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   “Higgs” Discovery
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“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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➞ Electroweak Symmetry 
    Breakingと関係がある!!

ヒッグス粒子が発見された!!
‣ H ➞ γγ, WW, ZZ, ττ(?)を確認
‣ VBF生成も確認
‣ 断面積はSMヒッグスと無矛盾
‣ スピン・結合定数もSMヒッグス
と無矛盾

  （というか良く合っている）

結合定数と質量がほぼ比例している



   “Higgs” Discovery
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Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks

jjmColor octet scalar : dijet resonance, ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H Zlm (type III seesaw) : Z-l resonance, ±Heavy lepton N
Major. neutr. (LRSM, no mixing) : 2-lep + jets

WZ
mll), νTechni-hadrons (LSTC) : WZ resonance (l

µµee/mTechni-hadrons (LSTC) : dilepton, 
γl

m resonance, γExcited leptons : l- WtmExcited b quark : W-t resonance, 
jjmExcited quarks : dijet resonance, jetγ

m-jet resonance, γExcited quarks : 
qνlmVector-like quark : CC, 

 Ht+X→Vector-like quark : TT
,missT

E SS dilepton + jets + →4th generation : b'b' 
 WbWb→ generation : t't'th4

jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
tb

m tb, LRSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : tt
m l+jets, → tZ' (leptophobic topcolor) : t

ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, → t (BR=0.925) : tt t→
KK

RS g
lljjmBulk RS : ZZ resonance, 
νlν,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL

mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
τ

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)ヒッグス粒子が発見された!!
‣ H ➞ γγ, WW, ZZ, ττ(?)を確認
‣ VBF生成も確認
‣ 断面積はSMヒッグスと無矛盾
‣ スピン・結合定数もSMヒッグス
と無矛盾

  （というか良く合っている）

が、ヒッグス以外にはSUSYも
何も見えていない。。。

3



20

⇥⇥

⇧⇧

mh ⇥ 125 GeV
� Combined
� ⇤⇤
� ZZ
�WW
� ⌅⌅
� bb
⇥ SM
⇧ Best Fit

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
�2

�1

0

1

2

a

c

CMS Likelihoods

Best fit location is 
determined by 

several channels

Testing Composite Higgs models:  channel breakdown 

J. Galloway et al.  work in progress
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The Standard Model paradigm requires 
tuned values of the Higgs couplings

(scale of strong                  )

(scale of strong                       )
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Any other value of the 
couplings implies a strong 

scale or lighter states 
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新物理が現れるエネルギー
スケールは高いのかも。。。

ヒッグス粒子が発見された!!
‣ H ➞ γγ, WW, ZZ, ττ(?)を確認
‣ VBF生成も確認
‣ 断面積はSMヒッグスと無矛盾
‣ スピン・結合定数もSMヒッグス
と無矛盾

  （というか良く合っている）

が、ヒッグス以外にはSUSYも
何も見えていない。。。

�a > 4 TeV
�a > 10 TeV



   “Higgs” Discovery

とは言っても、我々実験屋は探し続け
なければならない!!

ヒッグス粒子が発見された!!
‣ H ➞ γγ, WW, ZZ, ττ(?)を確認
‣ VBF生成も確認
‣ 断面積はSMヒッグスと無矛盾
‣ スピン・結合定数もSMヒッグス
と無矛盾

  （というか良く合っている）

が、ヒッグス以外にはSUSYも
何も見えていない。。。
新物理が現れるエネルギー
スケールは高いのかも。。。
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Post-LHC Higgs discovery => 
no clear experimentally-driven scale of new physics

Producing Top Quarks 
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Main Injector 

PIC 2009 – Kobe, Japan Bernd Stelzer, Simon Fraser University 

- The Energy Frontier -!

LHC 

CERN 

•! 1.96 TeV pp collider 

•! Run II started in 2001 

•! Record Inst. Lum. 3.6!1032 [cm-2sec-1] 

Most of the results 

•! 14 TeV pp collider 

•! Restart in Nov 2009 at 7 TeV 

•! Inst. Lum. 1032-1034 [cm-2sec-1] 

ATLAS 

CMS 

Brief outlook 
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9picture: G. Perez

A (tuned) SM Higgs works  ⇤ � 100000 . . . 0TeV
Les Houches 2013, A Weiler

でも何かヒントは欲しい。。。
➡ やはりEWSBセクターに何かある？
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ヒッグスはElementary scaler粒子か？
‣Weakly interacting model（SM? SUSY? Others?）
‣MSSMだと1%以下のFine-tuningが必要

ヒッグスはComposite粒子か？
‣Strongly interacting model（Technicolor? Little Higgs? Others?)
‣より基本的な粒子から構成される
 （➡ 新しいゲージ相互作用？）
‣Fine-tuningは比較的少ない
‣ヒッグス＋ρ共鳴でVV散乱振幅のユニタリティー性はOK

   Elementary vs Composite?
より具体的には

いずれにしろ、ヒッグスの性質測定は非常に大事（➞ 花垣さん）
ヒッグス ≈ Composite粒子？をLHCで直接検証したい。Ch!"o#e Grojean EWSB: to Higgs or not to Higgs CERN Academic Training, January '09

! susy: composite particle ! no naturalness pb ! no need for new 

particles

! technicolor: amplitude partially cancelled by Higgs ! allows for 

heavier rho ! smaller oblique corrections.

Higgs = composite object (part of the strong sector too)

 its couplings deviate from a point-like scalar

+ ...=strong +

light Higgs 

partial unitarization
heavy rho

Technicolor: WL and ZL are part of the strong sector

unitarization halfway between weak and strong unitarizations!

Georgi, Kaplan ‘84

Ch!"o#e Grojean EWSB: to Higgs or not to Higgs CERN Academic Training, January '09

! susy: composite particle ! no naturalness pb ! no need for new 

particles

! technicolor: amplitude partially cancelled by Higgs ! allows for 

heavier rho ! smaller oblique corrections.

Higgs = composite object (part of the strong sector too)

 its couplings deviate from a point-like scalar

+ ...=strong +

light Higgs 

partial unitarization
heavy rho

Technicolor: WL and ZL are part of the strong sector

unitarization halfway between weak and strong unitarizations!

Georgi, Kaplan ‘84



Composite粒子としてのヒッグスを検証できるか？

1) もしCompositeなら、VV散乱振幅に何かヒントが見えるはず。

   Probing Composite Higgs (I)

Ch!"o#e Grojean EWSB: to Higgs or not to Higgs CERN Academic Training, January '09

disentangling L from T polarization is hard
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The onset of strong scattering is delayed to larger energies due to 

the dominance of TT " TT background

The dominance of T background will be further enhanced by the pdfs

since the luminosity of WT inside the proton is log(E/MW) enhanced 
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vev (weak scale)
strong coupling scale

TC極限

SM極限

‣SM予想とのずれ？
 ➞ VV散乱断面積の測定

‣ユニタリティーを回復させる
機構がある？
 ➞ VBSでの共鳴状態の探索

VTVT/VLVL = 20~30!! cr
os

s 
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n 
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Composite粒子としてのヒッグスを検証できるか？

2) Strongダイナミクスに付随した新粒子が存在するはず。
考える模型に依るが
‣テクニカラー：   Spin-1 ρ共鳴 ➞ WZ, ll, VH, ...
‣余剰次元 (RS)： KKグラビトン ➞ tt, VV, KKグルーオン ➞ tt
‣ Little Higgs：   t’ ➞ Vq, W’, Z’ ➞ VH, ll, qq, ...
➡ 実験で見える信号としてはどれも良く似ている。
  Signature-baseの探索で十分カバーできる。

3) Vector-likeなトップパートナーの存在を示唆する。
“SM”ヒッグスと無矛盾
軽いヒッグス質量を説明できる（➞ SMトップの寄与を相殺）
‣例えば、 t’ ➞ Vq (Little Higgs)　

   Probing Composite Higgs (II)

ΓHiggsの測定も良いが、(個人的には)やっぱり直接見えた方が楽しい!!
（➞ ハドロン加速器の醍醐味）
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LHC 7/8 TeVでの直接探索のまとめ
‣ どういう終状態を見たか？
‣ どこまで棄却したか？

LHC 13/14 TeVでの感度予想
（進行中なので結果があるものだけですが）

Outline

‣Resonance (W’, Z’, ρ, gKK)
‣Vector-like Quark
‣Vector Boson Scattering

9

の３つを中心に、

を話そうと思います。



Resonance 
(New Gauge Boson)
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   New Gauge Boson

11

‣ Extension to SM gauge symmetry group SU(3)C × SU(2)L × U(1)Y

→ U(1)’ : neutral (Z’) gauge boson
→ SU(2)’ : charged (W’) and neutral (Z’) gauge bosons

‣ SM embedded within a larger gauge symmetry group: GUT-E6, SO(10), ...
→ Charged (W’) and neutral (Z’) gauge bosons

DileptonZ’

Dijet (qq)

Dijet (bb, tt) Diboson (WZ)

Lepton+Neutrino     
‣ Light ν
‣Heavy ν 

Top+Jet (tb)

W’

Dijet (qq)
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-1CMS Preliminary, 8 TeV, 19.6 fb

   Z’ ➞ ll

ee channel

12

μμ channel

CMS PAS EXO-12-061

‣Drell-Yan BG estimated by POWHEG (NLO)
‣Total simulated background scaled to data at 

Z-peak (60<Mll<120 GeV)

‣Limits set on 

ee+μμ 
channel

R� =
�(pp� Z � + X � �� + X)
�(pp� Z + X � �� + X)

ATLAS Z’➞ll selection : 2 isolated leptons pTe(μ) > 35(45) GeV

Z’SSM(➞ll)の質量下限 : 2.96 TeV (CMS)

ATLAS-CONF-2013-017

http://cds.cern.ch/record/1519132?ln=en
http://cds.cern.ch/record/1519132?ln=en
http://cds.cern.ch/record/1519132?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-017/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-017/


 (
p
b
/G

e
V

)
jj

/d
m

!
d

-810

-710

-610

-510

-410

-310

-210

-110

1

10

Data

Fit

QCD MC

JES Uncertainty

CMS Preliminary
-1 = 8 TeV , L= 19.6 fbs
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   W’/Z’ ➞ qq

dN
dx

(1 − x)p2
= p1

x p3+p4·ln x x = mjj / √s

Smooth background fit to data
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ATLAS Preliminary

-1 = 13.0 fbdt L
  0
 = 8 TeVs

模型に依らないDijet mass bumpの探索
‣Quark substructure 
‣Colored particles
- Excited quark, W’/Z’, color-octet scalers

W’SSM(➞qq)の質量下限 : 2.29 TeV (CMS)

ATLAS-CONF-2012-148
CMS PAS EXO-12-059

Z’SSM(➞qq)の質量下限 : 1.68 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-148/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-148/
https://cds.cern.ch/record/1519066?ln=en
https://cds.cern.ch/record/1519066?ln=en


   W’ ➞ lν
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CMS W’➞lν selection
‣ 1 electron(muon) pT >100(45) GeV
‣ 0.4<pTlepton/ETmiss<1.5
‣∆Φ(lepton, ETmiss) > 0.8π

14

CMS PAS EXO-12-060
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Observed 95% CL limit
ν e→Observed 95% CL limit W' 
νµ →Observed 95% CL limit W' 

Expected 95% CL limit
 σ 1 ±Expected 95% CL limit 
σ 2 ±Expected 95% CL limit 

SSM W' NNLO
PDF uncertainty

 = 10 TeV NNLOµ with KKW
 = 0.05 TeV NNLOµ with KKW

 = 8 TeVs,  2012,   -1CMS preliminary,  20 fb

miss
T

 + Eµ,  miss
Te + E

‣SM W→lν BG (PYTHIA+NLO QCD corr) 
extended to high MT using fit
‣SM W - W’left interference considered

μν channel

eν+μν 
channel

W’SSM(➞lν)の質量下限 : 3.35 TeV (CMS)

EPJC 72, 2241 (2012)

http://cds.cern.ch/record/1522476?ln=en
http://cds.cern.ch/record/1522476?ln=en
http://cds.cern.ch/record/1522476?ln=en
http://link.springer.com/article/10.1140/epjc/s10052-012-2241-5
http://link.springer.com/article/10.1140/epjc/s10052-012-2241-5


   WR ➞ lN (➞ l+lWR*)
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SS+OS

MajoranaN

 = 7 TeVs

suppressed

 
RWm * 

Nm

ATLAS

CMS WR➞lN➞llWR* selection
‣ 2 isolated SF leptons pT >60,40 GeV
‣ 2 jets pT >40 GeV
‣Mll >200 GeV, Mlljj >600 GV

Considered in ATLAS analysis :
- Flavor mixing (eμ), OS-only vs OS+SS  
- 1-jet selection for m(WR)≫m(N)

ee channel

WR(➞llN)の質量下限 : 2.5-2.8 TeV (CMS) 
                                    (mN = 0.2-1.8 TeV)

CMS PAS EXO-12-027
EPJC 72, 2056 (2012)

Left-Right symmetric modelでのシナリオ
‣WR ➞ Heavy Neutrino崩壊
‣フレーバー (non)mixing, Ne=Nμ(=Nτ)

https://cds.cern.ch/record/1460445?ln=en
https://cds.cern.ch/record/1460445?ln=en
https://cds.cern.ch/record/1460445?ln=en
http://link.springer.com/article/10.1140%252Fepjc%252Fs10052-012-2056-4
http://link.springer.com/article/10.1140%252Fepjc%252Fs10052-012-2056-4


   W’ ➞ WZ (➞ qqqq)
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CMS PAS EXO-12-024
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 = 8TeVs, -1CMS Preliminary, 19.8 fb

CMS W’➞WZ➞qqqq 
selection
‣≥2 C/A R=0.8 jets pT >30 GeV
‣ |Δηjj|<1.3, Mjj>890 GeV

Exploit jet substructure technique :
‣ Pruned jet mass : 70<MjetPruned<100 GeV
‣N-subjettiness : τ21<0.5 (tight), 0.5-0.75 (medium)

⇒ Tight double-tag : εsignal~10-20%, εbackground<0.1%!!

SSM + EGM W’結合 (= gSSM × mW2/mW’2)
➔ W’(➞WZ)の質量下限 : 1.73 TeV (CMS)

https://cds.cern.ch/record/1563153?ln=en
https://cds.cern.ch/record/1563153?ln=en
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CMS W’➞tb➞lνbb selection
‣ 1 lepton pT >50 GeV
‣≥2 jets pT >120,40 GeV (≥1 b-tag)
‣ ETmiss >20 GeV

- Neutrino pZ from W-mass constraint
- Reconstruct top candidate from W and 

jet (close to mtop)
- Further criteria to improve S/B

  pT
top>85GeV, pT

jj>140GeV, 130<mtop<210 GeV 17

CMS PAS B2G-12-010

‣LH-only, RH-only, LR-mixed W’ samples 
‣σ·BR limits translated to M(W’) limits in 

aR vs aL plane
L � gwf̄i�µ[aR

ij(1 + �5)+
aL

ij(1� �5)]W
�µfj + · · ·

e channel e+μ channel

ATLAS-CONF-2013-050

W’(➞tb)の質量下限 : 2.0 TeV (CMS) 
           for both RH and LH couplings

http://cds.cern.ch/record/1525924?ln=en
http://cds.cern.ch/record/1525924?ln=en
http://cds.cern.ch/record/1525924?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-050/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-050/
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ATLAS-CONF-2013-052
CMS PAS B2G-12-006
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Exp. 95% CL upper limit

 uncertaintymExp. 1 
 uncertaintymExp. 2 

Kaluza-Klein gluon (LO)
ATLAS Preliminary

-1 = 14.3 fbdt L
  0

 = 8 TeVs

ATLAS gKK➞tt➞lνbqqb selection
‣ 1 lepton pT >25 GeV, ETmiss and MTW cuts
‣Boosted : R=1.0 “trimmed” jet with 

               mjet >100 GeV, √d12 >40 GeV
‣Resolved :  ≥4 R=0.4 jets 

                (≥3 jets if mjet >60 GeV)
‣≥1 b-tagged R=0.4 jets

gKK(➞tt)の質量下限 : 2.54 TeV (CMS)

➡ Entering into regime predicted from
    precision EW measurements

Topcolor Z’(➞tt)の質量下限 : 2.10 TeV

tt resonance : prominent signature in bulk Randall-Sundrum scenario
- 8 TeV tt resonance searches start probing KK mass scale ≥ 2.0-2.5 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-052/
https://cds.cern.ch/record/1543467?ln=en
https://cds.cern.ch/record/1543467?ln=en
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 WbWb→ generation : t't'th4
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µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, → t (BR=0.925) : tt t→
KK

RS g
lljjmBulk RS : ZZ resonance, 
νlν,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL

mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
τ

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

Mass [TeV]

19

   Run 1 Limits on W’/Z’/gKK

3

Mass limits from 7/8 TeV LHC run 

～2 TeVまではほぼ全て棄却

2.96 TeV

2.29 TeV

1.68 TeV

3.35 TeV

>2.5 TeV

1.73 TeV

~2.0 TeV

2.54 TeV

2.10 TeV
1.68 TeV

1.90 TeV

0.43 TeV

Z’SSM → ee/μμ
Z’SSM → ττ
Z’SSM → qq
Z’SSM → bb

Leptophobic Topcolor Z’ → tt

W’SSM → eν/μν
W’SSM → qq

W’SSM+EGM → WZ
W’(gR=1) → tq

W’R (LRSM) → tb
W’R (LRSM) → eN/μN

Bulk RS gKK → tt

残念ながら全ての崩壊モードで新物理の兆候は無い
➡ Run 2ではどこまで行ける？



   Z’➞ll / W’➞qq at 14 TeV
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Z’SSM➞ll
2.2TeVまで棄却（7TeV, 5fb-1）
➡ ~5.5(7.0)TeVまで発見可能
     at 14TeV, 300 (3000) fb-1

W’SSM➞qq
1.7TeVまで棄却（7TeV, 5fb-1）
➡ ~4.0(5.0)TeVまで発見可能
    at 14TeV, 300 (3000) fb-1

Universal left-handed coupling to 
up and down quarks assumed

Snowmass CMS White Paper :
~5.2(6.3) TeV at 300(3000) fb-1

arXiv:1307.7135

http://indico.cern.ch/conferenceDisplay.py?confId=173388
http://indico.cern.ch/conferenceDisplay.py?confId=173388
http://arxiv.org/abs/1307.7135
http://arxiv.org/abs/1307.7135
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   gKK➞tt / Z’➞tt at 14 TeV
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     (Simulation)

 PreliminaryATLAS

Resonances Decaying to Top Quark Pairs 8

Results (2/3)

• With systematics
• Increasing pile-up decreases sensitivity

μ = 0

μ = 50 μ = 140

gKK➞tt
➡ ~4.3(6.7)TeVまで棄却可能
     at 14TeV, 300 (3000) fb-1

Lepton+jetsチャンネル
‣ 1 lepton pT >25 GeV, ETmiss >50 GeV
‣≥1 R=0.4 jet pT >25 GeV
‣≥1 R=1.0 jet pT >250 GeV, mjet >120 GeV

Full hadronicチャンネル
‣ 2 C/A R=0.8 jets pT >750 GeV
‣Top-tag : QW>70 GeV, mjetTrimmed>70 GeV
‣ b-tag : ε = 50(30)% at 0.75(1.5) TeV

          fmistag = 2.5(5)% at 0.75(1.5) TeV
          fmistag raised by 30(70)% for μ=50(140)

Soon to be updated for Snowmass...

Z’➞tt
➡ ~3.7(4.1)TeVまで棄却可能
     at 14TeV, 300 (3000) fb-1

ATLAS-PHYS-PUB-2013-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-052/


Vector-like Quark
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SMヒッグス質量補正

if NP scale ΛUV ~ GUT scale (1016 GeV)

→ “Top” partners with m ~ ΛUV ~ TeV to cancel SM top contributions
➡ Fermionic top partner with vector coupling
    (left- and right-handed components have same EW quantum numbers)

“Fine tuning” (階層性問題) を避けるにはΛUV ~ TeVが必要

   “Top Partner”
‣Composite Higgs模型 (Higgs = pNGボソン) では一般的に現れる。
‣軽いヒッグス質量を説明するのに有効（➞ SMトップの寄与を相殺）

MoGvaGon 

Slide 3 M. Cooke (LBNL) : ExoGcs MeeGng, Update on the VLQ Zb/Zt+X Search 

•  We’ve discovered a Higgs‐like boson, but have 

not yet discovered SUSY‐like signatures.  

Naturalness remains an open issue. 

•  A common feature of many models of strong 

electro‐weak symmetry breaking (e.g. 

Topcolor, Lidle Higgs, Composite Higgs) is the 

appearance of vector‐like quarks (VLQs). 

•  The lee and right handed components of VLQs transform idenGcally under the EW gauge 

group [e.g. as SU(2)L singlets/doublets/triplets].  They may also carry exoGc electric charge. 

A VLQ with Q = ⅔ 

can regulate the 

Higgs mass 

divergence. 

VLQ 

Type 

Electric 

Charge (Q) 

T Singlet  +2/3 

B Singlet  ‐1/3 

(T,B) Doublet  (+2/3,‐1/3) 

(X,T) Doublet  (+5/3,+2/3) 

(B,Y) Doublet  (‐1/3,‐4/3) 

See for example 

1205.0013 

Vector-like quark
‣ SMクォーク（特に第三世代）と混合
‣主にT➞Wb/Zt/Ht, B➞Wt/Zb/Hbに崩壊
‣対生成 (QCD)　➡ model-independent
‣単一生成 (EW)  ➡ 高い質量領域で重要

Cf.) Scaler top in SUSY
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  Search Strategy
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Top partner(電荷+2/3)の崩壊比 

and 13 TeV (right). They have been computed with Protos [21] and comprise:

• T b̄j for the T singlet

• T b̄j, Bb̄j and T t̄j for the (T B) doublet. Remarkably, the cross section for T b̄j,

which is proportional to the mixing in the down sector, can be larger than the one

for T t̄j, which is proportional to the mixing in the up sector but is a much more

suppressed process. Bb̄j is also proportional to the mixing in the down sector, but

its cross section is smaller, as mentioned above.

• Y b̄j and Bb̄j for the (B Y ) doublet.

• Xt̄j for the (X T ) doublet. The cross section for T t̄j in this model is even smaller.

In the plots, for a given value of the mass the mixing is set to the maximum allowed

by indirect constraints in Fig. 1, thereby obtaining the maximum cross section for each

process. The dotted part of the lines indicate the range of masses already excluded by

direct searches. For comparison we also include the pair production cross section, which

is independent of the mixing. Single production for the rest of multiplets is small, and

can be estimated from the data shown in Fig. 4 and the limits in Section 3.
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Figure 4: Maximum single heavy quark production cross sections at the LHC with 8 TeV

(left) and 13 TeV (right), for selected quark multiplets. In the left plot, the shaded area

corresponds to cross sections below 1 fb, uninteresting for the luminosity L ! 20 fb−1

collected.

These results deserve a detailed discussion. We observe that Y b̄j, T b̄j and Bb̄j are

the only relevant single-production processes at 8 TeV, since the rest have cross sections

that are below the one for pair production. The same can be said for a CM energy of

13 TeV. Precisely these three processes involve Feynman diagrams with initial state gluon
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初期探索は対生成信号で行う
‣模型に非依存（⬅ QCD結合）
‣複数のt/bクォーク崩壊 ➞ 信号が特徴的
高い質量領域への拡張は単一生成信号
で行う
‣模型依存（⬅ EW結合）

崩壊比の違いは終状態の違いでカバーする

Unphysical

0 1BR(T→Wb)

BR
(T
→

H
t)

tZtZ WbWb

tHtH

N
b

-j
e

t(
H
→

b
b

)
NJet

NHadronic V

崩壊比と信号の特徴
1

Wb

Ht

Zt

対生成

単一生成
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SU(2) singlet

 Wb+XA TT

-1Ldt = 14.3 fb0
 = 8 TeVs

)m1±Theory (approx. NNLO prediction 

95% CL expected limit

m1±95% CL expected limit 
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‣High-pT hadronic-W jet (merged or resolved)

ATLAS-CONF-2013-060

SU(2) singlet t’ (400-600 GeV)SU(2) singlet t’ (400-600 GeV)SU(2) singlet t’ (400-600 GeV)
Wb Zt Ht

~50% 15-20% 35-30%

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-060/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-060/
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validate Z+jets background
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‣ pTZ dependence at Nb-tag = 1

Invariant mass of Z + leading b-jet used 
as discriminant 

➔ ZbとZt(➞bW)の両方を選別可能

ATLAS-CONF-2013-056
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SU(2) (B, Y) doublet (500-800 GeV)SU(2) (B, Y) doublet (500-800 GeV)SU(2) (B, Y) doublet (500-800 GeV)
Wt Zb Hb

0% 55-50% 45-50%

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-056/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-056/
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   b’/t’ with SS Dilepton
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ATLAS-CONF-2013-051

‣Charge misidentification, fake lepton 
background estimated from data
‣Real SS dilepton events (ttV, diboson) 

estimated from MC

SU(2) singlet b’ (500-650 GeV)SU(2) singlet b’ (500-650 GeV)SU(2) singlet b’ (500-650 GeV)
Wt Zb Ht

42-45% 31-29% 27-26%

Limits also set for VLQ t’

μμ channel

ee+eμ+μμ 
channel

ATLAS b’→Wt, t’→Zt/Ht with SS dilepton selection
‣ 2 same-sign leptons pT >25 GeV
‣≥2 jets pT >25 GeV (≥1 or ≥2 b-tag)
‣ ETmiss >40 GeV
‣ SF pair : Mll>15 GeV, |Mll−MZ| >10 GeV
‣HT = ∑pTlepton,jet >550-650 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-051/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-051/
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   Top Partner : Summary
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Top partner：~600 GeVまではほぼ全てのBr領域で棄却
➡ より高い質量領域での探索（単一生成での解析が進行中）
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Bottom partner：~500 GeVまではほぼ全てのBr領域で棄却



   VLQ at 14 TeV

30

30 7 Top Quark Physics

certainty is assigned to the tt background and 50% uncertainty to all other backgrounds. When
estimating the sensitivity the background estimate is increased by the size of the uncertainties.

To determine the sensitivity, 10000 random pseudoexperiments are generated based on the
expected number of signal and background events in each channel. For each channel i in each
pseudoexperiment the p-value pi is determined for the observed number of events under the
background only hypothesis. The combined p-value of all channels is then computed, P =

k Ân�1
i=0 (� ln ki/i!), where k = ’n

i=1 pi and n is the number of channels to be combined.

Figure 26 shows plots of the discoverable T quark pair production cross section as a function of
T quark mass, for the nominal branching fractions of 50%/25%/25% to bW/tZ/tH. The sensi-
tivity is not expected to vary substantially if the branching fractions deviate from the nominal
values. For the CMS analysis at

p
s = 8 TeV the mass limits vary inside a 100 GeV interval

for any combination of branching fractions. At 14 TeV, T quarks with mass below 1 TeV could
be discovered with 300 fb�1 of data, with the discovery reach extending to nearly 1.2 TeV with
3000 fb�1 accumulated.
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Figure 26: Expected sensitivity for a T quark pair production signal in the multilepton channels
only (left), and in all channels combined (right).

7 Top Quark Physics
The copious production of top quarks at the LHC, together with the excellent performance
and understanding of the CMS detector, allows for studies of top quark properties and the
mechanism of their production and decay with unprecedented detail and precision. Already
with the 7 TeV LHC dataset, CMS has caught up with the Tevatron and surpassed both D0 and
CDF in precision for key measurements such as that of the top quark mass where CMS has
now achieved the most precise single results in each of the tt̄ decay modes. Similarly, the tt
and single-top production cross sections have been determined with a relative precision that is
challenging the theoretical predictions in differential cross section measurements.

With the addition of 8 TeV data, CMS top physics measurements will break new ground across
the entire program. Many goals here range from measuring cross sections and rare production
processes, to a further improvement in the mass determination, the exploration of its spin and
decay properties, the Vtb coupling, the refinement of the strategies to use the top as a search
tool, etc. In the process of covering this, there are many bread and butter measurements that
will be obtained. One example is the determination of as using the full NNLO+NNLL calcu-
lation of the tt cross section [59], for different PDF sets, as shown in Fig. 27 (left). Preliminary
results at 8 TeV confirm earlier observations at 7 TeV [60] revealing clear differences between

14TeVでのTop partnerの発見感度
‣ 8TeV解析をルミノシティー・断面積比でスケール
‣ 10(50)% systematics for tt(all other)バックグラウンド
‣ SU(2) singlet : Wb/Zt/Ht = 50%/25%/25%

Snowmass CMS 
White Paper

300(3000)fb-1で、~1.3(1.5)TeVまで発見可能

arXiv:1307.7135

http://arxiv.org/abs/1307.7135
http://arxiv.org/abs/1307.7135
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Decay
- Br(t→Wb)/Br(t→Wq)
- W-helicity
- t→H++b
-FCNC decay
- ...

Property
- mass
- charge
- lifetime
- width

Production
- cross section (total, differential)
- associated production
- asymmetries
- polarization
- spin correlation
- FCNC single top
- ...
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生成・崩壊・性質に標準模型
からのずれはないか？

 [pb]ttm

50 100 150 200 250 300 350

ATLAS Preliminary

 = 7 TeVsData 2011, 

Channel & Lumi.

20 Dec 2012
Theory (approx. NNLO)

 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± ttm

Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 

Dilepton -10.70 fb  pb-   7
+  8  -  11

+ 14  6  ±173 

All hadronic
-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
+  8  3  ±177 

iµ XASingle lepton, b 
-14.66 fb

  3 pb± 17 ±  2 ±165 

 + jetshado -11.67 fb  46 pb± 18 ±194 

 + leptonhado -12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 

ちょっと寄り道。。。
トップそのものの
測定も面白い。

全断面積とNNLO 
QCD計算との比較
➔ 良い一致
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(arXiv:1205.3453)
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近似NNLO計算はデータを良く再現する
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  Differential Top 
  Measurement

Top pT

Top 
rapidity

tt mass-

➡ 1TeV領域でも既に系統誤差がdominant

arXiv:1211.2220

もっと高精度の測定ができれば面白い。

http://arxiv.org/abs/1211.2220
http://arxiv.org/abs/1211.2220


   FCNC Top Decay
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Rare Decays of top quark 

!  LHC is a top factory 
!  In 300 fb-1 50M ttbar events 

!  In SM top quark decays to Wb nearly 
100% 
!  Observing decays to other modes 

clear sign of new physics 
!  Interesting region starts at ~10-4 

!  HL-LHC will probe ~3x10-5 at least 

35!

SM 2HDM-III MSSM TC2

t→cγ 4.6x10-14 ~10-6 2.0x10-6 ~10-6

t→cZ 1.0x10-14 ~10-7 2.0x10-6 ~10-4

t→cH 3.0x10-15 ~10-3 10-5 -

トップクォークのFCNC崩壊に
新物理の兆候が現れないか？

q = u or c

3000 fb-1（~500M tt→l+jets events!）
で到達可能なBRの予想
‣ BR(t→cγ) ~ 10-5

‣ BR(t→cZ) ~ 5x10-5

‣ SM ➡ BR(t➞cV)=10-14

‣ 2HDM, MSSM, Top-color assisted 
TCなど ➡ BR(t➞cV)=108-10 x BRSM

予想

現在の制限
‣ BR(t→qZ) < 7x10-4 (CMS, 20 fb-1)
‣ BR(t→cH) < 8.3x10-3 (ATLAS, 20 fb-1)

ATLAS-CONF-2013-081
CMS PAS TOP-12-037

Snowmass ATLAS White Paper 
(arXiv:1307.7292)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-081/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-081/
https://cds.cern.ch/record/1543467?ln=en
https://cds.cern.ch/record/1543467?ln=en
http://arxiv.org/abs/1307.7292
http://arxiv.org/abs/1307.7292
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WW/WZ/ZZ production at the LHC

WW/WZ/ZZ production at the LHC

Measuring WW/WZ/ZZ production is an evident prerequisite for VBS
measurements

LO diagrams for WW/WZ/ZZ production:

W/Z/�

q

q̄0

TGC

W/Z

W/Z

q

q̄0 W/Z

W/Z q

q̄0

W/Z

W/Z

s-channel t-channel u-channel

Cross sections calculated to NLO (using MCFM with PDF set CT10 or MSTW08)

! gluon-gluon enters at NLO, < 10% of the cross-section

Access to triple gauge couplings (TGC)

! new physics may show up as anomalous ( = non-SM) TGCs

Important background to Higgs and beyond-SM searches

! precise knowledge of cross-sections and kinematic distributions needed

A. Vest June 7, 2013 HB2013 4

s-channel t-channel u-channel

LO diagrams for WW/WZ/ZZ production

‣ SM生成過程の検証
  ⇒ ヒッグス、BSM探索のバックグラウンド
‣ NLO計算（MCFM with NLO PDF）との比較
‣ ３点ゲージ結合（TGC）に対するプローブ
  ⇒ 新物理からの寄与 ➞ 異常３点ゲージ結合（anomalous TGC)
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   Diboson Production
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ATLAS
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 = 7 TeVs

WW selections
‣Opposite-sign high-pT isolated leptons
‣ Large ETmiss (to suppress Z)
‣ Jet veto (to suppress tt)

WZ selections
‣ 3 high-pT isolated leptons
‣Opposite-sign leptons from Z
‣ 3rd lepton + ETmiss for W
‣ Large ETmiss and MTW
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   Diboson Measurement

Process √s σmeas [pb] stat syst lumi σtheory [pb]σtheory [pb] Reference

WW 7 TeV 51.9 ±2.0 ±3.9 ±2.0 44.7 +2.1 PRD 87, 112001 (2013)WW 7 TeV 51.9 ±2.0 ±3.9 ±2.0 44.7 -1.9
PRD 87, 112001 (2013)

WZ 8 TeV 20.3 +0.8 +1.2 +0.7 20.3 ±0.8 ATLAS-CONF-2013-021WZ 8 TeV 20.3 -0.7 -1.1 -0.6 20.3 ±0.8 ATLAS-CONF-2013-021

ZZ 8 TeV 7.1 +0.5 ±0.3 ±0.2 7.2 +0.3 ATLAS-CONF-2013-020ZZ 8 TeV 7.1 -0.4
±0.3 ±0.2 7.2 -0.2

ATLAS-CONF-2013-020

http://prd.aps.org/abstract/PRD/v87/i11/e112001
http://prd.aps.org/abstract/PRD/v87/i11/e112001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-020/
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WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V V

VV

q

q

q

q

f̄

f

f̄

f

H0
H0

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12
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WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V V

VV
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f

H0
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Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12

‣３点/４点ゲージ結合からの寄与
‣ヒッグスの交換・生成過程

‣VV➞VV散乱
‣前後方へのクォーク
由来ジェット

Longitudinal VBS  ➡ EWSBセクターの直接検証

QCD (∼αEW4αS2)Electroweak (∼αEW6)

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

終状態にVV+jjを作るNon-VBSバックグラウンド過程

散乱振幅 (E ≫ MH)
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Unitarity in VV scattering
‣ VLVL scattering w/o a light SM Higgs → Unitarity violation at √s≈1.2 TeV

‣ Unitarity restored with a specific coupling to VV if only one resonance
例）SM Higgs

   Vector Boson Scattering (II)

38

arXiv:0806.4145

σVV→VVの√s依存性 (√s≳1TeV) を検証する

http://arxiv.org/abs/0806.4145
http://arxiv.org/abs/0806.4145


‣ Unitarity also restored with a unique combination of couplings and 
resonances that plays a role of “SM Higgs”
例）Technicolor, 2HDM, ... �

i

g2
XiWW = g2

HSM WW =
�

2M2
W

v

�2

   Vector Boson Scattering (III)

W+W− → W+W−

W+W− → ZZW+Z → W+Z

W+W+ → W+W+

ZZ → ZZ

σ(V V → V V ), with 500 GeV scalar isotensor
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Prospects for WW/WZ/ZZ scattering at high energy at the LHC

Prospects for VBS at high energy at the LHC
p
s = 14 TeV CERN-ESG-005, ATLAS-PHYS-PUB-2012-005

! VBS centre-of-mass energy of ⇠ 1� 2 TeV

unitarization only guaranteed for explicitly included resonance(s) at unique
values of the coupling g arXiv:0806.4145

J = 0 J = 1 J = 2

I = 0 �0 (Higgs) !0 (�0/Z0) f0 (Graviton?)

I = 1 ⇡±,⇡0 (2HDM?) ⇢±, ⇢0 (w0/Z0) a±, a0

I = 2 �±±,�±,�0 (Higgs triplett?) t±±, t±, t0

unitarization with k-matrix method

new physics signal in this study: anomalous VBS ZZ resonance f0

) Four lepton final state ZZjj ! lllljj:

exactly four selected leptons: two opposite sign, same flavor pairs

at least two selected jets with mjj > 1 TeV
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126GeV Higgsが非SM結合を持つと仮定
➡ Unitarity結合を仮定した共鳴状態の
    質量制限?
126GeV HiggsがSM結合を持つと想定
➡ VV共鳴結合の制限 (質量の関数)?

√s=14TeVでVV散乱への新物理の
寄与は見えるか？

新しい共鳴状態が現れる可能性？

http://arxiv.org/abs/0806.4145
http://arxiv.org/abs/0806.4145
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WZ質量

   VBS WZ ➞ lνll at 14 TeV
WZ→3-lepton channel
‣Exactly 3 high-pT leptons
‣1 OS-SF lepton pair forming Z
‣≥2 jets (pT >25 GeV) with Mjj > 1 TeV

- Neutrino pZ using W-mass constraint 
from unpaired lepton

- Small “fake” lepton background

40

ATL-PHYS-PUB-2013-006

~50 VBS WZ events (MWZ >1TeV) 
at 3000 fb-1

5σ discovery sensitivity for dim.-8 operator

300 fb-1 3000 fb-1

1.3 TeV-4 0.6 TeV-4

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-006/
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Same-sign WW→2-lepton channel
‣Exactly 2 high-pT same-sign leptons
‣≥2 jets (pT >50 GeV) with Mjj > 1 TeV
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   VBS W±W± ➞ l±νl±ν at 14 TeV

lljj質量
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ATL-PHYS-
PUB-2013-006

- Same-sign QCD (∼αEW4αS2) WW process 
estimated from MadGraph

- “Fake” lepton and charge flip background 
estimated by scaling WZ background 
(based on 8 TeV analysis)

5σ discovery sensitivity for dim.-8 operator

300 fb-1 3000 fb-1

10 TeV-4 4.5 TeV-4

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-006/


   Summary
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Resonance (W’, Z’, ρ, gKK)
‣ 多くの終状態で、質量にして約2TeVの制限がついている
‣ 14TeV (3000 fb-1) では5-7TeV程度まで発見/棄却可能
- 直接探索の限界に近づく？(➞ HE-LHC?)
- 正直な話、それまでに何か見つかっていて欲しい 。。。

Vector-like Quark
‣ 約600GeV程度までは、Brに関わらず棄却（トップパートナー）
‣ 単一生成過程でどこまで制限を伸ばせるか？
‣ 14TeV (3000 fb-1) では1.5TeV程度まで発見が可能

Vector Boson Scattering
‣ 8TeVではEW VBS VVjj過程 (特にW±W±) の観測が限度
‣ 14TeVでどこまでσVV→VV(√s)を測定できるかはこれからの研究しだい


