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Outline	

•  The	Standard	Model	
•  Previous	Experimental	Results	
•  The	LHC	&	CMS	
•  Event	Capture	and	Reconstruc=on	
•  Event	Simula=on	
•  2016	Run-II	Higgs	→	ττ	Analyses	
•  Gluon	Fusion	and	VBF	
•  Associated	Produc=on	

•  Results	
•  Conclusion	
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The	Standard	Model	Particles	
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The	Force	Carriers	

•  Gluons:	
•  Mediate	the	Strong	Force	
•  Hold	quarks	in	bound	states	
of	mesons	and	baryons	

•  Photons:	
•  Mediate	Electromagne=c	
Force	

•  Bind	electrons	to	atoms	
•  W+/-	and	Z:	
•  Mediate	the	Weak	Force	
•  Responsible	for	some	nuclear	
decays	
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Electroweak	Symmetry	Breaking	
•  In	SU(2)L	x	U(1)Y	symmetry	gauge	
bosons	are	massless	

•  Electroweak	Symmetry	Breaking						
à	Higgs	poten=al:	
	
	
	

•  μ2	<	0	&	λ	>	0	leads	to	a	poten=al	
depicted	above,	v	=	246	GeV	

•  Using	a	complex	doublet	scalar	field	

•  Three	components	of	the	scalar	field	
give	mass	to	the	W+/-	and	Z	bosons	
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•  The	fourth	component	is	a	new	
fundamental	scalar	par=cle	with	
mass	

	
•  The	scalar	field	interacts	with	the	

fermions	through	a	Yukawa	coupling	
rela=ng	the	masses	of	the	fermions	
to	their	Higgs	couplings	

	



Higgs	Boson	Production	
•  This	thesis	targets	the	four	leading	
produc=on	processes	
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gluon	fusion:	σ	≈	49	pb		

vector	boson	fusion:	σ	≈	3.8	pb		
associated	produc=on:	
•  σWH	≈	1.4	pb		
•  σZH	≈0.88	pb	



Higgs	Boson	Decays	

•  H	→	cc:	2.9%	
•  H	→	ZZ:	2.6%	
•  H	→	Others:	<	1%	
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H	→	bb:	58.1%	 H	→	WW:	21.5%	

H	→	gg:	8.2%	

H	→	ττ:	6.3%	
•  Largest	leptonic	decay	
•  Much	reduced	

background	compared	
to	H	→	bb	



Higgs	Measurements	
•  Higgs	boson	discovered	in	2012	
	
•  Mass	measured	very	precisely:		
•  mH	=	125.09	±	0.21(stat.)	±	
0.11(syst.)	GeV		

•  CMS	and	ATLAS	have	moved	
from	“Higgs	discovery	mode”	to	
“Higgs	measurement	mode”	

•  Want	to	measure	the	different	
Higgs	boson	decay	processes,	
produc=on	mechanisms,	and	
couplings	for	devia=ons	from	the	
standard	model	predic=ons	

•  Specifically	target	the	four	
highlighted	processes	
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The	Large	Hadron	Collider	

•  27km	
circumference	

•  General	purpose	
experiments:	
•  CMS,	ATLAS	

•  Heavy	Ions:	ALICE	
•  b	physics:	LHC-b	
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2010-2012	 Max	Energy	per	Beam	
Linac	2	 50	MeV	
Proton	Synchrotron	Booster	 1.4	GeV	
Proton	Synchrotron	 25	GeV	
Super	Proton	Synchrotron	 450	GeV	
LHC	 7	TeV	



•  Number	of	events	for	a	given	process:	

•  σ	=	cross	sec=on	of	process	
•  L	=	Instantaneous	luminosity	of	collider	

•  The	LHC	is	surpassing	some	of	its	design	targets	allowing	it	to	deliver	
increased	peak	luminosity	to	the	experiments	

Proton	Beam	
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CMS	Integrated	Luminosity	
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The	Compact	Muon	Solenoid	
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Image:	htp://cds.cern.ch/record/1344500/files/image_0029.jpg?subformat=icon-1440,	“March	24,	2015	



CMS	Detector	
Basic	Dimensions	/	Stats	
•  Length:	21.6	m	
•  Diameter:	15m	
•  Weight:	Approx.	14,000,000	kg	
	
	

Beam	line	outwards	
•  tracker	
•  electromagne=c	calorimeter	
•  hadronic	calorimeter	
•  Solenoid	
•  muon	tracker	&	iron	yoke	
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Solenoid	
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•  Purpose:	Strong	magne=c	
field	to	bend	path	of	
charged	par=cles	
•  Allows	momentum	
calcula=on	

•  12.5	m	length	x	6.3	m	
diameter,	cooled	to	4.7	K	

•  3.8	T	field	inside	central	
barrel	

•  Iron	return	yoke	provides	
~2T	field	outside	solenoid	



Silicon	Tracker	

•  Purpose:	High	resolu=on	
tracks	for	pT	and	vertex	
measurement	&	matching	

•  Inner	Pixel	Detector:	66M	
channels,	fine	grain	
resolu=on	

•  Outer	Strip	Detector:	9.6M	
channels,	coarser	granularity	
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Barrel	resolu=on:	

pseudo-
rapidity	



Electromagnetic	
Calorimeter	

ECAL	
Density	 8.28	g/cm3	
PbWO4	
Rad.	Len.	

8.9	mm	

Barrel	Len.	 230	mm	
End	Cap	Len.	 220	mm	
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•  Purpose:	measure	posi=on	and	
energy	of	e+/-	and	photons	

•  PbWO4	crystal	
•  Overall	resolu=on	
•  Electrons:	0.4%	(0.8%)	in	

the	barrel	(endcaps)	
•  Photons:	roughly	~2%(~4%)	

in	the	barrel	(endcaps)	

Resolu=on:	



Hadronic	
Calorimeter	

•  Purpose:	Measure	energy	of	
neutral	and	charged	long	lived	
hadrons	→	Tau	energy	&	
missing	transverse	energy	
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Forward	HCal	made	of	steel	with	embedded	
quartz	fibers	for	radia=on	hardness	
•  Measures	EM	rich	jets	beyond	ECal	range	
HCal	Outer	(HO)	uses	solenoid	as	preshower	

Sampling	Calo.	→	layers	of	
brass	absorber	interspersed	
with	plas=c	scin=llator	
~6-8	interac=on	lengths	
HB	=	HCal	Barrel	
HE	=	HCal	End	Cap	

ResoluGon	
•  Barrel	and	End	Cap	
	
	
•  Forward	



Muon	System	
•  Purpose:	ID	&	measure	pT	of	

muons,	provide	quick	trigger	info	
•  Low	pT	muons	(	<	100	GeV):	
•  Silicon	tracker	→	pT	
•  Res.	6-20%	

•  High	pT	muons	(	>	100	GeV):	
•  Tracker	+	muon	system	→		pT	
•  Res.	15-35%	
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ResisGve	Plate	Chambers	-	
Res.	0.8-1.2	cm	&	1	ns;	
=ming	and	x-y	correla=on	
(pad	geometry)	

DriK	Tubes	-	Res.	80-120	μm	&	3	ns	

All	muon	chambers	are	
used	in	the	trigger	system	

Cathode	Strip	Chambers	-	
Res.	40-150	μm	&	3	ns	



Trigger	
•  Ini=al	40	MHz	crossing	rate,	~27	collisions/crossing	→	1	GHz	event	rate	
•  Each	event	~	1	Mb	of	disk	space	
•  Purpose:	Keep	the	most	interes=ng	events	so	data	is	manageable	to	process,	
analyze,	&	store	
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•  Level-1	Trigger:	
•  High-speed	custom	
hardware	

•  Par=al	data	from	Calo	and	
muon	systems	

•  Specialized	algorithms	
•  4	μs	available	to	made	
decision	

L1	Muon	
System	

L1	Calo	
System	

•  High	Level	Trigger	(HLT):	
•  Reduces	from	~100	kHz	to	~1kHz	
•  General	purpose	CPU	farm	
•  So|ware	based	system	
•  Algos	have	access	to	en=re	event	
•  On	average	event	decisions	must	be	made	in	200	μs		



Particle	Flow	Reconstruction	
•  Informa=on	from	detector	systems	u=lized	simultaneously	to	provide	best	

reconstruc=on	of	select	physics	objects	
•  Improves	track	&	pT	resolu=on	&	par=cle	iden=fica=on	
•  Primary	objects:	muons,	electrons,	charged	&	neutral	hadrons	&	photons	

•  Par=cle	Flow	(PF)	process	in	a	nutshell:	
1.  Muon	system	tracks	are	matched	to	tracks	in	inner	tracker	
2.  Remaining	inner	tracker	tracks	associated	with	ECal	energy	deposits	(electrons)	

and	HCal	energy	deposits	(charged	hadrons)	
3.  Remaining	energy	deposits	are	likely	from	neutral	sources,	ECal	(photons)	&	HCal	

(neutral	hadrons)	
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1.	
2.	

3.	



Muons	
•  Par=cle	Flow	muons:	
•  Tracker	muon	–	found	and	
reconstructed	by	silicon	
tracker,	tagged	by	muon	
system	

•  Standalone	muon	–	found	
and	reconstructed	solely	by	
muon	system	

•  Global	muon	–	found	and	
reconstructed	in	muon	and	
tracker		systems	
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•  Analyses	use	2	muon	defini=ons	
•  “loose	muon”	=	tracker	||	global	
•  “=ght	muon”	=	“loose	muon”	+	addi=onal	track	quality	cuts	

•  Addi=onal	muon	requirements	
•  Originate	close	to	primary	vertex	
•  Small	Χ2	of	track	to	eliminate	punch	through	to	the	muon	system	



Electrons	
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•  Constructed	from	ECal	energy	deposits	
matching	nearby	tracks	

•  ECal	supercluster	elongated	in	ϕ	to	
contain	bremsstrahlung	photons	

•  Track	must	originate	close	to	primary	
vertex	

•  Mul=variate	based	discriminants	used	to	
select	electrons	in	analysis	
•  Inputs:	track	criteria,	H/E,	ECAL	energy	
deposit	shape	informa=on	

•  Two	working	points	used,	90%	efficient	
and	80%	efficient	



Jets	&	Missing	Transverse	Energy	

•  Jets	are	collec=ons	of	energy	deposits	
and	tracks	grouped	together	within	a	
defined	radius,	ΔR	=	0.4	

•  Missing	Transverse	Energy	(MET)	is	
calculated	as	the	nega=ve	of	the	vector	
sum	of	the	transverse	momentum	of	all	
par=cles	in	the	event	
•  Only	par=cles	associated	with	the	
primary	vertex	

•  Usually	results	from	neutrinos	or	other	
par=cles	escaping	detec=on	

•  In	this	thesis	MET	is	intended	to	
capture	the	contribu=ons	of	the	
neutrinos	from	the	tau	lepton	decays	
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Lepton	Isolation	

•  Requiring	isolated	leptons	strongly	
rejects	QCD	backgrounds	

•  Sum	the	energy	deposited	within	
ΔR	<	0.3	(0.4)	electrons	(muons)	
•  Pile-up	(PU)	correc=ons	are	
applied	

•  Charged	hadron	PU	already	
removed	with	vertex	cuts	

•  Neutral	hadron	pile-up	
approximated	as	0.5	x	charged	
hadron	PU	and	is	called	Δβ	

10
	M

ay
	2
01

8	
			
|	
			
T.
	R
ug
gl
es
			
	|
			
	U
.	W

isc
on

sin
-M

ad
iso

n	
			
|	
			
Ph

D	
De

fe
ns
e	

24	

*Ar=sts	
interpreta=on	
on	cone	size	



Tau	Decays	and	Reconstruction	
•  Tau	leptons	decay	either	

leptonically	(35%)	or	hadronically	
(65%)	

•  Hadronic	decays	are	
reconstructed	from	charged	and	
neutral	jet	cons=tuents	in	CMS’s	
Par=cle	Flow	algorithm	
•  1-prong,	1-prong	+	π0,	3-prong	

•  Hadrons	Plus	Strips	algorithm:	
•  Can	ID	each	τh	decay	mode	
•  Exploits	intermediate	

resonances	ρ(770)	and	a1(1260)		

10
	M

ay
	2
01

8	
			
|	
			
T.
	R
ug
gl
es
			
	|
			
	U
.	W

isc
on

sin
-M

ad
iso

n	
			
|	
			
Ph

D	
De

fe
ns
e	

25	
 [GeV]

hτ
m

0 0.5 1 1.5

 [1
/G

eV
]

hτ
dN

/d
m

0

50

100

150

200

250
310×

Observed
±h

±

h±: hττ →Z 
s0π±: hττ →Z 

±: hττ →Z 
tt

Electroweak
Multijets
Uncertainty

CMS
 (8 TeV)-119.7 fb

1-prong	

1-prong	+	π0s		 3-prong	



Tau	IdentiLication	
•  We	need	best	tau	iden=fica=on	with	strong	jet	rejec=on	
•  Analyses	use	a	mul=variate-based	ID	that	has	large	performance	gains	
compared	to	Run	1	cut-based	ID	
•  Inputs:	Isola=on	(pT	sums),	τ	life=me,	distribu=on	of	signal	and	isola=on	
candidates	within	the	jet	in	ΔR,	Δη,	Δϕ,	and	e/γ	mul=plicies	
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Monte	Carlo	
•  Purpose:	Create	accurate	
simulated	data	to	model	
expecta=ons	
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Hard-scaQer	
interacGon	

Sample	 Hard-scaQer	
InteracGon	

All	Higgs	Samples	 Powheg	

ZZ,	WZ,	t,	single-
top	

Powheg	

Z+jets,	W+jets,	
tV,	VVV	

Madgraph	

ggZZ	 MCFM	

Min	Bias	 Pythia	

Pythia:	for	
parton	
showering	&	
hadroniza=on	

minimum	bias	data	
→	simulate	pile-up	
	
Event	reconstrucGon	
soKware:	iden=cal	to	
actual	CMS	measured	
data	

GEANT:	
par=cle	
interac=ons	
with	detector	



Previous	H	→	ττ	Results	

Prior	to	Run-II,	the	most	sensi=ve	
results	came	from	the	CMS	and	
ATLAS	collabora=ons	using	7	&	8	
TeV	center-of-mass	Run-I	data	
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Experiment	 Observed	 Expected	
CMS	 3.2	 3.7	
ATLAS	 4.5	 3.4	
CMS	+	ATLAS	 5.5	 5.0	

•  CMS – doi:10.1007/
JHEP05(2014)104

•  ATLAS – doi:10.1007/
JHEP04(2015)117

•  CMS + ATLAS – doi:10.1007/
JHEP08(2016)045Vκ

0.0 0.5 1.0 1.5 2.0

f
κ

0.0

0.5

1.0

1.5

2.0
95% CL
68% CL
Best fit
SM

 = 125 GeVHm

 at 8 TeV-1 at 7 TeV, 19.7 fb-1, 4.9 fbττ→CMS H Le|:	Higgs	boson	couplings	
measurement	from	the	CMS	
Run-I	analysis.	κ	are	ra=os	
with	respect	to	SM	couplings,	
κ	=	1	=	SM	expecta=on	
•  κF	=	coupling	to	fermions	
•  κV	=	coupling	to	vector	

bosons	



Higgs	Boson	Couplings	
•  The	same	type	of	Higgs	boson	couplings	distribu=on	was	produced	for	the	
Run-I	combina=on	(le|).		The	κF	and	κV	are	decay	process	specific,	(κfF	,	κfV	)	

•  Run-II	CMS	results	(right)	using	a	common	κF	and	κV	scaling	
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Left: CMS + ATLAS – doi:10.1007/JHEP08(2016)045
Right: CMS Run-II - CMS-PAS-HIG-17-031

Vκ
0.5 1 1.5 2

F
κ

0.5

1

1.5

2

bb→H ττ→H

ZZ→H γγ→H

WW→H Combined

Best fit SM expected

 regionσ1  regionσ2

 (13 TeV)-135.9 fbCMS Preliminary



Gluon	fusion	and	VBF		
analysis	

Analysis	Overview:	
•  Targe=ng	the	two	leading	Higgs	produc=on	mechanisms	by	studying	
di-tau	final	states	

•  Four	different	decay	channels	depending	on	tau	decays:	
•  eτh,	μτh,	τhτh,	eμ	

•  Three	different	signal	region	categories:	
•  0-Jet,	VBF,	Boosted	
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Analysis	Triggers	
•  This	analysis	uses	a	variety	of	triggers	
targe=ng	the	different	Higgs	boson	
produc=on	mechanisms	and	Higgs	
decay	final	states	

•  All	triggers	select	events	based	on	
electrons,	muons,	or	τh	
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 [GeV]

T
 pτoffline 

30 40 50 210 210×2

L1
 +

 H
LT

 e
ffi

ci
en

cy

0

0.2

0.4

0.6

0.8

1

Simulation

Data

 (13 TeV)-1Run 2016, L = 27.8 fbCMSPreliminary

Trigger	efficiency	in	
data	and	simulated	
events	for	the	τhτh	

trigger	

WH	triggers	are	the	single	electron	and	
single	muon	from	above	



Signal	Extraction	–	0-jet	
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W+jets
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Others

Total unc.

 = 1.09)µ (ττ→H
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Main	Backgrounds	&	Control	Regions	
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Observed ττ→Z

/eeµµ→Z +jetstt

W+jets QCD multijet

Others Bkg. unc.

 (13 TeV)-135.9 fbCMS
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QCD	mulGjet:	
•  Fully	data	driven	
•  eτh/μτh	–	taken	from	region	with	

same-charge	taus	
•  τhτh	–	taken	from	region	with	

opposite	charge,	an=-isolated	taus	
•  CR	included	in	simultaneous	fit	

Zàee/μμ/ττ:	
•  LO	MC	sample	
•  Correc=ons	pTZ,	massZ,	&	

mjj	from	Zàμμ	CR	



Main	Backgrounds	
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W+Jets:	
•  Shape	from	LO	MC	
•  eτh/μτh	–	Normalized	with	

data	in	high	mT	CR	
[mT(lep,MET)>80	GeV]	

•  τhτh/eμ	–	from	MC	with	
correc=ons	

Qbar:	
•  MC	sample	
•  Single	CR	in	eμ	tbar	

enriched	CR	
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Signal	Extraction	–	VBF	
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Signal	Extraction	–	Boosted	
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Associated	producGon	
analysis	

Analysis	Overview:	
•  Targe=ng	the	third	and	fourth	leading	Higgs	produc=on	processes	by	
studying	three	and	four	lepton	final	states	

•  WH	–	three	lepton	final	states	
•  W	decaying	leptonically:	e	||	μ	

•  Hadronic:	μτhτh	&	eτhτh		
•  Semileptonic:	eμτh	&	eμτh	

•  ZH	–	four	lepton	final	states	
•  Two	different	Z	decay	channels:	ee	||	μμ	
•  Four	different	Higgs	decay	channels	depending	on	tau	decays:	

•  eτh,	μτh,	τhτh,	eμ	
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ZH	–	Example	Distributions	
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ll	+	τhτh	

ll	+	eµ	

ll	+	µτh	
ll	+	eτh	

Pre-fit,	sta=s=cal	uncertainty	only,	showing	good	yield	and	shape	agreement	for	
leading	Z	lepton	pT.		Blinded	based	on	sensi=vity	per	bin.	

•  Good	yield	and	
shape	agreement	
for	the	Jet	Fake	
backgrounds	in	
cyan	which	are	
measured	from	
the	Higgs	same-
sign	region	

•  All	other	
backgrounds	
taken	from	
simula=on	



Signal	Region	Splitting	
•  In	the	ZH	final	states,	spli�ng	the	
signal	region	into	two	categories	
based	on	the	scalar	sum	of	the	Higgs	
boson	leptons	(LT)	improves	the	
analysis	sensi=vity	

•  The	le|	half	of	each	distribu=on	is	the	
“Low-LT”	region,	right	is	the	“High-LT”	
region	
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VH	Combined	Mass	Distributions	
•  All	eight	ZH	final	states	can	be	combined	into	a	single	ZH	mass	distribu=on	
for	visualiza=on	

•  Below,	the	four	WH	final	states	are	also	be	combined	for	visualiza=on	
•  The	distribu=ons	show	the	best-fit	signal	strength	µ	=	2.5	for	the	VH	signals	
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Systematics	
•  Many	of	the	uncertain=es	which	have	the	largest	impact	on	the	final	results	
are	listed	below	

•  Two	of	the	leading	sources	of	uncertainty	are	the	tau	energy	scale	and	MET	
energy	scale,	uncertain=es	which	directly	affect	the	shape	of	the	signal	
extrac=on	variable	

•  Uncertain=es	on	the	modeling	of	the	ZTT	background	and	signal	theory	
uncertain=es	also	have	a	large	impact	
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r
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ln
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8

 0.253−
 0.276+r = 1.086 

(stat)
 0.148−

 0.153+(syst) 
 0.145−

 0.161+(bbb) 
 0.123−

 0.126+(theory)  0.077−
 0.104+r = 1.086 

Supplementary
CMS

 (13 TeV)-1 35.9 fbττ→H
Observed No theory err.

No bkg stat. or theory err. Stat. only

Impact	of	Uncertainties	
•  H	→	ττ	analyses	is	increasingly	systema=cally	limited	
•  Likelihood	scan	of	the	signal	strength	measurement	with	the	uncertainty	
split	into	four	groups:	
1.  theore=cal	uncertain=es	
2.  bin-by-bin	sta=s=cal	uncertain=es	on	the	backgrounds	
3.  other	systema=c	uncertain=es,	and	
4.  the	sta=s=cal	uncertainty	of	the	data	gathered.		
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Analysis	Comparison	
•  The	results	of	gluon	fusion	+	VBF	analysis	are	combined	with	the	associated	
produc=on	analysis	

•  The	combina=on,	covering	the	four	leading	Higgs	boson	produc=on	
processes,	results	in	an	observed	5.5	standard	devia=on	significance	of	H	→	
ττ	process	

•  The	best-fit	signal	strength	µ	=	1.24	is	compa=ble	with	the	standard	model	
expecta=on	within	one	standard	devia=on	

Signal	strength	and	significance	by	analysis	and	combinaGon	
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SigniLicance	per	Bin	
•  An	excess	of	observed	events	with	respect	to	the	SM	background	
expecta=on	is	visible	in	the	most	sensi=ve	bins	of	the	analysis		

•  Below:	distribu=ons	of	the	decimal	logarithm	of	the	ra=o	between	the	best	
fit	signal	and	the	sum	of	the	best	fit	signal	and	best	fit	background	
expecta=ons	in	each	bin	of	the	mass	distribu=ons	used	to	extract	the	results	
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Signal	Strength	by	Production	
•  The	signal	strength	can	be	
decomposed	into	the	four	
leading	Higgs	boson	
produc=on	mechanisms	
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Higgs	Boson	Couplings	
•  Couplings	of	the	Higgs	boson	
to	fermions	and	vector	
bosons	can	be	studied	based	
on	Higgs	produc=on	and	
decay	processes	
•  Couplings	to	vector	bosons	
denoted:	κV	

•  Couplings	to	fermions	
denoted:	κf	

•  The	2D	scan	of	κV	and	κf	
shows	measured	Higgs	
couplings	consistent	with	the	
standard	model	

•  The	measurement	agrees	
with	the	standard	model	
predic=ons	within	one	
standard	devia=on	
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46	
Scan	of	the	nega=ve	log-likelihood	

difference	as	a	func=on	of	κV	and	κf,	for	
mH	=	125.09	GeV		
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Conclusion	
	
•  This	5.5	standard	devia=on	observa=on	of	the	H	→	ττ	process	and	the	
consistency	of	the	Higgs	boson	couplings	with	the	standard	model	provide	
confirma=on	of	the	Higgs	boson	Yukawa	couplings	to	fermions	

•  This	is	evidence	that	the	Higgs	field	provides	mass	for	the	τ	lepton	in	
addi=on	to	the	vector	bosons	

•  The	signal	strengths	for	the	four	targeted	Higgs	produc=on	processes	are	
measured	and	show	consistency	with	standard	model	predic=ons	

Future	Outlook	
•  We	plan	to	incorporate	new	techniques	into	the	analysis	once	we	have	the	
full	Run-II	dataset,	hopefully	~150	�-1		
•  Probe	details	such	as	the	Higgs	boson	pT	spectrum	with	new	signal	model	
techniques	

•  Study	poten=al	anomalous	couplings	of	the	Higgs	boson	
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Bonus	Material	
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ZH	Fake	Rate	
•  In	Run-I	we	used	a	100%	data-driven	Fake	Rate	approach	to	model	
reducible	backgrounds,	mainly	DY+Jets,	WZ+Jets,	and	tbar	

•  In	Run-2	the	op=mized	electron	and	muon	WPs	chosen	for	the	Higgs	
candidate	legs	in	LLET,	LLMT,	and	LLEM	final	states	result	in	a	large	prompt	
lepton	contribuGon	in	measurement	region	passing	signal	cuts	

•  Because	we	want	the	fake	rate	method	to	es=mate	the	backgrounds	from	
Jet	à	e/mu/tau,	we	much	take	care	to	treat	the	prompt	background	
appropriately	

•  To	achieve	this,	use	data-driven	method	aided	by	prompt	MC	subtrac=on	
•  In	the	denominator	and	passing	regions	used	to	construct	the	fake	rates	
es=mate	fake	contribuGon	=	data	–	prompt	matched	MC	

•  Yield	is	es=mated	from	the	measured	fake	rates	by	applying	a	weight	to	data	
events	which	fail	the	signal	region	lepton	ID	and/or	isola=on	requirements	

•  The	shape	of	the	jet	fake	background	is	taken	from	the	Higgs	same-sign	
region	and	uses	relaxed	isola=on	and	ID	criteria	 10
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Measuring	Fake	Rates	
•  The	fake	rates	are	measured	in	the	Higgs	same-sign	region	to	avoid	
prompt	lepton	contribu=ons	as	much	as	possible	

•  Fake	rates	are	parameterized	by	lepton	pT	
•  In	data	the	prompt	contribu=on	is	es=mated	from	MC	and	subtracted	
•  Uncertainty	in	fake	rate	related	to	prompt	background	subtrac=on	
•  Below:	Showing	electron	fake	rates	es=ma=on,	(le|)	denominator	
selec=on,	(middle)	passing	region,	(right)	resul=ng	fake	rates	
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Fake	Rate	Uncertainties	
•  The	prompt	contribu=ons	in	jetàe/µ	are	
considerable	in	the	passing	region	at	
higher	lepton	pT	

•  We	add	a	shape	based	uncertainty	which	
fluctuates	the	prompt	contribu=ons	+/-	
20%	(10%)	in	ZH	(WH)	FRs	

•  Below:	Showing	electron	fake	rates	with	
different	scaling	for	prompt	backgrounds	
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Tau	Fake	Rates	
•  Tau	fake	rates	are	split	by	tau	decay	mode	in	denominator	selec=on	
•  A	very	very	loose	tau	ID	is	applied	in	denominator	selec=on	as	well	
•  Below:	1prong+1piZero	fake	rate	es=ma=on	in	LLLT	events,	(le|)	denominator	

selec=on,	(middle)	passing	region,	(right)	resul=ng	fake	rates	
•  The	contribu=on	from	prompt	leptons	is	negligible	in	the	tau	fake	rate	
measurements	
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Yield	&	Shape	of	Jet	Fake	Backgrounds	

•  The	yield	of	the	Jet	Fake	background	in	the	signal	region	is	es=mated	from	
the	measured	fake	rates	by	applying	a	weight	to	data	events	which	fail	the	
signal	region	lepton	ID	and/or	isola=on	requirements	

	
•  In	the	ZH	final	states,	the	shape	of	the	jet	fake	background	is	taken	from	the	
Higgs	same-sign	region	and	uses	relaxed	isola=on	and	ID	to	achieve	a	high	
sta=s=cs	shape	which	is	compa=ble	with	jet	fakes	from	MC	
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VH	Systematics	
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HTT	Systematics	-	2	
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Di-Tau	Signal	Strengths	
•  Best	fit	signal	strength	μ	per	category	(le|)	and	channel	(right),	for	mH	=	
125.09	GeV	
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Separation	of	Signal	and	Background	
•  Addi=onal	separa=on	of	signal	and	background	can	be	gained	by	specifically	
targe=ng	different	higgs	produc=on	kinema=cs	for	VBF	&	gluon	fusion	

•  In	the	VBF	targeted	category,	we	consider	2D	distribu=ons	of	di-tau	mass	
(mττ)	and	mjj	
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Separation	of	Signal	and	Background	
•  Addi=onal	separa=on	of	signal	and	background	can	be	gained	by	specifically	
targe=ng	different	higgs	produc=on	kinema=cs	for	VBF	&	gluon	fusion	

•  In	the	Boosted	category,	we	consider	2D	distribu=ons	of	di-tau	mass	(mττ)	
and	Higgs	pT	(pTττ)	
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Yukawa	Interactions	
•  A	Yukawa	coupling	is	an	interac=on	between	a	scalar	field	and	a	Dirac	field	
similar	to	
	
	
•  Dirac	fields,	ψ,	describe	fermions	
•  The	scalar	field,	φ,	is	taken	to	be	that	of	the	Higgs	boson	

•  Yukawa	interac=on	linking	together	the	fermions	and	the	Higgs	boson,	
results	in	massive	fermions	where	their	mass	can	be	writen	as,	

	
•  mf	covers	the	masses	for	the	nine	charged	fermions	
•  hf	is	the	Yukawa	coupling	of	that	fermion	to	the	Higgs	boson	
•  v	is	the	vacuum	expecta=on	value	from	the	previous	slide,	v	=	246	GeV	 10
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H	→	ττ	Couplings	Progression	-	I	
•  Run-I	CMS	+	ATLAS	Combina=on	
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H	→	ττ	Couplings	Progression	-	II	
•  +	CMS	Run-II	2016	combina=on	without	VH	
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H	→	ττ	Couplings	Progression	-	III	
•  +	CMS	Run-I	distribu=on	
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H	→	ττ	Couplings	Progression	-	IV	
•  +	CMS	2016	Run-II	distribu=on	
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