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This talk contents are completely biased… 
 SM Higgs > others 
 ATLAS     > CMS 
 (I’m ATLAS member.) 
 
“July 2012” is the historical days in the particle physics. 
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ATLAS+CMS seminar at CERN at the 4th July, 2012 
 ( Japanese news paper) 

ATLAS Higgs WG celebration (4th July, 2012) 



LHC 
• LHC finished the first phase much successfully. 

• LHC delivered ~6 fb-1 with 7TeV and ~23 fb-1 with 8TeV and ATLAS 
and CMS has recorded these data with a good detector operation. 
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Standard Model Higgs 
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Higgs production and decay at LHC 
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NNLO+NNLL(QCD 
soft-gluon)+NLO EW 

NNLO+NLO EW NLO 

MH=125GeV: 19.5pb (ggF), 1.6pb(VBF),  
0.7pb(WH), 0.4pb(ZH), 0.1pb(ttH) (8TeV) Yukawa 



SM Higgs analysis channels 
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CMS Mass (GeV) Data (fb-1) untag VBF-tag VH-tg ttH-tg Spin/CP 

H->gg 110-150 5 + 5 ✓ ✓ 

H->ZZ(*) 110-1000 5 + 12 ✓ 0-, 2+ 

H->WW(*) 110-600 5 + 12 ✓ ✓ (✓5+5) 

H->tt 110-145 5 + 12 ✓ ✓ (✓7TeV) 

H->bb 110-135 5 + 12 ✓ (✓7TeV) 

ATLAS Mass (GeV) Data (fb-1) untag VBF-tag VH-tg ttH-tg Spin/CP 

H->gg 110-150 5 + 13 ✓ ✓ ✓ 0-, 2+ 

H->ZZ(*) 110-600 5 + 13 ✓ 0-, 2+, 2- 

H->WW(*) 90-200 - + 13 ✓ (✓7TeV) 

H->tt 100-150 5 + 13 ✓ ✓ ✓ 

H->bb 110-130 5 + 13 ✓ (✓7TeV) 

Some channels are not yet included in the combined results. 

Category = “tag” 



SM Higgs analysis channels 
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CMS Mass (GeV) Data (fb-1) untag VBF-tag VH-tg ttH-tg Spin/CP 

H->gg 110-150 5 + 5 ✓ ✓ 

H->ZZ(*) 110-1000 5 + 12 ✓ 0-, 2+ 

H->WW(*) 110-600 5 + 12 ✓ ✓ (✓5+5) 

H->tt 110-145 5 + 12 ✓ ✓ (✓7TeV) 

H->bb 110-135 5 + 12 ✓ (✓7TeV) 

ATLAS Mass (GeV) Data (fb-1) untag VBF-tag VH-tg ttH-tg Spin/CP 

H->gg 110-150 5 + 13 ✓ ✓ ✓ 0-, 2+ 

H->ZZ(*) 110-600 5 + 13 ✓ 0-, 2+, 2- 

H->WW(*) 90-200 - + 13 ✓ (✓7TeV) 

H->tt 100-150 5 + 13 ✓ ✓ ✓ 

H->bb 110-130 5 + 13 ✓ (✓7TeV) 

Some channels are not yet included in the combined results. 

8TeV Category = “tag” 



H->gg 
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H->gg 
• Event selection 

– Two photons with 
ET>40GeV and 30GeV (ATLAS) 
ET>mgg/3 and mgg/4 (CMS) 
(ET>mgg/2 and mgg/4 for CMS dijet-tag) 

 

• Introduce categories to  
1) improve a global sensitivity 
2) enhance a certain “production” channel 
 
ATLAS  : 12 categories (8TeV), 10 cate (7TeV) 
 1 for lepton (for VH) 
 2 for di-jets (for VH and VBF) 
 9 for others (for ggF). 
 
CMS : 6 categories (8TeV), 5 cate (7TeV) 
 2 for VBF 
 4 for others using MVA 
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Typical cut for VBF tag (ATLAS/CMS) 
- Mjj > 400-500GeV 
- Dhjj > 3 
Purity of VBF process in VBF-tag 
- ~70-80% 

ATLAS H->gg with 2jets 

Mjj=1.6TeV, Dhjj =5.6 

g 

g 

jet 
jet 



H->gg 

• Observed a significant peak around 126GeV in both experiments! 
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H->gg 
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ATLAS CMS 

Data (7TeV+8TeV) 4.8 + 13.0 5.1 + 5.3 

Local p0 4.4 x 10-10 (6.1s) 

@126.5GeV 
1.8 x 10-5 (4.1s) 

@125GeV 

Signal strength (m) 1.80+0.42-0.36 
@126.6GeV 

1.56+-0.43 
@125GeV 



H->ZZ*->4l 
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H->ZZ*->4l 
• Clean but rare! 

• Good mass resolution 

– 4l mass resolution (ATLAS, 125GeV) 

• 2.0GeV for 4m 

• 2.3GeV for 2e2m 

• 2.6GeV for 4e 

 

• Event Selection for low mass region -> leptons from Z* has low pT. 

– Lepton pT 

• ATLAS : pT>20, 15, 10 and 7/6GeV (elec/muon) 

• CMS : pT>20, 10, 7/5 and 7/5GeV (elec/muon) 

– Z/Z* mass window 

• ATLAS : 50<m(Z)<106GeV, 17.5<m(Z*)<115GeV 

• CMS : 40<m(Z)<120GeV, 12<m(Z*)<120GeV 

– Typical selection efficiency (ATLAS, 125GeV) 

• 37% for 4m, 23% for 2e2m, 20% for 4e 
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mH 

[GeV] 
s・BR[fb-1] 
@8TeV 

Width 
[GeV] 

125 15 0.005 

200 33 1.4 

400 13 29 

600 2 120 

CMS includes 
2l2t channel 
for high mass. 



4 lepton invariant mass 

• Observed a peak around 126GeV in both experiments! 

• Also we can see a peak around 90GeV, which comes from Z with FSR Z*. 
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MELA 
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CMS uses MELA (Matrix element likelihood analysis) to get the final results. 
The kinematics of this final state can be described by only 7 parameters. 

Signal-like events has a large KD value. 
6 categories based on (m4l, KD) are used. 

KD>0.5 

~15% improvement  



H->ZZ*->4l 
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ATLAS CMS 

Data (7TeV+8TeV) 4.6 + 13.0 5.1 + 12.2 

Local p0 2.1 x 10-5 (4.1s) 

@123.5GeV 
~7 x 10-5 (4.5s) 

@125.9GeV 

Signal strength (m) 1.3+0.5-0.4 
@123.5GeV 

0.80+0.35-0.28 
@126GeV 



Mass with H->gg and ZZ*->4l 
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ATLAS CMS 

H->gg 126.6+-0.3+-0.7 125 (no official value) 

H->ZZ*->4l 123.5+-0.9+-0.3 126.2+-0.6+-0.2 

Combined 125.2+-0.3+-0.6 125.8+-0.4+-0.4 

~3s difference (tension) between 2 channels is observed in ATLAS. 



H->WW*->lnln 
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l = electron or muon 
 
 



H->WW*->lnln 

• Event topology 

– 2 isolated leptons (ATLAS 25/15GeV, 
CMS 20/10GeV) + MET (~25GeV) 

• Jets are used for categories. 

– ATLAS pT>25GeV, |eta|<4.5 -> 0/1 

– CMS pT>30GeV, |eta|<4.7 -> 0/1/2 

• CMS use both mT and mll but ATLAS use 
only mT for the final discriminant 
variables. 
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[1] cannot reconstruct Higgs mass 
due to 2 neutrinos 
[2] ”Df(ll)->small” due to spin 0 
-> low dilepton inv. mass (mll) 



H->WW*->lnln 

• Event topology 

– 2 isolated leptons (ATLAS 25/15GeV, 
CMS 20/10GeV) + MET (~25GeV) 

• Jets are used for categories. 

– ATLAS pT>25GeV, |eta|<4.5 -> 0/1 

– CMS pT>30GeV, |eta|<4.7 -> 0/1/2 

• CMS use both mT and mll but ATLAS use 
only mT for the final discriminant 
variables. 
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[1] cannot reconstruct Higgs mass 
due to 2 neutrinos 
[2] ”Df(ll)->small” due to spin 0 
-> low dilepton inv. mass (mll) 



mT distribution 
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ATLAS em, 0jet 

ATLAS em, 1jet 

CMS em, 0jet (cut-based) CMS em, 1jet (cut-based) 

Broad excess can be found in all the distributions. 
(no good mass resolution ~ 20%) 
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23 CMS em 0/1 jet categories use 2D(mT, mll) to get the final results. -> ~50% improvement 

Data minus estimated BG (top) and data with estimated Signal+BG (bottom) 
[0-jet] [1-jet] 



H->WW*->lnln 
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ATLAS CMS 

Data (7TeV+8TeV) - + 13.0 4.9 + 12.1 

Z from Local p0 2.6s@125GeV 
(expected 1.9s) 

3.1s@125GeV 
(expected 4.1s) 

Signal strength (m) 1.5+-0.6@125GeV 0.74+-0.25@125GeV 



H->bb 
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H->bb 

• Two production processes  
with 3 final states 

– WH->lnbb … 1lepton 

– ZH->llbb … 2lepton 

– ZH->nnbb … 0lepton 

• B-tagging 

– Combining several  
information (track impact 
info, secondary vtx etc) 

Typical performance (b/c/l-jet) 

- 70%, 20%, 0.7% (ATLAS) 
- 72%, 23%, 3% (CMS) 

• pT(V) is used for further categorization to improve S/B. 

– ATLAS : 5 categories (1/2 lepton) and 3 categories (0 lepton) 

– CMS : 2 categories (only higher pT categories comparing to ATLAS) 

• CMS uses MVA for two parts: 

– Improve mass(bb) resoluion -> 15% in s(mbb) -> 10-20% on the sensitivity 

– Use a MVA output for the final discriminant variable. -> ~20% on the sensitivity  
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e e 

b-jet 
b-jet 



ATLAS VH, H->bb 

• mbb of Highest pT(V) category 

• Z+heavy flavor is dominant BG in 
2 and 0 lepton categories (ZH). 

• W+heavy flavor is dominant BG in 
1 lepton category (WH). 

 

• We still need more data to confirm 
bb excess. 
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CMS VH, H->bb 

• Distribution of MVA output (3 top plots) 
-> See a high “output” region. 
- Z+heavy flavor (yellow) for ZH analysis 
- W+heavy flavor (green) for WH analysis 

 

• mbb with cut-based analysis for x-check. 

– Small excess can be seen around 120GeV. 
(mass resolution ~ 10%) 
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VV observation 
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Observed VV excess with the same methods used in the H->bb search. 
-> BG estimation works well. 



H->bb results 
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ATLAS CMS 

Data (7TeV+8TeV) 4.7 + 13.0 5.0 + 12.1 

95% CL limit 1.8@125GeV 
(expected 1.9) 

2.5@125GeV 
(expected 1.2) 

Signal strength (m) -0.4+-0.11@125GeV 1.3+0.7-0.6@125GeV 



H->tt 
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H->tt 

• 3 final states 

– ll, lh and hh 

 

• Categories based on 
event topology (ll/lh/hh) 

– ATLAS 10 (4/4/2) 
categories 

– CMS 8 (3/3/2) 
categories 

-> Focus on “VBF-tag” 
because S/B is better by 
requiring two jets. 
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Typical cut for VBF tag (ATLAS/CMS) 

- Mjj > 350-500GeV 
- Dhjj > 2.6-3.5 

Purity of VBF process in VBF-tag 
- ~70-80% (ATLAS) 

 

 

ATLAS introduces “boosted” category. 

- pT(h=tt)>100GeV etc 

VH process is enhanced but a gluon-
fusion process is still dominant. 

ggF:VBF:VH = ~4:~1:~0.5-1 

 

jet 
jet 

e 

m 



Z->tt BG and mass calculation 

• Z->tt (+jets) process is irreducible 
BG. 

• Use data to estimate Z->tt BG shape. 

– No (or small) systematic uncertainties 
on jets, UE, pile-up etc. 

[Method] 

– Take Z->mm candidates from data 
and replace m with simulated tau. 
(“embedded” method) 

• Mass calculation 

– A “collinear mass approximation” has 
been used but now we are using 
more sophisticated method to get tt-
mass. 

• ATLAS … MMC 

• CMS … SVFit 

-> Take into account neutrino 
direction. Ineff of the calculation is 
almost 0. 
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tt mass for VBF(2-jet)-tag 
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Lepton-lepton Lepton-hadron Hadron-hadron 



H->tt result 
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ATLAS CMS 

Data (7TeV+8TeV) 4.6 + 13.0 4.9 + 12.1 

95% CL limit 1.9@125GeV 
(expected 1.2) 

1.63@125GeV 
(expected 1.00) 

Signal strength (m) 0.7+-0.7@125GeV 0.7+-0.5@125GeV 



Combination 
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p0-value 
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CMS results 

Observed significance 
  ATLAS : 7.0s (125GeV) 
  CMS : 6.9s (125.8GeV) 

A probability that background-only experiment is more signal-like than that observed. 



Signal strength (m) 
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The compatibility of the observed excess with the expected signal(=SM Higgs) 
-> m is a signal strength in units of SM Higgs cross section(x BR). 

Signal strength (m) 
ATLAS : 1.35+-0.24 (125GeV) 
CMS : 0.88+-0.21 (125.8GeV) 

Measured mass 
ATLAS : 125.2+-0.3+-0.6 GeV 
CMS : 125.8+-0.4+-0.4 GeV 



m-value for each decay mode 
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ATLAS 



m with different production 

 m for gluon fusion and ttH -> top-quark couplings 

 m for VBF and VH -> vector boson couplings 
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tt and bb can determine  
vector boson’s m. 
 
No power on vector boson’s m 
from ZZ since there is no  
special category for VBF and VH. 
 
So far, all the results are  
consistent with SM prediction. 

m of top-quark 

m
 o

f 
v
e

c
to

r 
b

o
s
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n
 



Spin and Parity 

• ATLAS and CMS have started to check if the observed particle has 0+.  

• They use H->gg and H->ZZ->4l channels so far.  
H->WW->lnln channel will be involved in for this measurement in future. 

 

• H->gg (ATLAS) 

– cos(q*) … angle between a photon in the “Higgs” rest frame and a Higgs in the 
lab frame with some modifications (so-called Collins-Soper frame) -> see ATLAS 
note (ATLAS-CONF-2012-168). 

– Events in 123.8<m(gg)<128.6 are used to see spin and parity. 

 

• H->ZZ->4l (ATLAS and CMS) 

– 5 angles (q*, F1, F, q1, q2) and 2 mass (m12, m34) are basically used. 

• ATLAS BDT-based analysis for 0+ vs 0- … (q*, F1) are not used. 

– ATLAS : 115-130GeV, CMS : 106-141GeV(?) 

 

• JHU event generators are used to model “resonance” events in ATLAS/CMS. 
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Spin and Parity (ATLAS H->gg) 
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123.8<mgg<128.6 

2+
m : graviton-like spin-2  

with minimal couplings 

Observed p-value : 
   p(2+

m) = 8.6% (1.4s) assuming 0+ 

   p(0+) = 29% (0.55s) assuming 2+
m 

 

0+ is preferred.  



Spin and Parity (CMS H->ZZ->4l) 

• Data disfavor 0- hypothesis with CLs of 2.4%. 
(under the assumption of SM Higgs) 

• No value for 2+ (only distribution is available.) 
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BSM Higgs 
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Neutral Higgs 

• CMS provides a wider exclusion region in (mA, tanb) plan by adding 8TeV. 

• A low mass region is being closed in all tanb range. 
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Charged Higgs 

• A low mass charged 
Higgs search with tn 
and cb has been done. 
-> No signal so far. 

• Update results with 
8TeV data. 

 

• Search for high mass 
changed Higgs needs 
to be prioritized. 
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SUSY and other BSM 

13 Feb, 2013 HPNP2013@Toyama in Japan 

47 



SUSY search with Jets + MET 
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mSUGRA is almost gone -> “Our idea before the LHC start was too optimistic(?)”. 
We need to re-consider what SUSY can be found at the present LHC data (8TeV). 

gluino~squark~1.5TeV 



Stop search (Natural SUSY) 
• To avoid hierarchy problems, roughly speaking “Higgs mass ~ stop mass ~ 

gluino mass” can be expected. (“Natural SUSY”) 

• HOWEVER, from LHC results a “mild” hierarchy should exist, that is, 
  Higgs mass < stop mass < gluion mass 
 
In this scenario, stop (<500-600GeV) could be found in LHC. 
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x ~3-4 x ~3-4 



Other BSM 

• Many searches has 
been done for BSM 
scenario. 

– Resonances 

• Dilepon 

• Dijet 

• tt 

• VV 

• qg/lg 

etc 

– Enhancement (no 
clear resonance) 

• Dijet 

• Mono-jet 

• Multi-objects 

• Dilepton 

etc 
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No hint of these models 
-> more data with higher energy 

CMS results 



2015 and later 
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LHC schedule 
Year 

2013 LHC-shutdown to go to the design 
energy and nominal energy (13-14TeV) 2014 

2015 √s=13-14TeV, 
~1 x 1034 cm-2s-1, 
25-50 fb-1 per year-> ~100 fb-1 

2016 

2017 

2018 LHC-shutdown, upgrade to go to the 
full design luminosity 

2019 √s=13-14TeV, 
~2 x 1034 cm-2s-1, 
~100 fb-1 per year -> ~400 fb-1 

2020 

2021 

2022 LHC-shutdown for the high luminosity 

2023 √s=13-14TeV, 
~5 x 1034 cm-2s-1 (pileup~140) 
-> take data until >3000 fb-1 

~ 

2030 
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Not approved yet. 

Results of 2015 will  
play important role  
for the future plans of  
the high energy particle 
physics. 

HL-LHC 



Higgs measurements 

• Double higgs can be observed with 
bbgg channel with ~3s. 
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No way to measure Gh and absolute 
couplings at LHC w/o making theory 
assumptions. 

Ratios 
of partial widths 
(model independent) 

(lHHH : trilinear self-coupling) 



BSM direct search 
• 20-30% improvement on 

the mass reach of many 
BSM models by HL-LHC. 
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(HE-LHC=LHC with √s=33TeV) 



Summary 

• LHC has finished the first run period with a great success. 

 

• One of LHC physics goals, that is, “Higgs” discovery was achieved in 2012. 

– A new boson exists at ~126GeV. 

– A phase shift in the Higgs physics : “search”  ->  “measurements” 

• Couplings, spin/CP and mass 

• Need more data for the precise measurements in order to understand this 
new boson, in particular by using “coupling properties”. 

 

• No indication of BSM with 7/8TeV direct search 

– Adopt “new” search strategies for the existing data (7/8TeV) 

– Wait for 13/14TeV collision, which will start from 2015. 

 

• Results from 13/14TeV collision are very important to decide what we 
should do for the particle physics in future. 

– HL-LHC, HE-LHC, VHE-HC, (HE-)LC etc 

13 Feb, 2013 HPNP2013@Toyama in Japan 

55 



Backup materials 
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Challenging 
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Z->mm candidate with 25 vtx  

BG process for new physics search 
are measured very well! 



Challenging 
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Z->mm candidate with 25 vtx  

BG process for new physics search 
are measured very well! 
x-sec*BR ~ 10-11 x s(QCD) 
              ~ 10-5 x s(W/Z) 
Challenging to reduce BG and/or  
to separate signal from BG. 
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ATLAS H->gg 
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CMS H->gg 
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ATLAS H->ZZ->4l 

• The number of remaining events in 120<m(4l)<130GeV 
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CMS H->ZZ->4l 

• The number of remaining events in 110<m(4l)<160GeV 

13 Feb, 2013 HPNP2013@Toyama in Japan 

66 



M(4l), High mass region 

13 Feb, 2013 HPNP2013@Toyama in Japan 

67 



ATLAS H->WW->lnln 
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ATLAS H->WW->lnln 
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CMS H->WW->lnln 
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CMS H->WW->lnln 
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ATLAS H->bb 
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CMS H->bb 
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H->tt 
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p0-value (full mass range) 
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ATLAS July result CMS latest result 
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Spin and Parity with ATLAS H->gg 
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Spin and Parity (ATLAS H->ZZ->4l) 
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Results with JP-MELA 
(observed p-value) 
 
p(0-) = 0.28% (2.7s) 
p(0+) = 75% (-0.72s) 
 
 
p(2+

m) = 17% (0.97s) 
p(0+) = 53% (-0.08s) 
 
 
p(2-) = 2.5% (2.0s) 
p(0+) = 56% (-0.15s) 
 
 
0+ is preferred.  

0- vs 0+ 0- vs 2+
m 
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-> Yukawa 

“m” 

ATLAS-CONF-2012-127 

Ex) 



kF vs kV 
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68% CL 

ATLAS-CONF-2012-127 



kF vs kV 
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2elec+2muon candidate with m4l=124.3GeV 
m12(ee)=76.8GeV, m34(mm)=45.7GeV 

m 

e 

m 

e 


