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The Higgs Boson
SM: 
Scalar sector = single SU(2) doublet 
→ acquires VEV v~246 GeV:

● EWSB, Gauge boson masses
● Fermion masses through Yukawa couplings

→ One physical scalar left over: Higgs boson

Only one parameter specific to Higgs physics:  mH ~ 125 GeV 
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July 4th, 2012

There is a Higgs boson! Is it THE Higgs boson ?
What have we learned since then ?

Higgs Discovery
“2 x 5” !
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LHC
• Run 1:

– s = 7 TeV (~5 fb-1)
– s = 8 TeV (~20 fb-1)

• Run 2:
– s = 13 TeV. ~100 fb-1 expected, 

~35 fb-1 so far (2015 + 2016)
– Excellent LHC performance in 2015-16
– Peak lumi 1.4  1034 cm-2s-1, exceeds LHC design!

ATLAS CMS
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Higgs production at the LHC Gluon Fusion (ggF)

Weak Boson Fusion (VBF)

W/Z Association (VH)

Top Association (ttH)

● Mainly ggF production, but many associate prod. modes also accessible
● 5 observation of VBF in Run 1, large significance also for ttH

Run 1 Expected () Observed ()

VBF 4.6 5.4
VH 4.2 3.5

ttH 2.0 4.4

 J. High Energy Phys. 08 (2016) 045

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html
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Higgs production at the LHC  J. High Energy Phys. 08 (2016) 045

Produced H Run 1 Run 2 (35 fb-1)

Total 600k 2M

ttH 3k 18k

 2.3

 3.8

● Run 1 : excellent agreement with SM, 
ttH 2.3 higher than expected

● Run 2 : Increased production cross-
sections from 8 to 13 TeV : 

 2.3 for ggF, 
 3.8 for ttH

●

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html
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Decay modes Mode BR Usable Obs. Z
Hbb 58.1% (Vl)Hbb 2.6

HWW 21.5% Hll >5

H 6.3% VBF H 5.5

HZZ 2.6% H4l >5

H 0.20% All >5

Many decays with good sensitivity  
 Many windows into Higgs properties
Critical to understand backgrounds!
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What do we want to know ?
• H(125) Properties : is it the SM Higgs ?

– “Couplings measurements” : i→H→f 
yields, kinematics
→ Possible indirect evidence for new physics
• Couplings to gauge bosons  EWSB
• Yukawa couplings

– ttH higher, H→bb lower (-2.5) than SM ?
• Spin/CP
• Framework for comparison with the SM

– Mass, width, lineshape
– Higgs potential, 

• Direct evidence for New Physics ?
– Other Higgs bosons ?
– Exotic decays
– Production in association with new particles
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H→, H→ZZ*→4l 
Cross-Section Measurements
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H→
• Simple signature: 2 isolated photons
• BR ~ 0.2% but large acceptance  sizable yield (~600  reco events in 13 fb-1)
• S/B ~ 3%   Identify favorable regions

– ATLAS: Higgs pT, photon 
– CMS: MVA of photon quantities

• Separate selections for VBF, VH, ttH

CMS-PAS-HIG-16-020ATLAS-CONF-2016-067

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/


11

H→ Couplings Results
• Results for all 5 main production modes
→ Excellent agreement with SM

N3LO SM

NNLO
N3LO    

Run 2: 
● New ggF N3LO computation :

● +3% change in ggF
SM

● QCD perturbative uncertainties ~7.8% → 3.8%
● PDF+s uncertainties: ~7% → 3.2%

J. High Energ. Phys. (2016) 058

CMS-PAS-HIG-16-020
ATLAS-CONF-2016-067

Experimental precision 
now needs to catch 

up with theory!

σ ggF
SM

L( HVV )=a1

mZ
2

2
H Zμ Zμ

−
κ 1

Λ1
2 mZ

2 HZμ□ Zμ
− a2

1
2

H Zμ ν Z
μ ν

− a3

1
2

H Zμν

~
Zμ ν

+ …

N3LO SM

https://inspirehep.net/record/1419073
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
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H→ZZ*→ 4l
• Require 4 leptons

– pT reach down to 5(7) GeV for (e)
• Small yield (~60 exp. reco evts in 35 fb-1) 

but large S/B ~ 2.
• Separate categories for 

– production modes
– final states (4/22e/4e)

• fit MVAs (+m4l for CMS)

+ttH (CMS)

ATLAS-CONF-2016-079 CMS-PAS-HIG-16-041

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-079/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
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H→ZZ*→4l Couplings results
• ATLAS:

• CMS

All in excellent agreement with the SM

ATLAS-CONF-2016-079
CMS-PAS-HIG-16-041

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-079/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
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H→ZZ and H→ Fiducial results

All in agreement with the SM!

CMS 
H→ 

CMS H→ZZ 
ATLAS H→+ZZ 

ATLAS H→

● Report cross-sections in fiducial regions matching 
reco acceptance  lower model-dependence

● ATLAS H→ : report  in VBF-like and VH-like 
(lepton) regions

ATLAS-CONF-2016-081 CMS-PAS-HIG-16-041

ATLAS-CONF-2016-067

CMS-PAS-HIG-17-015

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-081/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-015/index.html
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H→/ZZ Differential Results
● Report fiducial  in bins of given variables  Differential cross-sections
● Variables considered: pT

H, Njets, 1-jet and 2-jet kinematic variables

All in agreement with the SM!
No large deviations from SM – how best to quantify them ?

CMS-PAS-HIG-16-041
CMS-PAS-HIG-17-015
ATLAS-CONF-2016-067

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
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H→, H→ZZ*→4l 
Couplings Measurements
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 Framework
In Run 1, Higgs couplings interpreted within the “-framework”:
● x modifiers for all Hxx vertices 

● also g and  for effective ggH and H loops, H for Higgs total width 
● “LO-inspired” scaling for i→H→f (use the best available SM prediction for =1) 

W, Z

W, ZW, Z

t t

b

Run 1: “Resolved loops” (no g and ):
● Good agreement with all SM couplings
● slightly low b

JHEP 08 (2016) 045
YR3 Section 10.2

Same conclusion when including g and . 

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html
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 Framework : Run 1 “PR Plot” JHEP 08 (2016) 045

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html
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Run 2 -framework Results
t

Z

Z
Zt

g 

H→ZZ

H→
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Beyond the  Framework
• Pros
– Easy to implement
– Well-defined near the SM limit x→1

• Cons:
– Depends on reference SM prediction (NNLO vs. N3LO)
– Only well-defined at LO

• Scaling inspired by LO diagrams, cannot be systematically 
extended to higher orders
–e.g. breaks gauge symmetries  Divergences

– Does not include interactions not already in the SM
• CP-odd operators
• Non-SM tensor structures

 e.g. no freedom for shape deviations in diff. measurements
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Run 2 : Simplified Template Cross-Sections
Similarities to fiducial cross-sections:
● measure cross-sections in truth-level phase 

space regions.
● Separate out regions to :

● Maximize sensitivity to SM or BSM effects
● Minimize sensitivity to theory uncert., models

Differences:
● Split production modes/final states
● Partitions the entire phase space into non-overlapping regions
● No strong matching between truth and reco-level selections: compromise between

● “complicated” reco selections (BDTs, etc.)
● simple and well-defined theory selections

 Point of contact between theory and experiment

Complementary to diff. measurements: fully exclusive split along many variables 
● No need for statistical correlations
● Coarser binning

 YR4 Section III.2

https://arxiv.org/abs/1610.07922
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STXS Stage 0

• Splitting evolves with dataset size (more data  finer split)
• “Stage 0” based on “production modes” (final states) only

– Relate (V→had)H to VBF since same final state
– Restricted to |yH|<2.5 to avoid extrapolation

• Used for recent ATLAS and CMS Run 2 results
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Run 2 STXS Results
ATLAS-CONF-2016-081

ATLAS Run 2 /ZZ Combination

CMS-PAS-HIG-16-041

CMS H→4l Couplings

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-081/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
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ATLAS Run 2 /ZZ Combination

bbH included in ggF
top = ttH + tH

Assuming SM values for 
relative fractions

Everything compatible 
with the SM

ATLAS-CONF-2016-081

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-081/
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Effective Lagrangians
• ATLAS: Higgs Characterization Model 

– includes HVV’ and Hff couplings 
– includes both CP-odd and CP-even interactions 

• CMS: “JHU Model”: based on Lorentz structure, follows

• Almost identical – in both cases include“”-like” scalings + modified HVV 
dynamics including CP-odd interactions

• More freedom than an EFT description (e.g. no gauge invariance)
 more parameters

• Some missing contributions (e.g. HVff operators)

SM-like Anomalous CP-even Anomalous CP-odd

: CP-even/CP-
odd mixing 

angle

https://arxiv.org/abs/1306.6464
http://www.arXiv.org/abs/1001.3396
https://arxiv.org/abs/1310.5150
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H→ZZ*→4l Spin/Parity
• Sensitivity to Higgs JPC from H→ZZ*→4l final

state kinematics 
• Run 1: Many exotic models tested

→ Most scenarii of pure exotic JPC excluded

Still possible to have admixtures with small (or not) exotic components 
 use effective Lagrangians to parameterize

Phys. Rev. D 92 (2015) 01200
4Eur. Phys. J. C75 (2015) 476

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-018/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/
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H→ZZ*→4l Spin/Parity Results

=1 TeV
cos  = 1
SM = 1

=1 TeV
SM = 1

ATLAS : 
● Same analysis as H→ 4l 

couplings (VBF, VH selections)
● Float each BSM in turn
● Central values away from 0 due 

to excess in 2-jet VBF selection

CMS-PAS-HIG-17-011
ATLAS-CONF-2016-079

CMS: 
● VBF, VH selections + MVAs 

targeted to each BSM 
component

● Measure fractions of each 
BSM coupling: fa2, fa3, ...

L(HVV ) = a1
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-079/
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H→/ZZ Mass
• Higgs mass: almost completely from 

H→+ZZ combination
• Run 1:

mH =125.09 ± 0.240 GeV
[± 0.210 (stat) ± 0.110 (syst) GeV ]

• H→ZZ: almost only statistical uncertainties
• H→: systematics from calo. response, 

material... 

Phys. Rev. Lett. 114, 191803
CMS-PAS-HIG-16-04
1

CMS: Preliminary Run 2 result (35.9 fb-1)
mH = 125.26 ± 0.200 (stat) ± 0.080 (syst) GeV

● Already 2 more Higgs bosons than ATLAS+CMS Run 1 !
● “3D” measurement: m4l + kinematic discriminant 

+ per-event mass resolution model: 
~20% improvement over m4l alone

http://inspirehep.net/record/1356276
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
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H : On- and Off-shell
• Direct limit from H→ZZ peak width: 

H < 1.1GeV
→ includes interference with continuum

• Off-shell pp→H→4l production :
– Large off-shell due to Higgs VLVL→VLVL unitarization

– Off-shell production independent of H: Campbell et al., JHEP04 (2014) 06
0

Then for on-shell ≤ off-shell,
H < 41 MeV (exp. 32 MeV)

SM: H = 4.1 MeV 

CMS-PAS-HIG-16-041CMS-PAS-HIG-16-033

https://inspirehep.net/search?p=find+eprint+1311.3589
https://inspirehep.net/search?p=find+eprint+1311.3589
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-033/index.html
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H→WW→ll
• Run 1: best measurement of ggF, VBF & WH  6.8 (ATLAS), 4.8 (CMS)

• Difficult measurement – large bkgs from SM WW, top.
• 2l + MET signature
• CMS: target ggF: e+MET, Njets≤1 – shape analysis in (mll, mT)

• ATLAS: target VBF (e+MET+2jets) and WH (3l+MET), counting
• Small datasets, precision still far from Run 1

CMS-PAS-HIG-15-003

 = 0.3 ± 0.5

0-jet

ATLAS-CONF-2016-112

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-112
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Yukawa Couplings 
Measurements
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ttH
• Direct measurement of top Yukawa coupling

– also probes BSM loop contributions in ggF
• Important early Run 2 measurement: 

– 3.8 cross-section wrt 8 TeV
–  Intriguing excess in Run 1

• Experimentally challenging – Main channels:
– H→: category in the H→ analysis
– H→bb
– H→leptons (WW,ZZ,,…)
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ttH→leptons
• Target H→WW, H→, H→ZZ decays

 Same-sign 2l (incl. 1), 3l and 4l 
     signal regions

• Backgrounds: ttV, non-prompt leptons
• ATLAS: Counting exp. in each bin
• CMS: BDTs to reject tt/ttV; 

CMS-PAS-HIG-17-004
CMS-PAS-HIG-17-003
ATLAS-CONF-2016-058

μ=2.5 ±0.7 (stat) +1.1
−0.9

(syst)

Z=2.2σ
μ < 2.5(0.8 exp.)@ 95% C.L.

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
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ttH→bb
• Fine categorization in Nleptons (1 or 2) Njets (3-6) and Nbtags (3-4)

• Extensive use of MVA (BDT, MEM)
• Large systematics from bkg modeling (ttbb)

CMS-PAS-HIG-16-038
ATLAS-CONF-2016-080

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-038/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/
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ttH Combination ATLAS-CONF-2016-068

ATLAS still sees a (smaller) excess  – but not CMS
Expected significance 1.8, exceeds Run 1 value (1.5)

Still room for large improvements
● 2 more 2016 data not yet included
● Improved understanding of systematic effects
● 2017 data coming soon 

CMS ttH→leptons alone : 2.4 exp.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-068/
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H→bb

CMS: VBF H→ bb
Large QCD backgrounds, 
Trigger =6.2%, Overall =2.2%
Run 1:  = 1.03 ± 0.43, Z=2.6
Run 2 (2.3 fb-1):  = -3.7 ± 2.7

Run 1+2 :  

CMS-PAS-HIG-16-003ATLAS : VH→bb
● Target W→l, Z→ll or Z→ (Nlep = 1/2/0)
● Categories in Njets, pT

V

● MVAs trained against ttbar, V+HF

● Still below SM !
● Already stat=syst...

ATLAS-CONF-2016-091

ATLAS-CONF-2016-063ATLAS: VBF+ H→bb
→ 2% of VBF, better S/B  
● Run 2 (13.2 fb-1) : 

● BR(H→bb) = 58% , largest BR
● Low in Run 1: exp. 3.7, observed 2.6

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-091/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-063/
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Results: (all @ mH = 125 GeV)

Run 2
●  = -0.1 ± 1.5
●  < 3.0 @ 95% CL

Run 1 + Run 2 
 < 2.8 (2.9 exp)

@ 95% CL

→ Approaching SM 
sensitivity

H→
• Main (only?) LHC window into non-3rd gen. Yukawas
• Analysis similar to H→

–  low S/B (BR ~ 0.02% !)
– Good mass resolution (FWHM ~ 6-7 GeV)
– Select VBF, split ggF along pT

, .
– Stat-dominated: syst ~ 5% (ggF)

ATLAS-CONF-2017-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-014/
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Double-Higgs Production
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pp→HH
• HH sensitive to Higgs self-interaction
• → Within SM, measure  

test consistency with mH.

• SM: (pp→HH) ~ 37 fb  at s=13 TeV (90% gg→HH)

– Mostly from non- “box” contribution
– More sensitivity to  at low mHH

Roberto Salerno

L Scalar ⊃ λ|ϕ|4−
mH

2

2
|ϕ|2

λHHH = 6 λ v =
3mH

2

v
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pp→HH

• 2 Higgs bosons
6 decay modes
21 possibilities

• Tradeoff between clean 
modes and high BR
 5 channels tried so far

• Run 1 limits ~ 50 SM
• Also search for resonances 

in the mHH spectrum

L. Cadamuro, Moriond EW 2017

High Mass

Low Mass

Run 1
Run 2

Phys. Rev. D 92, 092004 (2015)

https://indico.in2p3.fr/event/13763/session/0/contribution/53/material/slides/0.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/
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HH→bb and HH→bbbb

ATLAS HH→bbbb
● Separate boosted and resolved analyses
● Use mass pairs (mJ(J)

lead, mJ(J)
subl) for selection

● Resonant + non-resonant searches in mJJ(JJ)

 (pp→HH→bb) < 330 (430) fb 
@ 95% CL at 13 TeV with 13.3 fb-1 [SM : 11.3 fb)
 Exclude 480 ≤ mG∗ ≤ 910 GeV  
for Bulk-RS Graviton

CMS H→bb : 
● Similar technique to H→ analysis, + 2 b-jets
● Extract signal in the 2D (m, mbb) plane

 (pp→HH→bb) < 7.90 (7.85) fb 
@ 95% CL at 13 TeV with 2.7 fb-1 [SM : 0.04 fb)
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HH Summary L. Cadamuro, Moriond EW 2017

79 (89)

New! CMS-PAS-HIG-17-006

Sensitivity to /SM already better than Run 1 (→ New Run 2 CMS HH→bbττ !)
Still far from the SM!

https://indico.in2p3.fr/event/13763/session/0/contribution/53/material/slides/0.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-002/index.html


43

High-Mass Searches
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High-Mass Searches:  ATLAS-CONF-2016-059

Phys. Lett. B 767 (2017) 147

Phys. Rev. Lett. 113, 17180124
Idea: Extend Higgs searches to wider mass range
→ Search for e.g. Heavy/Light states 
from extended Higgs sectors

Run 1 low-
mass search

Nothing here 
in 2016...

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-059/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-04/
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High-Mass Searches

ATLAS-CONF-2016-044

ATLAS-CONF-2016-074

CMS-PAS-HIG-16-033

H→ZZ*→4l

H→WW*→ll

H→Z→ll
Many more results not 
covered here!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-074/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-033/index.html
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So, what have we learned ?

g

±13%
Bosonic
Channels

Fermionic
Channels

Di-Higgs Searches

t

±24%

Z

±10%
mH

±210 MeV

H  < 1.1 GeV (direct)
      < 13 MeV (indirect)

JPC   Most pure 1+-, 2+- excluded,

                   0- : fa3<17%
fid/diff.
SM

b

±27%



±15%


±120%



-17 <  < 22.5

BR(H→invisible)
<34% (indirect)
<24% (direct)

W

±11%


±10%

Nothing so far

Run 1
Run 2
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Conclusions
• Higgs properties extensively tested by ATLAS and CMS

– Many results already re-produced in Run 2

• What have we learned ?
– Higgs seems very SM-like so far – no deviations from SM predictions
– Not all equally well-known:

• W,Z,g, couplings, spin/CP: good precision already, moving to precision 
regime → New measurement frameworks: STXS, SMEFT, POs, … 

• Yukawas: H→bb or ttH not observed yet, could come in Run 2
• HH: will need HL-LHC to approach SM sensitivity

– Still room for large deviations from SM!

• Full Run 2 statistics ~3x what we have now, another factor 30 for HL-LHC.
– Can still hope for surprises
– High stat expose other limitation – some analyses already syst-limited 

→ will require more hard work (exp. + theory) to achieve full LHC potential 
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Additional Material
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H→invisible

Run1 : VBF H→inv BF<28% (ATLAS ), <24% (CMS)

ATLAS-CONF-2016-056

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
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H→ phase space
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H→ZZ phase space
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H→ZZ and H→ Fiducial results

Excellent agreement with SM!

All in agreement with the SM!
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CMS H→ZZ Category Splits
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Mass Systematics
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ttH→leptons
CMS-PAS-HIG-17-004

ATLAS-CONF-2016-058

CMS-PAS-HIG-17-003

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-003/index.html
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ttH→leptons
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ttH→leptons
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ATLAS ttH→bb
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CMS ttH→bb
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H→bb CMS-PAS-HIG-16-003ATLAS-CONF-2016-091
ATLAS-CONF-2016-063

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-091/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-063/
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H→bb 



64

ATLAS H→bb
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H→
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CMS HH→yybb 

Phys. Rev. D 94 (2016) 052012

Roberto Salerno

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-032/index.html
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CMS HH→yybb
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HH→bbbb
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High-Mass 
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High-Mass 
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Measurement Frameworks 
for Run 2 and Beyond
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STXS Stage 1
Larger 2016 dataset  Can populate finer bins:
● ggF :

1. Njets split
● 2. pT

H split for 1,2 jets (pT
Hjj for VBF-like 2 jets)

● VBF & (V→had)H :
1. Split VBF, (V→had)H from kinematics
2. split off “BSM” (high pT) and rest

● 3. pT
Hjj split to match experimental jet veto

● (V→lep)H :
● Split W→l and Z→ll/ from qq/gg
● pT

V, Njets

 YR4 Section III.2

https://arxiv.org/abs/1610.07922
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SMEFT

L = LSM
(d≤4)

+
1
Λ

2 ∑
i

ci
(d=6)Oi

(d=6)
+

1
Λ

4 ∑
i

c i
(d=8)Oi

(d=8)
+ …

(*) Some restrictions may apply, see YR4 Section II.2.2 for details

• SM scale ~ v = 246 GeV, no BSM physics seen below ~ 1 TeV
 parameterize the BSM using an EFT extension of the SM

• Usually(*) leading effect from interference of d=6 and SM ~(v/)2 and can 
neglect d≥8 and |c(d=6)|2.
 Report experimental constraints on the ci, compare to model predictions

• Straightforward to extend to higher orders in SM couplings

• Many operators: 2499 for ngen=3

– For ngen=1 (or MFV): “only” 59 

• Operators involving the Higgs boson can be reduced to 17.
• Many ways to define the operator basis on which to expand: SILH basis, 

Warsaw basis, Higgs basis etc.

https://arxiv.org/abs/1610.07922
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A Bestiary of SMEFT Operators (1)

cg g

c ~g g

cγ γ

c ~γ γ cZ γ

c ~Z γ

δ cZ

cZZ

Using Higgs Basis, as defined in YR4, ignoring flavor (ngen=1 or MFV)
→ 17 operators (10 CP-even + 7 CP-odd)  involving the Higgs boson

Tree-level ggH (g) Tree-level H () Tree-level HZ HZZ coupling modifier (Z)

Modified HZZ interaction 
with derivative couplings

Modified Yukawa coupling 
magnitudes (f) and phases

H Zμ ν Z
μ ν

H Zμ Zμ

H Zμ ∂ ν Z
μ ν

  framework with effective (g,) + CP-odd couplings + modified HZZ structure

 YR4 Section II.2.1

c
Z□

y
u,d,e


u,d,e

δ λ 3

Modified H3 Coupling

c ~ZZ

H Zμ ν
~Zμ ν

https://arxiv.org/abs/1610.07922
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A Bestiary of SMEFT Operators (2)

Can be constrained using precision EW and flavor measurements
 Global SM fits are critical to fully constrain the SMEFT
 For Higgs measurements, can focus on the other 17 operators

● 16 W,Z→ff couplings modifiers + W mass shift m

● 4 corrections to triple-Z and triple-g couplings

● 25 four-fermion couplings

→ 46 operators not involving the Higgs boson

 YR4 Section II.2.1

https://arxiv.org/abs/1610.07922
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Effective Lagrangian Interpretation of H→ Differential Results

Reinterpret ATLAS Run 1 H→ differential results in SMEFT-inspired effective Lagrangian
Use 5 distributions : pT

H, Njets, mjj, jj, pT
j1, 24 bins

Consider 6 coefficients: c, cg, cHW + matching CP-odd

Same data for each of the 5 distributions
 Include correlations, measured in data 
using bootstrap.

PLB 753 (2016) 69-85

cg g

c ~g g

cγ γ

c ~γ γ

cZZ

c
Z□

c ~ZZ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-02/
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Effective Lagrangian (2)

Need to include all relevant parameters simultaneously for a full SMEFT analysis

Fit deviations in H→ differential measurements:

Most information still coming from rates 
 Strong constraints on odd+even cg, c. 
 Weak constraints on cHW, and odd vs. even
Vary at most 2 parameters simultaneously
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Higgs Pseudo-Observables
Idea: encode all the experimentally available information with only weak 
assumptions (e.g. crossing symmetry)

• Report experimental measurements as POs, and compute them in specific 
models

• One PO per accessible observable
– H→ : (H→), or  = (H→)/SM(H→)

– H→ff : (H→ff), or f = (H→ff)/SM(H→ff)
– H→VV→4l: Separate POs for

• H→VTVT and H→VLVL

• Resonant and non-resonant contributions (H→Vff)
→ Use the same “VV” POs for VBF and VH production 

+ CP-odd parameters 
where experimentally 
accessible

 YR4 Section III.1

https://arxiv.org/abs/1610.07922
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Higgs Pseudo-Observables From YR4 and 
G. Isidori’s talk at HC16

Process CP-even CP-odd
H→VV

(no custodial symm.)
ZZ, ZZ, Z, 

(WW, WW)
ZZ

CP, Z
CP, 

CP 
(WW

CP)

H→Vll
(no custodial symm.)

ZeL, ZeR, Z 
(Re WeL) (Im WeL)

VBF, VH
(no custodial symm.)

ZuL, ZuR, ZdL, ZdR 

(Re WeL) (Im WeL) 

H→ff f  (f=t,b,) f
CP 

ggF g 

H H 

Total : 17 CP-even + 6 CP-odd POs (no custodial symm. : 21 + 8)
Assuming flavor universality

http://indico.cern.ch/event/477407/contributions/2200080/attachments/1369922/2077113/PO_SLAC.pdf
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Open Issues
• Need MC generators to provide predictions:

– HC/JHU: used in Run 1
– SMEFT: NLO generators being validated
– POs: under development

• Tools for multidimensional measurements (Morphing)

• How to report the likelihoods ? 
– Last bins in distributions always have low statistics, not Gaussian
– Not very Gaussian even now  Covariance matrix is not sufficient

• Which framework to use for reporting ? Many possibilities:

STXS,
Pseudo-

Observables

SMEFT,
Effective 

Lagrangians

Fid. 
Diff. 

ModelsData
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Decay modes
Mode BR Yield Usable Yield Obs. Z

Hbb 58.1% 1.1M (Vl)Hbb 7000 2.6

HWW 21.5% 400k Hll 20000 >5

H 6.3% 100k VBF H 1000 5.5

HZZ 2.6% 50k H4l 200 >5

H 0.20% 4k All 4000 >5

Many decays with good sensitivity  
 many windows into Higgs properties!

Critical to understand backgrounds!
2.5 deficit in H→bb
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