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T(T)H PRODUCTION Part I
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TTH – A LANDSCAPE OF COMPLEMENTARITY

Systematics-
limited

H⟶bb̅
• High yield.
• Theory-limited 

tt+HF
backgrounds.

In between

H⟶(WW, ττ) 
multileptons
• Moderate yield.
• Reducible 

background from 
non-prompt 
leptons.

Statistics-
limited

H⟶4ℓ

H⟶ɣɣ
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TTH – AFTER THE “OBSERVATION” GOLD RUSH
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ttH Run-2 CMS
“µ + expected, total-only, uncertainties”

ATLAS
“Cross-sections galore”

Combination
Run-1
+ 36 fb-1

µ= 1.26 ±0.29 (±0.16 stat)
4.2σ exp (5.2σ obs)

Run-1
+ 36–80 fb-1

µ= 1.32 ±0.27 (±0.18 stat)
5.1σ exp (6.3σ obs)

H→bb 🆙 77 fb-1 µ= 1.15 ±0.15 ±0.27
3.5σ exp (3.9σ obs)

36 fb-1 µ= 0.84 ±0.29 ±0.56
1.6σ exp (1.4σ obs)

H→multi-ℓ 🆙 77 fb-1 µ= 0.96 ±0.32
4.0σ exp (3.2σ obs)

36 fb-1 µ= 1.6 ±0.4 ±0.4
2.8σ exp (4.1σ obs)

H→γγ 🆙 77 fb-1 µ= 1.7 ±0.6 (±0.5 stat)
2.7σ exp (4.1σ obs)

🆙 139 fb-1 µ= 1.38 ±0.39 (±0.33 stat)
4.2σ exp (4.9σ obs)

H→4ℓ 🆙 137 fb-1 µ= 0.13 ± ~1 🆙 139 fb-1 µ*= 1.2 ±1.2 ± 0.2
*STXS 0, |η|<2.5.



TTH – WHAT MAKES SENSE
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ttH Run-2 CMS
“µ + expected, total-only, uncertainties”

ATLAS
“Cross-sections galore”

Combination
Run-1
+ 36 fb-1

µ= 1.26 ±0.29 (±0.16 stat)
4.2σ exp (5.2σ obs)

Run-1
+ 36–80 fb-1

µ= 1.32 ±0.27 (±0.18 stat)
5.1σ exp (6.3σ obs)

H→bb 🆙 77 fb-1 µ= 1.15 ±0.15 ±0.27
3.5σ exp (3.9σ obs)

36 fb-1 µ= 0.84 ±0.29 ±0.56
1.6σ exp (1.4σ obs)

H→multi-ℓ 🆙 77 fb-1 µ= 0.96 ±0.32
4.0σ exp (3.2σ obs)

36 fb-1 µ= 1.6 ±0.4 ±0.4
2.8σ exp (4.1σ obs)

H→γγ 🆙 77 fb-1 µ= 1.7 ±0.6 (±0.5 stat)
2.7σ exp (4.1σ obs)

🆙 139 fb-1 µ= 1.38 ±0.39 (±0.33 stat)
4.2σ exp (4.9σ obs)

H→4ℓ 🆙 137 fb-1 µ= 0.13 ± ~1 🆙 139 fb-1 µ*= 1.2 ±1.2 ± 0.2
*STXS 0, |η|<2.5.

~√2 ✅ on stat.-limited channel 

Tough √2 ✅ – much work on systs.



TTH – THEORY UNCERTAINTY MATTERS
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ttH Run-2 CMS
“µ + expected, total-only, uncertainties”

ATLAS
“Cross-sections galore”

Combination
Run-1
+ 36 fb-1

µ= 1.26 ±0.29 (±0.16 stat)
4.2σ exp (5.2σ obs)

Run-1
+ 36–80 fb-1

µ= 1.32 ±0.27 (±0.18 stat)
5.1σ exp (6.3σ obs)

H→bb 🆙 77 fb-1 µ= 1.15 ±0.15 ±0.27
3.5σ exp (3.9σ obs)

36 fb-1 µ= 0.84 ±0.29 ±0.56
1.6σ exp (1.4σ obs)

H→multi-ℓ 🆙 77 fb-1 µ= 0.96 ±0.32
4.0σ exp (3.2σ obs)

36 fb-1 µ= 1.6 ±0.4 ±0.4
2.8σ exp (4.1σ obs)

H→γγ 🆙 77 fb-1 µ= 1.7 ±0.6 (±0.5 stat)
2.7σ exp (4.1σ obs)

🆙 139 fb-1 µ= 1.38 ±0.39 (±0.33 stat)
4.2σ exp (4.9σ obs)

H→4ℓ 🆙 137 fb-1 µ= 0.13 ± ~1 🆙 139 fb-1 µ*= 1.2 ±1.2 ± 0.2
*STXS 0, |η|<2.5.

tt+HF modeling 📝



🔎 TTH, H→BB – SYSTEMATICS

CMS: 77 fb-1

PAS HIG-18-030
ATLAS: 36 fb-1

arXiv:1712.08895
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Discussed in CERN Collider Cross-Talk series.

https://cds.cern.ch/record/2675023
https://arxiv.org/abs/1712.08895
https://indico.cern.ch/event/723480/


TH+Q/W – A SPECIALTY ITEM

CMS: Run-2 combination. →

ATLAS: No dedicated Run-2 result. Yet?

📝 tH+q/W can exclude κtop = -κV.
 arxiv:1211.3736
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https://arxiv.org/abs/1211.3736


COMBINATIONS Part II

20190730 - Higgs Hunting @DRANDREDAVID 10



LHC HIGGS COMBINATION GROUP
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Setting the stage

2010-2011
Test statistics
Nuisance parameters
RooWorkspace exchange

Run-1 combinations

2014-2016
mH

Kappa-framework

Run-2 combinations

2019-2020
Fiducial and differential
mH

STXS stage 1.1
...

Run-3 combinations?

2023–2024?
…
SMEFT?

Post-fit observation: the LHC HGC has strong interactions every 4 to 5 years…



LATEST OVERALL COMBINATIONS

ATLAS
CONF-2019-005

CMS
arXiv:1809.10733
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ggH VBF VH ttH

H→γγ ✓ (36 fb-1) ✓ (36 fb-1) ✓ (36 fb-1) ✓ (36 fb-1)

H→4ℓ ✓ (36 fb-1) ✓ (36 fb-1) ✓ (36 fb-1) ✓ (36 fb-1)

H→WW ✓ (36 fb-1) ✓ (36 fb-1) ✓ (36 fb-1)
✓ (36 fb-1)

H→ττ ✓ (36 fb-1) ✓ (36 fb-1)

H→bb ✓ (36 fb-1) ✓ (36 fb-1) ✓ (36 fb-1)

H→µµ ✓ (36 fb-1) ✓ (36 fb-1)

H→inv ✓ (36 fb-1) ✓ (36 fb-1) ✓ (36 fb-1)



OVERALL SIGNAL STRENGTH – 10% PRECISION

ATLAS CMS
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REDUCED KAPPAS – A CLASSIC

ATLAS
4ℓ and γγ close κF (2× lumi)

CMS
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STXS –🍎 AND 🍊
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ALL KAPPAS – FISHBONE

ATLAS
Includes off-shell

CMS
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“REGGE PLOT”
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EXTENDED SCALAR SECTORS – 2HDM TYPE-II
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EXTENDED SCALAR SECTORS – HMSSM

ATLAS
(µ>1 ⇒ Obs. > Exp.)

CMS
(ditto)
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ONE-SLIDE SUMMARY

💥 t(t)H – Observed, moving on.
 On the way to full Run-1+Run-2 analyses.
 Theory syst. under scrutiny in ttH, H→bb since some time.
 ATLAS working on 13 TeV tH+q/W analysis?

Combinations – Evolving in scope, complexity.
 Moving beyond kappa-framework.
 The rise of STXS and fiducial differential combinations.
 Run-1 experience set common language.

🌅 At the horizon – Combined SMEFT constraints?
 🦄 Also with Top and Electroweak measurements?
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Inspired by Physics Nobel prize winner.™



🌋 FOR DISCUSSION
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PRODUCTION MODES WITH BRSM
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PRODUCTION AND DECAY RATIOS

ATLAS CMS
Includes µµ
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PRODUCTION PROCESSES × DECAY MODES

ATLAS CMS
Includes µµ
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STXS –🍎 AND 🍏
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Multiple CMS STXS stage 1 
recent results with > 77 fb-1



FROM H(125) TO 2HDM MODELS
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EXTENDED SCALAR SECTORS – 2HDM TYPE-I
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☢ FOR EVEN MORE DISCUSSION
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🤦 GETTING THERE?
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https://indico.cern.ch/event/745783/contributions/3082126/attachments/1690683/2720321/lecture2.pdf

https://indico.cern.ch/event/745783/contributions/3082126/attachments/1690683/2720321/lecture2.pdf


SMEFT – SM FIELDS, ONE SCALAR DOUBLET
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SMEFT – … AND ADD HIGHER-DIM OPERATORS
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SMEFT – SM FIELDS AND NEW OPERATORS

5 – Majorana mass
 Weinberg 1979; Zee, Wilczek 1979

6’ – The Bad
 Weinberg 1979; Abbott Wise 1980

7 – The Ugly
 Lehman 1410.4193; Henning et al. 

1512.03433
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Based on Y. Jiang and M. Trott’s slides



SMEFT – WHAT’S USUALLY DISCUSSED

4 – The SM: SU(3)×SU(2)×U(1).
(Glashow 1961; Weinberg 1967; Salam 1967)

5 – Majorana mass.
(Weinberg 1979; Zee, Wilczek 1979) 

6 – The Good
 Leung, Love, Rao 1984; Buchmuller Wyler 

1986; Grzadkowski, Iskrzynski, Misiak, 
Rosiek 2010

6’ – The Bad.
(Weinberg 1979; Abbott Wise 1980)

7 – The Ugly.
(Lehman 1410.4193; Henning et al. 
1512.03433)

8 – The next level
 Lehman, Martin 1510.00372; Henning et al. 

1512.03433
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…

SMEFT – A CONSISTENT, IMPROVABLE, QFT

Heavy lifting in the last 6 years
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http://inspirehep.net/search?ln=en&p=find%20smeft%20or%20%22sm%20eft%22&of=hcs

http://inspirehep.net/search?ln=en&p=find%20smeft%20or%20%22sm%20eft%22&of=hcs


🗺 59 OPERATORS – 76 PARAMETERS*
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https://arxiv.org/abs/1008.4884

* For three flavor generations there are 2499, “but that’s just copy-pasting”.

https://arxiv.org/abs/1008.4884


OPERATE ME THIS – THJ AND TZJ PRODUCTION
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https://indico.cern.ch/event/727560/contributions/3019707/attachments/1672341/2683328/BEHEP_KM_20180621.pdf

https://indico.cern.ch/event/727560/contributions/3019707/attachments/1672341/2683328/BEHEP_KM_20180621.pdf


OPERATE ME THIS – THJ AND TZJ PRODUCTION
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https://indico.cern.ch/event/727560/contributions/3019707/attachments/1672341/2683328/BEHEP_KM_20180621.pdf

🏰 Higgs 
heights

⛲ EWK plaza

🏔 top county

🐍 Jets 
wilderness

https://indico.cern.ch/event/727560/contributions/3019707/attachments/1672341/2683328/BEHEP_KM_20180621.pdf


BUT IT’S NOT JUST POLES – TAILS ARE 💎
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https://indico.cern.ch/event/559310/contributions/2257037/attachments/1329680/1997635/Mangano-SM.pdf

https://indico.cern.ch/event/559310/contributions/2257037/attachments/1329680/1997635/Mangano-SM.pdf


BUT IT’S NOT JUST POLES – TAILS ARE 💎
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https://indico.cern.ch/event/559310/contributions/2257037/attachments/1329680/1997635/Mangano-SM.pdf

https://indico.cern.ch/event/559310/contributions/2257037/attachments/1329680/1997635/Mangano-SM.pdf


BUT IT’S NOT JUST POLES – TAILS ARE 💎
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Just a Higgs example.

Applicable to large-Q2 processes and differential distributions.


