cos 3
tan 8 = f U m, u w+Htana H |cos(B—a) | sina/sinf | cosa/cosf
T hpp_ ma _
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2
where the weight parameter is defined by w = AZ 2L (AnH = =2An,h).
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: 9
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F - b1 — &,
1.0 \ 4 r —02 ¥ 1.0 .
y 7 o the mediator
3 08 Higgs has quark
0.9] . 0.9 .
"\ =t p couplings that
\ o6 ¥ maximally violate
0.8F 10.8
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Dark matter physics

Relic abundance for Cold DM:

ms/Tf
/& Mp1

Qs ~ 1.07 x 10° Gev !

;\ .7 ° o
AN L7 (A, H; CIRN SN
\\/</ \\rll/,H S :
AN .
s 7 N BH, B s 7/ s e
N - <
. N , N P <

myp ~ 125 GeV scenario:

@ the ratio :1—’2” is crucial.

@ A could beHso light that SS — AA channel
opens.
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Direct detection

1074
ulfy my~125 GeV my~125 GeV
Ar=0
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o After including isospin-violation, the 2HDMS could easily be consistent both with
the LUX (2013) limits and also with the limits anticipated for XENON1T.

o Conversely, future improved exclusion limits or positive signals will either place an
upper bound on f,/f, or favor a particular value of f,/f,.
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Indirect detection

10724 102
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Fermi-LAT (2015) (arXiv:1503.02641) excludes the ma > m; /2 solution (bb and 77 in combination).

@ Due to the presence of the DM annihilation into the BSM mode SS — AA, the m, < mj/2 solution
is allowed. (To produce a proper relic density, ma < ms for all the points in our analysis.)
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Collider search signature

@ Non-SM Higgs bosons all lie in definite mass ranges below 650 GeV.

Scenario ms my, my ma my+
h125 | <12 125 440 — 650 485 — 630
H — SS,AZ tt | A— bb (77) H* - tb
H125 >4 | 10-625 125 420 — 650 485 — 630
h — SS, bb A— Zh tt | HY — hW™ tb
H125 | 25 | 62.5— 125 125 420 — 650 485 — 630
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Collider search signature

@ Non-SM Higgs bosons all lie in definite mass ranges below 650 GeV.

Scenario ms my, my ma my+
h125 | <12 125 440 — 650 485 — 630
H — SS,AZ tt | A— bb (77) H* - tb
H125 >4 | 10-625 125 420 — 650 485 — 630
h — SS, bb A— Zh tt | HY — hW™ tb
H125 | 25 | 62.5— 125 125 420 — 650 485 — 630

o nearly uniquely determine all the scalar-quark couplings.

' SM-ike 11!

! -
100 200 300 1 400 500 600 700
(Hhmsho\d

The paper arXiv:1507.07004 claims that tfA production with A — bb will be detectable
at the Run 2 for tan 8 =1 if ma € [20,100] GeV.
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Conclusions

@ The Higgs and DM sectors may be . If so, detecting the signs
of one of sectors could shine light on still hidden elements of the other.

@ Isospin-violating effect is possible in many (but not ALL) models and dramatically
changes the analysis of dark matter direct detection.

@ In this model, the non-SM-like Higgs bosons will be detectable at LHC Run 2 due to
the fact that their masses and couplings are strongly restricted.

Q If DM were discovered in the future, our fine study of the IVDM scenario will
determine the DM coupling strength and provide an efficient way for experiments to
discover the nature of particle DM.
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Conclusions

@ The Higgs and DM sectors may be intimately connected. If so, detecting the signs
of one of sectors could shine light on still hidden elements of the other.

@ Isospin-violating effect is possible in many (but not ALL) models and dramatically
changes the analysis of dark matter direct detection.

@ In this model, the non-SM-like Higgs bosons will be detectable at LHC Run 2 due to
the fact that their masses and couplings are strongly restricted.

Q If DM were discovered in the future, our fine study of the IVDM scenario will
determine the DM coupling strength and provide an efficient way for experiments to
discover the nature of particle DM.

g more and more complicated.
However, maybe we are approaching the correct picture step by step.
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