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LHC Results and Future 
Prospects for BSM Searches

Koji Terashi
ICEPP, The University of Tokyo

Outline
‣Run I Results
‣ Prospects for Run II and beyond
‣ (Preliminary) look at one-family WTC model



  SM Higgs
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Now we know
‣ Mass 125.5 ± 0.6 GeV (ATLAS)
‣ Confirmed γγ, WW, ZZ, ττ production
‣ VBF production in γγ, WW, ττ
‣ Yukawa coupling (indirectly by ggF, γγ)
‣ Cross-section, spin, coupling all 

consistent with SM predictions

➡ SM(-like) Higgs strongly 
    preferred

Next : Precision measurement
‣ Confirmation of H→bb
‣ Rare decay processes
‣ Yukawa coupling
‣ Self-coupling (two Higgs process)
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... and search for additional 
(heavy) Higgses

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-108/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-108/


 (GeV)Hm
100 200 300 400 1000

SM
σ/

σ
95

%
 C

.L
. l

im
it 

on
 

-110

1

10

CMS -1 = 8 TeV, L = 19.7 fbs ; -1 = 7 TeV, L = 5.1 fbs

Observed
Expected

σ 1±Expected 
σ 2±Expected 

 [GeV]Am
200 400 600 800 1000

β
ta

n

0

10

20

30

40

50

60

 scenariomax
hMSSM m

 = 1 TeVSUSYM

95% CL Excluded:
observed
expected

 expectedσ 1±

 expectedσ 2±

LEP

 at 8 TeV-1 at 7 TeV, 19.7 fb-1,  4.9 fbττ→CMS Preliminary,  H

3

Φ ➞ ττ (bbΦ ➞ bbττ)
- eτh, μτh : pTe(μ) > 24(20)GeV (2012)
- eμ, μμ : pT1(2) > 20(10)GeV
- τhτh : pTτ > 45GeV
- b-tag (pTb-jet>20GeV) and no-btag

  Heavy Higgs Searches CMS PAS HIG-13-021

CP-even/odd Higgs in MSSMSM-like Higgs

arXiv:1312.5353

H ➞ ZZ ➞ 4e/2e2μ/4μ
- 4 leptons pT>20,10,7(5),7(5) GeV for e(μ)
- 40<mZ1<120 GeV, 12<mZ2<120 GeV

➡ Excluded up to ~800 GeV as “SM Higgs”

http://cds.cern.ch/record/1623367?ln=en
http://cds.cern.ch/record/1623367?ln=en
http://cds.cern.ch/record/1623367?ln=en
http://cds.cern.ch/record/1623367?ln=en
http://arxiv.org/abs/1312.5353
http://arxiv.org/abs/1312.5353
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Squark/Gluino searches

  SUSY Searches
Stop searches

mg ~ mq~ ~

Excluded up to ~1.8 TeV 
(mg ~ mq) for mLSP < 700 GeV~ ~ Excluded up to 0.6-0.7 TeV 

for mLSP < 200 GeV
except a few low-mass “gap” regions 
(e.g, mstop ~ mtop + mLSP)

ATLAS-CONF-2013-047
Stop search summary
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/index.html%23ATLAS_SUSY_StopAll
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/index.html%23ATLAS_SUSY_StopAll
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  Signature-based Searches
Non-SUSY (aka “Exotics”) searches aim to cover 
as many final states/topologies as possible
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  Signature-based Searches

Present a few results on searches expected to be sensitive to 
heavy gauge bosons and technicolor and relevant interpretations

Non-SUSY (aka “Exotics”) searches aim to 
cover as many final states/topologies as possible
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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)

2 isolated leptons pTe(μ) > 35(45) GeV at CMS, >40/30(25) GeV at ATLAS

Z’SSM excluded up to 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/


  Dilepton Interpretation
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Interpretation based on minimal 
walking technicolor (F. Sannino 
et al.) using 7 TeV results
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Minimum Walking Technicolor
‣ two techniflavors (U, D)
‣ satisfy precision EW measurements
‣minimal TC states to exist:

- light composite Higgs (~90-150 GeV)
- two axial-vector states R1,2

‣R1,2 coupling constant = g

JHEP 1211, 138 (2012)

~

8

No significant improvement expected 
at large g with 8 TeV data (large BG)~

http://link.springer.com/article/10.1007/JHEP11(2012)138
http://link.springer.com/article/10.1007/JHEP11(2012)138
http://cds.cern.ch/record/1637776?ln=en
http://cds.cern.ch/record/1637776?ln=en


Bulk Randall-Sundrum 
(SM fields in the bulk)
K. Agashe et al.

G → WW, ZZ, HH
KK W/Z → WH/ZH

Sequential SM (+ EGM)
G. Altarelli et al. W’ → WZ, WH, Z’ → ZH

Minimal walking technicolor
F. Sannino et al. R1,2 → WZ, WH, ZH

Process WW ZZ WZ VH HH Vγ
Final 
State

qq+qq
lν+qq

qq+qq
ll+qq
ll+νν

qq+νν

qq+qq
lν+qq
ll+qq
lν+ll

qq+νν

lν+bb
ll+bb
νν+bb

bb+bb lν+γ
ll+γ

Low-scale technicolor
K. Lane et al.

ρT/aT → WZ, Wγ/Zγ, WW

➞ Dropped after 125 GeV Higgs discovery

Benchmark models 
used in ATLAS

  Diboson
Sensitive to various 
BSM scenarios including 
EDs and technicolor
Wide variety of final 
states being covered

SSM+EGM spin-1 W’
- gW’WZ/gWWZSM = (MW / MW’)2

spin-2 bulk RS Graviton
9
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Large BR beneficial 
➡ QCD BG suppression is a key! 
Baseline 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%, εBG<0.1%!!

For SSM+EGM W’→WZ coupling
W’SSM excluded up to 1.73 TeV 10

https://cds.cern.ch/record/1563153?ln=en
https://cds.cern.ch/record/1563153?ln=en
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WZ➞lνll selection
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‣ 1 lepton pT >20 GeV, ETmiss >30 GeV for W→lν
‣ Varying cuts on ∑|pTlepton| and MWZ
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SM WZ simulated 
by MadGraph 
(scaled to NLO)

Small BR but much smaller background
➡ Very powerful at low mass region! 

For SSM+EGM W’→WZ coupling
W’SSM excluded up to 1.45 TeV 11

https://cds.cern.ch/record/1558197?ln=en
https://cds.cern.ch/record/1558197?ln=en
http://cds.cern.ch/record/1519132?ln=en
http://cds.cern.ch/record/1519132?ln=en
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Specific LSTC interpretation with
‣ρT±,0 ➞ W + πT0,±

‣ρT± ➞ Z + πT± 

including a ρT - πT mass point 
compatible with “CDF dijet 
anomaly”, which is gone by now... :-(

ρT - πT mass relation : 
‣m(ρT) ~ 1.5m(πT)+55 GeV < 2m(πT)

Search strategy
‣Select leptonic W/Z + ≥2 jet events (no b-tag)
‣MC background estimate with CR validation 

(fully data-driven for QCD background)
‣Fit dijet mass to look for a resonance peak

12

W + ≥2jets

Mjj [GeV]

MπT [GeV]

➡ No significant excess observed

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-074/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-074/
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/


  Heavy “Higgs” ➞ hh/Zh

13

WW* ZZ* ττ bb γγ
WW* ✔ ✔ ✔ ✘ ✔

ZZ* ✔ ✔ ✔ ✔

ττ ✔ ✘ ✔

bb ✘ ✘

γγ ✘

Final States Search Channels

γγWW*
γγZZ*
γγττ

2 photons (120<Mγγ<130GeV) + 
≥1 leptons (up to 2 τhad) in bins 

of ETmiss

All others
3/4 leptons (up to 1 τhad), 

on/off-Z OSSF pair or no OSSF 
pair, in bins of ETmiss and b-tag

Search stratey
‣Emphasis on multilepton signatures
 (less SM background)

‣≤1 lepton events considered only 
if two photons exist in events

‣Lepton = e, µ, τhad (1 or 3-prong)

‣on/off-Z OSSF pair or no OSSF 
pair for hh, only on-Z OSSF pair 
for Zh

H➞hh : decay modes and search channels

e/µ/τ : pT>10/10/20 GeV
γ :  pT>20 GeV

Dedicated searches for heavy 
Higgs (H/A) → hh/Zh in 
2HDM scenario

CMS PAS HIG-13-025

https://cds.cern.ch/record/1558197?ln=en
https://cds.cern.ch/record/1558197?ln=en
http://cds.cern.ch/record/1637776?ln=en
http://cds.cern.ch/record/1637776?ln=en
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  H ➞ hh
‣Counting in ~40 signal regions binned by [#leptons, OSSF pair 

(on/off-Z), #τhad, #b-tag, ETmiss]
‣ Limits placed on σ·Br(H➞hh) and tanβ vs cos(β−α) in 2HDM 

Type-1/II scenarios

H➞hh

A➞Zh contribution 
not included

Type II 2HDM 
H➞hh

14

CMS PAS HIG-13-025

https://cds.cern.ch/record/1558197?ln=en
https://cds.cern.ch/record/1558197?ln=en
http://cds.cern.ch/record/1637776?ln=en
http://cds.cern.ch/record/1637776?ln=en
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ATLAS-CONF-2013-052
CMS PAS B2G-12-006
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-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 excluded up to 2.54 TeV (CMS)
➡ Entering into regime predicted from
    precision EW measurements

Topcolor Z’ excluded up to 2.10 TeV

tt resonance : prominent signature in bulk Randall-Sundrum scenario-

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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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)

Mass [TeV]

  Run I Summary

3

Excluded mass ranges for new particles

Excluded up to ~2TeV for many final states

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

SM coupling 
assumed in 
many cases

16



LHC Future Prospects

17

Public results for future prospects
ATLAS : https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies
CMS : https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP


2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

2023 2024 2025 2026 2031 2032

Shutdown Shutdown

Shutdown

14TeV13-14TeV7-8TeV

14TeV

Run 2 Run 3

High Luminosity LHC Run (HL-LHC)

Run 1

~100 fb-1 ~300 fb-1

~3000 fb-1

25 fb-1

Increasing 
beam energy

Increasing beam 
luminosity

  LHC Upgrade

For HL-LHC

2027 2028 2029 2030

14TeVShutdown

. . .

Only indicative for 2025 and beyond

New baseline schedule established in Dec 2013
‣Luminosity projection might be revisited with the new schedule
‣2015 start-up scenario under discussion (13 TeV? 12.5 TeV? or ...)

18
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(VBF-like)
(comb.)

(ggF-like)
(VBF-like)

(ttH-like)
(VH-like)
(comb.)

(VBF-like)
(ttH-like)

(incl.)
(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb0 ; -1Ldt=3000 fb0

µµAH

ooAH
ZZAH

WWAH

aZAH
aaAH

µµAH

ooAH
ZZAH

WWAH

aZAH
aaAH

0.7A

1.5A

0.8A

  Higgs Signal 
  Strength
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Signal strength µ =
�obs

�SM

300 fb-1 3000 fb-1

ttH (H➞γγ) 55% 21%

μμ 39% 15%

Zγ 147% 57%

Precision of μ in rare processes

Theory uncertainties quite important

3000 fb-1 w/o ➞ w/ theo. uncert.
γγ 4% ➞ 10%

WW 5% ➞ 9%

ZZ 4% ➞ 10%

ATLAS-PHYS-PUB-2013-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/


Following channels considered in
the combined fits

‣H ➞ γγ      ggF(0,1-jet), VBF, ttH, VH
‣H ➞ WW  ggF(0,1-jet), VBF
‣H ➞ ZZ    ggF, VBF, ttH, VH
‣H ➞ ττ      VBF
‣H ➞ Zγ      Inclusive
‣H ➞ µµ        Inclusive

 Higgs Coupling

Higgs coupling 
scale factor ratio

20 Yg
Xg6=XYh6

0 0.1 0.2 0.3

)Za(Zh

Zah

gZh

Zµh

Zoh

tgh

WZh

gZg

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb0 ; -1Ldt=3000 fb0

0.78A
�ab =

�a

�b

� · B(i� H � f) =
�i · �f

�H

Assumed 
- Zero width :  
- No H➞invisible/BSM decay



Yg
Xg6=XYh6

0 0.1 0.2 0.3

)Za(Zh

Zah

gZh

Zµh

Zoh

tgh

WZh

gZg

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb0 ; -1Ldt=3000 fb0

0.78A

Yukawa

t/g  ～ 7%

τ/Z ～ 10%

μ/Z ～ 10%

3000 fb-1
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Higgs Coupling

Higgs coupling 
scale factor ratio

�ab =
�a

�b

Assumed 
- Zero width  
- No H➞invisible/BSM decay

Following channels considered in
the combined fits

‣H ➞ γγ      ggF(0,1-jet), VBF, ttH, VH
‣H ➞ WW  ggF(0,1-jet), VBF
‣H ➞ ZZ    ggF, VBF, ttH, VH
‣H ➞ ττ      VBF
‣H ➞ Zγ      Inclusive
‣H ➞ µµ        Inclusive



Yg
Xg6=XYh6
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)Za(Zh

Zah

gZh

Zµh

Zoh

tgh

WZh

gZg

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb0 ; -1Ldt=3000 fb0

0.78A

Yg
Xg6=XYh6

0 0.1 0.2 0.3

)Za(Zh

Zah

gZh

Zµh

Zoh

tgh

WZh

gZg

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb0 ; -1Ldt=3000 fb0

0.78A
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W-Z diff.
W/Z  ～ 3%

τ/Z ～ 10%

μ/Z ～ 10%

BSM Effect 
in Loop

γ/Z ～ 7%

g/Z ～ 6%

t/g  ～ 7%2nd-3rd gen.

3000 fb-1 3000 fb-1



  Constraints from Higgs Coupling
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Possibility of extended Higgs sector including SM-like 125GeV Higgs
‣ 125 GeV “Higgs” particle with non-SM coupling
‣ Indirect constraints from high-precision coupling measurement
‣ Direct search for “2nd” Higgs boson at high mass region

Expected deviation from SM coupling 
in case of ~1 TeV new particle

Possible to reach at 3000 fb-1 :
κγ  ～ 9(4)%, κV ～ 3(2)%, κf  ～ 4(3)%

Higgs Snowmass Report

∆κv ∆κγ ∆κb

2HDM ~ 1% ~ 1% ~ 10%
MSSM 

(decoupling) ~10-5 <~0.4% ~1.6%

Composite Higgs ~ −3% ~ −9% ~ −(3-9)%
Top Partner ~ −2% ~ +1% ~ -2%

with (without) theory uncertainty

arXiv:1310.8361

http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361


Discovery reach with 3 ab-1
Discovery reach with 300 fb-1
Exclusion with 5 fb-1

Discovery reach with 3 ab-1
Discovery reach with 300 fb-1
Exclusion with 5 fb-1

LHCû7TeVLHCû7TeV LHCû14TeVLHCû14TeV SLHCû33TeVSLHCû33TeV
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Discovery reach with 3 ab-1
Discovery reach with 300 fb-1
Exclusion with 5 fb-1

Discovery reach with 3 ab-1
Discovery reach with 300 fb-1
Exclusion with 5 fb-1
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LZ� � gZ�Z �
µ

�
q̄i�

µ 1� �5

2
qi

�
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Assume universal left-handed 
coupling to up and down quarks

Z’➞ll Z’➞qq

Possible to discover up to
~5.5(7.0)TeV for Z’SSM➞ee/μμ ~4.0(5.0)TeV for W’SSM➞qq

at 14TeV with 300(3000) fb-1

7 TeV Z’SSM mass limit 7 TeV W’SSM mass limit 

  Z’ ➞ ll, W’ ➞ qq
LHC2TSP workshop

http://indico.cern.ch/conferenceDisplay.py?confId=173388
http://indico.cern.ch/conferenceDisplay.py?confId=173388


First Look at One-
Family Walking 

Technicolor Predictions

25

Preliminary look at MC sensitivity to unique topologies 
predicted by one-family WTC model in collaboration 
with S. Matsuzaki, M. Kurachi and K. Yamawaki

This is NOT ATLAS result



  Probing the Model
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See talks by M. Kurachi and S. Matsuzaki for more details 
about the model

Probing techni-pion dynamics with rich LHC phenomenology
‣ e.g, color-octet/singlet, iso-singlet techni-pion → tt

Focus here on techni-rho ➞ boson + “Higgs” processes :

➡ Color-singlet technirho : ρ0 → γ + Φ (Φ → gg)
➡ Color-octet technirho : ρ8 → g + Φ (Φ → gg)

   Φ = “Higgs” (techni-dilaton)



  MC Sensitivity Study
Focus on two characteristic signatures:
➡ Color-singlet technirho : ρ0 → γ + Φ (Φ → gg)

- use PYTHIA low-scale TC implementation
- emulated by ρTC/ωTC → γ + πTC (πTC → gg)

➡ Color-octet technirho : ρ8 → g + Φ (Φ → gg)
- use PYTHIA genetic particle interface
- introduce a new particle X with same quantum numbers as ρ8

- emulated by gg → X → g + ρ8TC (ρ8TC  → gg)

‣ Fix Φ mass at 125 GeV and consider only Φ → gg decay
‣ Set ρ0/ρ8 mass above current experimental limits from other decay channels
‣ Cross section normalized to model prediction (mΦ=125 GeV, BR(Φ→gg)=75%)

‣ Parameterized jet and photon momentum smearing (due to pileup), photon 
efficiency and jet fakes are applied to generated events

27



j) [GeV]aMass(
1000 1500 2000 2500 3000

Ev
en

ts

-210

-110

1

10

210
+jetsa

multi-jets
 gg)A(TCqa A TC

0
l

-18 TeV, 20 fb

 > 450(350) GeV(jet1)a

T
p

 < 140 GeVjet1110 < M

Color-Singlet ρ0 ➞ γ + Φ
Color-singlet technirho : ρ0 → γ + Φ (Φ → gg)
mρ0 < 1.3 TeV excluded by 8 TeV Z’→dilepton search
➡ mρ0 = 1.4 TeV chosen as a benchmark point

~

√s 
[TeV]

Lint

[fb-1] S S/√B

8 20 0.7 0.15

14 100 21 0.97

mρ0=1.4 TeV, 1.2<Mγj<1.6 TeV

Event Selection :
- 1 photon pT >450 GeV
- ≥1 jet pT >350 GeV, 110 < mjet < 140 GeV

Considered Backgrounds : γ+jets, multi-jets (PYTHIA)
Cut and count in a sliding Mγj window

Φ
g

g

Jetmjet ~ mΦ

Boosted Φ(→gg) 
➡ Merged into a single jet

mρ0 [TeV] σ⋅BR [fb]

1.4 ~0.9

√s = 8 TeV

➡ Hard due to small signal yield...
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Mass(jj) [GeV]
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8
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8
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-18 TeV, 20 fb
 gg)A(TCq gA TC

8
l

 > 500,400 GeVjet1,2
T

p
 < 145 GeVj1(2)115 < M

 < 115 GeVj2(1)M

Color-Octet ρ8 ➞ g + Φ
Color-octet technirho : ρ8 → g + Φ (Φ → gg)
mρ8 < 1.6 TeV excluded by 8 TeV dijet resonance search
➡ mρ8 = 1.7, 2.0 and 2.3 TeV chosen as benchmark points

~

mρ8 
[TeV]

Mjj 
[TeV] S S/√B

2.0 1.7-2.0 45 5.3

2.3 2.1-2.3 8
(46)

1.5
(4.3)

√s = 8 TeV, 20 fb-1

(√s = 14 TeV, 10 fb-1)

Event Selection :
- ≥2 jets pT >500,400 GeV
- Either one of them = 115 < mjet < 145 GeV, other jet = mjet < 115 GeV

Considered Backgrounds : multi-jets (PYTHIA)
Cut and count in a sliding Mjj window

mρ8 
[TeV] 1.7 2.0 2.3

σ⋅BR 
[fb]

~300 ~70 ~20

√s = 8 TeV

➡ Promising channel to 
    probe the model
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Towards understanding the dynamics of electroweak 
symmetry breaking
‣ Properties of “SM-like” Higgs (rare processes, yukawa/gauge/λ, ...)
‣ Direct search for additional (heavy) Higgses
‣ Longitudinal gauge boson scattering
‣ Probing technicolor scenarios with various topologies 

Significant increase in sensitivity for new particles at 
14 TeV LHC (300 fb-1)
‣W’/Z’ ➞ ff
‣W’ ➞ WZ 
‣ KK Gluon
‣ Top Partner
‣ Squark/Gluino 
‣ Stop                                 
‣ Chargino1/Neutralino2  

➡ ~ 4-5 TeV
➡ >~ 3 TeV
➡ ~ 3-4 TeV
➡ ~ 1.3 TeV
➡ ~ 2-2.5 TeV (mq = mg)
➡ ~ 0.8-1 TeV (m    = 0)
➡ ~ 0.5-0.7 TeV (m     = 0)

~ ~

χ10~

χ10~

  Summary
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  Backup
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  ATLAS Upgrade

32

Phase-0 (2013-2014)
‣New silicon detector (IBL)
‣Fast Track trigger
‣Level-1 hardware trigger, ...

Phase-I (2018-2019)
‣LAr calorimeter triggers
‣Endcap muon detector (NSW)
‣Fast Tracker completion, ...

Phase-II (2023-2024)
‣All-silicon inner detector
‣New DAQ/trigger design
‣New Calo./Muon triggers, ...

➡ ~1×1034, ~25 collisions/event

➡ ~2×1034, ~70 collisions/event

➡ ~5×1034, ~140 collisions/event

Pileup jet rejection

w/o pileup corr.

w/ pileup corr.

140 collisions

70% eff.

~1% fake

b-tagging performance
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  Rare Higgs Decay

ttH (H➞γγ)

H➞μμ

‣2-photon selection 
(same as inclusive H➞γγ analysis)
‣one or two leptons
‣multiple jets

➡ S/√B ~ 6 at 3000 fb-1

‣Very small BR = 2.2×10-4

‣Good muon momentum resolution

➡ S/√B ~ 7 at 3000fb-1

ttH (H➞µµ) : ~30 events at 3000 fb-1

O(100) events
~17000 events

Sensitivity significantly improved for rare processes
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S+B toy Monte Carlo

S+B model

B-only model

ATLAS-PHYS-PUB-2013-014

http://cds.cern.ch/record/1611186
http://cds.cern.ch/record/1611186


Measure Higgs self-coupling ➡ Determine the form of Higgs potential

➡ Higgs pair production
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➡ Large interference effect

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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Any deviation from SM prediction?

SM

λHHH/λHHHSM σgg➞HHNLO [fb]

0 71
1 34 (+18%-15%)
2 16

34

gg➞HH production cross section

  Higgs Self-Coupling
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3000 fb-1：#Events after cuts3000 fb-1：#Events after cuts3000 fb-1：#Events after cuts3000 fb-1：#Events after cuts
HH➞bbγγ SignalHH➞bbγγ SignalHH➞bbγγ Signal

Background
λHHH=0 λHHH=1 λHHH=2

Background

~18 ~10 ~5 ~35

HH➞bbγγ
‣ BR(HH➞bbγγ) = 0.27%
‣ ~270 events at 3000 fb-1

‣Main backgrounds
- γγbb 
- ttH(H➞γγ)
- Z(➞bb)H(➞γγ)

HH➞bbττ
‣ BR(HH➞bbττ) = 7%
‣ ~7000 events at 3000 fb-1

‣Optimization study in progress
‣ Promising channel?
➡ S/B ~ 0.5 (arXiv:1206.5001)

‣Combination could 
enable us to reach >3σ?

‣Possible to measure λHHH 
with ~30% accuracy?

35

HH➞bbWW
‣Huge tt background
➡ S/B ~ 10-5 (after lepton+jets cuts)

  Higgs Self-Coupling

http://arxiv.org/abs/1206.5001
http://arxiv.org/abs/1206.5001


  gKK/Z’ ➞ tt
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Resonances Decaying to Top Quark Pairs 8

Results (2/3)

• With systematics
• Increasing pile-up decreases sensitivity

μ = 0

μ = 50 μ = 140

~4.3(6.7)TeV for gKK ➞ tt

Lepton+jets channel
‣ 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 channel
‣ 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)

~3.7(4.1)TeV for Z’ ➞ tt

ATLAS-PHYS-PUB-2013-003

Possible to exclude up to

at 14TeV with 300(3000) fb-1
36

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/
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  Top-Partners

SU(2) singlet
Wb/Zt/Ht = 50/25/25%

Top-quark partner with vector-like coupling
‣Commonly appear in strongly-coupled EWSB scenarios (e.g, composite Higgs)
‣Canceling radiative correction to Higgs mass by SM top quarks

Discovery reach of vector-like top-partner
➡ ~1.3(1.5) TeV at 300(3000) fb-1

37

Composite HiggsComposite HiggsComposite Higgs

∆κv ∆κγ ∆κb

~ -3% ~ -9% ~ -(3-9)%

Indirect constraints from 
Higgs coupling measurement

arXiv:1307.7135

http://arxiv.org/abs/1307.7135
http://arxiv.org/abs/1307.7135

