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Archetype of “invisible at collision”
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LEP1: 軽いニュートリノの世代数は「３」と決定
LHCでのDM探索も「ノリ」は基本同じ
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Higgs: yet another “invisible at collision”

Selection
Jets: 
�
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Veto �

SR
Shape fit: �
Cut&Count: �

main BGs: QCD Z/W+jets w/ missing �

pT,1 > 80 GeV, pT,2 > 40 GeV, |η | < 4.7
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mjj > 1.3 TeV, Δη( j, j) > 4.0
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-生成断面積：ggF 49 pb  /  VBF 3.8 pb  /  Vh 2.3 pb
- ggF → mono-jet like search: 感度悪い
- VBF → large-rapidity-gap jets: 最も感度が良い
- Vh → mono-V like search

HIG-17-023 / arXiv:1809.05937

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/index.html
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Higgs: yet another “invisible at collision”

VBF: tagged by large rapidity-gap jets
�

CMS: 7, 8 TeV + 13 TeV (2016) combination
All of VBF, Vh, ggF: �

B(h → inv) < 0.33obs (0.25exp) (95 % CL)

< 0.19obs (0.15exp)
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ダークマターとコライダー

ダークマターはどこにでもあるのに目に見えなくてとっても不思議．

お空に浮かんでいるDM ( � ) には主成分があり， 

それが thermal freeze-out で残ったものと思うと， 

DMとSMのあいだには何らかの相互作用があってしかるべき． 

→ WIMP: �

SMにはWIMP-DMに対応する粒子の候補がない！ 

→ BSMの存在を強力に支持している 

→ 「古典的」には：RPC-SUSY, neutral LSP, WIMP

具体的なDM-SM相互作用がわからなくても， 

とにかくエネルギー・リーチさえあればLHCでDMの生成ができる可能性がある 

→ 探してみないと，あるかないかはわからない

Ωχh2 ∼ 0.12

⟨σv⟩ ≃ 3 × 10−26 cm3/s
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SUSYが見つからない→信仰の堕落？
（以下は想像のダイアローグ）

「SUSYがあるはずだと思っていままで頑張って探し

てきたけど，全然見つからないじゃん！！」

「でもさ，SUSYはなくてもきっとDMはあるはずだ
よね．お空には漂っているってみんな言ってるし」

「正直DMが作れるなら，SUSYじゃなくてもいいん
じゃないの？というか俺は正直何でも良い．そうい
うのは見つかってから調べれば良いから」

「というか本当にSUSYしかないの？SUSYばっかり
探していたせいで見落としてたってことはない
の？」

「とりあえずSUSYなんか一旦忘れて，DMをLHCで

作るための最小限の仮定でスタートしてみたら？」
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単純な仮定から出発するのだ

DMがSMとどう相互作用するかわからないが，WIMPなのできっと何か相互作用があるはず．

弾性散乱の過程を裏返せばSMからDM pairを作る過程が作れる．

�8

Figure 2. A compilation of WIMPnucleon SI cross section sensitivity (solid curves), hints for
WIMP signals (shaded closed contours), and projections (dot and dotdash curves) for direct
detection experiments of the past and projected into the future. Also shown is an approximate
band where the coherent nuclear scattering of neutrinos will limit the sensitivity of direct
detection experiments to WIMPs. Finally, a suite of theoretical model predictions is indicated
by the shaded regions, with model references included [6].

the decay electrons from two-neutrino double-beta decay 2⌫�� of 136Xe [9]. For ER energies
between 1.5 and roughly 2 keVee, ERs from pp solar neutrinos dominate [10], and contribute 850
observable events through neutrino-electron scattering in the 5.6 tonne fiducial mass during a
run of 1,000 days. We have neglected atomic e↵ects that suppress the rate by of order 10% [11].

Should a core-collapse supernova occur in our galaxy during LZ operation, neutrinos emitted
from the supernova would be detected via coherent neutrino-nucleus scattering, which is blind
with respect to neutrino flavor. The energy spectrum of neutrinos emitted from a typical
supernova peaks near 10 MeV, and has a tail that extends above 50 MeV, which causes NRs
above the LZ threshold [12]. Coherent neutrino-nucleus scattering is mediated by the weak
neutral current, and thus provides important information on the flux and spectrum of muon
and tau neutrinos from supernovae, complementary to the signals that would be seen in other
detectors. From a core-collapse supernova in our own galaxy at 10 kpc, LZ would see 50 NR
events of energy greater than 6 keVnr in a rapid 10-sec burst [13,14]. The NR recoil spectrum
increases as the recoil energy decreases; a threshold of 3 keVnr would allow detection of 100
supernova neutrino-induced NR events. The current world sample of 19 supernova neutrino-
induced events were detected from supernova 1987a, 50 kpc from Earth, by detectors with total
mass 1,200 times greater than LZ. A supernova 10 kpc from Earth would cause about 7,000
neutrino-induced events in the 32,000 tonnes of water in the Super-Kamiokande detector [12].

The sensitivity of LZ to neutrinoless double-beta decay of 136Xe (Q-value 2,458 keV) depends

4
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LHCで「DM探索」

ざっくりいうと…

DMがLHCで何らかのメカニズムでペアでできることを仮定する

DMはコライダー検出器で捕まらないのでMETとして見えるはず 

→ MET分布に異常が見つかればDM（かinvisibleなんでも）の兆候といえる

でも何かrecoilがないとイベントを特徴づけるものがなくて困る… 

ISR-jetみたいにダイアグラムに書き足す

recoilは「何でも良い」：j, γ, W, Z, t, b, h, tt, bb…
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「アテナイの学堂」
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SUSY探索とDM探索

基本的に「SUSY探索」はLSP以外のsparticle（例：スクォーク）がペアで生成することを想定して， 
LSPに落ちる「ギャップ= � 」と「� 」をsignatureの拠り所として探索（例：�  ）．

「DM探索」はcascade decayにはこだわらず，もっと直接的にLSP=DMを作るプロセスを一般的に
考えようとする．ただしそのままではイベントに探索の特徴が見えないので，何かヒゲを生やす．
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EFT: contact interaction

à la Fermi interaction  
— effective theory valid up to the unknown suppression scale � .

The most model-independent approach.

Λ
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Example list of Lorentz structures
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Name Initial state Type Coupling

C1 qq scalar

C5 gg scalar

D1 qq scalar

D5 qq vector

D8 qq 軸性vector

D9 qq tensor

D11 gg scalar

mq

Λ2
(χ†χ) (q̄q)

1
4Λ2

(χ†χ) αS(Ga
μν)2

mq

4Λ3
( χ̄χ) (q̄q)

1
Λ2

( χ̄γμ χ) (q̄γμq)

1
Λ2

( χ̄γμγ5χ) (q̄γμγ5q)

1
4Λ3

( χ̄χ) αS(Ga
μν)2
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https://arxiv.org/abs/1307.2253
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Monojet limit for EFT Lorentz structures (Run1)
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arXiv:1502.01518

submitted 2015.5

https://arxiv.org/abs/1502.01518
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EFTの何がいけないの？
EFT は分解能（運動量移行 �  ）が �  を上回

ると有効性を失う（地下実験のDDではこの

条件は満たされている）

EFTにはパラメータが２個しかない． 

LHCで探索している �  の感度範囲は概ね対

応する断面積で決まる．

一方で �  となるイベントはたくさんあ

る．そのようなイベントを排除した信号領域
だけ取り出して見ればEFTはなお有効ではあ

るが，高エネルギーのイベントにこそ新物理
があってほしい…

だから �  となるようなイベントでも．

きちんと解釈できるようなモデルがほしい．

qtr Λ

Λ

qtr ≳ Λ

qtr ≳ Λ
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,

EFTでintegrate-outできない， 
相互作用の具体的な中身を設定しな
いとsensibleな絵にならない！

arXiv:1502.01518

https://arxiv.org/abs/1502.01518
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EFTの何がいけないの？

このリミットをもっと具体的なDMシナ

リオに簡単に再解釈できないので使い勝
手が悪い．

�  が十分大きく保ったまま断面積が稼げ

ればEFTはなお有効にできる．  

→ Coupling �  を大きく取れれば良い

しかしやりすぎるとユニタリティを壊
すので，結局限界がある．

大きい �  は重たいmediatorの存在を示

唆するが，あまり重たすぎるとrelic 

abundanceを実現するのはtricky．

Λ

gqgχ

Λ
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,

EFTでintegrate-outできない， 
相互作用の具体的な中身を設定しな
いとsensibleな絵にならない！

arXiv:1502.01518

https://arxiv.org/abs/1502.01518
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Let a mediator be…

Suppression scaleの代わりに何か mediator を顕に入れてみるのだ

とりあえず DM は Dirac fermion だとしておくのだ（Majoranaでもあんまり変わらないのだ）

通常，mediatorの幅は必要最小限に留める (minimal width assumption)

少ないパラメータで簡単にevent generatorを作れる→リミットが引きやすい

発想としてはbottom-up．これ自身は理論的に「〇〇であってほしい物理」にinspireされているわけではな
く，様々なDM-pheno modelsに対して再解釈の適用性がなるべく広くなるように作られている．

一見，EFTに対して最小限の拡張をしているように見える…
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Mono-X family
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mono-jet

“mono-jet”という名前がついているが Njet ≥1も許容されている．

Dominant bkgs: � , dibosons

ATLAS Signal selection
�  trigger; offline �
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Accepting up to 4 jets:  
� ; �
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mono-γ
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Simplified model: 結果の解釈

通常 mediator width は比較的狭いと仮定：�

結合定数 �  を固定すれば，SUSY-likeなmass—mass でリミットが引ける．

EFTに焼き直したければ， �  

ΓZ′�/mZ′� ≲ 0.3

(gq, gχ)

Λ ∼ mZ′�/ gqgχ
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例：mono-j (ATLAS, 36 fb-1)
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mono-X比較 (Vector, Dirac Fermion, � )gq = 0.25, gχ = 1.0
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Variant #1: scalar colored mediator
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Caveats, caveats, caveats…

Vector mediator simpl. model のケース：もし �  の �  と �  への結合が異なれ

ば，mono-W processはユニタリティを破る（Wの縦偏極成分の放出と関係）  

→ �  を要請するか，あるいは別のユニタリティを回復する仕組みが必要．

Axial vector mediator の場合は mediator の縦成分は decouple しないので，  

heavy-flavor quarkとmediatorの結合が非摂動的になりえてしまう．

Mediator mass がゲージ対称性を破っている → mediator のための baryonic な  

ヒッグス機構 (dark Higgs) を別に用意してこないと UV-complete な理論として

成り立たない．→ この文脈で VBC や type-II 2HDM が登場．

Vμ uL dL
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u = gL

d
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Figure 2: Example of a ET,miss spectrum of a mono-W
(top panel) and mono-jet (bottom panel) signal arising in the
spin-1 simplified model. See text for additional explanations.

employ MZ0 = 1 TeV, �Z0 = 56.5 GeV, mDM =
10 GeV, g

V

DM
= 1 and set all axial-vector and lep-

tonic couplings to zero. The yellow curves in both
panels correspond to SS couplings g

V

u
= g

V

d
= 0.25,

while the red curves represent the OS coupling
choice g

V

u
= �g

V

d
= �0.25. It is evident from the

left plot in Figure 2 that the mono-W predictions
for the two coupling choices do not simply di↵er
by a rescaling factor, but that the predicted dif-
ferential cross sections are fundamentally di↵erent.
Most notably the ET,miss spectrum in the OS case
is significantly harder than that for the SS choice.

The suspicious high-energy behaviour of the
pp ! W + Z

0 amplitudes in the OS case becomes
particularly obvious in the right panel of Figure 2,
where we compare the ET,miss spectrum for hadron-
ically decaying W to the ET,miss spectrum for a

conventional mono-jet analysis, where the jets arise
from QCD interactions (see middle and right dia-
gram in Figure 1). In the SS case, one observes that
the ET,miss spectra for both processes are similar,
but that the overall cross section for the QCD pro-
cess (blue curve) is significantly larger than that of
the EW process (yellow curve), the latter amount-
ing to a relative correction of a few percent only. In
the OS case, on the other hand, we find the EW con-
tribution (red curve) to the di↵erential cross section
of pp ! jets+ET,miss to be harder and to dominate
over the QCD process (green curve) at su�ciently
large ET,miss values. This finding turns out to be
essentially una↵ected by the parton shower, hadro-
nisation corrections and detector e↵ects. For spin-1
simplified model realisations (1) with OS couplings,
the EW channel pp ! W (! qq̄

0) + Z
0 (! ��̄) and

not the QCD process pp ! jets+Z
0 (! ��̄) is there-

fore expected to give rise to the majority of events in
the high-ET,miss signal regions (SRs) of LHC Run I
mono-jet searches. That this expectation is indeed
correct is shown in Appendix Appendix A.

The paradoxical observation that an EW contri-
bution appears to produce harder mono-jet events
than a QCD process casts doubt on the validity of
the spin-1 simplified model introduced in (1). In-
deed, we will show below that the harder ET,miss

spectrum in the OS case is due to contributions
that grow with energy and therefore potentially vi-
olate unitarity. The aim of this note is to accurately
describe the nature of this problem and propose a
number of ways of solving it by appropriately mod-
ifying or restricting the spin-1 simplified model un-
der consideration.3

3. Unitarity violation and coupling struc-
tures

It is well-known that the production of longitu-
dinal gauge bosons (such as Z

0
L
) from fermions can

potentially violate unitarity at large energies (see
for instance [15]). For example, it was shown in [16]

3Note that, since the interactions (1) of the Z0 boson ex-
plicitly break the EW symmetry, the corresponding Ward
identities are no longer satisfied by W bosons in the final
state. As a result, the Goldstone boson equivalence theorem
does not hold, i.e. one does not obtain the same result at high
energies when replacing WL fields by Goldstone bosons. In
other words, since the gauge symmetry is broken, unitary
gauge and Feynman gauge are not equivalent and one can-
not simply remove the mono-W problem by calculating cross
sections in Feynman gauge.

3

1603.01267

https://arxiv.org/abs/1603.01267
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Simpl. model variant #2: VBC, type-II 2HDM

VBC: Simpl. modelで導入される �  の質量について責任をもつ 
baryonic higgs �  が �  を自発的に破り，かつSM higgsと混ざる．

似たような構造は �  について拡張した type-II 2HDM  
にも埋め込むことができる(Z’-2HDM)．

VBCとの違いはresonantかどうか．

SM higgsとmixingを起こす可能性がある→ mono-h signature

言うまでもなくISRではHiggs emissionは期待できない．
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mono-h

ATLAS: mono-h(bb)のみ

CMS: 様々なh-decayを見ている． 
Resonant/non-resonantにそれぞれ制限．
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Simpl. model variant #3: (Pseudo)-scalar mediators

mono-jet のみならず tt/bb+MET も探

索の signature として有効．

Final stateだけ見るとstop/sbottom 

searchと同じsignatureになる．
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話が少しおかしな方向に行く

もともと「DMが作れさえすれば良い」という発想からスタートしてEFTをやっていた．

EFTでは使い勝手が悪いので，mediatorを導入することで困難を回避しようとした．

実験的にはやること（mono-X）は大して変わらない…と思われた．

しかし，便宜のために導入したはずの simpl.model における mediator の「意味」を 

もっと「真剣に」考える人たちが現れた．

「DM探索と言っても，結局DM-SM相互作用を見つけられるかどうかだよね」 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これがありえるなら…
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…これもあって良いでしょう，ということになる

DM探索から出発したけど，もうここにはDMは直接登場しない
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Resonance strikes back
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Resonance strikes back
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Trigger-level Analysis

TLA: much higher event throughput than than the standard HLT at the cost of 
discarding the detail of the event information.
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共鳴は十把一絡げ
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…そしてこれも…

アノマリーを回避しようと思うとℓとの結合もmotivateされてくる．
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直接探索との比較

LHCの感度はSI/SDで「さほど」変わらない．

特にDDと比較するとSDでは顕著に強みがある．

DDの結果がmodel-independentなのに対して，LHCのすべての絵は 

simpl.modelの特定のパラメータを指定したとき「のみ」有効．
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おまけ：信仰の堕落その２
今まで WIMP miracle に引きずられて直接的な DM-SM interaction を考えてきたが， 

もしかしてWIMPではないのかもしれない．

例えば FIMP (Feebly-Interacting Massive Particle) に基づく freeze-in [ex.:1706.07442].

熱浴に DM が平衡であった通常の WIMP とは逆に，初期状態ではゼロ DM abundanceから

スタートする．

何か SM と結合する DM の親粒子 “ � ” を仮定し，これは初期状態で SM と平衡になっている

とする．�  は DM �  との間にきわめて微小な結合（例えば �  ）があり， 

崩壊 �   を通じて DM が少しずつ作られて溜まっていく． 

DM は SM とのあいだでは熱平衡に至らない．

�  に達した時点で �  が枯渇して DM �  が残る．

この場合 DM-SM 結合が非常に弱く，DD（直接検出）ではまず見つかる見込みがないが， 

親粒子 �  はSMと結合するので LHC では作られる可能性がある．

Feeble coupling のために �  の寿命は長いかもしれない → 長寿命粒子の可能性

Y

Y χ yYXSM χ

Y → XSM + χ

Ωχh2 = 0.12 Y χ

Y

Y
�42

https://arxiv.org/abs/1706.07442
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FIMP and Freeze-in

�43

Dark Matter: Relic Abundance

�9

56 3 THERMAL RELIC DENSITY

and mB > 2m�, the decay B ! ��̄ allows to populate the dark sector. The Boltzmann equation in Eq.(3.21)
then acquires a source term

ṅ�(t) + 3H(t)n�(t) = S(B ! ��̄) . (3.75)

The condition that the dark matter sector is not in thermal equilibrium initially translates into a lower bound on the
dark matter mass. Its precise value depends on the model, but for a mediator with mB ⇡ 100 GeV one can
estimate m� & 0.1 ... 1 keV from the fundamental assumptions of the model.

A decay-based source term in terms of the internal number of degrees of freedom g
⇤
B

, the partial width B ! ��̄,
and the equilibrium distribution exp(�EB/T ) can be written as
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where K1(z) is the the modified Bessel function of the second kind. For small z it is approximately given by
K1(z) ⇡ 1/z, while for large z it reproduces the Boltzmann factor, K1(z) / e

�z
/z + O(1/z). This form

suggests that the dark matter density will increase until T becomes small compared to mB and the source term
becomes suppressed by e

�mB/T . The source term is independent of n� and proportional to the partial decay
width. We also expect it to be proportional to the equilibrium number density of B, defined as
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in analogy to Eq.(3.76), but with the Bessel function of the first kind K1. We can use this relation to eliminate the
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di�erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e�ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.

– 10 –

Figure 8: Scaling of Y (x) = n�/T
3 for the freeze-out (left) and freeze-in (right) mechanisms for three different

interaction rates (larger to smaller cross sections along the arrow). In the left panel x = m�/T and in the right
panel x = mB/T . The dashed contours correspond to the equilibrium densities. Figure from Ref. [9].
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scenario DM particles are initially in thermal equilibrium with the visible sector and the
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are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
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No Dark Matter in the early 
universe.

Dark sector gets populated 
until the source term vanishes/
decays stop. Also depends on 
reheating temperature at which 
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Opposite to freeze-out: More 
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Dark Matter
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[Bauer, Plehn, Springer 2019]
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The relic density constraint 
fixes the annihilation cross 
section: more effective 
annihilation = less Dark Matter

Freeze-out
3.3 Co-annihilation 47

We can compare this result to our earlier estimate in Eq.(3.13) and confirm that these numbers make sense for a
weakly interacting particle with a weak-scale mass.

Alternatively, we can replace the scaling of the annihilation cross section given in Eq.(3.3) by a simpler form, only
including the WIMP mass and certainly valid for heavy dark matter, m� > mZ . We find
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This form of the cross section does not assume a weakly interacting origin, it simply follows for the scaling with
the coupling and from dimensional analysis. Depending on the coupling, its prediction for the dark matter mass
can be significantly higher. Based on this relation we can estimate an upper limit on m� from the unitarity
condition for the annihilation cross section

g
2 . 4⇡ , m� < 54 TeV . (3.35)

A lower limit does not exist, because we can make a lighter particle more and more weakly coupled. Eventually, it
will be light enough to be relativistic at the point of decoupling, bringing us back to the relic neutrinos discussed in
Section 2.1.

Let us briefly recapitulate our argument which through the Boltzmann equation leads us to the WIMP miracle: we
start with a 2 ! 2 scattering process linking dark matter to Standard Model particles through a so-called mediator,
which can for example be a weak boson. This allows us to compute the dark matter relic density as a function of
the mediating coupling and the dark matter mass, and it turns out that a weak-coupling combined with a dark
matter mass below the TeV scale fits perfectly. There are two ways in which we can modify the assumed dark
matter annihilation process given in Eq.(3.15): first, in the next Section 3.3 we will introduce additional
annihilation channels for an extended dark matter sector. Second, in Section 4.1 we will show what happens if the
annihilation process proceeds through an s-channel Higgs resonance.

3.3 Co-annihilation

In many models the dark matter sector consists of more than one particle, separated from the Standard Model
particles for example through a specific quantum number. A typical structure are two dark matter particles �1 and
�2 with m�1 < m�2 . In analogy to Eq.(3.15) they can annihilate into a pair of Standard Model particles through
the set of processes

�1�1 ! ff̄ �1�2 ! ff̄ �2�2 ! ff̄ . (3.36)

This set of processes can mediate a much more efficient annihilation of the dark matter state �1 together with the
second state �2, even in the limit where the actual dark matter process �1�1 ! ff̄ is not allowed. Two
non-relativistic states will have number densities both given by Eq.(1.40). We know from Eq.(3.8) that decoupling
of a WIMP happens at typical values xdec = m�/Tdec ⇡ 28, so if we for example assume
�m� = m�2 � m�1 = 0.2 m�1 and g1 = g2 we find
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Just from statistics the heavier state will already be rare by the time the lighter, actual dark matter agent
annihilates. For a mass difference around 10% this suppression is reduced to a factor 1/15, gives us an estimate
that efficient co-annihilation will prefer two states with mass differences in the 10% range or closer.

Let us assume that there are two particles present at the time of decoupling. In addition, we assume that the first
two processes shown in Eq.(3.36) contribute to the annihilation of the dark matter state �1. In this case the
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and mB > 2m�, the decay B ! ��̄ allows to populate the dark sector. The Boltzmann equation in Eq.(3.21)
then acquires a source term

ṅ�(t) + 3H(t)n�(t) = S(B ! ��̄) . (3.75)

The condition that the dark matter sector is not in thermal equilibrium initially translates into a lower bound on the
dark matter mass. Its precise value depends on the model, but for a mediator with mB ⇡ 100 GeV one can
estimate m� & 0.1 ... 1 keV from the fundamental assumptions of the model.

A decay-based source term in terms of the internal number of degrees of freedom g
⇤
B

, the partial width B ! ��̄,
and the equilibrium distribution exp(�EB/T ) can be written as
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where K1(z) is the the modified Bessel function of the second kind. For small z it is approximately given by
K1(z) ⇡ 1/z, while for large z it reproduces the Boltzmann factor, K1(z) / e

�z
/z + O(1/z). This form

suggests that the dark matter density will increase until T becomes small compared to mB and the source term
becomes suppressed by e

�mB/T . The source term is independent of n� and proportional to the partial decay
width. We also expect it to be proportional to the equilibrium number density of B, defined as

n
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in analogy to Eq.(3.76), but with the Bessel function of the first kind K1. We can use this relation to eliminate the
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di�erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e�ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.

– 10 –

Figure 8: Scaling of Y (x) = n�/T
3 for the freeze-out (left) and freeze-in (right) mechanisms for three different

interaction rates (larger to smaller cross sections along the arrow). In the left panel x = m�/T and in the right
panel x = mB/T . The dashed contours correspond to the equilibrium densities. Figure from Ref. [9].

Perturbativity:

Polarisation (model dependent) m� > 10GeV

[Bauer, Plehn, Springer 2019]
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explicit temperature dependence of the source term,

S(B ! ��̄) = �(B ! �̄�)
K1(mB/T )

K2(mB/T )
n

eq
B

. (3.78)

To compute the relic density, we introduce the notation of Eq.(3.24), namely x = mB/T and Y = n�/T
3. The

Boltzmann equation from Eq.(3.75) now reads
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Because the function x
3
K1(x) has a distinct maximum at x ⇡ 1, dark matter production is dominated by

temperatures T ⇡ mB . We can integrate the dark matter production over the entire thermal history and find for the
final yield Y (x0

dec) with the help of the appropriate integral table
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We can now follow the steps from Eq.(3.13) and Eq.(3.31) and compute the relic density today,
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The calculation up to this point is independent from the details of the interaction between the decaying particle B

and the DM candidate �. For the example interaction Eq.(3.74), the partial decay with is given by
�(B ! ��̄) = y

2
mB/(8⇡), and assuming g

⇤
B

= 2 we find

⌦�h
2 = 0.12

⇣
y

2 · 10�12

⌘2 m�

mB

. (3.82)

The correct relic density from B-decays requires small couplings y and/or dark matter masses m�, compatible
with the initial assumption that dark matter was never in thermal equilibrium with the Standard Model for
T & mB . Following Eq.(3.82), larger interaction rates lead to larger final dark matter abundances. This is the
opposite scaling as for the freeze-out mechanism of Eq.(3.32). In the right panel of Figure 8 we show the scaling
of Y (x) with x = mB/T , compared with the scaling of Y (x) with x = m�/T for freeze-out. Both mechanisms
can be understood as the limits of increasing the interaction strength between the visible and the dark matter sector
(freeze-out) and decreasing this interaction strength (freeze-in) in a given model.

Even though we illustrate the freeze-in mechanism with the example of the decay of the SM particle B into dark
matter, the dark matter sector could also be populated by an annihilation process BB̄ ! ��̄, decays of SM
particles into a visible particle and dark matter B ! B2�, or scenarios where B is not a SM particle. If the decay
B ! B2� is responsible for the observed relic density, it can account for asymmetric dark matter if
�(B ! B2�) 6= �(B̄ ! B̄2�̄), as discussed in Section 2.5.

Dark Matter: Relic Abundance
The freeze-in mechanism requires very small couplings,

�(B ! ��̄) =
y2

8⇡
mB

otherwise the dark sector thermalises and freeze-out takes over:

[Bernal et.al 1706.07442]
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LLP Search Classes

�44

ID Displaced
Vertex + X
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charged particle
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Dilepton displaced
vertex

Direct LLP Detection LLP Decay Detection

Stopped
particles
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Displaced jets  
(Calo-ratio)
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Trend

�45

arXiv投稿記事のうち概要に ”long lived, 
LHC” を含む件数の ”Higgs” を含む件数に
対する比の年次推移．分母は約1,300̶
1,600 件/年程度である．
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Complementarity
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Reconstruct properties
of the decay product system

�̃0
1

�̃0
1

Agnostic of the LLP property (e.g. charge)

Only sensitive to  
charged LLP

Almost agnostic of  
the decay property

Requires min. #hits 
Needs longer lifetime

DV position can be quite close to PV
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Disappearing track

Degenerate chargino—neutralino mass splitting  
(AMSB, pure higgsino). → Chargino as LLP.

Motivated for very short lifetime of O(0.1ns)  
→ pixel-only tracking “tracklet”.

Decay pion is extremely challenging to reconstruct and practically 
invisible. → the disappearing track signature (a well-isolated tracklet).

For EW production, requiring ISR for effectively boosting the system to 
gain the decay length.

Also looking at the strong production channel as the second SR.
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�̃0
1

⇡±

�̃±
1

Large gap

B̃
0
, H̃

0
, H̃

±

W̃ 0, W̃±

pure-wino case

LLP

SUSY-2016-06, arXiv:1712.02118
JHEP 06 (2018) 022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-06/
https://arxiv.org/abs/1712.02118
https://link.springer.com/article/10.1007/JHEP06(2018)022
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R-hadron search summary

Each analysis has advantages in different lifetime ranges.

A very good complementarity over wide lifetime range.
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DV+MET

0-lepton
2-6 jets pixel dE/dx

Stable
dE/dx+ToF
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FIMP case (Leptonic)
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LHC searches for Freeze-in Dark Matter

Figure 7. Summary of the LHC constraints for the lepton-like (upper panel) and the quark-like
(lower panel) FIMP scenarios. The lines correspond to contours of ⌦sh

2 = 0.12 for the values of
ms and TR given in the legend.

events leave only a few hits in the inner detector. Further lowering TR leads into the region
that can be well covered by the DL search, and thus the mass reach goes up to 400 GeV
for c⌧ ⇠ 1 cm.

We now turn to the small reheating temperatures that indicate the limit below which
one can probe specific baryogenesis models. While supercooled scenarios (TR < 50 GeV)
cannot be falsified with our analysis since the corresponding parameter space is almost
already probed (except for a tiny region around mF ⇠ 400 GeV), there is still parameter

developed in [133].

– 21 –

DT

HCSP

DL

Leptonic model
[Belanger et al. JHEP 1902, 186 (2019)]!17

Belanger et al. JHEP 1902, 186 (2019) 
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Figure 7. Summary of the LHC constraints for the lepton-like (upper panel) and the quark-like
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We now turn to the small reheating temperatures that indicate the limit below which
one can probe specific baryogenesis models. While supercooled scenarios (TR < 50 GeV)
cannot be falsified with our analysis since the corresponding parameter space is almost
already probed (except for a tiny region around mF ⇠ 400 GeV), there is still parameter
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LHC searches for Freeze-in Dark Matter

HCSP

DV

Hadronic model
[Belanger et al. JHEP 1902, 186 (2019)]!18

FIMP case (Hadronic)

�50

Belanger et al. JHEP 1902, 186 (2019) 
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Leptonic LLP decays: displaced lepton-jets
A light (MeV—GeV) dark photon mixing with SM 
photon decays to lepton pairs or to light mesons.

Collimated flow of displaced particles including 
leptons: displaced lepton-jets (dLJ).

Benchmark: higgs portal, decaying to dark fermion 
pairs producing dark photons.

Case1: fd2 → fd1 + γD, (γD → dLJ): up to 2µ / dLJ

Case2: fd2 → sd1 + fd1, sd1 → γD γD (γD → dLJ): up to 4µ / dLJ

Multiple dLJ types:
Type0: muonic (clean ≥2 collimated muons)

Type1: mixture (collimated muons + 1 jet)

Type2: a jet w/o muons, but CaloRatio required.

Dedicated trigger objects for dLJs
2015 result: muon “narrow scan” trigger: the dedicated HLT 
for single-dLJ trigger. A 20 GeV L1 muon is confirmed as MS-
only at HLT; then ask for the existence of the 2nd MS-only 
muon of 6—15 GeV in ΔR < 0.5 around the primary muon.
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Type0 Type1
Type2

(fd1)

(fd1)

ATLAS-CONF-2016-042

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
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ATLAS-CONF-2016-042 

Leptonic LLP decays: displaced lepton-jets

Requiring 2 LJs in the event.
5 LJ-type combinations used:  
(T0, T0), (T0, T1), (T0, T2),  
(T1, T1), (T1, T2).

Major backgrounds: cosmic showers 
and QCD di- and multi-jets.

No excess observed in 2015 
results: upper limit to σ×BR for 
h→2γD + X and H→4γD + X for 
mH = 125 and 800 GeV.

Comparable sensitivity to the  
8 TeV 20 fb-1 result, despite 
~15% of ∫Ldt, thanks to 
improvements in trigger and 
reconstruction efficiency of 
collinear muons.
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Dark photon in Zh decay

Dark photon: additional U(1) to SM, a natural portal to dark sectors.  
SM photonとkinetic mixingを起こす．

Signal selection

Exact dileptons, � , �

Photon: ≥1 �

�

p1,2
T > 25,20 GeV |mℓℓ − mZ | < 15 GeV

Eγ
T > 25 GeV

Emiss
T > 110 GeV, mT < 350 GeV, mℓℓγ > 100 GeV
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Z(*)

Z

ℓ

ℓ

h

γ

γdq

q

CMS-EXO-19-007

Process Yields
Data 14
Nonresonant bkg. 2.4 ± 1.1
WZ 8.1 ± 2.0
ZZ 1.5 ± 0.3
Zg 0.7 ± 0.7
Other bkg. 0.6 ± 0.3
Total bkg. 13.3 ± 3.8
ZH125 (BR=10%) 17.9 ± 1.2 (1.42 ± 0.09 %)
ZH200 (BR=10%) 12.3 ± 0.8 (4.32 ± 0.28 %)
ZH300 (BR=10%) 3.9 ± 0.2 (6.80 ± 0.34 %)
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まとめ
一口に「コライダーにおけるDM探索」と言っても広い！ここでは基本的な系譜やその発展を概観しました．  

SM portal (Higgs portal)，Cascading decay (SUSY-LSP)， 

EFT → simpl.models & many variants，Resonance searches and mediator， 

Dark photons，Long-lived particles…

UV-completion を意識した SUSY を筆頭とする BSM 理論とは別に「DMさえ作れれば良い」という

bottom-upな発想 からスタートしている探索の一派がある．Run1でのEFTでの経験を踏まえて再解釈に便

利・かつ面白いsignatureを作るような simpl.model が勧告され，それに基づいてRun2をやってきた．

Ill-formedな simpl.model の理論面での欠点を突く形でもう少し込み入ったモデルが提案され，それに

伴って多様な探し方が開拓されてきましたが，現時点では有意なexcessは見つかっていません．

特に resonance (mediator) search が強力で，simpl.modelに乗っかる限り mono-X を motivate し
にくい，という印象（解釈を外せば独立の探索なので，実験としての意味が失われるわけではない）．

Simpl.modelを用いたDD/IDとの比較は仮定するmediatorや結合定数に強依存で消化（絵の見方）が難し

いが，概ねLHCでDM探す相補性は，low-massやspin-dependentな場合にあるということがわかるの

で，LHCでの制限にはDD/IDと合わせてやっていく一定の意味があると思います．
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まとめ

LHCでは基幹（旗艦）探索チャンネルは旗色がずいぶん悪くなってきたうえ， 

ルミノシティを稼ぐメリットも急激に逓減している．

とはいえ，TeVを直接プローブできるマシンであることは短期的には変わらない．

LHCに参加する個々人のテクニックを総動員してLHCで探索できることの最大限を目指

したい．

「絨毯爆撃」から脱却して，「魅力的なシナリオ・Low Bkg・creativity」があるような

sweet spotを狙い撃ちする，効果的な探索を積極的に開拓していくことが重要ではない

かと思います．
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もともとの 
mono-Xでの  

DM探索

dijet resonance

Axial Vector, Leptophobicのケース　�(gq = 0.25, gχ = 1.0)
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もともとの 
mono-Xでの  

DM探索

dijet resonance
Axial Vector, Leptophilicのケース　 

�(gq = 0.1,gℓ = 0.1, gχ = 1.0)dilepton resonance


