
Val	Gibson	



The	Standard	Model		
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Beyond	the	Standard	Model	
Standard	Model	is	an	approximate	theory	

–  Higgs	sector	is	“unnatural”	(hierarchy	problem)	
–  Neutrino	mass	is	not	explained	
–  Too	many	free	parameters	(20	out	of	a	total	of	25	from	the	flavour	
sector)	

–  No	unificaOon	of	4	forces	
–  No	explanaOon	of	dark	maQer,	dark	energy	
–  There	must	be	more	“CP	violaOon”	for	observed	maQer-anOmaQer	
asymmetry	
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HEP	PrioriOes	
ScienOfic	prioriOes	follow	the	4	recommendaOons	from	the	
“European	Strategy	for	ParOcle	Physics”	(2013)	for	
accelerator-based	acOviOes	(&	STFC).	
	

–  ExploitaOon	of	the	full-potenOal	of	the	LHC.	
– Major	parOcipaOon	in	a	long	base-line	neutrino	programme.	
–  High-energy	fronOer,	post-LHC,	CERN	accelerator.	
–  InternaOonal	Linear	Collider	for	high-precision	studies.	

“European	Strategy	for	ParOcle	Physics”	Update	May	2020	
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Overview	of	HEP	Projects	

•  x	
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ATLAS	 LHCb	
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HEP	Theory	

InstrumentaOon	 Impact:	outreach,	comp	radiotherapy,	
security		
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Overview	of	HEP	Projects	
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ATLAS	 LHCb	

Neutrinos	(MicroBooNE/DUNE)	

Richard	Batley	
Chris	Lester	
Andy	Parker	
Tina	PoQer	(ECL)	
+1	Lecturer	

John	Chapman	
Will	FawceQ	
John	Hill	
Pat	Ward	
	
Sarah	Williams	
5	PhD,	2	MPhil	students	

Val	Gibson	
Marc-Olivier	BeQler	

Jordi	Garra	Tico	
Chris	Jones	
	
Susan	Haines	
Harry	Cliff	
MaQ	Kenzie	
	
7	PhD	students	

Mark	Thomson	
+	1	Lecturer	(fixed-term,	vice	Mark	Thomson)	

Steven	Green	
John	Marshall	
Lorena	Escudero		
	
4	PhD	students	
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Overview	of	HEP	Projects	

•  x	
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HEP	Theory	

InstrumentaOon	 Impact:	outreach,	comp	radiotherapy,	
security		Ed	Flaherty	(E)	

Philip	Garsed	(E)	
Rich	Shaw	(T)	
Dave	Robinson	
Saevar	Sigurdsson	(T)	
Steve	WoQon	
3	PhD	students	

Bart	Hommels	(STO)	
Val	Gibson	
Bart	Hommels	
Andy	Parker	

Steve	WoQon	
	
Frederic	Brochu	
Karl	Harrison	

Ben	Gripaios	
Alex	Mitov	

Stefano	Boselli	
Zahari	Kassabov	
Andrew	Papanastasiou	
	
Maria	Ubiali	
Tevong	You	
	
4	PhD	students	
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The	Large	Hadron	Collider	

2/57	
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Large	Hadron	Collider	

•  x	
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LHC
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PHASE 2

LS 4 Run 5

LS2 starting in 2019 => 24 months + 3 months BC 
LS3 LHC: starting in 2024 => 30 months + 3 months BC

Injectors: in 2025 => 13 months + 3 months BC

Beam commissioning

Technical stop

Shutdown
Physics

Run 3 Run 4

LHC roadmap: according to MTP 2016-2020 V2
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ATLAS:	Standard	Model	
Precision	measurements	of	the	Standard	Model	Higgs	
and	others.…	no	surprises		

6/4/2018	 Cavendish	Strategy	Forum	

Channel Measurement [fb] Prediction [fb]

4e 13.7+1.1
�1.0
⇥ ± 0.9 (stat.) ±0.4 (syst.) +0.5

�0.4 (lumi.)
⇤

10.9+0.5
�0.4

2e2µ 20.9+1.4
�1.3
⇥ ± 1.0 (stat.) ±0.6 (syst.) +0.7

�0.6 (lumi.)
⇤

21.2+0.9
�0.8

4µ 11.5+0.9
�0.9
⇥ ± 0.7 (stat.) ±0.4 (syst.) ±0.4 (lumi.)

⇤
10.9+0.5

�0.4

Combined 46.2+2.5
�2.3
⇥ ± 1.5 (stat.) +1.2

�1.1(syst.) +1.6
�1.4 (lumi.)

⇤
42.9+1.9

�1.5

Table 5: Measured and predicted integrated fiducial cross sections. The prediction is based on an NNLO calculation
from Matrix [2] with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67 [3]. A global
NLO EW correction factor of 0.95 [55, 56] is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown.

theoryσ/dataσ
0.6 0.8 1 1.2 1.4 1.6 1.8

Measurement

Tot. uncertainty

Stat. uncertainty

NNLO + corrections

σ 1±

σ 2±Combined

4µ

2 µe2

4e

 ATLAS

-1 = 13 TeV, 36.1 fbs

Fiducial
 4l→ ZZ →pp 

Figure 5: Comparison of measured integrated fiducial cross sections to a SM prediction based on an NNLO cal-
culation from Matrix with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. A
global NLO EW correction factor of 0.95 is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown as one- and two-standard-deviation bands.

8.1 Extrapolation to total phase space and all Z boson decay modes

Extrapolation of the cross section is performed to a total phase space for Z bosons with masses in the
range from 66 GeV to 116 GeV and any SM decay. The total phase space is the same as the fiducial phase
space (Section 4.1), except that no pT, ⌘, and �R requirements are applied to the leptons. The ratio of the
fiducial to total phase-space cross section is determined using the Matrix setup described in Section 3
and found to be AZZ = 0.58 ± 0.01, where the uncertainty includes the following contributions. A similar
value is found when the calculation is repeated with the nominal Sherpa setup, and the di↵erence between
these (1.0% of the nominal value) is included in the uncertainty of AZZ . Other included uncertainties are
derived from PDF variations (0.4%, calculated with MCFM) and QCD scale variations (0.8%).
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ATLAS	BSM	
SUSY,	extra	dimensions…	as	LHC	runs	conOnue,	we	push	to	
improve	sensiOvity	to	difficult/rare/high	mass	scenarios	
(compressed	mass	spectra,	low	cross-secOon,	SM-like…).	
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LHCb:	CP	ViolaOon	

	eiγ
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CL−1

0

0.2

0.4

0.6

0.8

1

0 50 100 150

68.3%

95.5%

LHCb
Preliminary

 decays0
sB
 decays0B
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Combination
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Gibson	et	al	

� = (76.8+5.1
�5.7)

�



LHCb:	Rare	B	Decays	
Bs	→ µ+µ-			is	a	golden	place	to	search	for	New	Physics!	
Expect	one	Bs	to	decay	into	2	muons	once	every	3.7	billion	
decays	(1	every	2	trillion	pp	collisions	at	LHCb).	
	

6/4/2018	 Cavendish	Strategy	Forum	

B Bs → µ+µ−( ) = 3.0± 0.6 −0.2
+0.3( )×10−9 7.8σ

Pre-LHC	
limit	
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LHCb:	Intriguing	Anomalies	
SM	predicts	that	the	W	boson	should	interact	with	electrons,	muons	
and	tau	leptons	the	same	(lepton	universality).	

	
	
	
	
	
	
	
	
																										e-µ	Lepton	Non-Universality	??	
	
	

	 						e-µ	Lepton	Non-Universality	??	
	

•  Correct for bremsstrahlung using 
calorimeter photons (ET>75MeV) 

•  Migration of events into/out of 
the 1 < q2 < 6 GeV2 region  
corrected using MC 

•  Double ratio with resonant decay 
B+ → J/ψ(e+e-) K+ measured 

•  In 3fb-1 LHCb determines 
 
 
(consistent with SM at 2.6σ) 

 

Johannes Albrecht 

Test of lepton universality 
Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q

2 < 6GeV

2/c

4 window is
corrected using MC.

Take double ratio with
B

+ ! J/ K

+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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T. Blake Rare FCNC decays 34 / 43

Lepton universality?

Correct for bremstrahlung using
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B

+ ! J/ K
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In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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T. Blake Rare FCNC decays 34 / 43
8. July 2014 

3fb-1 
arXiv:1406.6482 

24/33 

R K *( ) =
B B0 → K *0µ+µ−( )
B B0 → K *0e+e−( )

R K( ) =
B B+ → K +µ+µ−( )
B B+ → K +e+e−( )
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LHCb:	Intriguing	Anomalies	

                                                 µ-τ	Lepton	Non-Universality	??	
	

R D*( ) =
B B0 →D*−τ +ντ( )
B B0 →D*−µ+νµ( )

R J ψ( ) =
B Bc

+ → J ψτ +ντ( )
B Bc

+ → J ψµ+νµ( )

6/4/2018	 Cavendish	Strategy	Forum	 18	



Centre	for	Precision	Studies:	Alex	Mitov	
–  Focus	on	top	quark	producOon	

	

	
	

	

HEP	Theory	
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Centre	for	Precision	Studies:	Alex	Mitov	
–  Focus	on	top	quark	producOon	

	

	
	

	

HEP	Theory	
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Figure 17: The gluon, charm and bottom PDFs from the global baseline fit compared to the optimal fit
including our optimal combination of LHC top-quark data.
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Figure 18: The gluon-gluon (upper) and quark-antiquark (lower) NNLO luminosities (left) and their
relative 1-� PDF uncertainties (right) at the LHC with

p
s = 13 TeV. We compare the global baseline

fit with the fit including the optimal combination of LHC top-quark pair di↵erential data.

In Fig. 18 we show the gg and the qq̄ luminosities comparing the global baseline fit with the fit
including LHC top data, together with the corresponding one-sigma PDF uncertainties. For the
gg luminosity, the results of Fig. 18 confirm the substantial PDF uncertainty reduction reported
in Fig. 17, which now translates into a reduction of the uncertainty for large invariant masses
MX ⇠> 600 GeV. For example, in the production of a final state with invariant mass MX ' 2
TeV (3 TeV), PDF uncertainties are reduced from 12% (20%) down to around 5% (8%). Such
a reduction has clear implications for BSM searches involving top quarks. The quark PDF
uncertainties are also reduced, essentially as a consequence of the improved determination of
heavy quarks, which follows in turn from a better determination of the gluon PDF. For the qq̄
luminosity, for example, we observe only a moderate uncertainty reduction in the region with
MX & 1 TeV, while PDF uncertainties are reduced from 2% to 1% around MX ⇠ 100 GeV.

Next, we study how the theoretical predictions are modified for those top-quark pair di↵er-
ential distributions not included in the fit. In Figs. 19 and 20 we show the NNLO calculations
for the absolute and normalized mt¯t and ptT distributions, respectively, obtained from the global
PDF fit before and after the LHC top-quark data has been included. In the lower panels, we
show the results normalized to the baseline fit. Note that none of the ATLAS and CMS data
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Most	precise	calculaOon	of	top	
pair	producOon	

Uncertainty	on	gluon	parton	
distribuOon	funcOon	



Centre	for	Precision	Studies:	Alex	Mitov	
–  Focus	on	top	quark	producOon	

Beyond	Standard	Model:	Ben	Gripaios	
–  MoOvaOons	as	strong	as	ever	
–  LHC	legacy:	what	will	next-generaOon	theorists																																									
wish	had	been	measured?	

–  Lepton	Flavour	Universality	&	B-decay	anomalies	
–  What	is	dark	maQer	(underground/overground,	gravity	waves,	thermal	
relic	ν,	hidden	sector)?	

Unique	collaboraOon	of	HEP	experiment-theory	(Cavendish	+	
DAMTP):	Cambridge	SUSY	Working	Group.	
	

	
	

	

HEP	Theory	
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Figure 17: The gluon, charm and bottom PDFs from the global baseline fit compared to the optimal fit
including our optimal combination of LHC top-quark data.
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Figure 18: The gluon-gluon (upper) and quark-antiquark (lower) NNLO luminosities (left) and their
relative 1-� PDF uncertainties (right) at the LHC with

p
s = 13 TeV. We compare the global baseline

fit with the fit including the optimal combination of LHC top-quark pair di↵erential data.

In Fig. 18 we show the gg and the qq̄ luminosities comparing the global baseline fit with the fit
including LHC top data, together with the corresponding one-sigma PDF uncertainties. For the
gg luminosity, the results of Fig. 18 confirm the substantial PDF uncertainty reduction reported
in Fig. 17, which now translates into a reduction of the uncertainty for large invariant masses
MX ⇠> 600 GeV. For example, in the production of a final state with invariant mass MX ' 2
TeV (3 TeV), PDF uncertainties are reduced from 12% (20%) down to around 5% (8%). Such
a reduction has clear implications for BSM searches involving top quarks. The quark PDF
uncertainties are also reduced, essentially as a consequence of the improved determination of
heavy quarks, which follows in turn from a better determination of the gluon PDF. For the qq̄
luminosity, for example, we observe only a moderate uncertainty reduction in the region with
MX & 1 TeV, while PDF uncertainties are reduced from 2% to 1% around MX ⇠ 100 GeV.

Next, we study how the theoretical predictions are modified for those top-quark pair di↵er-
ential distributions not included in the fit. In Figs. 19 and 20 we show the NNLO calculations
for the absolute and normalized mt¯t and ptT distributions, respectively, obtained from the global
PDF fit before and after the LHC top-quark data has been included. In the lower panels, we
show the results normalized to the baseline fit. Note that none of the ATLAS and CMS data
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InstrumentaOon	
Fast	readout	electronics	&	DAQ	

–  ATLAS	and	LHCb	off-detector	electronics	modules.	
–  ATLAS	upgrade:		Level-1	ECAL	trigger	electronics		LS2	(2019)	
–  LHCb	upgrade:	RICH	on-detector	electronics										LS2	(2019)	
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InstrumentaOon	
Silicon	strip	detectors	

–  ATLAS	SCT	modules.	
–  ATLAS	upgrade		-	ITk:	Si	module	building	and	QA			LS3	(2024)	

	

Cavendish	Strategy	Forum	6/4/2018	

Need	build	>1000	10cm	x	10xm	silicon	modules		
for	ATLAS	ITk	and	test	sensors.	

23	
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InstrumentaOon	(future)	
•  Fast	Readout	Electronics	&	DAQ	

–  Fast	digital	readout	of	large	arrays.	
–  Timing	in	RICH	detectors. 											LS3/4	LHCb	Upgrade	1b/II		

•  Silicon	Detectors	
–  CMOS	technology	(requires	CMOS	engineer)	
–  Build-up	niche	capabiliOes	e.g.	radiaOon	effects	on	silicon	
sensors,	power	delivery	systems	(silicon	carbide)	

•  Generic	Detector	R&D	
–  Novel	detector	technology																																																												
e.g.	Photonic	crystals	to	detect																																							
Cherenkov	radiaOon	

6/4/2018	 Cavendish	Strategy	Forum	

31.01.18
Photonic Crystals as Cherenkov Radiators 

Cambridge LHCb Group Meeting - Michele Piero Blago
5

Photonic crystal samples
Electron: moves from left to right, 0.5 MeV
Structure: air|(PVDF|PET)N|PVDF/air

Refractive index: nPVDF=1.41454; nPET=1.567  

Simulated by Xiaolin Xie (MIT)

1D, N = 16 1D, N =1024 2D (not yet tested) 

?

31.01.18 Photonic Crystals as Cherenkov Radiators 
Cambridge LHCb Group Meeting - Michele Piero Blago 9

Results so far (PhC 1D, N = 1024)
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Neutrinos	
Neutrino	masses	are	currently	the	only	firm	evidence	of	BSM	physics	
•  Rich	experimental	programme	uOlizing	LAr-TPCs	

	
	
•  MicroBooNE	(2015	–	2021?)	

–  Search	for	sterile	neutrinos	–	MiniBooNE	anomaly	

•  ProtoDUNE	(2018-2020?)	
–  Massive	LAr-TPC	prototypes	for	DUNE	at	CERN		

•  DUNE	(2026-2040)	
–  The	world’s	first	mega-science	neutrino	project	
–  UnOl	recently,	Cambridge	leadership	

6/4/2018	 Cavendish	Strategy	Forum	

Cambridge	at	forefront	of	development	of	
image	recogniOon	and	paQern	recogniOon	for	
global	neutrino	programme			
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Future	OpportuniOes	
Future	Circular	Collider	(CERN)	

–  100	TeV,	80-100	km	pp	(ee	or	ep)	
–  Low	Higgs	mass	–	“unnatural”	–		need	
to	fully	explore	EWSB.		

–  Regular	InternaOonal	meeOngs	(e.g.	
FCC).	

	

InternaOonal	Linear	Collider	(Japan)	
–  250/500	TeV	Higgs	factory	(ee)	
–  Detector	&	physics	studies	(CALICE)	
–  Opportunity	for	Si-based	ECAL	using	
CMOS	technology	

	 Cavendish	Strategy	Forum	6/4/2018	 26	
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HEP	Strategic	View	
•  Full	exploitaOon	of	LHC	(ATLAS	&		LHCb	and	upgrades)		
•  Neutrinos	(DUNE)	

–  £65M	investment	from	UK	government	
–  UK	will	construct	major	parts	of	the	DUNE	detector	and	associated	
neutrino	beam,	first	data	2026	

–  Cambridge	is	in	a	strong	posiOon	to	tap	into	this	opportunity	
–  PotenOal	for	a	strategic	investment	

6/4/2018	 Cavendish	Strategy	Forum	

now → 2035	

2019	→	2040	
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HEP	Strategic	View	
•  Full	exploitaOon	of	LHC	(ATLAS	&		LHCb	and	upgrades)		
•  Neutrinos	(DUNE)	

–  £65M	investment	from	UK	government	
–  UK	will	construct	major	parts	of	the	DUNE	detector	and	associated	
neutrino	beam,	first	data	2026	

–  Cambridge	is	in	a	strong	posiOon	to	tap	into	this	opportunity	
–  PotenOal	for	a	strategic	investment	

•  Centre	for	InstrumentaOon	(Cavendish	III)	

•  Enhance	HEP	theory	in-line	with	experiment	

•  Dark	MaQer	(accelerator	vs	direct	dark	maQer	detecOon:	Xenon1T,	
Darkside	etc)	

•  ParOcle	Astrophysics	projects	(LSST,	CTA	etc).	
6/4/2018	 Cavendish	Strategy	Forum	

now → 2035	

2019	→	2040	

2022	→									
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General	consideraOons		
InstrumentaOon	

–  AQracOve	career	path	for	key	engineers	independent	from	grant	
income		

–  Centre	for	InstrumentaOon	(Cavendish	III)	

	
CompuOng	and	Soxware	

–  ExperOse	in	BigData	compuOng	and	soxware	&	using	Grid	
–  RICH	pat	rec,	parOcle	flow,	jet	finding	
–  AQracOve	“Data	Intensive	Science”	CDT	studentships	
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Summary	
The	HEP	experiment	and	theory	research	group	has	a	
world-class	(	&	high-priority	STFC)	science	programme,	with	
an	innovaOve	and	collaboraOve	vision	for	the	future.	
	
Major	opportuniOes	with	new	appointments:	

–  LHC	exploitaOon																																																 	 			Lecturer	

–  Neutrinos	(DUNE)	detector	readout	soxware	&	DAQ			Lecturer	

–  Dark	MaQer	(direct	detecOon)	iniOaOve							 	Senior		strategic	
	 	 	 	 	 	 	appointment																																																																																			

–  CMOS	Engineer		 	 	 														STO	or	equiv.	
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The	Deep	Underground	Neutrino	Experiment	
DUNE:		

–  Large	underground	Liquid	Argon	Time	ProjecOon	Chamber	
	Four	17,000	ton	LAr-TPCs,	one	mile	underground	

–  Fire	neutrinos	800	miles	from	Fermilab	to	South	Dakota	
–  Aiming	for	first	beam	in	2026	
–  TargeOng	major	discoveries:	leptonic	CPV,	proton	decay,	SN	νs		

6/4/2018	 Cavendish	Strategy	Forum	
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Run	2	 Run	3	

Run	4	

LS	2	

LS	3	

LS	4	 LS	5	Run	5	

LHC	schedule		approved	by	CERN	management	and	LHC	experiments	spokespersons	and	
technical	coordinators		(December	2013)	

LS2	 	starOng	in	2018	(July) 	=>		18	months	+	3	months	BC		
LS3 	LHC:	starOng	in	2023	 	=> 	30	months	+	3	months	BC	

	Injectors:	in	2024 	=> 	13	months	+	3	months	BC	

LHC	schedule	beyond	LS1	

Beam	commissioning	

Technical	stop	

Shutdown	
Physics	

LHC b b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o

Injectors o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o

t

LHC o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o

Injectors o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o

LHC b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o

Injectors b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o b b b b b b b b b b b b o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o

2015 2016 2017 2018 2019
Q4 Q1 Q2

2020 2021
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q3 Q4

2022 2023 2024 2025 2026 2027 2028

Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3

Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2 Q1 Q2 Q3 Q4

2029 2030 2031 2032 2033 2034

Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4

Q2 Q3 Q4 Q1 Q2 Q3
2035

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q4Q2 Q3 Q4 Q1 Q2 Q3Q4 Q1 Q2 Q3 Q4 Q1

Run	2	 Run	3	

Run	4	

LS	2	

LS	3	

LS	4	 LS	5	Run	5	
(Extended)	Year	End	Technical	Stop:	(E)YETS	

EYETS	YETS	 YETS	 YETS	

YETS	

YETS	

300	B-1	

3’000	B-1	

30	B-1	

Cavendish	Strategy	Forum	6/4/2018	 32	



LHCb	Experiment	
Discovery	of	tetraquarks,	pentaquarks	

6/4/2018	 Cavendish	Strategy	Forum	
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R. Coutinho (UZH) - Kruger 2016

Exotic states in B+ → J/ψφK+

[arXiv:1606.07895]  
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LHCb

No obvious peaking structure in the mφK,  

[but rich K* structure underneath]  

No significant improve with Z+ → J/ψK+ 

Four exotic states are needed! 

Masses for X(4140) and X(4274) are 

consistent with previous measurements, 

but widths are significantly larger  

X(4140)
8.4�

6.0�
X(4274)

X(4400)
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X(4700)

16/12/2016 17Y. Li @ CERN council open session

arXiv: 1606.07895
arXiv: 1606.07898

In 𝐵+ → 𝐽/𝜓𝜙𝐾+ decay
Some experiments saw narrow X(4140), some didn’t
With large yield of the signal, and sophisticated analysis technique, 
LHCb find there are 4 such tetraquark-like states → controversy settled
The quantum numbers are measured, a significant step towards 
understanding their nature
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