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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector
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Search	for	H→μμ	Decays	with	ATLAS
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

• dominating	background	source:	Z/γ∗→μμ	
• 100	ab-1	simulation	used	to	determine	
analytical	model	

• very	small	S/B	ratio	~0.2%	(120-130	GeV)	
• 3%	signal	mass	resolution	improvement:	

• Sinal	state	radiation	recovery
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Search	for	H→μμ	Decays	with	ATLAS
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• dominating	background	source:	Z/γ∗→μμ	
• 100	ab-1	simulation	used	to	determine	
analytical	model	

• very	small	S/B	ratio	~0.2%	(120-130	GeV)	
• 3%	signal	mass	resolution	improvement:	

• Sinal	state	radiation	recovery

• 12	exclusive	BDT-score	based	categories	
• training	separation	of	signal	region	vs	data	sidebands	
• main	discriminating	features	(14	in	total)	

• μμ-centrality	and	-transverse	momentum
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector
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Search	for	H→μμ	Decays	with	ATLAS

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

ATLAS-CONF-2019-028

• analytical	functions	in	binned	Likelihood	Rit		
• background:	core	fct+empirical	components	
• signal:	double	sided	Crystal	Ball	
• signal	yield,	bkgd	norm	free	Sloating	

• statistical	uncertainty	dominates	

• best	Sit	signal	strength:		
• μ	=	0.5	±	0.7
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

• background-only	hypothesis	test:	
• 0.8σ	observed	(1.5σ	expected)	

• upper	limit	on	branching	ratio	(CL@95%)	

• BR(H→μμ)	<	3.8	·	10−4		

• ~1.7	times	SM	prediction	(1.3	expected)	
• 50%	higher	sensitivity	wrt	previous	ATLAS	result	
• CMS	limit:	2.9	times	SM	(7+8+13	TeV,	20+36	Sb-1)

ATLAS-CONF-2019-028

Signal strength
20− 10− 0 10 20 30

Combined 0.5 ± 0.7 ( ± 0.7 , 0.1−
0.2+ )

0-jet Low 5.0 4.2−
4.4+ ( 4.1−

4.2+ , 0.9−
1.5+ )

0-jet Medium 1.3 2.6−
2.7+ ( ± 2.6 , 0.4−

0.6+ )
0-jet High -0.9 ± 2.3 ( ± 2.2 , 0.5−

0.3+ )
1-jet Low -2.6 3.1−

3.0+ ( ± 3.0 , 0.9−
0.5+ )

1-jet Medium 0.9 ± 2.1 ( ± 2.1 , ± 0.4 )
1-jet High 0.6 ± 2.1 ( ± 2.1 , 0.2−

0.4+ )
2-jet Low -5.8 4.8−
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1.1+ )
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Total Stat. Syst. SMPreliminaryATLAS
-1= 13 TeV, 139 fbsµµ→H Total Stat. Syst.

ATLAS-CONF-2019-028

PRL 122 (2019) 021801

• analytical	functions	in	binned	Likelihood	Rit		
• background:	core	fct+empirical	components	
• signal:	double	sided	Crystal	Ball	
• signal	yield,	bkgd	norm	free	Sloating	

• statistical	uncertainty	dominates	

• best	Sit	signal	strength:		
• μ	=	0.5	±	0.7
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector
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Search	for	H→ee	and	H→eμ

http://cdsweb.cern.ch/record/2682155
http://Phys.%20Lett.%20B%20801%20(2020)%20135148
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VBF	
• jets	in	opposite	hemisphere	
• |∆ηjj|>3.	mjj	>	500	GeV

Low-pT	
• subleading	lepton	pT	<	27	GeV	
• multijet	background	enriched

H→eμ	only

Low-pT(ll)

Central	
• each	lepton:	|η|	<	1

Non-Central	

• otherwise

Baseline	
• object	selection	
• MET	suppression	
• 110	GeV	<	mll	<	160	GeV

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Search	for	H→ee	and	H→eμ	Decays	with	ATLAS

Mid-pT(ll) High-pT(ll) Low-pT(ll) Mid-pT(ll) High-pT(ll)
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VBF	
• jets	in	opposite	hemisphere	
• |∆ηjj|>3.	mjj	>	500	GeV

Low-pT	
• subleading	lepton	pT	<	27	GeV	
• multijet	background	enriched

H→eμ	only

Low-pT(ll)

Central	
• each	lepton:	|η|	<	1

Non-Central	

• otherwise

Baseline	
• object	selection	
• MET	suppression	
• 110	GeV	<	mll	<	160	GeV

Category S B S/B Data

Central Low p``T 210 150 1.35 171

Forward Low p``T 400 560 0.72 532

Central Medium p``T 250 290 0.86 277

Forward Medium p``T 450 830 0.54 854

Central High p``T 180 280 0.65 299

Forward High p``T 300 700 0.43 707

VBF 83 100 0.82 102

Low p`T 89 600 0.15 558

H→eμ
Category S B S/B Data

Central Low p``T 230 39200 0.0057 39872

Forward Low p``T 390 98500 0.0039 100844

Central Medium p``T 420 30700 0.014 31182

Forward Medium p``T 710 74900 0.0095 76477

Central High p``T 380 13400 0.028 13625

Forward High p``T 590 29900 0.020 30164

VBF 120 2530 0.049 2561

H→ee

Phys. Lett. B 801 (2020) 135148
Phys. Lett. B 801 (2020) 135148

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Search	for	H→ee	and	H→eμ	Decays	with	ATLAS

Mid-pT(ll) High-pT(ll) Low-pT(ll) Mid-pT(ll) High-pT(ll)
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• detector	resolution	determining	signal	peak	shape	
• modelled	by	sum	of	Crystal	Ball	+	Gaussian	fct	
• parameters	Sitted	to	simulation/category	

• Sinal	Sit	per	channel	
• Likelihood	Rit	simultaneously	for	all	categories	
• bkgd	norm	and	BR(signal)	free	parameters

mll ([GeV])

0

20

40

60

80

100
310×

En
tri

es
 / 

G
eV -1 = 13 TeV, 139 fbsATLAS

Data

Background model

)=2%ee →H(ΒSignal 

110 115 120 125 130 135 140 145 150 155 160
 [GeV]eem

500−

0

500

D
at

a 
- f

it

mll ([GeV])

0

100

200

300

400

500

600

700

En
tri

es
 / 

G
eV -1 = 13 TeV, 139 fbsATLAS

Data

Background model

)=0.05%µe →H(ΒSignal 

110 115 120 125 130 135 140 145 150 155 160
 [GeV]µem

60−
40−
20−

0
20
40
60

D
at

a 
- f

it

• 	H→ee	background	processes:	

• Z/γ∗→ee,	top-quark	pair,	Diboson	
• analytical	model	similar	to	H→μμ:	

• Breit-Wigner	x	Gaussian	function	
• H→eμ	background	processes:		

• smaller	SM	background	contributions	
• Z/γ∗→ττ,	top,	dibosons	(WW),	W+jets	and	

multijet	events	
• Bernstein	polynomial	(degree	2)	

• parameters	uncorrelated	across	categories

Phys. Lett. B 801 (2020) 135148

Phys. Lett. B 801 (2020) 135148

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Search	for	H→ee	and	H→eμ	Decays	with	ATLAS
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• statistical	uncertainty	dominates	
• observed	(exp.)	upper	limit	(CL@95%):	

• BR(H	→	ee)	<	3.6×10−4		(3.5×10−4)	

• 72,000	times	SM	prediction	
• ~5×	improvement	on	CMS	Run	I	limit	of	1.9×10−3

Results	H→ee

Phys. Lett. B 744 (2015) 184
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Search	for	H→ee	and	H→eμ	Decays	with	ATLAS
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• statistical	uncertainty	dominates	

• observed	(exp.)	upper	limit	(CL@95%):	

• BR(H	→	eμ)	<	6.1×10−5		(5.8×10−5)	

• ~6×	improvement	on	CMS	Run	I	limit	of	3.5×10−4

Results	H→eμResults	H→ee

Phys. Lett. B 744 (2015) 184 Phys. Lett. B 763 (2016) 472 
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Search	for	H→ee	and	H→eμ	Decays	with	ATLAS

• statistical	uncertainty	dominates	
• observed	(exp.)	upper	limit	(CL@95%):	

• BR(H	→	ee)	<	3.6×10−4		(3.5×10−4)	

• 72,000	times	SM	prediction	
• ~5×	improvement	on	CMS	Run	I	limit	of	1.9×10−3
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector
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Search	for	H→μμ	Decays
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Search	for	H→ee	and	H→eμ

2019:  Phys. Lett. B 800 (2020) 135069 (36 fb-1, √s=13 TeV)
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μ

τ

e

http://cdsweb.cern.ch/record/2682155
http://Phys.%20Lett.%20B%20801%20(2020)%20135148
https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
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misidentiRied	jets	-	fully	data	driven	
• Fake	Factor	method	in	multijet	  
enriched	control	regions

Z/γ∗→ττ	-	dedicated	CR	
• shape	from	simulation	
• normalisation	in	Sinal	Sit	+	CR

top	backgrounds	-	dedicated	CR	
• shape	from	simulation	
• normalisation	in	Sinal	Sit	+	CR

Diboson,	W/Z+jets,	H→ττ,		H→WW	
• shape	&	normalisation	from 
simulation

Z/γ∗→ee	-	fully	data	driven	
• Fake	Factor	method	in	Z/γ∗→ee	  
enriched	control	regions

Phys. Lett. B 800 (2020) 135069

Phys. Lett. B 800 (2020) 135069

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

�
Search	for	LFV	H→τl	Decays	with	ATLAS
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

�
Search	for	H→τl	Decays	with	ATLAS
�
Search	for	LFV	H→τl	Decays	with	ATLAS

BDT

`⌧̀ 0 `⌧had

Variable VBF non-VBF Variable VBF non-VBF

mMMC HR HR mcoll HR HR

p`1

T
• • p`

T
• HR

p`2

T
HR HR p⌧had-vis

T
• HR

�R(`1, `2) HR • �R(`, ⌧had-vis) • •
mT(`1, Emiss

T
) • HR mT(`, Emiss

T
) HR •

mT(`2, Emiss

T
) HR • mT(⌧had-vis, Emiss

T
) HR HR

��(`1, Emiss

T
) • • ��(`, Emiss

T
) HR •

��(`2, Emiss

T
) HR ��(⌧had-vis, Emiss

T
) •

m(j
1
, j

2
) • m(j

1
, j

2
) •

�⌘(j
1
, j

2
) HR �⌘(j

1
, j

2
) •

p⌧
T
/p`1

T
HR

P
i=`,⌧had-vis

cos��(i, Emiss

T
) • •

Emiss

T
HR •

mvis HR

�⌘(`, ⌧had-vis) •
⌘` •
⌘⌧had-vis •
�` •
�⌧had-vis •
�(Emiss

T
) •

Discriminants

Bullet:	used	in	training	
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3−10 2−10 1−10 1
 l l') in %→ H(Β95% CL upper limit on 

ATLAS
-1 = 13 TeV, 36-139 fbs

Observed
σ 1±Expected 
σ 2±Expected 

µe

τe

τµ

Results	H→eτ

Phys. Lett. B 800 (2020) 135069

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

�
Search	for	H→τl	Decays	with	ATLAS
�
Search	for	LFV	H→τl	Decays	with	ATLAS

• systematic	uncertainty	dominates	
• data-driven	background	model	
• jet	energy	scale	&	resolution	

• observed	(exp.)	upper	limit	(CL@95%):	
• BR(H→eτ)	<	4.7×10−3		(3.4×10−3)	

• ~2×	improvement	on	ATLAS	Run	I	limit	of	1.0×10−2
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3−10 2−10 1−10 1
 l l') in %→ H(Β95% CL upper limit on 

ATLAS
-1 = 13 TeV, 36-139 fbs
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σ 1±Expected 
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-1=13 TeV, 36.1 fbs

 ATLAS Observed
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σ 2±Expected 

  ATLAS Run 1

• systematic	uncertainty	dominates	
• data-driven	background	model	
• jet	energy	scale	&	resolution	

• observed	(exp.)	upper	limit	(CL@95%):	
• BR(H→eτ)	<	4.7×10−3		(3.4×10−3)	

• ~2×	improvement	on	ATLAS	Run	I	limit	of	1.0×10−2

Results	H→eτ

• systematic	uncertainty	dominates	
• data-driven	background	model	
• jet	&	muon	calibration	

• observed	(exp.)	upper	limit	(CL@95%):	
• BR(H→μτ)	<	2.8×10−3		(3.7×10−3)	

• ~5×	improvement	on	ATLAS	Run	I	limit	of	1.4×10−2

Results	H→μτ

Phys. Lett. B 800 (2020) 135069

Phys. Lett. B 800 (2020) 135069

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

�
Search	for	H→τl	Decays	with	ATLAS
�
Search	for	LFV	H→τl	Decays	with	ATLAS
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

2018:		Search	for	H→	J/ψγ	and	H→ϒγ	(36	Rb-1,	√s=13	TeV)  
														Phys.	Lett.	B	786	(2018)	134	
2018:			Search	for	H→φγ,	H→ργ		(36	Rb-1,	√s=13	TeV)  
														JHEP	07	(2018)	127 
2018:		Search	for	H→cc̅	(36	Rb-1,	√s=13	TeV)  
														Phys.	Rev.	Lett.	120	(2018)	211802	
2017:		Search	for	H→	Zγ	(36	Rb-1,	√s=13	TeV)  
														JHEP	10	(2017)	112	
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Searches	for	Rare	Higgs	Boson	Decays
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BRSMMore details in  

the Backup slides

https://www.sciencedirect.com/science/article/pii/S037026931830724X?via=ihub
https://link.springer.com/article/10.1007/JHEP07(2018)127
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802
https://link.springer.com/article/10.1007/JHEP10(2017)112
https://www.particlezoo.net/
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Conclusion

• no	deviations	from	SM	observed	
• upper	limits	in	agreement	with	expectations	
• rare	searches	limited	by	statistical	uncertainty	
• new	physics	might	hide	in	the	details	

• increased	precision	important

Prospects	

• H→μμ:	

• Run	3		(300	Sb-1	at	√s=14	TeV):	
• 2.3	std	deviations	excess	over	bkgd	
• 46%	error	on	signal	strength	

• Run	4	-	HL-LHC	(3000	Sb-1	at	√s=14	TeV):			
• 9.5	std	deviations	excess	over	bkgd	
• 13%	error	on	signal	strength	

• upper	limits	calculated	at	95%	CL	

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

• Higgs	boson	decays	to	1st/2nd	generation	fermions: 
									H→ee,	H→μμ	

• lepton	Slavour	violating	(LFV)	Higgs	boson	decays:  
									H→eμ,	H→eτ,	H→μτ	

• other	rare	decays	of	the	Higgs	boson:	
• H→Zγ,	H→cc̅	

• H→γ+neutral	Meson	(qq̅)	(q=u,d,s,c,b)

ATL-PHYS-PUB-2018-006

Run 3 around the corner! 
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Backup
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Channel SM BR

H ! ⌧⌧ 6.3⇥ 10�2

H ! µµ 2.2⇥ 10�4

H ! ee 5.0⇥ 10�9

H ! ``
0 not allowed

<latexit sha1_base64="GOCfRRFyWEaPValPeLsp5p5hwA0="></latexit>
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Conclusion

• no	deviations	from	SM	observed	
• upper	limits	in	agreement	with	expectations	
• rare	searches	limited	by	statistical	uncertainty	
• new	physics	might	hide	in	the	details	

• increased	precision	important

Prospects	

• H→μμ:	

• Run	3		(300	Sb-1	at	√s=14	TeV):	
• 2.3	std	deviations	excess	over	bkgd	
• 46%	error	on	signal	strength	

• Run	4	(3000	Sb-1	at	√s=14	TeV):			
• 9.5	std	deviations	excess	over	bkgd	
• 13%	error	on	signal	strength	

• H→Zγ:		

• Run	3:	upper	limit	2.5x	SM	prediction	
• Run	4:	upper	limit	0.7x	SM	prediction	

• H→	J/ψ:		

• Run3:	upper	limit	53x	SM	prediction	
• Run4:	upper	limit	15x	SM	prediction	

• upper	limits	calculated	at	95%	CL	

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

• Higgs	boson	decays	to	1st/2nd	generation	fermions: 
									H→ee,	H→μμ	

• lepton	Slavour	violating	(LFV)	Higgs	boson	decays:  
									H→eμ,	H→eτ,	H→μτ	

• other	rare	decays	of	the	Higgs	boson:	
• H→Zγ,	H→cc̅	

• H→γ+neutral	Meson	(qq̅)	(q=u,d,s,c,b)

ATL-PHYS-PUB-2018-006
ATL-PHYS-PUB-2013-014
ATL-PHYS-PUB-2015-043Run 3 
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H→(Z→μμ)γ	event	candidate
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H→Zγ
JHEP 10 (2017) 112 JHEP 07 (2018) 127 Phys. Lett. B 786 (2018) 134 Phys. Rev. Lett. 120 (2018) 211802

H→φγ,	H→ργ H→	J/ψ,	H→	Υ(nS) H→cc̅

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Searches	for	Rare	Higgs	Boson	Decays

• sensitive	to	new	physics	in	loop		
• targeting	subsequent	Z→ee	or	Z→μμ	

• background-only	hypothesis	test:	
• 1σ	observed	(0.5σ	expected)		

• observed	(exp.)	upper	limit	(CL@95%):	
• B(H→Zγ)	<	1.0×10−2			(0.8×10−2)	

• limit	at	6.6	times	SM	prediction

Search	for	H→Zγ
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H→Zγ
JHEP 10 (2017) 112 JHEP 07 (2018) 127 Phys. Lett. B 786 (2018) 134 Phys. Rev. Lett. 120 (2018) 211802

H→φγ,	H→ργ H→	J/ψ,	H→	Υ(nS) H→cc̅

JHEP 07 (2018) 127

• probing	Higgs	boson	couplings	to	light	quarks	
• subsequent	meson	decays:	

• φ	(ss̅)	decays	to	Kaons		
• ρ	(uu̅-dd̅)	decays	to	Pions		

• upper	limits:	
• H→φγ	at	181	times	SM	prediction	
• H→ργ	at	50	times	SM	prediction	

• Rirst	experimental	constraint	on	H→ργ

Search	for	H→φγ	and	H→ργ

Branching Fraction Limit (95% CL) Expected Observed

B (H ! ��) [ 10
�4

] 4.2
+1.8
�1.2 4.8

B (Z ! ��) [ 10
�6

] 1.3
+0.6
�0.4 0.9

B (H ! ⇢�) [ 10
�4

] 8.4
+4.1
�2.4 8.8

B (Z ! ⇢�) [ 10
�6

] 33
+13
�9 25

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Searches	for	Rare	Higgs	Boson	Decays
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H→Zγ
JHEP 10 (2017) 112 JHEP 07 (2018) 127 Phys. Lett. B 786 (2018) 134 Phys. Rev. Lett. 120 (2018) 211802

H→φγ,	H→ργ H→	J/ψγ,	H→	Υ(nS)γ H→cc̅

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Searches	for	Rare	Higgs	Boson	Decays

Phys. Lett. B 786 (2018) 134 

Branching fraction limit (95% CL) Expected Observed

B (H ! J/ �) [ 10
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• probing	Higgs	boson	couplings	to	c-	and	b-quarks	
• Charmonium	H→	J/ψ	(cc̅-resonance)	

• Bottomium	H→	Υ(nS)	(n=1,2,3)		(bb̅-resonance)	
• subsequent	meson	decays	to	muon	pairs	
• upper	limits	Charmonium	resonance	

• ~100	times	SM	prediction

Search	for	H→	J/ψ	and	H→	Υ(nS)
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H→φγ,	H→ργ H→	J/ψ,	H→	Υ(nS) H→cc̅

• direct	probe	of	H→cc̅	coupling	
• “rare”	-	only	in	associated	production	with	Z→ll	with	l=e,μ	
• observed	(exp.)	upper	limit	(CL@95%):	

• σ(pp	→	ZH)	×	B(H	→	cc	)̄		<	2.7	(3.9)	pb	
• limit	at	100	times	SM	prediction

Search	for	H→cc̅
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Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Searches	for	Rare	Higgs	Boson	Decays
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Backup	H→μμ
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Backup	H→μμ Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

ATLAS-CONF-2019-028 

Selection	criteria	and	Categorisation
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

ATLAS-CONF-2019-028 

Backup	H→μμ

BDT	Input	Variables
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020Backup	H→μμ

Analytical	Functions

ATLAS-CONF-2019-028 
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020Backup	H→μμ

Analytical	Functions

ATLAS-CONF-2019-028 
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

ATLAS-CONF-2019-028 

Backup	H→μμ

Event	yields
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

ATLAS-CONF-2019-028 

Backup	H→μμ

S+B	Fits	in	Categories
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

A search for the dimuon decay of the Standard Model Higgs boson in pppp collisions at s√=13s=13 TeV with the ATLAS Detector 

ATLAS-CONF-2019-028 

Backup	H→μμ

S+B	Combined
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

ATLAS-CONF-2019-028 

Backup	H→μμ

FSR	recovery
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

ATLAS-CONF-2019-028 

Backup	H→μμ

Fit	results
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

\

ATLAS-CONF-2019-028 

Backup	H→μμ

Signal	Mass	spectrum
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Backup	H→ee	and	H→eμ
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Backup	H→ee	and	H→eμ Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

• 120	<	mee	<	130	GeV.		  
The	signal	is	shown	for	a  
	branching	fraction	of	 
B(H	→	ee)	=	0.1%.

Category S B S/B Data

Central Low p``T 230 39200 0.0057 39872

Forward Low p``T 390 98500 0.0039 100844

Central Medium p``T 420 30700 0.014 31182

Forward Medium p``T 710 74900 0.0095 76477

Central High p``T 380 13400 0.028 13625

Forward High p``T 590 29900 0.020 30164

VBF 120 2530 0.049 2561

Category S B S/B Data

Central Low p``T 210 150 1.35 171

Forward Low p``T 400 560 0.72 532

Central Medium p``T 250 290 0.86 277

Forward Medium p``T 450 830 0.54 854

Central High p``T 180 280 0.65 299

Forward High p``T 300 700 0.43 707

VBF 83 100 0.82 102

Low p`T 89 600 0.15 558

Event	Yields

• 120	<	meμ	<	130	GeV.		  
The	signal	is	shown	for	a  
	branching	fraction	of	 
B(H	→	eμ)	=	0.1%
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020
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Backup	H→ee	and	H→eμ

• B(H	→	ee)	=	2%	and	B(H	→	eμ)	=	0.05%

Mass	spectra
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

• Constraints	on	the	Slavour	violating	Yukawa	couplings	Yeμ	and	Yμe	that	are	related	to	the	branching	ratio	of	the	LFV	Higgs	boson	decay	B(H	→	

eμ)	following	Ref.	[14]	as	|Yeμ|2+|Yμ	e|2=8πΓHSM/mH	·	B(H	→	eμ)/(1-B(H	→	eμ))	,	where	mH=125.09	GeV	and	ΓHSM	=	4.07	MeV	are	the	mass	

and	SM	width	of	the	Higgs	boson.	The	expected	(red	dashed	line)	and	observed	(blue	solid	line)	limits	are	derived	from	the	limits	on	B(H	→	eμ)	

from	the	present	analysis.	The	green	(yellow)	band	indicates	the	range	that	is	expected	to	contain	68%	(95%)	of	all	observed	limit	excursions.	
The	shaded	regions	show	the	indirect	constraints	derived	using	the	model	calculations	of	Ref.	[14]	from	null	searches	for	μ→	eγ	[MEG	
Collaboration,	Eur.	Phys.	J.	C	76	(2016)	434],	μ→	3e	[SINDRUM	Collaboration,	Nucl.	Phys.	B	299	(1988)	1]	and	μ→	e	conversions	on	gold	nuclei	

[SINDRUM	II	Collaboration,	Eur.	Phys.	J.	C	47	(2006)	337].	For	these	calculations	the	Slavour	diagonal	Yukawa	couplings	are	taken	to	be	the	SM	
values.	The	diagonal	line	indicates	the	so-called	1	naturalness	limit	|YeμYμe|	<	me	mμ	/v2,	where	v=246	GeV	is	the	vacuum	expectation	value	of	
the	Higgs	Sield.	

•
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Backup	H→ee	and	H→eμ

Yukawa	constraints
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

• trigger:		
• isolated	electron	or	muon	PT>		26	GeV		

• e:	|η|	<	2.47	,	muons	|η|	<	2.5	
• exactly	two	OS	e	or	OS	e	and	mu		
• lead	lep:	pT	>	27	GeV	to	ensure	a	high	trigger	efSiciency		
• sublead	lep:	pT	>	15	GeV.		
• Requirements	on	jets	are	used	in	this	analysis	to	suppress	background	and	deSine	a	category	that	has	
a	high	sensitivity	to	signal	produced	in	the	VBF	production	mode.		

• Jets	in	the	range	|η|	<	4.5	and	pT	>	30	GeV	antikt	R0.4.	jvt	
• top	quark	bg:	btagging	of	jets	within	|η|	<	2.5	

• different	WP	used	for	ee	and	eμ	(larger	top	bg)	
• ee	(eμ)	channel	the	b-jet	identiSication	efSiciency	is	about	60%	(85%)	
• Emiss/√HT	<	3.5	(1.75)	GeV1/2	for	the	ee	(eμ)	channel	-	surpression	of	MET	backgrounds	

• Ht	proportional	Etmiss	
• H	→	γγ	bg	neglected	in	Hee	(~	0.07%	in	Hee	channel)	
• dilepton	invariant	mass	110	<	mll	<	160	GeV,	

• background	determination	with	analytic	functions		
• constrained	by	the	sidebands

Backup	H→ee	and	H→eμ

Selection	criteria
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

• seven	(eight)	categories	for	the	ee	(eμ)	channel	
• based	on	Hmumu	
• low-pT	lepton	category	‘Low	plT	(eμ)	

• subleading	lepton	has	pT	<	27	GeV.		
• fake	leptons	enriched	
• not	for	Hee,	smaller	fake	contribution	

• VBF	categories:	
• opposite	hemisphere,	|∆ηj	j	|	>	3,	mj	j	>	500	GeV.		

• Centrality	
• fail	VBF	and	lowPT	
• ‘central’:	both	leptons	|ηl	|	<	1,		’Non-central’	otherwise	
• three	ranges	in	the	dilepton	transverse	momentum	pll	are	considered:		
• ‘Low	pll’	(	pll	≤	15	GeV),		
• ‘Mid	ll	ll	llllT	TT	pT	’(15<pT	≤50GeV)	
• `HighpT	’(pT	>50GeV).	

Backup	H→ee	and	H→eμ

Categorisation
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Eric	Drechsler,	LLWI2020,	10.	Feb.	2020

VBF	
• opposite	hemisphere	
• pseudorapidity	gap	|∆ηjj|>3.	
• mjj	>	500	GeV

Low-pT	
• subleading	lepton	pT	<	27	GeV	
• fake	leptons	enriched

H→eμ	only

Low-pT(ll)	
• pT(ll)	≤	15	GeV

Mid-pT(ll)	
• 15	<pT(ll)	≤	50	GeV

High-pT(ll)	
• pT(ll)	>50	GeV

Low-pT(ll)	
• pT(ll)	≤	15	GeV

Mid-pT(ll)	
• 15	<pT(ll)	≤	50	GeV

High-pT(ll)	
• pT(ll)	>50	GeV

Category S B S/B Data

Central Low p``T 210 150 1.35 171

Forward Low p``T 400 560 0.72 532

Central Medium p``T 250 290 0.86 277

Forward Medium p``T 450 830 0.54 854

Central High p``T 180 280 0.65 299

Forward High p``T 300 700 0.43 707

VBF 83 100 0.82 102

Low p`T 89 600 0.15 558

H→eμ

Category S B S/B Data

Central Low p``T 230 39200 0.0057 39872

Forward Low p``T 390 98500 0.0039 100844

Central Medium p``T 420 30700 0.014 31182

Forward Medium p``T 710 74900 0.0095 76477

Central High p``T 380 13400 0.028 13625

Forward High p``T 590 29900 0.020 30164

VBF 120 2530 0.049 2561

H→ee

Central	
• each	lepton:	|η|	<	1

Non-Central	

• otherwise

Baseline	
• object	selection	
• MET	suppression	
• 110	GeV	<	mll	<	160	GeV

Phys. Lett. B 801 (2020) 135148
Phys. Lett. B 801 (2020) 135148

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Search	for	H→ee	and	H→eμ	Decays	with	ATLASBackup	H→ee	and	H→eμ
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

• analytic	functions	to	model	mll	distributions		
• signals:	narrow	resonances	
• detector	resolution	determines	signal	shapes	

• parameterised	with	crystal	ball	function	and	Gaussian	function	
• parameters	determined	by	Sitting	simulated	signal	mll	in	each	category	

• background	for	Hee	
• breit	wigner	convolved	with	gaussian	plus	exponential	fct/cubic	
• parameters	determined	in	Sinal	Sit+from	signal	Sit		
• parameters	uncorrelated	across	categories 

• background	for	Hemu	
• Bernstein	polynomial	with	degree	2	
• parameters	uncorrelated	across	categories	

• Sinal	Sit/channel	
• MLE	Sit	simultaneously	all	categories	
• bkgd	norm	and	BR(sig)	free	parameters	(plus	background-parameters	above)

Backup	H→ee	and	H→eμ

Analytic	Functions
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

• Systematics	
• total	experimental	unc	VBF		

• 2015-18	luminosity	1.7%	
• E	miss	T	soft	term	and	pileup	effects	(eµ>ee	tighter	E	miss	T	/	√	HT	selection)	
• others:	e,mu	trigger,	reco,	id,	isol	eff,	btag	eff,	pileup	modelling,	JES,	JER,		
• uncertainties	in	e/mu-scale/res	

• ggF	signal	yield:	2-3%	(ee),	4-6%	(emu)	
• VBF	7-15%	(ee),	6-22%	emu	(contributions	from	JES,	JER)	

• theoretical	uncertainties:	
• production	cross	section	of	the	Higgs	boson	
• modelling	uncertainties	acceptance	for	the	signals	(separately	VBF/ggf/each	category)	
• VH	acceptance	uncertainty	neglected	
• renormalisation	and	factorisation	scales	variation	perturbative	QCD	

• ggF:	1-11%	
• VBF:	small	

• alpha_S	PDF4LHC15	recommendations	very	small.		
• PS,UE	and	hadronisation:	acceptance	difference	PYTHIA	or	HERWIG	shower	generators	

• ggF	1%	to	11%		
• VBF	1%	to	8%	

Backup	H→ee	and	H→eμ

Systematics	I
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

• Background	uncertainties:	
• potential	bias	on	signal	measurement	due	to	choice	of	bg	function	
• ee:	

• S+B	Sit	repeated	on	DY	simulated	data	(high	stat)	
• signal	yield/category	taken	as	uncertainty		
• uncorrelated	between	categories	
• NP	acting	on	signal	norm/category	
• 8%	effect	on	limit	

• emu:	
• change	Sit	function	to	standard	polynomial		
• evaluate	signal	yield	differences	on	simulation	between	default	and	changed	
• <1%	effect	on	limit

Backup	H→ee	and	H→eμ

Systematics	II
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Eric	Drechsler,	LLWI2020,	10.	Feb.	2020

• statistical	uncertainty	dominates	
• main	systematic	unc.:	Higgs	boson	production	xsec	
• observed	(exp.)	upper	limit	(CL@95%):	

• BR(H	→	eμ)	<	6.1×10−5		(5.8×10−5)	

• best	Sit	branching	ratio:	
• BR(H→eμ)=(0.4	±	2.9	(stat.)	±	0.3(syst.))×10−5		

• ~6×	improvement	on	CMS	Run	I	limit	of	3.5×10−4

Results	H→eμResults	H→ee

Phys. Lett. B 744 (2015) 184 Phys. Lett. B 763 (2016) 472 
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Phys. Lett. B 801 (2020) 135148

Search	for	Rare	and	Lepton	Flavour	Violating	Decays	of	the	Higgs	Boson	with	the	ATLAS	Detector

Search	for	H→ee	and	H→eμ	Decays	with	ATLAS

• statistical	uncertainty	dominates	
• main	systematic	uncertainty:	bkgd	modelling	
• observed	(exp.)	upper	limit	(CL@95%):	

• BR(H	→	ee)	<	3.6×10−4		(3.5×10−4)	

• best	Sit	branching	ratio:	
• BR(H→ee)=(0.0	±	1.7	(stat.)	±	0.6	(syst.))×10−4		

• ~5×	improvement	on	CMS	Run	I	limit	of	1.9×10−3

Backup	H→ee	and	H→eμ
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Backup	LFV	H→τl
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Backup	LFV	H→τl Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

Phys. Lett. B 800 (2020) 135069

Signal	Mass	spectrum

https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

Phys. Lett. B 800 (2020) 135069

Signal	Mass	spectrum

Backup	LFV	H→τl

https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

Phys. Lett. B 800 (2020) 135069

Signal	Mass	spectrum

Backup	LFV	H→τl

https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

Phys. Lett. B 800 (2020) 135069

Signal	Mass	spectrum

Backup	LFV	H→τl

https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

Phys. Lett. B 800 (2020) 135069

Signal	Mass	spectrum

Backup	LFV	H→τl

https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

Phys. Lett. B 800 (2020) 135069

Signal	Mass	spectrum

Backup	LFV	H→τl
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Search	for	LFV	Higgs	Boson	Decays Eric	Drechsler,	LLWI2020,	1X.	Feb.	2020

Phys. Lett. B 800 (2020) 135069

BDT	

Backup	LFV	H→τl
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Searches for the Zγ decay mode of the Higgs boson and for new high-mass resonances in pp collisions at √s = 13 TeV with the ATLAS detector 
JHEP 10 (2017) 112 \
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Searches for the Zγ decay mode of the Higgs boson and for new high-mass resonances in pp collisions at √s = 13 TeV with the ATLAS detector 
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Source Dataset

Search	for	H→cc̅	
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Search for the Decay of the Higgs Boson to Charm Quarks with the ATLAS Experiment 
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Generators
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Tagging	efRiciency
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Results
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Source Dataset

Search	for	H→φγ,	H→ργ	
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Search for exclusive Higgs and Z boson decays to φγ and ργ with the ATLAS detector 
JHEP 07 (2018) 127 

Truth	pt	spectra
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