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Outline  

•  Run 1 results 
–  bbbb 
–  bbγγ 
–  bbττ	


•  Detector / performance improvements moving forward 

•  Future prospects for HL-LHC 
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Di-Higgs In the Standard Model 
•  Direct test of  Higgs potential and Higgs self-coupling 

•  Small cross section: O(30 fb) at 13 TeV 
–  Destructive interference between diagrams 

–  Compare with O(50) pb single Higgs production 
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•  Higgs sector may be more complex than SM 
– Can lead to large enhancements in hh production rate 

•  Non-resonant enhancement 
– Modified λ or new vertices, new particles in loop, … 

•  New resonant hh production modes 
•  E.g. KK-Gravitons, H in 2HDM, new scalar in Higgs portal, … 

BSM Di-Higgs 4	  
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h%p://arxiv.org/abs/1305.6397	  	  

gSM
hhh = 6v�SM

O(20%) deviations on self  
coupling due to BSM physics 
–  Assuming no other EWSB 

physics observed 



BSM Di-Higgs 
•  Higgs sector may be more complex than SM 
– Can lead to large enhancements in hh production rate 

•  Non-resonant enhancement 
– Modified λ or new vertices, new particles in loop, … 

•  New resonant hh production modes 
•  E.g. KK-Gravitons, H in 2HDM, new scalar in Higgs portal, … 
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Cross sections up to  
O(pb) possible 
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ATL-‐PHYS-‐SLIDE-‐2014-‐694	  

5e-‐4	  

Assuming SM Higgs BR’s 
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ATLAS	  +	  CMS	  

ATL-‐PHYS-‐SLIDE-‐2014-‐694	  

5e-‐4	  

Assuming SM Higgs BR’s 

Searches	  
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ATLAS	  +	  CMS	  

ATLAS	  	  

Searches	  

ATL-‐PHYS-‐SLIDE-‐2014-‐694	  

Not	  
shown	  

CMS	  inclusive	  
l	  and	  γ	  analysis	  

5e-‐4	  

Assuming SM Higgs BR’s 
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hh→4b Analysis Overview  11	  

Resolved analysis:  Boosted analysis: 
 

mhh . 1 TeV mhh & 1 TeV

ATLAS: Eur. Phys. J. C (2015) 75:412  
CMS:    CMS-PAS-EXO-12-053 

ATLAS: Eur. Phys. J. C (2015) 75:412 
CMS:    Phys. Lett. B 749 (2015) 560 



hh→4b Analysis Overview  12	  

Resolved analysis:  
1.  Four b-tagged jets 
2.  Arrange into close-by pairs, ΔR<1.5 

–  CMS Low Mass: pairs w/ smallest 
3.  pT and |Δη| cuts 
4.  ATLAS: top veto using 5th jet 

Boosted analysis: 
1.  Two groomed large-R jets  
2.  4 b-tagged track jets / subjets 

- CMS: 3 b-tags allowed 

3.  pT  and|Δη| cuts 
4.  CMS: Jet substructure (τ21) cut 

 

Signal region: Both Higgs candidates have mass consistent with Higgs 

|mh1 �mh2 |
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ATLAS	  
Eur.	  Phys.	  J.	  C	  (2015)	  75:412	  



hh Background Estimation 

•  Background:  
–  90% QCD, 10%        on ATLAS  
–  80% QCD, 20%        on CMS 

•  Do not have reliable multi-b QCD 
Monte Carlo 

•  Must rely on completely data 
driven QCD estimation 

 
	  

14	  

tt̄
tt̄

 [GeV]lead
Jm

0 50 100 150 200 250 300

 [
G

e
V

]
su

b
l

J
m

50

100

150

200

250

300 2
E

ve
n
ts

 /
 1

6
 G

e
V

0

10

20

30

40

50

60ATLAS
-1

Ldt = 19.5 fb∫ = 8 TeV s

ATLAS	  
Eur.	  Phys.	  J.	  C	  (2015)	  75:412	  



hh Background Estimation 

•  Background:  
–  90% QCD, 10%        on ATLAS  
–  80% QCD, 20%        on CMS 

•  Do not have reliable multi-b QCD 
Monte Carlo 

•  Must rely on completely data 
driven QCD estimation 

•  ATLAS 
–  2/3 b-tag events for QCD shape 
–  Ratio of  (2/3)b to 4b in SB for 

normalization scaling factor 

 
	  

15	  

tt̄
tt̄

 [GeV]lead
Jm

0 50 100 150 200 250 300

 [
G

e
V

]
su

b
l

J
m

50

100

150

200

250

300 2
E

ve
n
ts

 /
 1

6
 G

e
V

0

10

20

30

40

50

60ATLAS
-1

Ldt = 19.5 fb∫ = 8 TeV s

2/3	  b-‐tag	   4	  b-‐tag	  

Sideband	  
Region	  

Signal	  
Region	  

NSB
2/3 b NSB

4 b
µQCD =

NSB
4 b

NSB
2/3 b

⇥µQCD =

ATLAS	  
Eur.	  Phys.	  J.	  C	  (2015)	  75:412	  



hh Background Estimation 

•  Background:  
–  90% QCD, 10%        on ATLAS  
–  80% QCD, 20%        on CMS 

•  Do not have reliable multi-b QCD 
Monte Carlo 

•  Must rely on completely data 
driven QCD estimation 

•  ATLAS 
–  2/3 b-tag events for QCD shape 
–  Ratio of  (2/3)b to 4b in SB for 

normalization scaling factor 
–  Validate in CR 
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hh Background Estimation 

•  Background:  
–  90% QCD, 10%        on ATLAS  
–  80% QCD, 20%        on CMS 

•  Do not have reliable multi-b QCD 
Monte Carlo 

•  Must rely on completely data 
driven QCD estimation 

•  CMS 
–  Parameterized fit to di-Higgs mass 

in Signal Region 
–  Check / constrain fit in sideband and 

validation regions  

 
	  

17	  

tt̄
tt̄

 (GeV)H1m
0 50 100 150 200 250 300 350 400

 (G
eV

)
H

2
m

0

50

100

150

200

250

300

350

400

SR

SB

VR

VS

SR: signal region
SB: sideband region
VR: validation region 
VS: validation sideband

 (8 TeV)-117.9 fb

CMS

CMS	  
Phys.	  Le%.	  B	  749	  (2015)	  560	  

CMS-‐PAS-‐EXO-‐12-‐053	  

 (GeV) X m
400 500 600 700 800 900 1000 1100 1200

 E
ve

nt
s 

/ 2
0 

G
eV

0

5

10

15

20

25

30

35

40

 / n = 0.602χ

Data in SB

 (8 TeV)-117.9 fb

CMS

 (GeV)Xm
400 500 600 700 800 900 1000 1100 1200

Pu
ll

-3
-2
-1

0
1
2

3



hh→4b Results 18	  

ATLAS: Resolved ATLAS: Boosted 
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hh Results – RS Gravitons 

•  Reaching O(fb) sensitivity in the TeV range 
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Resolved analysis  Boosted analysis 
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hh Results – RS Gravitons 

•  Reaching O(fb) sensitivity in the TeV range 
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Resolved analysis  Boosted analysis 
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hh→bbγγ and hh→bbττ  

•  Combine high BR h→bb decay with rarer, lower background, decay 
–  Expected to help at lower mass, that is less limited by signal statistics 
–  h→γγ  
–  h→ττ  

•  Start with SM (h→γγ) and (h→ττ) selection 
–  Then add b-jet selection  

 

•  CMS 
–  Resonant (h→γγ): CMS-PAS-HIG-13-032 
–  Resonant (h→ττ): arXiv:1510.01181 

•  ATLAS 
–  Resonant + non-resonant (h→γγ): Phys. Rev. Lett. 114, 081802 (2015) 
–  Resonant + non-resonant (h→ττ): Phys. Rev. D 92, 092004 (2015) 

21	  



hh→bbγγ  Resonant Production	


•  Pre-selection 
–  Two γ 
–  Two jets: 

•  1 or 2 b-tags 
•  mjj consistent with Higgs mass 

•  CMS:     Low mass resonant, 
ATLAS: Non-resonant 
–  Wide mγγ window  
–  Sliding window cut on mγγjj 
–  Fit for signal in mγγ spectrum 

•  CMS:     High mass resonant, 
ATLAS: Resonant   
–  Tight cut on mγγ  
–  CMS:     Fit for signal in mγγjj spectrum  

ATLAS: Counting experiment in  
               mγγjj window  

22	  
CMS:	  

CMS-‐PAS-‐HIG-‐13-‐032	  
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hh→bbγγ  Resonant Production	


•  Pre-selection 
–  Two γ 
–  Two jets: 

•  1 or 2 b-tags 
•  mjj consistent with Higgs mass 

•  CMS:     Low mass resonant, 
ATLAS: Non-resonant 
–  Wide mγγ window  
–  Sliding window cut on mγγjj 
–  Fit for signal in mγγ spectrum 

•  CMS:     High mass resonant, 
ATLAS: Resonant   
–  Tight cut on mγγ  
–  CMS:     Fit for signal in mγγjj spectrum  

ATLAS: Counting experiment in  
               mγγjj window  
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CMS-‐PAS-‐HIG-‐13-‐032	  
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hh→bbγγ  Limits 24	  
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hh→bbττ	

•  CMS:      (eτh / µτh / τhτh )+ 2 jets 

ATLAS:  (eτh / µτh)+ 2 jets 
–  Categorize by (2, 1, 0) b-tags, and and pT

ττ (ATLAS) 
–  Main backgrounds: Top, Z→ττ, fake τhad 

•  Event selection   
–  Require mbb and mττ in higgs mass window 
–  Reject events consistent with W/Z /top decays 
–  Discriminant: mττ in non-resonant (ATLAS)     

                        mbbττ in resonant 

25	  
CMS:	  

arXiv:1510.01181	  
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hh→bbττ  Limits 26	  
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Limit Summary + Combination 27	  

CMS	  
CMS-‐PAS-‐EXO-‐12-‐053	  

 [GeV]H m

300 400 500 600 700 800 900 1000
h

h
) 

[p
b

]
→

B
R

(H
×

H
)

→
(g

g
σ 

-210

-110

1

10

210

 expττbb

 expγγWW

 expγγbb

bbbb exp

Observed

Expected

 expectedσ 1±

 expectedσ 2±

ATLASATLAS
-1 = 8 TeV, 20.3 fbs

ATLAS:	  
Phys.	  Rev.	  D	  92,	  092004	  (2015)	  



SM hh Limits from ATLAS 

•  σSM(gg→hh) ~ 0.01 pb   at  √s = 8 TeV  

28	  

Analysis ��bb ��WW ⇤ bb⌧⌧ bbbb Combined

Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

ATLAS:	  
Phys.	  Rev.	  D	  92,	  092004	  (2015)	  
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Analysis ��bb ��WW ⇤ bb⌧⌧ bbbb Combined

Upper limit on the cross section [pb]
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Observed 2.2 11 1.6 0.62 0.69
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SM hh Limits from ATLAS 

•  σSM(gg→hh) ~ 0.01 pb   at  √s = 8 TeV  

30	  

Analysis ��bb ��WW ⇤ bb⌧⌧ bbbb Combined

Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

Analysis optimized for  
m(hh) ≥ 500 GeV? 

ATLAS:	  
Phys.	  Rev.	  D	  92,	  092004	  (2015)	  



SM hh Limits from ATLAS 

•  σSM(gg→hh) ~ 0.01 pb   at  √s = 8 TeV  
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Analysis ��bb ��WW ⇤ bb⌧⌧ bbbb Combined

Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

ATLAS:	  
Phys.	  Rev.	  D	  92,	  092004	  (2015)	  

arXiv:1401:7340	  



SM hh Limits from ATLAS 

•  σSM(gg→hh) ~ 0.01 pb   at  √s = 8 TeV  

32	  

Analysis ��bb ��WW ⇤ bb⌧⌧ bbbb Combined

Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

m(hh) and pT(H) 
not insignificant! 
 
hh→4b channel  
important for  
future SM-hh  
searches! 

ATLAS:	  
Phys.	  Rev.	  D	  92,	  092004	  (2015)	  

arXiv:1401:7340	  



Moving Forward 33	  

•  Increasing b-tag efficiency → B-jets in several channels (4b, bbγγ, bbττ, …) 

 
 

•  ATLAS Run 2: Insertable B-Layer (IBL) 

Single b (εb) Double b (εb
2) 

Higgs tagging 
4b (εb

4) 
HH→4b 

Nominal 70% 49% 24% 

ATL-‐PHYS-‐PUB-‐2015-‐018	  
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From	  
IBL	  TDR	  

•  Increasing b-tag efficiency → B-jets in several channels (4b, bbγγ, bbττ, …) 

 
 

•  ATLAS Run 2: Insertable B-Layer (IBL) 
–  Big gains in impact parameter resolution: ~40% for z0,  ~40% for d0 (low pT tracks) 

Single b (εb) Double b (εb
2) 

Higgs tagging 
4b (εb

4) 
HH→4b 

Nominal 70% 49% 24% 

ATL-‐PHYS-‐PUB-‐2015-‐018	  



•  Increasing b-tag efficiency → B-jets in several channels (4b, bbγγ, bbττ, …) 

 
 

•  ATLAS Run 2: Insertable B-Layer (IBL) 
–  Big gains in impact parameter resolution: ~40% for z0,  ~40% for d0 (low pT tracks) 

•  Improved tracking in dense environments  
(inside jets) 

Moving Forward 35	  

Single b (εb) Double b (εb
2) 

Higgs tagging 
4b (εb

4) 
HH→4b 

Nominal 70% 49% 24% 

h%ps://twiki.cern.ch/twiki/bin/view/CMSPublic/HighPtTrackingDP	  	  ATL-‐PHYS-‐PUB-‐2015-‐006	  



•  Increasing b-tag efficiency → B-jets in several channels (4b, bbγγ, bbττ, …) 

 
 

•  ATLAS Run 2: Insertable B-Layer (IBL) 
–  Big gains in impact parameter resolution: ~40% for z0,  ~40% for d0 (low pT tracks) 

•  Improved tracking in dense environments  
(inside jets) 

•  Improved b-tagging algorithms  
and performance 

Moving Forward 36	  

Single b (εb) Double b (εb
2) 

Higgs tagging 
4b (εb

4) 
HH→4b 

Nominal 70% 49% 24% 

ATLAS Run 2 77% 59% 35% 

ATL-‐PHYS-‐PUB-‐2015-‐022	  



Moving Forward 

•  Trigger: difficult at low mass / non-resonant 
–  Offline-like algorithms in higher level trigger 

–  Improved muon+jet triggers  (especially if  topological triggering available) 

–  L1 track trigger has potential for much improved triggering for b’s and τ’s 
•  Benefit from improved tracking / b-tagging / τ-tagging at Level 1 
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h%ps://twiki.cern.ch/twiki/bin/view/AtlasPublic/FTKPublicResults	  	  



Long-Term Measurements at the LHC 38	  



hh Yields for 3000 fb-1 39	  
ATLAS:	  

ATL-‐PHYS-‐PUB-‐2014-‐019	  	  



Future Prospects – bbγγ + bbττ	
 40	  
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•  ATLAS and CMS studies of  HL-LHC bbγγ and bbττ 

λ/λSM in [-1.3, 8.7] at 95% C.L. 

ATLAS:	  
ATL-‐PHYS-‐PUB-‐2014-‐019	  
	  ATL-‐PHYS-‐PUB-‐2015-‐046	  

λ/λSM in [-4, 12]  
at 95% C.L. 



Future Prospects – bbγγ + bbττ	
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•  ATLAS and CMS studies of  HL-LHC bbγγ and bbττ	


•  CMS combination (bbγγ + bbττ) 
– Expect ~54% uncertainty (1.9σ) on signal yield 3000 fb-1 
– L1 track trigger vital!  Improves signal yield by ~40% 
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Future Prospects – bbγγ + bbττ	
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•  ATLAS and CMS studies of  HL-LHC bbγγ and bbττ	


•  CMS combination (bbγγ + bbττ) 
– Expect ~54% uncertainty (1.9σ) on signal yield 3000 fb-1 
– L1 track trigger vital!  Improves sesitivity by ~40% 

•  Large gains possible from even small improvements in 
b-tag, γ-ID efficiency, … 
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Other Decay/Production Channels? 

•  hh→bbWW 
–  Large BR, but large tt background 
–  Use boosted regime to reduce tt? 

•  VBF hh 
–  Sensitivity to ghhVV 

–  Enhanced sensitivity to “fermi-phobic” 
resonances? 

–  Phase II - Pileup rejection for VBF jets? 
•  Precision forward calorimeters 
•  Forward timing detectors 

•  tthh 
–  hh→4b potentially possible 
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ATL-‐PHYS-‐SLIDE-‐2014-‐694	  



Conclusions 

•  Experimental Di-Higgs program well underway 
–  Searches for both heavy resonances 

•  Sensitivity: O(pb) at low mass, O(fb) at high mass 

–  non-resonant SM contributions 
•  O(50x σSM) sensitivity 

•  Large improvements for Run 2 and beyond 
–  Improved detectors, tracking, triggering, object ID 

•  HL-LHC long-term feasibility of  hh not fully studied 
–  Initial estimates look difficult but promising 
– Need to understand performance of  Phase II detectors 
– Need to optimize detector and physics performance 
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ATLAS Combination Systematics 46	  

Nonresonant search Resonant search

mH = 300 GeV mH = 600 GeV

Source �µ/µ [%] Source �µ/µ [%] Source �µ/µ [%]

Background model 11 Background model 15 b-tagging 10

b-tagging 7.9 Jet and Emiss
T 9.9 h BR 6.3

h BR 5.8 Lepton and ⌧had 6.9 Jet and Emiss
T 5.5

Jet and Emiss
T 5.5 h BR 5.9 Luminosity 2.7

Luminosity 3.0 Luminosity 4.0 Background model 2.4

Total 16 Total 21 Total 14

•  bbγγ: 
–  Background acceptance /Fit function / stat. errors in control regions: 10-30% 
–  Jet energy / resolution: up to 20% for resonant analysis 
–  b-tagging / photon efficiency / resolution small: 1-4% 

•  bbττ: 
–  Jet / τ energy scales, and b-tagging: 12-24% 
–  Background model: 10-15% 

•  4b 
–  B-tagging: 10-20% 
–  Background model / stat. uncertainties: 6-12% 
–  Jet mass scale / resolution: 10-18% 



Other HH Decay Modes	


•  ATLAS γγW*W→γγlνqq 
– Counting experiment 
– Require mγγ with ±3.4 GeV of  mh  
•  Signal acceptance ~ 3% (after BR) 

– Phys. Rev. D 92, 092004 (2015) 

•  CMS ≥3l / γγ+≥ 1 l 
– Events classified by lepton flavor  

(e, µ, τ) and charge 
– mγγ consistent with Higgs mass 
– Phys. Rev. D 90, 112013 
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Finding Di-Higgs 48	  

ATL-‐PHYS-‐SLIDE-‐2014-‐694	  

CMS	  inclusive	  
l	  and	  γ	  analysis	  



Future Prospects – 4b	


•  Boosted hh→4b study 
as a part of  ATLAS 
Phase II Upgrade 
scoping document 

•  Significant 
improvement with 
more pixel layers + 
forward tracking 
(Reference Scenario) 
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hh Acceptance CMS 50	  
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HH Analysis Overview  51	  

Resolved analysis:  
1.  Four b-tagged anti-kT R=0.4 jets 
2.  Arrange into close-by pairs, ΔR<1.5 
3.  Mass dependent pT and |Δη| cuts 
4.  ttbar veto, using 5th jet to test 

consistency with mW / mtop 

Boosted analysis: 
1.  Two anti-kT R=1.0 jets, trimmed with 

Rsub=0.3 and fcut=0.05 
2.  Each with 2 b-tagged R=0.3 track jets 
3.  pT  and|Δη| cuts 

 

Signal region: Xhh =

r⇣mlead � 124

0.1⇥mlead

⌘2
+
⇣msubl � 115

0.1⇥msubl

⌘2
< 1.6

arXiv:1506.00285	  
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hh Background Estimation 

•  QCD:  
–  Use orthogonal control region with 

reduced number of  b-tags 

–  Shapes from 2(+3)-b-tag sample 

•  Top: 
–  Shape from MC 

•  QCD and top normalizations from   
4b-tag SideBand region 
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ATLAS	  
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Track Jet b-tagging 

•  Use the charged particle tracks to build 
track jets 

•  B-tagging using track jets 
–  Insensitive to pileup 
–  Small radius to identify close-by objects 
–  Can be optimized for b-tagging 
–  Independent of  calorimeter 
–  Good angular resolution w.r.t. b-hadron 

•  Ghost association:  
–  associate track jets to calorimeter jets, 

thus providing b-tag information 
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December 9, 2013 Hadronic Final State Forum - E. Thompson 11

Introduction to track jet b-tagging

Hard to resolve calorimeter jets when dR is small (this                              
includes with pileup as well)

Could be possible to use calo clusters only associated                                    
to tracks from the primary vertex, but then, why not                                           
just use track jets?

Also, almost all information used in btagging comes                                    
from tracking information anyway

PV

SV

Pileup



Moving Forward 
•  High mass / pT regime 
–  Object merging 

•  Dedicated boosted ττ / γγ reconstruction 
•  Simultaneous double b-tagging (e.g. MVA combination of  b-tagging?) 
•  Jet substructure:  Some studies / uses already in hh→4b 

–  High pT b-tagging and τ-ID 
•  High track density, collimated tracks, increased number of  fragmentation 

tracks (b-tagging) 

54	  

21τN-subjetiness ratio 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
05

0

500

1000

1500

2000

2500

310×

Data before H tagging

Multijet (MADGRAPH+PYTHIA)

 160,000)    (MADGRAPH+PYTHIA)× HH (→Radion (1.5TeV) 

 4,000,000) (MADGRAPH+PYTHIA)× HH (→Radion (2.5TeV) 

CA8 pruned R=0.8

CMS
Preliminary

 (8 TeV)-119.7 fb

CMS-‐PAS-‐EXO-‐12-‐053	  ATL-‐PHYS-‐PUB-‐2015-‐035	  



ATLAS FTK 55	  

En
tri

es
 / 

10
 G

eV

0

500

1000

1500

2000

2500

3000

3500

Offline b-Tag (80%)

Offline b-Tag w/L1_J20 Match             

 [GeV]TOffline E
0 20 40 60 80 100 120 140 160 180 200

R
at

io

0
0.5

1

ATLAS Preliminary
Simulation

>=60µ = 14 TeV, <s, tt

En
tri

es
 / 

10
 G

eV

0

500

1000

1500

2000

2500

3000

3500

Offline b-Tag (80%)

Offline b-Tag w/FTK Track Jet Match

 [GeV]TOffline E
0 20 40 60 80 100 120 140 160 180 200

R
at

io

0
0.5

1

ATLAS Preliminary >=60µ = 14 TeV, <s, tt
Simulation

)| < 2mmθ sin(×
0

|z

h%ps://twiki.cern.ch/twiki/bin/view/AtlasPublic/FTKPublicResults	  	  



Long Term Measurements: H→µµ, H→Zγ	
 56	  
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