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Questions about DM

¥ Electric Charge/Color neutral

¥ How many DM species are there ?

¥ Their masses and spins ?

¥ Are they absolutely stable or very long lived ?

¥ How do they interact with themselves and with
the SM particles ?

¥ Where do their masses come from ? Another
(Dark) Higgs mechanism ? Dynamical SB ?

¥ How to observe them ?



Crossing & WIMP detection
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Crossing & WIMP detection
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Limitation and Proposal

¥ EFT is good for direct detection, but not
for indirect or collider searches as well as
thermal relic density calculations in general

¥ Issues Violation of Unitarity and SM gauge
iInvariance ldentifying the relevant
dynamical Pelds at energy scale we are
Interested Iin, Symmetry stabilizing DM etc.
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¥ Usually effective operator is replaced by a
single propagator in simplibed DM models

¥ This is not good enough, since we have to
respect the full SM gauge symmetry

¥In general we need two propagators, not
one propagator, because there are two
chiral fermions in 4-dim spacetime



arxiv:1605.07058 (with A. Natale, M.Park, H.Yokoya)

for t-channel mediator

Our Model: a Osimplibed modelO of colomthnnel, spin-0, mediators
which produce various mono-+ missing energy signatures (mono-Jet,
mono-W, mono-Z, etc.):
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¥ This is good only for W+missing ET, and
not for other singatures

¥The same Is also true fascalar)x(scalar)
operator, andlots of confusion on this
operator In literature

¥ Therefore let me concentrate on this case
In detall in this talk



DD vs. Monojet :
Why complementarity
breaks down In EFT ?

with S. Baek, Myeonghun Park,
W.I.Park, Chaehyun Yu

arXiv:1506.06556



Why Is It broken down
In DM EFT ?

The most nontrivial example S
the (scalar)x(scalar) operatoy
for DM-N scattering

L1 m
L ss I—Z@!ﬁ or |—3q@!¢
* dd " dd

This operator clearly violates
the SM gauge symmetry, and
we have to Px this problem



GLHdR or QLI'!{UR, OK

hig | S@d | Not OK

Both break SM gauge invariank
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Need the mixing between s ancjl




Higgs portal DM as examples
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FIG. 1. Scalar Higgs portal parameter space allowed by WMAP M, (GeV)
(between the solid red curves), XENON100 and BR!™ =10% for FIG. 3. Same as in Fig.1 for fermion DM; Ay /A is nGev—l.

myp, =125 GeV. Shown also are the prospects for XENON upgrades. FIG. 2. Same as Fig. 1 for vector DM particles.



Higgs portal DM as examples

1 1, 0 $us . ss_, | Allinvariant
L scalar = Q#US#HS# émSS # TH HS<# ?S under ad hoc
Ltermion = " [i%8## m, 1" # $I£H H ™ Z2 symmetry
1 .1, 1 , 1
Lvectior = # 5 Vur VI + omG VuVH + 28y (ViVH)? + S8y H HV,VE.

¥ Scalar CDM : looks OK, renorm. .. BUT .....
¥ Fermion CDM : nonrenormalizable

¥ Vector CDM : looks OK, but it has a number of
problems (in fact, it Is not renormalizable)



Usual story within EFT

¥ Strong bounds from direct detection expOs put
stringent bounds on the Higgs coupling to the
dark matters

¥ So, the invisible Higgs decay is suppressed

¥ There is only one SM Higgs boson with the
sighal strengths equal to ONE if the Invisible
Higgs decay Is ignored

¥ All these conclusions are not reproduced in
the full theories (renormalizable) however



Singlet fermion CDM

Baek, Ko, Park, arXiv:1112.1847

+ 1SSt mZsHT 3st Msgsr lsg
2 5 4 invisible

@_ decay

Production and decay rates are suppressed relative to SM.

This simple model has not been studied properly !



Ratiocination

¥ Mixing and Eigenstates of Higgs-like bosons

1
#%1 = /\HU%{ + HHSUs T 5/\}131}.23,

cosa sina’\ (mi 0 cosa —sina
—sina cosa 0 m3 ) \sina cosa

H, = hcosa — ssina,
H, = hsina + scosa.




Ratiocination

¥ Signal strength (reduction factor)
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Constraints

¥Dark matter to nucleon cross section (constraint)
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Vacuum Stability Improved
by the singlet scalar S
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Low energy pheno.

¥Universa| suppression of collider SM signals

[See 1112.1847, Seungwon Baek, P. Ko & WIP]

¥ 1fOm> 2 m O, non-SM Higgs decay!

¥ Tree-level shift of 1sm(& loop correction)

Aoy = !y = 1+ — —1 sin®" !aM

(T3 T —_—

RGE scale y in GeV LogluGeV)
[G. Degrassi et al., 1205.6497] [S. Baek, P. Ko,WIP & E. Senaha, JHEP(2012)]



Similar for Higgs portal Vector DM

Av
A

A
L=1 m3V,vh1 ZZEH Hy, VH

p (VuVH)?

¥ Although this model looks renormalizable, it is
not really renormalizable, since there is no agenc
for vector boson mass generation

¥ Need to a new Higgs that gives mass to VDM
¥ Stueckelberg mechanism ?? (work in progress)

¥ A complete model should be something like this:
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¥There appear a new singlet scalar h_X from phi_X , whicf
mixes with the SM Higgs boson through Higgs portal

¥ The effects must be similar to the singlet scalar in the
fermion CDM model

¥ Important to consider a minimal renormalizable model to
discuss physics correctly

¥ Baek, Ko, Park and Senaha, arXiv:1212.2131 (JHEP)



New scalar improves
EW vacuum stabllity
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0.7). The grey region is excluded by the XENON100 experiment. The dashed line denotes the
sensitivity of the next XENON experiment, XENONA1T.
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With renormalizable lagrangian,
we get different results !



¥We donOt use the effective lagrangian approach
(nonrenormalizable interactions), since we donO
know the mass scale related with the CDM

— HHY
Eeff =Y | mp A w. or

Breaks SM gauge S|

>

- Only one Higgs bosora(pha =

-We cannot see the cancellation between two Higgs scalars In
the direct detection cross section, If we used the above
effective lagrangian

- The upper bound on DD cross section gives less stringent
bound on the possible invisible Higgs decay



IS this any useful In
phenomenology ?



IS this any useful In
phenomenology ?

YES |



Fermi-LAT#-ray excess

¥ Gamma-ray excess in the direction of GC

Total Flux Residual Model (x3)

0.316 - 1.0 GeV

316-10GeV  § 1.0-3.16GeV 8§

[1402.6703,T. Daylan et.al.]
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* See 01402.6703,T. Daylan et.al.O for other possible channels

¥ Millisecond Pulars (astrophysical alternative)

It may or may not be the main source, depending on

- luminosity func.
- bulge population
- distribution of bulge population

* See 01404.2318, Q.Yuan & B. ZhangO and 01407.5625, |. Cholis, D. Hooper & T. LindenO



GC gamma ray inVDM

[1404.5257, P. Ko,WIP &Y. TaniTAP (2014)
(Also Celine Boehm et al. 1404.4977, PRD)

VH 8/t
Hio H2 : 125 GeV Higgs
""" H1 : absent in EF

\V& b/!

Figure 2 . Dominant s channelb+ 8 (and ! + &) production

VH +Hq VH s Hq VH _-Hq VH

Figure 3 . Dominant s/t -channel production of H1s that decay dominantly to b+ 8



Importance of VDM
with Dark Higgs Boson

! spectrum
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Figure 4 . Relic density of dark matter as function of m, for my = 125, m« = 75GeV, gx = 0.2,

and$=0.1. Figure 5 . lllustration of ! spectra from di! erent channels. The Prst two cases give alnsb the same
spectra while in the third case! is boosted so the spectrum is shifted to higher energy.

This mass range of VDM would have been
Impossible in the VDM model (EFT)

And there would be no second scalar in EFT



P.Ko, Yong Tang
arXiv:1504.03908B
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This would have never been possible
within the DM EFT

P.Ko, Yong Tang
arXiv:1504.03908B

Channels Best-pt parameters "2 ld.o.f. |p-value
XX $ HyH» Mx # 95.0GeV,My, # 86.7GeV| 22.0/21 | 0.40
(with My, %My) IHv"# 4.0& 10 “°cmd/s
XX $ HyH» My # 97.1GeV 22.5/22 | 0.43
(with My, = Mx) V" # 4.2& 10 *°cmd/s
XX $ HiH; My # 125GeV 24.8/22 | 0.30
(with My, = 125GeV) 11v"# 55& 10 %°cmd/s
XX $ B Myx # 49.4GeV 24.4/22 | 0.34
v # 1.75& 10 “°cm3/s
TABLE I: Summary table for the best bts with three di ! erent assumptions.



Collider Implications

mp = 125GeV, Br(H ! inv) < 0.51 at 90% CL
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¥ However, in renormalizable unitary models
of Higgs portals? more relevant parameters
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¥ However, in renormalizable unitary models
of Higgs portals? more relevant parameters

53 = (o%)err cmiF (moy {mi},v)
| "
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Invisible H decay Into
a pair of VDM

[arXiv: 1405.3530, S. Baek, P. Ko & WIPark, PRD

2 2 3
(n inV)EFT — ' VH VH mh %
" 1286 m?
| "

1! — 1 Y. (23)
m; my my
VS.
ninv — g)z( m|3 | 11 4m\2/ _l_lzﬂ | 11 4m\2/ He
C Tagmz U ome Temr M
(22)

Invisible H decay width : Pnite for small mV
IN unitary/renormalizable model




Crossing & WIMP detection
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Crossing & WIMP detection
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However, this crossing relation could
lead to incorrect physics quite ofteth
Better to be careful, anavork in morel!
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DD vs. Monojet :
Why complementarity
breaks down In EFT ?

Work In preparation with
S. Baek, Myeonghun Park,
W.I.Park, Chaehyun Yu

Now arXiv:1506.06556



Why Is It broken down
In DM EFT ?

The most nontrivial example S
the (scalar)x(scalar) operatoy
for DM-N scattering

L1 m
L ss I—Z@!ﬁ or |—3q@!¢
* dd " dd

This operator clearly violates
the SM gauge symmetry, and
we have to Px this problem



QLHdR or 6LI-!-|UR1 OK

h'g | S@Q
Both break SM gauge Iinvariance

1

s

Need the mixing between s and h



Full Theory Calculation
X(p) + q(k) = x(@') + q(F)

m 1 1
M = u(p)u(p)u(qg)u(q) —E )\, sin a cos a [ : - - ]
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o WU Tul) B Asina |~
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2 2 —1
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As sin 2cx ms
2
A3 — 2mio50
dd =

A Sin 2¢v



Monojet+missing ET

Can be obtained by crossing : s <>t

2

2
1 { Mios B Mios } _
3 " A3 2 ' 2 ’ A3
Add Add S — M79x -+ zm125F125 S — My -+ ZTTLQFQ Acol(s)

There Is no single scale you can debPne
for collider search for missing ET
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FIG. 1: In ATLAS 8TeV mono-jet+ E; search[6] we plot
My andthe Py of a hardest jet in a reconstruction level (after
a detector simulation). Upper panels are with m, =50 GeV
and lower panels are ofm, =400 GeV.



¥ EFT : E! ective operator Liy; = %qqm

¥ S.M.: Simple sc%Iar mediatorS of
Ling = C‘quin" Sgg# #s cos' S

¥ HM.. A case Wherg a Higgs is a mediator
Liw = # §Lcos" Hag# #ssin"Hb

¥ H.P.: Higgs portal model as in eq. @).
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FIG. 1. We follow ATLAS 8TeV mono-jet+

mo- [GGV]
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E . searches[2]. For (a) we simulated various models for the




T + missing ET
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FIG. 2: Parton level distributions of various variables in a ( t# lg) channel for a dark matterOs massm, = 10 GeV (above) and
m, = 100GeV (below) for LHC 8TeV. As we can see here, due to a higgs propagator, even whenm, ! " case, a missing
transverse energy E ; of a higgs portal model shall be di! erent from an e! ective operator operator case.
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FIG. 4. With CMS 8TeV t&@+ E search[6], we plotM, and the E; in a reconstruction
level. Upper panels are withM, =50 GeV and lower panels are oM, =400 GeV.
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I sin2"

¥ EFT : E! ective operatorLiyy = M g
' dd

¥ S.M.: Simple sc%lar mediatorS of
Lint = C‘quin" Sgg# #s cos' S

¥ H.M.: A gase wherg a Higgs is a mediator
Lin = # TT‘* cos" Haeg# #ssin"H ¥

¥ H.P.. Higgs portal model as in eq. @).
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FIG. 3: We follow CMS 8TeV t@+ E; search. For (a) we simulated various models for the



A General Comment

aSsumGZm. # M # Mo # s

| _ b
1(9) = O d" d,f"b B(ES "s)
b
#I 2 ) I 2 I $||
" My /S * ms5/s 1 dL 4
—_ dll + dll + dll . b(é $ 11 S)
am2 /s m2,c /s m2/s ab d

For each integration region for tau,
we have to use different EFT

No single EFT applicable to the entire tau regions



Indirect Detection

I
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1
:
¥ Again, no dePbnite correlations between two

scales in DD and ID

¥ Also one has to include other channels
depending on the DM mass



Underlying Points

¥ EFT + Complementarity : No good at high
energy collider

¥ SM gauge invariance (full SM gauge
symmetry), Renormalizability and unitarity

¥Dark (gauge) symmetry equally important,
although It is usually ignored (this part Is
also completely unknown to us as of now)

¥ See arXiv:1605.07058 (with A. Natale,
M.Park, H.Yokoya) for t-channel mediator



¥ Higgs portal DM : simple viable DM models
(natural iIf one assumes dark gauge sym)

¥ UV completion of (scalar)x(scalar) effective
op : two Higgs propagators with negative
relative sign

¥ EFT: not reliable for collider searches for DM,
and one has to consider UV completions

¥ Full SM gauge symmetry, unitarity and
renormalizability are important when
constructing UV completions

¥ Search for Higgs portal DM at ILC, FCC-ee,
LHC and FCC-hh, SPPC being studied



