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Physics	opportunities	at	the	HL-LHC
•Examine	Higgs	boson	and	boundaries	of	the	Standard	Model		

• precise	determination	of	mass,	couplings,	decay	modes	
• searches	for	New	Physics	and	dark	matter	

•Need	to	understand	SM	processes	
• production	of	γ,	W,	Z,	or	top	quarks	+	jets	
• always	appear	as	irreducible	or	reducible	background	

•Have	their	own	intrinsic	interest,	e.g.	
• SM	electroweak	parameters,	tt	̄cross	section,	…	

○ need	improved	theoretical	understanding	and	inclusion	in	event	generators	

• improved	determination	of	PDF	
• searches	for	anomalous	gauge	boson	couplings	
• tests	of	the	unitarity-cancellation	mechanism	in	the	SM	
• top-quark	mass	
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Topics	for	this	presentation
•Standard	Model	studies	

• vector	boson	scattering	
○ W±	W±		and	WZ	scattering	

• forward	region	physics	
○ e.g.	PDFs,	intrinsic	charm	

•Top	quark	studies	
• mass	

○ classic	methods	
○ with	less	dependence	on	jet	systematics	
○ indirect	pole	mass	determination	

• forward	region	
• flavour	changing	neutral	currents	

○ single	top	quark	qg→	tγ	production	
○ t	→	Zq	→	ℓℓq	decay	
○ t	→	Hq	→	bb-q	decay	
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ATLAS Top & SM results - ECFA prep meeting, 15/09/2016

ssWW

• ssWW HL-LHC Analysis 
• Two forward jets well separated in rapidity 
• Two same-sign leptons 
• ETmiss 
• Dominant backgrounds: ssWW QCD and WZ
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•Run-1	
• fiducial	W±W±jj	→	ℓ±ℓ±	+	tag	jets	+	ETmiss		

○ evidence	of	EWK	production	at	3.6	σ	(1.9	σ),	
with	2.8	σ	(2.9	σ)	expected	by	ATLAS	(CMS)	

○ fiducial	cross-sections	with	Δσ/σ	=	30%	(60%)	
○ interpret	as	limit	on	anomalous	QGC	(or	H±±)

VBS	–	motivation	and	current	results
•Electroweak	VV→VVjj	scattering	

• via	TGC,	QGC	or	Higgs	boson	exchange	
• cancellation	→	sensitive	probe	of	new	physics	
• distinct	signature	in	detector,	good	S/B	ratio	(VV	QCD,	tt,̄	V+jets,	…)
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•Latest	result	
• W±Vjj	→	ℓ±	+	had	+	tag	jets	+	ETmiss		

○ V	=	W,	Z	→	decaying	hadronically	
○ reconstructed	as	2	jets	or	1	large-R	jet	
○ interpret	as	limit	on	anomalous	QGC	

1609.05122	subm.	to	PRD
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In this paper we survey the signals and backgrounds for a strongly interacting electroweak symmetry-
breaking sector at hadron supercolliders in the TeV region. We study the process pp ~WWX, and com-
pute the rates for the "gold-plated" channels, where W+~1+v and Z~'+l (l=e,p), for a wide
variety of models. Using a forward jet-tag, a central jet-veto, and a back-to-back lepton cut to suppress
the standard model backgrounds, we demonstrate that the SSC and CERN LHC have substantial sensi-
tivity to strong interactions in the electroweak symmetry-breaking sector.

PACS number(s): 12.60.—Fr, 13.38.Be, 13.38.Dg, 14.80.Bn

I. INTRODUCTION

During the past decade, the discovery of the W and Z
bosons demonstrated that the gauge structure of the stan-
dard model (SM} is correct. However, little is known
about the mechanism that gives the vector bosons their
mass. In the standard model, they acquire mass because
a scalar field, the Higgs doublet, has a nonzero vacuum
expectation value v. At present, however, there is no ex-
perimental evidence in favor of the Higgs particle: all the
precision measurements can be described by a Higgs-
boson-free standard model.
Of course, the standard model without a Higgs boson

cannot be a fundamental theory [1,2]. It is only an
effective theory, breaking down below a few TeV. New
physics must emerge below this scale, which the next
round of accelerators had better be prepared to find.
WW scattering provides a particularly promising ave-

nue for investigating this new physics (here and hence-
forth W generically denotes the W or Z boson, unless
specified otherwise}. The WW—+ 8'W cross section
without a light Higgs boson violates perturbative unitari-
ty at about 1 TeV. Consequently, new physics must cou-
ple to this channel in just such a way as to cure its bad
high-energy behavior.
In this paper we will investigate signals and back-

grounds for the process pp~ WWX at hadron supercol-
liders, such as the Superconducting Super Collider (SSC)
and CERN Large Hadron Collider (LHC). We will con-
centrate on the situation in which there are no new parti-
cles below 1 TeV. We shall study a variety of possible
models, all of which are perfectly consistent with the data
to date.
Of course, in such studies one must decide what is the

"signal" and what is the background. " We will take the

signal to be the process pp~ WL WLX, as shown in Fig.
1, where L refers to longitudinal polarization (while the
transverse polarization will be denoted by T). This
definition of the signal is appropriate because the WL WL
channels couple most strongly for new physics, and
Wl WL production is negligible unless the interactions
among the 8s are strong. Since we are mainly interested
in physics for the electroweak symmetry-breaking sector,
we wi11 not include the contributions to our Wl WL signal
from Yukawa couplings, such as tMt in the SM. The
most difficult background to the WL WL final state is
WL W~ and W~W~ p~oductio~: pp ~WL W~X and
pp~W&W~X. Such processes are a background in the
sense that their cross sections are essentially independent
of strong interactions in the 8' sector; i.e., they are in-
sensitive to new physics. Further, this background is ir-
reducible in that the final state contains two real W's
analogous to the signal of interest (ignoring polarization).
Ultimately, after appropriate cuts, the WI W~.
+ Wz- Wz background is dominated by the "electroweak"
(EW) diagrams, as shown in Fig. 2(a), which includes
Wz-Wz-, WL W„scattering diagrams and those in which
Ws are radiated or emitted via electroweak interactions.
An additional contribution to the W& Wl + W& W~ back-

Wg

FIG. 1. Symbolic diagrams for the 8'I O'L ~Wl 8'L scatter-
ing signal. The black region represents the Wl O'I strongly in-
teracting physics.

0556-2821/94/49(3)/1246(19)/$06. 00 1246 Qc 1994 The American Physical Society
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VBS	–	previous	HL-LHC	studies
•Before	2015	

• exploring	all	channels	pp→	W±W±jj,	WZjj,	ZZjj	
• discovery	potential	for	observing	longitudinal	VBS	&	aQGC
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•Scoping	document:	W±W±jj	
• backgrounds	from	Run-1	analysis	

○ dominant	ones	scaled	to	account	for	all	

• main	gains	from	extended	tracking	
○ greater	lepton	coverage	(reduces	WZ)	
○ greater	pile-up	jet	rejection	

• expectations	for	EKW	W±W±jj	
○ ZσΒ	significance	~11,	Δσ/σ	=	5.9%

•Technical	Proposal:	W±Vjj	
• use	global	fake	rate	scale	factor	
• main	gains	from	

○ better	jet-ℓ	fake	rate,	larger	coverage	
○ better	pile-up	rejection	(fwd	calorimeter)	

• expectations	for	
○ W±W±jj		with	Δσ/σ	=	5%,	WZjj		
○ polarisation:	VLVL	→	VLVL		at	2.75σ
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VBS	–	new	study	(CMS)
•Same	channels	as	in	Technical	Proposal	

• now	including	all	sources	of	background,	including	reducible	and	fakes	
• report	results	as	a	function	of	data/MC	fake	rate	scale	factor	
• expect	Δσ/σ	≤	10%	for	WW	and	WZ	VBS	and	2.75	σ	for	VLVL		scattering	

•Sensitivity	to	different	BSM	scenarios	
• generic	no-Higgs	scenario	
• presence	of	additional	dim-8	operators	in	EFT	framework	
• partial	unitarization	

•Comparing	scenarios	(current,	aged,	upgraded)	
• detector	upgrade	recovering	performance	lost	from	ageing	of	CMS	detector
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W+b,c	at	LHCb
•Run	1	results	agree	with	SM	predictions	

• expect	factors	of	10	(Run-2)	to	600	(HL-LHC)	more	W+HF	events	
• allows	for	double-differential	measurements
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Figure 3: (left) Our measurement of the forward-central bb̄ asymmetry (Abb̄
FC) compared to

NLO SM calculations from Ref. [37]. The predicted enhancement in the central bin is due
to the Z boson. (right) Results from Ref. [8] on W + b and W + c production compared to
NLO SM predictions obtained using MCFM. The LHCb error bars include both statistical
and systematic contributions.

of the m(�) range, and place the most stringent constraints to date (about two orders of
magnitude more stringent that existing limits) on many theories that predict the existence
of additional low-mass bosons. For example, the limits are O(PeV) on the decay constant
for axion-like scenarios, and are less than 0.5 mrad on the mixing angle between the Higgs
and dark-scalar fields over most of the range from dimuon to ditau threshold.

4.1.3 Beauty Charge Asymmetry

I performed an analysis – published in PRL [5] – with Kostas Petridis (then Imperial College
London, now Bristol) that made the first measurement of the charge asymmetry in beauty-
quark pair production at a hadron collider. Since the LHC employs symmetric p-p beams,
the bb̄ asymmetry is defined using the rapidity di↵erence between the b and b̄. The primary
motivation for making this measurement was that many BSM solutions to the tt̄ charge
asymmetry “puzzle” at the Tevatron also predict observable non-SM-like asymmetries in bb̄
and cc̄ production at the LHC [36]. For example, axigluon models predict striking signatures
in these final states in pp collisions. A secondary motivation was that this measurement
provided an opportunity to study my inclusive b trigger as a b-jet tagger. Figure 3 shows
that our results are consistent with NLO SM calculations [37]. While the tt̄ puzzle is now
to a large extent resolved, Ref. [37] points out that these charge-asymmetry measurements
still provide useful SM tests. Furthermore, the ratio �(cc̄)/�(bb̄) is robust with respect to
higher-order QCD corrections making it a potentially useful calibration tool for c-jet tagging.

4.1.4 Beauty and Charm Jet Tagging

My experience developing the inclusive b trigger [15, 20], and measuring the beauty charge
asymmetry, convinced me that LHCb should be able to e�ciently identify charm jets with
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A direct probe of the intrinsic charm content of the proton

Tom Boettcher,⇤ Philip Ilten,† and Mike Williams‡

Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

Measurement of Z bosons produced in association with charm jets (Zc) in proton-proton collisions
in the forward region provides a direct probe of a potential non-perturbative (intrinsic) charm
component in the proton wave function. We provide a detailed study of the potential to measure
Zc production at the LHCb experiment in Runs 2 and 3 of the LHC. The sensitivity to valence-like
(sea-like) intrinsic charm is predicted to be hxiIC & 0.3%(1%). The impact of intrinsic charm on
Higgs production at the LHC, including Hc, is also discussed in detail.

INTRODUCTION

Whether the proton wave function contains an intrin-
sic charm (IC) component is a topic of considerable in-
terest (see Ref. [1] for a review). In the absence of IC,
the charm (c) parton distribution function (PDF) arises
entirely due to perturbative gluon radiation; however, a
|uudcc̄i component to the proton wave function is also
possible. There is substantial theoretical interest in the
role that non-perturbative dynamics play in the nucleon
sea [2–4]. Furthermore, the presence of IC in the pro-
ton would a↵ect the cross sections of many processes at
the LHC either directly, from c or c̄ initiated produc-
tion; or indirectly, since altering the c PDF would a↵ect
other PDFs via the momentum sum rule. For example,
Higgs boson production could be a↵ected by a few per-
cent, largely due to changes in the gluon PDF. The cross
sections relevant for direct dark matter detection are sen-
sitive to IC if the interaction is mediated by the Higgs
boson [5]. IC would also a↵ect both the rate and kine-
matical properties of c-hadrons produced by cosmic-ray
proton interactions in the atmosphere. Semileptonic de-
cays of such c-hadrons provide an important background
to astrophysical neutrinos [6, 7].

A number of studies have been performed to deter-
mine if – and at what level – IC exists in the proton.
Measurements of c-hadron production from deep inelastic
scattering (DIS) [8], where the typical momentum trans-
fer is Q ⇡ 1 � 10 GeV, may be suggestive of percent-
level c-content in the proton at large momentum fraction
(x) [9–11]. If the c PDF is entirely perturbative in nature,
much smaller c content at large x is expected; whereas,
valence-like charm content in the proton could explain
the DIS results. However, global PDF analyses tend to ei-
ther provide inconclusive results on IC [12], or claim that
IC is excluded at a level significantly less than 1% [13].
There is tension between some data sets applicable to
such analyses where they overlap kinematically. This has
led to global PDF fitters choosing either which data sets
to consider, or how to handle the inherent tension be-
tween data sets in their studies. Low-energy fixed-target
experiments are in principle sensitive to large-x IC, but
inclusion of such low-Q data requires careful treatment
of hadronic and nuclear e↵ects. Therefore, many au-

thors have chosen to exclude these data. Such choices in-
evitably a↵ect the conclusions drawn about IC. To date,
a consensus has not been reached on whether IC exists
at the percent level [14, 15].

The ideal probe of IC is a high-precision measurement
of an observable with direct sensitivity to the large-x
charm PDF, where Q is large enough such that hadronic
and nuclear e↵ects are negligible. Measurement of the
fraction of Z+jet events where the jet originates from a
c quark, Zc

j ⌘ �(Zc)/�(Zj), in the forward region at the
LHC can provide such a probe. Production of Zc may
proceed via gc! Zc (see Fig. 1); is inherently at large Q
(due to the large Z mass); and at forward rapidities re-
quires one initial parton to have large x, while the other
must have small x (see Fig. 2). Di↵erential measurement
of Zc

j provides direct sensitivity to the process gc! Zc
for the c PDF at large x. The ratio Zc

j is chosen be-
cause it is less sensitive to experimental and theoretical
uncertainties than �(Zc).

In this Letter, we propose a di↵erential measurement
of Zc production in proton-proton (pp) collisions in the
forward region. We show that using data that will be
collected in Runs 2 and 3 of the LHC, the LHCb exper-
iment will be highly sensitive to both valence-like and
sea-like IC. While measurement of �(Zc) in the central
region has previously been proposed to study IC [12],
we will show that the impact of IC is larger in the for-
ward region and that the LHCb detector is best suited
to making a precise measurement of �(Zc). Finally, even
in the absence of discovery of IC content in the proton,
this measurement will provide a useful test of DGLAP
evolution for c quarks from low-Q DIS measurements up
to the electroweak scale.

g

c

c

Z

g

c

c

Z

FIG. 1. Leading-order Feynman diagrams for gc! Zc.

PRD	92	(2015)	052001

JHEP	01	(2015)	064

•Proton	charm	content	
• highly	sensitive	to	a	possible	“intrinsic”	(non-perturbative)	charm	at	HL-LHC

Boettcher,	Ilten	and	Williams,	PRD	93	(2016)	074008
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mtop	–	motivation	and	current	results
•Fundamental	parameter	of	theory	

• related	to	other	EWK	parameters	-	stringent	tests	of	SM	
• important	for	mW	or	BF(Bs	→	μμ)	predictions	
• vacuum	stability	depends	on	exact	value	of	mtop	

•Most	precise	measurements,	with	Δmtop/mtop	<	1	GeV	
• 172.35	±	0.51	GeV	(CMS	ℓ+jets)	
• 172.32	±	0.64	GeV	(CMS	all	had.)	
• 174.98	±	0.75	GeV	(DØ	ℓ+jets)	
• 172.99	±	0.81	GeV	(ATLAS	dilepton)	
→	extracting	the	Monte-Carlo	mass	

•Alternative	approaches	
• indirect	extraction	of	pole	mass,	e.g.	σtt	̄	

• less	dependence	on	JES:	using	m(J/ψ,	ℓ),	m(SV,	ℓ),	pT(ℓℓ),	mT2	
• different	environment:	single	top
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mtop	–	previous	studies
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2013	
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•What	did	we	learn	in	
the	mean	time	for	
HL-LHC?
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mtop	–	new	extrapolation	(CMS)
•Updated	projections	with	8	TeV	analysis	experience	

• additional	channels:	single	top,	σtt,̄	sec.	vtx	
• pile-up	expected	to	be	kept	under	control	
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Figure 1: Total top-quark mass (mt) uncertainty obtained with different measurement methods at present and
their projections to the High-Luminosity LHC for running conditions foreseen after the phase II upgrade. The
projections for

p
s = 14TeV, with 0.3ab�1 or 3ab�1 of data, are based on mt measurements performed at the

LHC Run I, assuming that an upgraded detector will maintain the same physics performance despite a severe
pileup. The methodology is the same as in CMS-PAS-FTR-13-017 and this Figure supersedes its result. A
potential reduction of the trigger efficiency of up to a factor 3 as well as many improvements in the
understanding of the systematic uncertainties are expected. With data collected during the Run I, most
analyses are already limited by systematic uncertainties except for the J/y method which is still affected by a
sizeable statistical uncertainty. With 3ab�1 of data, all analyses will be limited by systematic uncertainties, and
especially by theoretical modeling uncertainties. Conventional methods, which are the most precise ones, are
expected to yield an ultimate relative precision below 0.1%.
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•From	tt	̄cross-section	
• limited	by	theory	uncertainty	
• and	lumi	measurement	

•Stats.	dominated	channels	
• J/ψ	and	sec.	vtx	

•Single	top		
• presence	of	forward	jet	
• EWK	process,	different	CR,	PDF	

•Standard	ℓ+jets	
• benefit	from	modeling	studies,	

expect	Δmtop/mtop	~	0.17	GeV
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16

•mtop	measurements	will	be	an	important	element	of	HL-LHC	
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Top	quarks	at	LHCb
•Top	production	in	the	forward	region		

• probes	the	large-x	gluon	PDF	and	may	be	more	sensitive	to	BSM	
• LHCb	observed	top	using	a	reduced	fiducial	region	of	the	W+b	analysis	

○ 50	<	pT(jet)	<	100	GeV;	enriches	sample	in	top	

•Top	sample	
• expect	factors	of	20	(Run	2)	to	1200	(HL-LHC)	more	top-quark	events	
• will	enable	separating	tt	̄and	single-top	and	(double)	differential	

measurements

11
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Figure 4: From Ref. [4]: (left) Yield of the W + b final state vs transverse component of the
sum of the muon and b-jet momenta. The SM prediction obtained using MCFM at NLO is
shown with (Wb+top) and without (Wb) a top quark contribution. (right) Comparison of
the measured and SM predicted cross sections for �(top) ⌘ �(tt̄ + t + t̄). The LHCb error
bars include statistical, experimental systematic, and theory uncertainties.

trigger stage one (HLT1). The output rate of HLT1 is about 150 kHz. Finally, the full track
reconstruction is run on events selected by HLT1; this is HLT2. Phil and I re-optimized the
HLT1 single-displaced-track trigger for Run 2 to make it more e�cient for b- and c-hadron
decays – and for many BSM scenarios. We also worked with Tatiana Likhomanenko and
Andrey Ustyuzhanin (Yandex Corporation) to develop a new HLT1 secondary-vertex-based
algorithm that significantly enhances the e�ciency for charm physics. Furthermore, we re-
optimized the inclusive b trigger used in HLT2. The vast majority of LHCb papers produced
using Run 2 data will use our HLT1 trigger(s), while most will use our HLT2 trigger.

4.1.8 Other NSF-Supported Work

QCD Factorization

I worked with two MIT undergraduate students (Aviv Cukierman and Connor Dorothy) to
measure a collection of b-hadron decay ratios involving both b mesons and baryons. This
work – published in PRL [6] – provided a number useful tests of QCD factorization, along
with the most precise measurement of the mass of a b baryon (useful for building/testing
hadronic models).

Z Boson Production

Phil worked with J. Anderson and K. Müller (Zurich), S. Bifani (Birmingham), S. Farry
(Liverpool), and R. Wallace (University College Dublin) to measure the Z boson production
cross section in the forward region at

p
s = 7 TeV [9]. The precision achieved is about 2%

(to our knowledge, this is the most precise cross section measurement made at a hadron
collider), which permits placing important constraints on proton PDFs. The ratio of W
boson to Z boson production cross sections was also measured with a precision of better
than 1%.

8

PRL	115	(2015)	112001

<x1>	~	0.2,	<x2>	~	0.02

Kagan,	Kamenik,	Perez,	Stone,	PRL	107	(2011)	082003
Gauld,	JHEP02(2014)126

soon	to	become	public		
LHCb-PAPER-2016-038
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FCNC	–	motivation
•In	Standard	Model	

• forbidden	at	tree	level	
• only	via	loops,	but	highly	

suppressed	
•Search	

• single	top	(production)	
• top-quark	pair	(decay)

12
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SM 2HDM MSSM

BF(t→	cg) 5⋅	10–12 10–8	–	10–4 10–7	–	10–6

BF(t→	cZ) 1⋅	10–14 10–10	–	10–6 10–7	–	10–6

BF(t→	cγ) 5⋅	10–14 10–9	–	10–7 10–9	–	10–8

BF(t→	cH) 3⋅	10–15 10–5	–	10–3 10–9	–	10–5
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• Forbidden at tree level 
• Only via loops, but 

highly suppressed  
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FCNC	–	current	status

13

Upper limit on top quark branching fraction at 95% C.L.

-510 -410 -310 -210 -110 1

t → ℓj j CMS [216]
 b+

sc H→t CMS [212]
 b+

sc H→t ATLAS [213]
b+
τντ H→t ATLAS [210]
b+
τντ H→t CMS [211]

 H c→t CMS [204]
 H c→t ATLAS [203]
 H u→t ATLAS [203]

 cγ →t CMS [200]
 uγ →t CMS [200]

 Z q→t ATLAS [197]
 Z q→t CMS [194]

 g c→t ATLAS [193]
 g u→t ATLAS [193]

											M.Cristinziani	and	M.Mulders,	arXiv:1606.00327,	submitted	to	J.	Phys.	G
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FCNC	–	new	tqγ	study
•Following	8	TeV	analysis	

• JHEP	04	(2016)	035	→	but	cut	&	count	
•Selection	(not	reoptimised	for	14TeV)	

• exactly	1	tight,	isolated	μ	
○ veto	loose	μ/e	

• exactly	1	b-tagged	jet	
• exactly	1	isolated	high	ET	photon	

○ well	separated	from	jet	and	μ,	ΔR	=	0.7	

• reconstructed	130	<	mtop	<	220	GeV

14

g

u/c

u/c

γ

t

b
+W

+µ

µν

The transverse momentum (left) and pseudorapidity (right) distributions of the reconstructed photon candidates from top
+γ production due to tuγ FCNC interaction are presented.  The distribution of various background processes with V = 
W, Z,γ are depicted. The signal events have been generated with MadGraph 5 [1] and passed through DELPHES [2]  for 
simulation of the upgraded CMS detector. In the signal event the photon is expected to have a very large transverse 
momentum because of its recoil from the heavy top quark. The background estimate arising from fake photons has been 
extrapolated from the 8 TeV data [3]. 

Sensitivity of CMS detector to tqγ FCNC at HL-LHC

Leading-order  Feynman  diagram  for  single  top  quark 
production  plus  a  photon  due  to  FCNC  (Flavor  Changing 
Neutral Current), including the muonic decay of the W boson 
from the top quark decay.

1	

soon	to	become	public	
DP–2016/064
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FCNC	–	new	tqγ	study
•Dominant	contributions	from	backgrounds	

• assumed	to	be	controllable	with	large	statistics	
from	3	ab–1	

•Consider	two	scenarios	for	systematics	
• scenario	1	:	no	change	w.r.t.	8	TeV	result	
• scenario	2	

○ theory	uncertainties	scaled	by	0.5	
○ experimental	uncertainties	based	on	studies	with	

Phase	II	detector	and	luminosity

15

CMS	DP–2016/06x

→	Sensitivity	increase	by	factor	3	to	10	(depending	on	channel	and	scenario)

Upper limits at the 95% CL for B(tà u+γ) and B(tàc+γ) obtained in 8 TeV data [2] with an integrated luminosity of 19.7 
fb-1 and the expected limits at 14 TeV with an integrated luminosity of 3 ab-1 using CMS DELPHES simulation for two 
scenarios  for  considering systematic  uncertainties.  Limits  in  scenario  1  correspond to  the  case  where  all  systematic 
uncertainties  are  taken  similar  to  the  8  TeV analysis.  In  scenario  2  of  the  systematic  uncertainties,  the  theoretical 
uncertainties are scaled by a factor 1/2 and  the experimental systematic uncertainties such as b-tagging efficiency, jet 
energy scale, lepton identification and isolation etc. are assumed to be improved in the upgraded detector.

2	

The 95% CL upper limit on the branching fractions of t à u + γ (left) and t à c + γ (right) are presented in terms of the 
integrated luminosity up to 3 ab-1. The dashed curve is the expected upper limit at 95% CL and green and yellow bands 
show the ±1 and ±2 standard deviations from the expected limits. The results are obtained in a scenario of systematic 
uncertainties assuming better understanding of theoretical predictions and an improved detector performance.

Upper limits at the 95% CL for B(tà u+γ) and B(tàc+γ) obtained in 8 TeV data [2] with an integrated luminosity of 19.7 
fb-1 and the expected limits at 14 TeV with an integrated luminosity of 3 ab-1 using CMS DELPHES simulation for two 
scenarios  for  considering systematic  uncertainties.  Limits  in  scenario  1  correspond to  the  case  where  all  systematic 
uncertainties  are  taken  similar  to  the  8  TeV analysis.  In  scenario  2  of  the  systematic  uncertainties,  the  theoretical 
uncertainties are scaled by a factor 1/2 and  the experimental systematic uncertainties such as b-tagging efficiency, jet 
energy scale, lepton identification and isolation etc. are assumed to be improved in the upgraded detector.

2	

The 95% CL upper limit on the branching fractions of t à u + γ (left) and t à c + γ (right) are presented in terms of the 
integrated luminosity up to 3 ab-1. The dashed curve is the expected upper limit at 95% CL and green and yellow bands 
show the ±1 and ±2 standard deviations from the expected limits. The results are obtained in a scenario of systematic 
uncertainties assuming better understanding of theoretical predictions and an improved detector performance.
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FCNC	–	new	tZq	study
•Selection	

• three	leptons,	one	OSSF	in	Z-mass	window	
• ≥1	b-jet,	≥	1	non-b-jet	

•Kinematic	reconstruction
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Figure 1: Distribution of the Emiss
T , number of reconstructed jets and number of b-tagged jets after applying the

selection for the reference scenario. The signal and the sum of all backgrounds are normalised to one.
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Figure 2: Distribution of the Emiss
T , number of reconstructed jets and number of b-tagged jets after applying the

selection for the low scenario. The signal and the sum of all backgrounds are normalised to one.

the Z boson. Table 3 shows the expected signal yields for the assumed FCNC hypothesis described in
Table 1.

5.2 Kinematic reconstruction

After a candidate event passes the event preselection, the kinematic reconstruction described in Ref. [5]
is used to reconstruct the t!Zu trilepton event. The process seeks to minimise:

�2 =

⇣
mZ � mreco

`1`2

⌘2

�2
Z

+

⇣
mW � mreco

`3⌫

⌘2

�2
W

+

⇣
mt � mreco

`3⌫ jb

⌘2

�2
t!Wb

+

⇣
mt � mreco

`1`2 ju

⌘2

�2
t!Zq

,

where mreco
ABC is the invariant mass of the physics objects listed in the subscript, the leptons `1 and `2 are

the two OSSF reconstructed leptons that are assumed to be the product of the Z-boson decay, while `3
is the reconstructed lepton that is assumed to have originated from the W-boson decay. The b-tagged
jet jb is assumed to be the product of the t!Wb decay, while ju is the non-b-tagged jet assumed to
come from the t!Zu decay. ⌫ is associated with the four-momentum of the neutrino from the W-boson
decay: the missing transverse momentum of the event is associated with the transverse momentum of ⌫,

5
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Layout Set “�” t!Zu “�” t!Zu “�” t!Zc “�” t!Zc “�” t!Zu+Zc “�” t!Zu+Zc

Reference A 18 · 10�5 16 · 10�5 41 · 10�5 36 · 10�5 13 · 10�5 12 · 10�5

B 13 · 10�5 13 · 10�5 24 · 10�5 23 · 10�5 8.9 · 10�5 8.3 · 10�5

Middle A 18 · 10�5 18 · 10�5 44 · 10�5 40 · 10�5 13 · 10�5 13 · 10�5

B 13 · 10�5 13 · 10�5 26 · 10�5 25 · 10�5 9.0 · 10�5 8.9 · 10�5

Low A 18 · 10�5 17 · 10�5 48 · 10�5 43 · 10�5 14 · 10�5 13 · 10�5

B 14 · 10�5 13 · 10�5 29 · 10�5 28 · 10�5 9.8 · 10�5 9.3 · 10�5

Table 5: FCNC-induced t!Zq decays branching ratio limits at 95% CL using the two systematic uncertainties sets
described in the text for the di↵erent ATLAS detector upgrade layouts.

It can be expected that by the time of the HL-LHC era, much progress in theory and the availability of
very large sets of data for calibration, will allow to significantly reduce systematic uncertainties.

6 t!Hq analysis

6.1 Event selection

The t!Hq analysis uses tt̄ events, where one of the top quarks decays via the FCNC-induced transition
(t!Hq!bb̄q), while the other top quark decays leptonically (t!Wb!`⌫b). Therefore, the signature of
interest is an energetic lepton, three b-quarks and either a u- or a c-quark. Reconstructed signal events
in an ideal case should contain an isolated energetic lepton, three b-tagged jets and one non-b-tagged jet.
Some reconstructed t!Hc events may contain four b-tagged jets due to a significant probability to b-tag
a jet produced by a charm quark. Due to the limited acceptance of the ATLAS detector, the presence of
pile-up and gluon radiation jets, the b-tagging ine�ciency and fake rate, the reconstructed jet multiplicity
and composition may not coincide with the assumed quark multiplicity and composition in the event2.
A t!Hu event may have 4 b-jets only due to wrongly tagged light jets, which cannot be predicted for
pile-up jets with the needed accuracy. The event rate with exactly 4 b-jets for t!Hc events is small and
also contains an important fraction of fake b-jets. To reduce the influence of the non-perfect description
of the light and charm jet b-tagging probabilities in the upgrade simulation on the analysis results and to
make the description of the t!Hu and t!Hc events more similar, the events with 4 and more b-tagged
jets are not considered in the present analysis. Events with one b-tagged jet are dominated by various
backgrounds. Therefore, only events with two or three b-tagged jets are used in this analysis.

The final-state composition defines the analysis strategy. The event selection starts by the application of
the parameterised single isolated lepton trigger e�ciency. Events that passed the trigger requirement are
divided into several categories, depending on the reconstructed number of jets and b-tagged jets. The
dominant part of the signal events is expected to fall into six categories, listed in Table 6.

2 The analysis uses the 70% b-tagging working point which corresponds to ⇠20% e�ciency to b-tag a charm jet. Therefore, the
probability to reconstruct exactly 4 b-jets for a t!Hc signal event is (0.7)3 · 0.2 = 0.07%, only, not considering acceptance
losses.
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FCNC	–	new	tZq	study
•Systematic	uncertainties:	two	scenarios	considered	
•Set	A	

• 2%	lumi	
• 6%	WZ	and	signal	
• 62%	Z+jets,	tt	̄
• 50%	tZ,	tWZ	
• 30%	ttV̄

17

•Set	B	
• 2%	lumi	
• 6%	WZ	and	signal	
• 30%	Z+jets,	tt	̄
• 10%	tZ,	tWZ	
• 6%	ttV̄

→	Sensitivity	increase	by	factor	2	to	6	(depending	on	channel	and	scenario)

1 Introduction

This note presents a study of the sensitivity of the upgraded ATLAS detector at HL-LHC to observe
flavour-changing neutral currents (FCNC) in top-quark decays. Top-quark decays to neutral bosons and
up-type quarks are strongly suppressed in the Standard Model due to the GIM [1] mechanism, but could
be significantly enhanced if new physics is present. At the LHC the decay t!Zq has been searched for in
tt̄ events with 7 [2, 3] and 8 TeV [4, 5] collision data in final states with three leptons, obtaining an upper
limit of B(t!Zq) < 50 · 10�5 at 95% C.L.. Shortly after their first searches with data, both ATLAS and
CMS studied the sensitivity to FCNC t!Zq decays for the HL-LHC, extrapolating the results of Ref. [2]
and in a dedicated analysis, respectively, predicting a sensitivity of 10 · 10�5 [6, 7].

Also t!Hq transitions have been actively searched for in tt̄ events at LHC. Searches are performed in
three channels, characterised by the decay mode of the Higgs boson (��, bb̄ or multilepton, the latter
targeting WW?, ⌧⌧ and ZZ?). The sensitivities in the di↵erent channels in Run-1 are similar to each
other [8–10] and limits are computed combining these channels of B(t!Hu) < 45 · 10�4 and B(t!Hc) <
46 · 10�4. The ATLAS analysis in the H ! �� channel [8] has been extrapolated to the HL-LHC,
predicting sensitivities of 1.5 · 10�4 for B(t!Hc) [11].

In this note the channels considered include transitions induced by a Z boson or a Higgs boson with the
subsequent decay of the Z boson into a lepton pair or of the Higgs boson into a bb̄ pair. Three di↵erent
ATLAS detector upgrade scenarios are studied — reference, middle and low. The reference detector has
an extended inner tracker and a very-forward muon tagger, extending the coverage to |⌘| = 4.0 [12].
The performance of the upgraded detector is estimated in the HL-LHC conditions assuming an average
number of interactions per crossing of 200 at a centre-of-mass energy of 14 TeV. Sensitivities are reported
in three scenarios for the systematic uncertainties, corresponding to negligible systematic uncertainties
(statistical uncertainties only), to the same systematic uncertainties as determined for the Run 1 8 TeV
analyses [5, 10], and to assumed improved systematic uncertainties for the HL-LHC phase.

2 Data and Monte-Carlo simulation samples

Simulation datasets are used to model the expected signal and background events. The process pp! tt̄ is
generated at a centre-of-mass energy of 14 TeV, and the decays of interest, t!Zq and t!Hq with q=u, c,
are studied as a decay of one top (or anti-top) quark. The signal tt̄ ! WbZq and tt̄ ! WbHq events are
generated with Protos [13–15] + Pythia, and normalised to the NLO tt̄ prediction. Protos implements
a general fermion-fermion-gauge boson interaction description generated by e↵ective gauge-invariant
operators of dimension six. As shown in [14, 15] this description requires only �µ and �µ⌫ terms, while
the Standard Model contains solely �µ terms [16, 17]. The FCNC t!Zq decay in Protos is parametrised
via four independent couplings, the XL, XR of the �µ type and L, R of the �µ⌫ type. The Lagrangian can
be written as

LtZu = �
g

2cW
ū�µ
⇣
XLPL + XRPR

⌘
tZµ �

g

2cW
ū

i�µ⌫(p⌫t � p⌫u)
MZ

⇣
LPL + 

RPR
⌘

tZµ + h.c.,

with the projection operators PR,L = 1/2 · (1 ± �5). For the present analysis the FCNC t!Zq decays
produced by the “�” and “�” type Lagrangian terms are generated separately. The general description of
the FCNC t!Hq decays with scalar Higgs bosons requires only two scalar and pseudo-scalar couplings;

2

ATLAS-PUB-2016-019
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FCNC	–	new	tHq	study
•Consider	several	final	states	to	
cope	with	acceptance/inefficiency	

• 2	b-jets	with	4	or	≥5	jets	
• 3	b-jets	with	3,	4,	5,	or	≥6	jets	

•Discriminant	variable	
• constructed	in	each	region	
• try	to	identify	Higgs,	W,	top	peaks	
• using	every	possible	permutation

18
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FCNC	–	new	tHq	study
•Discriminant	variable	

• here	shown	for	the	t→Hu	case	
•Systematic	uncertainties	

• Set	A	and	Set	B	
• more	or	less	conservative
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• 6% relative uncertainty in the normalisations of the signal and non-tt̄ backgrounds;

• 2% relative uncertainty in the b-tagging e�ciency;

• 10% relative uncertainty in the light jet fake rate.

Similarly to Section 5.4 the expected limits on the FCNC-induced top-quark decays t ! Hu(c) are cal-
culated using the profile likelihood method [24] as described in Section 6.2. The statistical package
RooStat [21] is used to combine all discriminant variables D0 into a single statistics following the stat-
istical analysis method used in Ref. [10] where further details can be found. Table 14 shows the 95% C.L.
limits on the FCNC-induced top-quark decays t!Hq estimated using the Asimov dataset fits in the dif-
ferent ATLAS detector upgrade scenarios.

Layout Set t!Hu t!Hc t!Hu+Hc

Reference A 2.4 · 10�4 2.0 · 10�4 1.1 · 10�4

B 2.4 · 10�4 2.0 · 10�4 1.1 · 10�4

Middle A 2.9 · 10�4 2.4 · 10�4 1.3 · 10�4

B 2.9 · 10�4 2.4 · 10�4 1.3 · 10�4

Low A 3.5 · 10�4 3.0 · 10�4 1.7 · 10�4

B 3.5 · 10�4 3.0 · 10�4 1.7 · 10�4

Table 14: FCNC-induced t!Hq top-quark decay branching ratio limits at 95% C.L. for the di↵erent ATLAS de-
tector upgrade layouts using the two sets of the systematics e↵ects described in the text. Hu+Hc limits are obtained
assuming equal branching fractions for u and c quarks.

The profile likelihood fit with the systematic uncertainties shows a factor ⇠2, ⇠2.2 and ⇠2.6 degradation
in the reference, middle and low upgrade scenario, respectively, as compared to the corresponding limits
obtained using statistical uncertainties only. The degradation caused by the inclusion of systematic e↵ects
is thus significantly smaller than in the t!Zq case. In contrast to the t!Zq analysis, where the perform-
ance degradation in the limit setting with the systematic e↵ects between reference and low scenarios is
⇠10%, in the t!Hq case this degradation reaches ⇠50%, while for the middle scenario it is ⇠20%. The
di↵erent responses of the t!Zq and t!Hq FCNC limits to systematic uncertainties can be understood by
the very di↵erent data statistics in these two analyses. The t!Zq analysis at 3000 fb�1 uses ⇠3 · 104 data
events, while for the t!Hq case the number of events is ⇠3 � 30 · 106 in the six analysis regions. The
large number of expected data events and the use of multiple fit regions allow to contrain the background
normalisations in the profile likelihood fit and, therefore, to reduce the influence of the background related
systematic uncertainties on the t!Hq analysis sensitivity.

All assumed systematic uncertainties in the t!Hq analysis are expected to be strongly constrained (e.g.
a reduction factor ⇠50 for the tt̄ normalisation) in the profile likelihood fit when using a dataset corres-
ponding to 3000 fb�1. In future a significant reduction of systematic uncertainties is to be expected due
to high statistics measurements using the HL-LHC data.
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Summary	of	FCNC	extrapolations
•FCNC	are	a	gold	mine:	need	to	dig	deeper	

• possibly	these	are	analyses	that	do	need	the	full	simulation	
and	detector	performance	to	express	their	full	potential	
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3	

The expected 95% CL upper  limits  on B(tàq+Z) and B(tàq+γ)  obtained from a preliminary projection based on a 
DELPHES simulation. The horizontal dashed line corresponds to upper limit on B(tàq+Z) at 14 TeV with 3 ab-1 [4]. The 
two vertical dashed and dashed-dotted lines show the results of this analysis. The two vertical solid lines are the observed 
CMS results on B(tàu+γ) and B(tàc+γ) at 95% CL [3] and the two solid horizontal lines are the current observed 95% 
CL  upper limits on B(tàu+Z) and B(tàc+Z) from 8 TeV CMS data [5].
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Conclusion
•Opportunities	for	SM	and	top	physics	offered	by	the	HL-LHC		

• re-explored	in	light	of	Run-1	analyses	and	first	13	TeV	data	
• extrapolation	not	trivial	→	first	results	presented	
• actual	measurements	often	beat	even	optimistic	prediction	(→	top	mass)	

•For	SM	physics	the	large	datasets	will	allow	to	
• explore	extreme	regions,	very	boosted	events,	high	mℓℓ,	very	high	pT	jets	
• increase	number	of	dimensions	in	differential	measurements	
• study	VBS	and	rare	triboson	processes	

•Top	physics	continues	to	be	an	important	physics	case	
• advancing	the	precision	SM	measurement	
• finding	deviation	due	to	new	physics	in	precision	measurements	
• rare	final	states,	extreme	kinematic	phase	space	
• altogether	looking	for	new	particles	decaying	to	top	quarks
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