DM physics at the ILC

Shigeki Matsumoto (Kavli IPMU)

Physics perspectives at the ILC experiment
on the systematical search for the WIMP DM,
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Current.status of the ILC project in Japan

May 27, 2013 LCC (LC collaboration) activities
Asking Science Council of Japan (SCJ) including ILC TDR completion, etc.
to deliberate the ILC project from an
academic point of view. Sep 30, 2013 (SClI)

A report was submitted to MEXT.
Dec 24, 2013
S0.5M for investigatory study was Discussing scientific significance.

approved. The same amount was Verifying TDR in details.

approved for the following year.

Investigating economical ripple
effect, technology transfer, etc.

May 01, 2014 . .
An academic expert committee Academic expert committee
(ACE) was established under MEXT. May 08, 2014: 1°t Meeting of ACE
Nov 05, 2014: 2" Meeting of ACE
Apr 10, 2015: 3" Meeting of ACE
ol [Interim report came out]
By Mar 31, 2016 (Extendable) L/’ Jun XX, 2015: 4t Meeting of ACE
MEXT will receive a report from ACE.
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Physics perspectives at the ILC
Why the electroweak symmetry is broken at 0(100)GeV?

|. Precise measurements of the Higgs boson and the top quark

New physics@0(])TeV predicts the deviation of Higgs couplings
(and top couplings) from SM predictions at 0(1)% level. Precise
measurement of m, is also important for BSMs behind the EWSB,

ll. Direct and indirect searches for new particles (new phenomena)

BSM behind often predicts new particles at around 0(])TeV.
Among those, the most promising candidate is WIMP dark matter!

/\

Model-dependent way
Merit: Well-defined framework /Connection 1o a big picture,
Demerit: Many possibilities of BSMs /No signals so far at the LHC,

Model-independent way
Merit: Investigating the entire concept of the WIMP dark matter,
Demerit: Framework tends 1o be complicated.
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Seaﬁéhing for WIMP. dark matter

It is convenient to categorize WIMP DM candidates according 1o their
quantum numbers: Spin and Weak isospin, (EM and color charges = Q)

Weak isospin of the WIMP DM:

]1. Singlet-like case:

WIMP DM is an (almost) singlet under SM gauge interactions SU(3),
X SU(2), X U(1)y. Typical examples are the bino, the singlino, etc.

2. Multiplet-liKe case:

WIMP DM is an (almost) neutral component of a SU(2), multiplet.
Typical examples are the Higgsino, the wino, the minimal DM, etc,

3 Mixed case:

WIIMP DM is a mixture of different SU(2), representations due to
the EWSB, Typical examples are Bino-Higgsino dark matter, etc,

We consider these 3 cases with the dark matter being a fermion,

DM cosmology puts an upper limit on the WIMP DM mass in any case!
Qpuh? = QryhZ + QurhZ = 0.11 with QyhZ o« (mpy)2 and QurhZ > 0
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WIMP DM search (Mixed case)

Characteristics:

- DM has a sizable coupling 1o the Higgs boson (DM-DM-Higgs).
« Several non-colored particles exist in the same mass scale of DM,
« The mass of the DM will be in between the EW and TeV scales.

The WIMP DM will be discovered at DM direct detection experiments or
the LHC at first. (This case is gradually being excluded by experiments
so far, but there are still parameter regions evading these limits)

J
The role of the ILC is 1o study its property in details,

Production of EM charged (non- Energv dist of reconstructed Ws
colored) particles decaying to DM
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[Asano, S.M. et al. 1106.1932]

Signal: 4-jets (from WW) + Emiss




Characteristics:

WIMP DM search (Multiplet-like case)
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- DM is highly degenerate with EM charged SU(2), partners,
- Physics of the DM is governed mainly by SU(2), gauge interaction,
 The mass of the DM can be as high as 0(1)TeV when Qy h? is small,

Production of SU(2), partners
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Signal: y + Emiss + soft tracks
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WIMP DM search (Multiplet -like case)
TeV scale thermal WIMP (DM relic abundance only from Qg h2):

» When DM is from a SU(2), doublet, its mass is predicted 1o be 1TeV.
« When DM is from a SU(2), triplet, its mass is predicted to be 3TeV.
J
None of current & near future collider experiments can access the DM,
Only DM indirect detection experiments have a possibility 1o detect it,

A hint of the TeV scale WIMP from the AMS-02 anti-p/p data:
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If this is true, CLIC or 100TeV (with a perfect detector) is needed.



WIMP DM search (Singlet-like case)
Characteristics:

« No renormalizable interaction with SM particles (DM-DM-SM).
« The mass of the DM is within a very natural region, say EW scale,

J

We have 1o consider an EFT involving higher dimensional operators,

. (n)
| . G ~(n
> Ly, = Lsm + =K (1(]? - ;\[\,.) \ + Z = ()5 )

n.

With CP invariance and flavor blindness
in the DM sector, we have 7 independent

Ofc,) =(W)HP SM gauge invariant operators,

Oy = (X7*25x)(H'iD, H), \ o

0% = (1v5) (Q7.Q). We have to consider the EFT with all ‘c;

0© _ P AT ) being treated as independent couplings,
R el S. M., Mukhopadhyay, Tsai, 1405.1859

0© = (v1*15x)(D,D) [ & !

(f)(G)_(—AuAr )([} L) s 13 . .

i \_ A 5X)\ETu Clarifying parameter regions consistent

Or’ = (Xv*1x)(E7.E) with current limits and go 1o ILC issues.




WIMP DM search (Singlet-like case)
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Limits considered:

Relics abundance: Qpy hz < 0.1
Direct detection: Sl, SD-p, SD-n
Collider (LEP): Mono-v, T,
Collider (LHC): Mono-j, T,
J
Shape of the region (twin peaks)
is determined mainly by Qp, hZ,

v
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Summary
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The ILC will offer a unique way 1o search for the WIMIP dark matter,

Mixed case:

WIIMP DM will be discovered by DM detect detection experiments or
the LHC. The role of the ILC is to investigate its property in detail,

Multiplet-liKe case:

When WIMP DM is not heavy, it will be discovered by the production
of EM charged SU(2), partners or the deviation from SM prediction
at eet > £f processes. Property of DM can also be investigated.

Singlet-like case:

Wide parameter regions will be covered by the ILC via the mono-y
search, This case is now regarded as the most important one, for it
predicts the WIMP DM at EW scale and none of other experiments
can touch it. The analysis based on our method is now being a Key
project with ILC experimentalists, and the result will be reflected
1o the design of ILC detectors.
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Precise Higgs measurements
Please refer also to K. Fuijii’s talk slides in PHENO 2014
| =1.15ab! @ 250GeV @ 1.6ab* @ 500(550)GeV & Il=@25ab!@ 1TeV

Am, T K Ky Sk R v v 7 Ky -+ Ky K, A
I. |30MeV 2.5% 7.8(2.3)% 0.8% 1.2% 1.5% 0.5% 0.6% 1.2% 4.5(1.7)% 46%
.| - 23% 19(1.7)% 0.7% 0.9% 1.0% 0.5% 0.6% 0.9% 2.4(0.8)% 13%

l, [s”=550GeV I/O 500GeV] [LHC-ILC synergy] d

ILC can determine couplings An implication to SUSY scenario
in a model independent way =

9 ™, [Endoetal. 1502.03959]
- o XBR measured in each mode 27 4 Mguing = Myep = 3—0TEV
3 T ool L tanp = 5—50, etc.
- ¢ measured from recoil mass, 3 F
namely, ee*t > HZ >X pp', 2 o
- Total width of H obtained by Sef
eet > vwH-> vwWW, S g

(s’ > 350GeV is crucial.)

m,, = 126GeV &several constraints
are already included in the analysis.

Coupling determinations! m, = a few TeV can be covered.




Precise 1op measurements

Please refer also to K. Fuijii’s talk slides in PHENO 2014
10fb~t each (11bins) @ 340-350GeV @ 500fb~! @ 500GeV
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Stability of the Higgs potential
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Boundary condition A(m,) = 0?
Precise measurements of m;!
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An implication 1o CHMs, etc,
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[Barducci et al. 1504.05407]

Precise top measurements can
be used 1o discriminate NPMs!




WIMP DM search (Singlet-like case) [Next step]
No renormalizable interactions between the WIMP DM and SM particles,

- Considering higher dimensional interactions up 1o dimension six.
[7 SM gauge invariant Ops with CP/Flavor inv. e.g. (c/A%)(Xy,ysx)(Ery*er)]

This EFT may not work for physics of energetic colliders such as ILC,
- Considering two different UV theories reproducing the EFT,

UV* > Heavy Z,-even particles [S.M., Mukhopadhyay, Tsai, 1047.1859, etc.]

€ ~~_ New vector boson _~ % | i e [ e e

Very prellmlnary

e —  Wwith amass of A \X

w st Qouh? by yy 2 I'I-gx

EFT DO Higher dimensional Ops.

oo e o
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— ey

UV- O Heavy Z,-o0dd particles '
€ New scalar{or vector X A T ) ;

_ EFT, UVt, UV- are used for collider signals
e boson withja massof A 4 and we accept the most conservative one,




