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•  Amazing		performance	of	the	LHC	since	turn	on!	
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4th	July	‘12	dataset	
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What	has	CMS	seen	in	the	pp	Run	2	collisions	at	13	TeV?	

•  Outline	of	the	talk	
•  Part	1:	precision	SM	results		
•  Part	2:	search	for	direct	produc=on	of	BSM	

states		
	

	
			



Measurements	from	Run	2	
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•  Many	new	or	precision	measurements	enabled	with	large	data	sets	
collected	in	2016	(~36	[-1)	
–  High	expecta]ons	for	2017	(~40[-1)	(145	days	running)	and	2018	(~60[-1)	

•  New	precision	measurements	or	limits	with	the	Higgs:	
–  Differen]al	cross	sec]ons		
–  Rare	decays	or	not	allowed	in	SM:	LFV	H→τe/µe/τµ
–  Couplings	to	vector	bosons,	quarks	and	leptons	and		fH	(H→bb/ττ/γγ)		
–  HH	resonance	studies	(bb	+	bb/γγ/ττ)	
–  Decays	to	non-SM	par]cles:	H→invisible	or	light	pseudo-	or	scalar	par]cles	
H→aa		

•  Top		
–  New	top	mass	measurement		in	Lepton+jets	and	f+V(W,Z)	cross	sec]on	

•  Electroweak	produc]on	of	gauge	bosons	in	VBF		
–  W+W+2j,	Z+2j,	ZZ+2j	

•  Many	of	the	results	used	full	2016	data	sample	of	35.9	[-1	
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Higgs	→	γγ	in	Run	2		

22/5/17		Slawek	Tkaczyk	 Planck	2017	 6	

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Data
S+B fit

B component

S/(S+B) weighted
All categories

Preliminary CMS TeV)  (13-1 35.9 fb
γγ→H

 (GeV)γγm
100 110 120 130 140 150 160 170 180

200−

0

200

400

600 B component subtracted

Higgs	Fiducial	Cross	sec]ons	
σfid =	84.90±11(stat.)±7(syst.)	[	
σSM	=	75±4	[	
	
Signal	strength:	1.16		
	

 (TeV)s
7 8 9 10 11 12 13 14

 (f
b)

fid
.

σ

20

30

40

50

60

70

80

90

100
Supplementary CMS

 (13 TeV)-1 (8 TeV) + 35.9 fb-119.7 fb

γγ→H
)Hbest-fit mData (

syst. uncertainty
)=125.09 GeVHmSM (

-  norm. LHC Higgs XSWG YR4
MC@NLOA-  acc. 

 [GeV]γγ

T
p

 (f
b/

G
eV

)
γγ T

/d
p

fid
σd

3−10

2−10

1−10

1

10

210

Data ggH aMC@NLO + HX

ggH POWHEG + HX 

HX aMC@NLO

Preliminary CMS  (13TeV)-135.9 fb

 
γ
γ T

) d
p

γ
γ T

(p
fid

σ

∞ 35
0∫ 3

10

=125.09 GeV
H

LHC HXSWG YR4, m
γ γ →H 

 (GeV)γγ

T
p

0 50 100 150 200 250 300 350 400R
at

io
 to

 a
M

C
@

N
LO

 +
 H

X

0
0.5

1
1.5

2
2.5

(a) pT,gg differential cross-section

| < 2.5)
j
η (|jN

 (f
b)

j
/d

N
fid

σd

1

10

210

310
Data ggH aMC@NLO + HX

ggH POWHEG + HX 

HX aMC@NLO

Preliminary CMS  (13TeV)-135.9 fb

2
 1

0
×

=125.09 GeV
H

LHC HXSWG YR4, m
γ γ →H 

| < 2.5)
j
η (|jN

0 1 2 3  4≥R
at

io
 to

 a
M

C
@

N
LO

 +
 H

X

0
0.5

1
1.5

2
2.5

(b) Njets differential cross-section

CMS-PAS-HIG-017-015	

+	0.15	
–	0.14	



Particle mass [GeV]
1−10 1 10 210

vV
m V

κ
 o

r 
vF

m F
κ

4−10

3−10

2−10

1−10

1
W

t
Z

b

µ

τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS

Parameter value
2− 1− 0 1 2 3

|µκ|

bκ

|τκ|

tκ

Wκ

Zκ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

 intervalσ1
 intervalσ2

vκ
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

f
κ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
68% CL
95% CL
Best fit
Expected: SM H(125)

CMS
Preliminary

 (13 TeV)-135.9 fb

Higgs	Couplings	Run	1,2		Results		

22/5/17		Slawek	Tkaczyk	 Planck	2017	 7	
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CMS-PAS-HIG-016-043	

categories	channels	

Signal	Strength: µ =	1.06+0.25-0.24	
Significance	for	Mh=125	GeV:													
Observed:					4.9															
Expected:						4.7											

4	ττ	channels	with	largest	BR	in	ggH	and	VBF	produc]on			



LFV	Higgs	Decays	Run	2		
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H->µτ
H->eτ

No	excess	observed	in	Run	2	data				
Br(H→eτ)	<	0.61%	at	95%CL	
Best	fit	branching	frac]ons:	0.30±0.18%	

Br(H→µτ)	<	0.25%	at	95%CL	
Best	fit	branching	frac]ons:	0.00±0.12%	

1.51%	Observed	in	Run	1	

CMS-PAS-HIG-017-001	
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σf	=	834.6	±2.5(stat.)±22.8(syst.)±22.5(lumi.)	pb	
	
mt

pole	=	172.7+2.4-2.7	GeV	–	from	simultaneous	fit	 JES	and	MC	modeling	dominant	
Early	Run	2	analysis	!	

CMS-PAS-TOP-016-022	

mt	=	172.62±0.38(stat.+JES.)±0.70(syst.)	pb	

lepton+jets	channel	

CMS-PAS-TOP-016-006	
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Top	couplings	to	W,Z	and	background	to	many	searches		
fW:	Same	sign		
dilepton	channels		

fZ:	3-	and	4-lepton	
	channels		

Significance:	fW		fW+		fW-				fZ												
Observed:					5.5				5.9			2.3						9.9			
Expected:						4.6				4.3			2.4						9.5	

CMS-PAS-TOP-017-005	

σfZ	=	1.00+0.09-0.08(stat.)+0.12-0.10(syst.)	pb	
σfW	=	0.80+0.12-0.11(stat.)+0.13-0.12(syst.)	pb	
σfW+(W+)	=	0.58±0.09(stat.)+0.09-0.08(syst.)pb	
σfW-(W-)	=	0.19±0.7(stat.)±0.06(syst.)	pb	
	
	
	



Higgs	Run	2		Results	tH,	fH	channels		
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CMS-PAS-HIG-017-004/003	

Significance	for	fH	with	Mh=125	GeV:	
Observed:					3.3	σ											Expected: 	2.5	σ  [mul]-𝓵]											
Observed: 					1.4	σ     Expected: 	1.8	σ		[ττ]	

λt	

Direct	probe	of	Top	Yukawa	cplg	λt	

Summary	

CMS-PAS-HIG-017-005	

H→WW*,ZZ*,ττ –	w/	2SS	𝓵’s	or	3𝓵’s			

H→ττ –	w/	1𝓵+2τh,2SS	𝓵’s+τh,	3𝓵’s+τh			

q q’

t

H
W

b

q q’

t

H

W

b

Unique	channel	to	study	the	rela]ve	sign	of	couplings			

λt	

gW	

(tHq)	mul]-𝓵	final	state)		

-1.25	<	Kt/KV	<	1.60	@95%CL	

Kt/KV		top	and	V	to	Higgs	coupling	modifiers			

+	

H→WW*,ZZ*,ττ –	channels	

MVA	techniques	to	separate	
fV	and	f+jets	backgrounds				



EWK	pp→W±W±jj→𝓵𝓵ννjj	ννjj	
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Significance:	EWK												
Observed:					5.5	σ															
Expected:						5.7	σ										

Fiducial	WW	VBS	Cross	sec]on:	
WW:	σfid=3.83±0.66(stat)	±0.35(sys)±0.12(lumi)	[	
VBS(th):	σ=	4.25	±	0.21	[	

Enriched	VBS	region	for	mll		and	mjj			

EW	signal	

QCD		background	

Fiducial	Selec]on:	
Δηjj>2.5 	 	2lep.	Pt>20GeV	
Mjj>500GeV 	Mll>20	GeV	
2jets:	Pt>30GeV	|η|<5	

Devia]ons	in	the	differen]al	cross	sec]ons	indicate	presence	of	BSM	Physics	(H++,aQGC,	new	par]cles)	
CMS	PAS	SMP-17-004		



Run	2	Results	Z(Z)+2jets	channels		
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CMS-PAS-SMP-016-018	

EWK		Z+2j	Cross	sec]ons	
σ(ℓℓjj) =	552±58	[	
σSM	=	543±24	[	

Z+2j	EWK	produc]on		
d u

W�

W+

Z
µ+

µ�

u d

d
Z

d

Z

d

µ+

µ�

u u

d u

W�

⌫̄µ

W+

µ�

µ+

u d

QCD	bkg.	suppression	with	BDT	based	jet		
gluon-quark	likelihood	and	event	kinema]cs				
Excellent	channel	for	valida]on	of	VBF	modeling:		
e.g.	3rd	jet	PT	and	to	set	aTGC	(WWZ)	

CMS-PAS-SMP-016-019	

Fiducial	Selec]on:	
|ηl|<2.4	lep.						Pt>5GeV			Mll>4	GeV		
|ηj|<4.7					Mjj>400GeV			Δηjj>2.4	
2jets:	Pt>30GeV	
Ptl3,4>5GeV		Ptl1>20GeV	Ptl2>10GeV	
mZ1>60GeV				mZ2<120GeV	

MVA	to	separate	QCD	bkg.	from	EW	signal	using	
VBF	kinema]cs				
Excellent	channel	for	valida]on	of	VBF	modeling	
e.g.	jet	mul]plicity	and	to	set	aQGC	(WWZZ)	

EWK		VBF	ZZ+2j	Cross	sec]on	
σ(ℓℓℓℓ)fid =	0.40+0.21-0.16(stat.)+0.13-0.09(syst.)	[	
	σSM	=	0.29±0.03	[	

Fiducial	Selec]on:	
|ηl|<2.4	lep.	Ptl1>30GeV	Ptl2>20GeV	
|ηj|<4.7					Mjj>200GeV			Δηjj>2.4	
2jets:	Pt>30GeV,	Pt>50GeV	
75GeV	<	mZ	<	105GeV	

ZZ+2j	EWK	produc]on		

Significance:				Observed:					2.7 σ    
																										Expected:						1.6	σ											 Significance:				>>	5 σ    



Part	2	–	searches	for	direct	produc]on		
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EWK	produc]on	of	chargino-neutralino	pair			
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16
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No	sign	of	SUSY	found	at	the	LHC	run	1/run	2		probing	the	TeV	scale	

SUSY	Searches	Summary		



Search	for	direct	produc]on	in	Run	2		
•  What	else	is	seen	in	2016	Run	2	data	?	
•  A	set	of	Universal	Measurements	serving	many	original	
phenomenological	analysis	needs	in	a	variety	of	models		

•  Examples	of	such	measurements:	
–  Di-boson	resonances	in	VV,	Vγ,	VH,	HH	channels	
–  fbar	resonances		
–  Search	for	charged	higgs	H+/-	(no	update	from	Run2)	
–  Z’,	W’,	excited	quarks,	resonance	in	di-jets	

•  Many	improvements	observed	in	exis]ng	Run	2	results	
compared	to	Run	1		
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Search	for	Zγ	resonance	
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Most	stringent	limits	on	produc]on	of	spin-0	resonance	to	date	in	a	broad	range		

Mul]ple	types	of	searches	performed:	
Low	mass:	Leptonic	search	–	Z(LL) γ
High	mass:	boosted	hadronic	Z	decay	–	Z(J)γ	w/	or	w/out	“J”	b-tag	–	and	using	the	jet	substructure	techniques	
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Search	for	VV,qV	All-Hadronic	Resonance	
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CMS	PAS	B2G-17-001		

Models:	Graviton,	heavy	spin-1	boson	and	excited	quarks		
Decay	channels:	WW,	WZ,	ZZ,	(qW,	qZ),	with	bosons	reconstructed	as	1	super-jet	
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Limits	on	the	Heavy		Vector	
Triplet	“B”	type	model:	
W’:	3.6	TeV	at	95%CL		
Z’:	2.7	TeV	at	95%CL		

Limits	excited	quarks	q*:	
qW:	5.0	TeV	at	95%CL		
qZ:	4.8	TeV	at	95%CL		

Gbulk	Limit:	Upper	Limit	on		
x-sec]on	and	branching	ra]o	



Search	for	VV,qV	All-Hadronic	Resonance	
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G	Limit:	Upper	Limit	on		
x-sec]on	and	branching	ra]o	

CMS	PAS	B2G-17-001		

Models:	Graviton,	heavy	spin-1	boson	and	excited	quarks		
Decay	channels:	WW,	WZ,	ZZ,	(qW,	qZ)	
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Limits	in	the	Heavy		Vector	
Triplet	“B”	type	model:	
W’:	3.6	TeV	at	95%CL		
Z’:	2.7	TeV	at	95%CL		

Limits	excited	quarks	q*:	
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Search	for	VH	Resonance	
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CMS	PAS	B2G-17-002		
Models:	heavy	spin-1	bosons	in	Heavy	Vector	Triplet		
Decay	channels:	VH		(VH→qqbb)	with	jet	substructure	
Collimated	Pairs	of	quarks	reconstructed	as	a	single	massive	jet		
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Search	for	HH	Resonance	
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Models:	low/high	mass	HH	narrow	spin-0,2	resonances	
Decay	channels:	HH		(HH→bbττ/bbWW)	
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Decay	channels:	HH		(HH→bbbb)	

CMS	PAS	HIG-17-002		
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Search	for	fbar	Resonances				
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Also,	Limit	on	KK	gluon	GKK	in	RS	model:	~3.3	TeV	at	95%	CL	
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Search	for	fbar	resonances	in	semi-leptonic	and	all-hadronic	final	states	
using	jet	substructure			

Addi]onal	limits	as	a	func]on	of	the	width		
for	different	Z’	masses			

Limit	on	Z’	with	Γ/M=10%	:	~3.9	TeV	at	95%	CL	
Addi]onal	limits	as	a	func]on	of	the	width		
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Search	for	Extra	Gauge	Bosons	W’,	Z’		
Analyses	based	on	techniques	used	Run	1		
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Search	for	Extra	Gauge	Boson	W’R		
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Limit	on	W’R	(tb):	
~3.4-3.5	TeV	depending	on	the	νR	mass	

Limit	on	W’R	as	a	func]on	of	the	coupling		
Strength	to	L-	and	R-handed	fermions		
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Resonance mass [TeV]
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Search	for	new	physics	in	di-jets	
•  One	of	the	best	channels	to	look	for	NP	
•  Several	benchmark	models	considered		
•  Smoothly	falling	QCD	backgrounds	
•  Examples	of	predicted	signal	resonances		with	x-sec]ons	

equal	to	observed	upper	limits	at	95%	CL		
•  Limits	on	generic	models	for	di-jet	flavors		
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•  Many	more	new	and	interes]ng		results	from	Run	2	which	I	had	
no	]me	to	discuss	:	

In	par]cular:	
•  Mono-jet,	mono-Higgs,	mono-V,	DM	searches,	and	heavy	
fermions,	RPV,	Vector-Like-Quarks,	etc.		

•  More	informa]on	on	CMS	twiki	with	
CMS	Preliminary	Public	Results	
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CONCLUSIONS	
•  Many	precise	and	important	measurements	from	Run2	
already	available:		
– Higgs	boson,	Top	quark	and	gauge	boson	measurements						

•  No	signs	of	physics	beyond	standard	model	yet,	but	
Run2	con]nues;	improved		limits	on	new	par]cles	
produced	directly	can	be	used	to	further	constrain	the	
model	building	!	

•  The	well	known	open	ques]ons	s]ll	remain!	
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Addi]onal	Slides	
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Search	for	VV	Resonances	in	Semileptonic	
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CMS	PAS	B2G-16-020		
Models:	Graviton,	heavy	spin-1	boson		
Decay	channels:	WW,	WZ	(WV->lνqq)	jet	substructure	
WZ	->llqq,	ZZ->2lνν
	

	
	

W’	Limits	on	the	x-sec	and	
branching	ra]on	in	the	Heavy		
Vector	Triplet	“A”	and	“B”	type	
model	

CMS	PAS	B2G-16-022		
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New	Physics	Searches	Summary		

No	new	physics	found	at	the	LHC	run	1/run	2		probing	the	TeV	scale	
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Exo]c	Par]cles	
Beyond	2	Genera]ons	



Search	for	new	physics	in	di-jets	
DM	interpreta]on	for	Dirac	DM	
with	gq=0.25	and	gDM=1.0		
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Resonance mass [TeV]
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Single	or	Pair	Produc]on	of		VLQ					
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Limits	placed	on	T2/3	quark	mass:		
Exclusion	up	to	1.35	–	1.45	TeV	depending	on	the	width	for	le�-handed	T(b)	
Exclusion	up	to	0.85	–	0.95	TeV	depending	on	the	width	for	right-handed	T(t)	
For	Z’->Tt	,	Exclusion	of	Z’(T)	mass	range	1.5–2.5	(0.7-1.5)	TeV	

CMS	PAS	B2G-17-007		

Vector-Like-Quark	in	many	models		
•  T5/3	pair	produc]on,	with	T->tW	decays	(Same	Sign	leptons)	
•  T2/3	single	produc]on,	with	T->Zt	decay	(Z->ll,	t->hadrons)		processes	with	Wb,	Zb,	Zt	possible		
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1.16	TeV	(for	right	handed	chirality)	with	1.2	TeV	expected		
1.10	TeV	(for	le�t	handed	chirality)	with	1.15	TeV	expected		
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Single	or	Pair	Produc]on	of		VLQ					
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Limits	placed	on	T2/3	quark	mass:		
Exclusion	up	to	1.35	–	1.45	TeV	depending	on	the	width	for	le�-handed	T(b)	
Exclusion	up	to	0.85	–	0.95	TeV	depending	on	the	width	for	right-handed	T(t)	
For	Z’->Tt	,	Exclusion	of	Z’(T)	mass	range	1.5–2.5	(0.7-1.5)	TeV	

CMS	PAS	B2G-17-007		

Vector-Like-Quark	in	many	models		
•  T2/3	pair	produc]on,	with	T->tW	decays	(semi-leptonic)	
•  T2/3	single	produc]on,	with	T->Zt	decay	(Z->ll,	t->hadrons)		processes	with	Wb,	Zb,	Zt	possible		
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Limits	placed	on	T2/3	quark	mass:		
1.30	TeV	with	1.28	TeV	expected		


