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The  CMS  Experiment	
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The  CMS  Detector	
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CMS  Forward  Region  and  TOTEM	
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Prospects  for  Diffractive  and  Forward  Physics  at  the  LHC	

CERN-­‐‑LHCC-­‐‑2006-­‐‑039-­‐‑G-­‐‑124	


check  out  Antonio  Pereira’s  
talk  about  plans  for  CT-­‐‑PPS	


January 9, 2016 Clemencia Mora H.   

CASTOR	
  

Hadronic	
  Forward	
  (HF)	
  	
  
and	
  BSC	
  

	
  3	
  .0<|η|<5.0	
  
	
  6.0	
  <|η|<8.0	
  

	
  5.2	
  <|η|<6.5	
  
	




Recent  Forward  Physics  Results  
@  13  TeV	
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Underlying  Event  Definition  	
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Hard  sca[ering	


Initial  and  Final  State  Radiation	


And  Multiple  Parton  Interactions	
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•  Comparison  with  previous  measurements  at  lower  energies  
show  good  description  of  energy  dependence.	


•  Charged  particle  multiplicity  and  pT  sum  density  in  the  region  
transverse  to  highest-­‐‑pT  jet  well  described  (10-­‐‑20%)  by  tested  MC  
tunes.  	


Underlying  Event  at  13  TeV	
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CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 3

UE ObservablesUE Observables
! “transMAX” and “transMIN” Charged Particle Density: Number 

of charged particles (pT > 0.5 GeV/c, |ηηηη| < 0.8) in the the maximum 
(minimum) of the two “transverse” regions  as defined by the 
leading charged particle, PTmax, divided by the area in ηηηη-φφφφ space, 
2ηηηηcut×2ππππ/6, averaged over all events with at least one particle with 
pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

 PTmax Direction 
∆φ∆φ∆φ∆φ    

“Toward” 

“TransMAX” “TransMIN” 

“Away” 

! “transMAX” and “transMIN” Charged PTsum Density: Scalar pT
sum of charged particles (pT > 0.5 GeV/c, |ηηηη| < 0.8) in the the
maximum (minimum) of the two “transverse” regions  as defined 
by the leading charged particle, PTmax, divided by the area in ηηηη-φφφφ
space, 2ηηηηcut×2ππππ/6, averaged over all events with at least one particle 
with pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

Note: The overall “transverse” density is equal to the average of the “transMAX” and “TransMIN”
densities. The “TransDIF” Density is the “transMAX” Density minus the “transMIN” Density

“Transverse” Density = “transAVE” Density = (“transMAX” Density + “transMIN” Density)/2

“TransDIF” Density = “transMAX” Density - “transMIN” Density

ηηηηcut = 0.8
Overall “Transverse” = “transMAX” + “transMIN”
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•  two-­‐‑particle  correlations  confirm  the  presence  of  a  ridge-­‐‑like  structure  
for  same-­‐‑side  (  Δφ∼  0)  pairs  in  high-­‐‑multiplicity  events  at  13  TeV.	


•  strong  collision  system  size  dependence  observed  when  comparing  
data  from  pp,  pPb,  and  PbPb  collisions	


The  “Ridge”	
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•  Measured  charged-­‐‑hadron  production  as  a  function  of  
pseudorapidity,  and  multiplicity  in  central  region  consistent  with  
previous  measurements  at  lower  energies  and  theoretical  models.	
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Charged-­‐‑hadron  dN/dη  	
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Exclusive  W+W-­‐‑  production  @  8  TeV	

And  limits  on  anomalous  Quartic  Gauge  Couplings	
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Motivation	


12 

The  exclusive  production  of  W  pairs:	


is  sensitive  to  anomalous  quartic  gauge  couplings  (aQGC)	

•  QGCs  predicted  by  standard  model’s  electroweak  sector	

•  any  deviation  from  SM  expectation  can  signal  new  physics	

•  untagged  proton  p(*)  à  final  states  where  the  proton  is  either  

intact  or  dissociates  into  undetected  low-­‐‑mass  system.	


pp ! p(⇤)W+W�p(⇤)

Gustavo G. Da Silveira (CP3 | UCLouvain) ICNFP 2013 International Conference on new Frontiers in Physics – Kolymbari, Greece 6|30

Exclusive processes at the LHC

● The central exclusive production of light and heavy pairs is represented by:

● Events with intact protons but also accounting for proton dissociation (p*);

● Clean final states with no hadronic activity;

● ℓ+ℓ–: comparison to precision QED predictions

and to study of proton dissociation;

● W+W–: study of exclusive processes at high

mass and constraint of anomalous couplings.

pp → p(*) + (ℓ+ℓ–,W+W–) + p(*)

HEP 2016 UTFSM January 9, 2016 Clemencia Mora H.   



Anomalous  coupling  constants  for  quartic  vertex    	


1 Introdução

A proposta deste projeto se refere ao estudo de produção exclusiva de pares de bósons de
gauge W+W� e ZZ com o experimento CMS [1], incluindo a identificação dos prótons
do estado final pelos detetores do projeto CMS-TOTEM Precision Proton Spectrometer
(CT-PPS) [2]. Quando o LHC recomeçar o funcionamento em 2015 com energia do
centro de massa

p
s = 13TeV – a maior em colisões pp até o presente – o CMS ainda não

contará com a capacidade de identificar os prótons do estado final a alta luminosidade,
com o PPS. Os primeiros componentes deste detector deverão ser instalados durante a
parada técnica de longa duração no final de 20151.

A instalação dos detetores de trajetória e de tempo de vôo do PPS, a uma distância
z ⇠ 210 m em ambos lados do ponto de interação do CMS (IP5), permitirá a detecção
de eventos difrativos e de produção central exclusiva (CEP) com grande precisão para
sistemas centrais com massa M(X) & 250GeV, e uma posśıvel inclusão futura de de-
tetores a z ⇠ 420 m permitirá reduzir o limite de massa até valores que permitiriam a
detecção do bóson de Higgs produzido por CEP [3].

Os processos de produção exclusiva de W+W�, descritos como pp ! p+W+W�+p,
onde os bósons decaem em léptons de carga oposta e sabor diferente (um életron ou
pósitron e um múon) e os prótons permanecem intatos, constituem um sinal muito claro
do processo da eletrodinâmica quântica �� ! W+W�, isto é um acoplamento quártico
de bósons de gauge permitido no Modelo Padrão (MP). É também um canal senśıvel às
contribuições além do MP que podem se traduzir em acoplamentos quárticos anômalos
de bósons de gauge (aQGC) através das lagrangeanas efetivas [4]:
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onde Fµ⌫ é o tensor do campo eletromagnético e W±
µ , Z⌫ são os campos dos bósons

de gauge pesados. Os termos introduzidos pelas lagrangeanas conservam as simetrias
necessárias (U(1)EM e a simetria custódia SU(2)C) para ser consistente com as medições
de alta precisão da teoria eletrofraca. Os acoplamentos aW,Z

c e aW,Z
0 são chamados de

genúınos pois não modificam os acoplamentos trilineares dos bósosns de gauge, e eles são
inclúıdos em lagrangeanas efetivas que modelam a maior parte das teorias de extensão
do modelo padrão, como as teorias de dimensões extras e algumas que consideram o
Higgs como part́ıcula composta [5, 6, 7].

1Durante o ińıcio de operação do LHC, assim como aconteceu em peŕıodos de tomada de dados
especiais em 2012, haverá a possibilidade de identificar os prótons com os detetores da colaboração
TOTEM junto ao CMS, no entanto somente em condições de baixa luminosidade.

1
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In  the  SM  we  have:	

	

	

	

¡  provide  clean  l l’    final  state  with  no  hadronic  activity	

¡  goal:  measure  SM  and  look  for  aQGC  	


u  New  physics  à  effective  lagrangean:	
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de eventos difrativos e de produção central exclusiva (CEP) com grande precisão para
sistemas centrais com massa M(X) & 250GeV, e uma posśıvel inclusão futura de de-
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�� ! W+W�

January 9, 2016 Clemencia Mora H.   

  Λ=  scale  of  NP	
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•  opposite-­‐‑sign  eµμ  pair  originating  from  a  common  primary  vertex  	

o  DY  and  γγ→ll  backgrounds  too  big  in  ee,  µμµμ  channels	


•  invariant  mass  m(eµμ)  >  20  GeV  	

o  to  get  rid  of  any  low  mass  resonances      	


•  0  extra  tracks  at  dilepton  vertex  	

o  to  remove  most  of  the  inclusive  WW  background	


•  pT(eµμ)  >  30  GeV  	

o  to  supress  DY  and  γγ→ττ  	


Signal  Selection  and  
Control  Regions	


January 9, 2016 Clemencia Mora H.   

Background estimation: 
Signal vs. control regions in µe channel

19

■ Largest background is inclusive diboson production, will estimate modeling of pT(eµ) and 
Ntracks for inclusive diboson using control sample at high pT(eµ), large number of extra 
tracks.  

■ !! backgrounds show up at low pT(eµ). Estimate modeling of these backgrounds from 
control regions at low pT(eµ) 

■ The other backgrounds (including diffractive WW) will be estimated from MC 

Inclusive Diboson 
control region

DY→!! 
control  
region

γγ→!! 
control  
region

Background  Control  Regions	


MC  Expectation	
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Figure 7: The µ±e⌥ invariant mass (left) and acoplanarity (right) are shown for data and the expected
backgrounds for pT(µ±e⌥) < 30 GeV and 0 extra tracks (gg ! t+t� control region). The last bin in
the acoplanarity distribution is an overflow bin and includes all events above acoplanarity 0.4.

Table 1: Number of expected signal and background events in simulation passing each selec-
tion step, normalized to an integrated luminosity of 19.7 fb�1. The preselection includes events
with an opposite sign muon and electron associated to the same vertex, each with pT > 20
GeV and |h| < 2.4, and <16 additional tracks at the vertex. The other background category in-
cludes the contributions of tt, W+jets, EWK WWqq, and other inclusive diboson backgrounds.
Uncertainties are statistical only.

Selection step Excl. gg ! WW Total Background WW+jets gg ! tt DY ! tt Pompyt WW Other Backgrounds
Trigger and preselection 26.9±0.2 12560±230 1057.5±8.1 18.1±0.8 7000±75 206.2±3.0 4280±210
m(µ±e⌥) > 20 GeV 26.6±0.2 12370±220 1035.5±8.0 18.1±0.8 6974±75 202.2±3.0 4140±210
Electron and Muon ID 22.5±0.2 6458±93 1027.9±8.0 12.6±0.7 4172±58 197.2±2.9 1048±72
µ±e⌥ vertex with 0 extra tracks 6.7±0.2 14.9±2.5 2.8±0.4 4.3±0.5 6.5±2.3 0.3±0.1 1.1±0.6
pT(µ±e⌥) > 30 GeV 5.3±0.1 3.5±0.5 2.0±0.4 0.9±0.2 0 0.1±0.1 0.5±0.2

7 Systematics

We consider systematic uncertainties related to the luminosity, the lepton trigger and selection
efficiency, the efficiency of the zero extra tracks requirement, and the uncertainty in the proton
dissociation contribution.

The luminosity uncertainty for the dataset used in this measurement is estimated to be 2.6% [55].
The trigger and lepton identification efficiencies are corrected for differences between data and
simulation using control samples of Z ! `+`� events. The systematic uncertainty is estimated
from the statistical uncertainty associated with the correction applied, resulting in an uncer-
tainty of 2.4% on the signal efficiency.

The correction for the efficiency of the zero extra tracks requirement is obtained from control
samples of elastic-enriched gg ! `+`� events, as described in Section 5. Since the correction
factors obtained in the µ+µ� and e+e� channels are consistent, they are combined to obtain the

CMS-­‐‑PAS-­‐‑FSQ-­‐‑13-­‐‑008	
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•  observed  13  events  in  signal  region  (5.3±0.1  signal  and  3.5±0.5  background  exp.)	

•  3.6  σ  excess  over  background-­‐‑only  hypothesis  (with  2.4  σ  expected)	


SM  evidence	


January 9, 2016 Clemencia Mora H.   
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Table 2: Summary of systematic uncertainties affecting the signal.
Uncertainty

Proton dissociation factor 10.5%
0 extra tracks Efficiency Correction 5.0%
Trigger and lepton ID 2.4%
Luminosity 2.6%
Total 12.1%

final correction factor. The systematic uncertainty is estimated from the statistical uncertainty
associated with the correction applied, resulting in an overall uncertainty of 5% on the signal
efficiency.

The normalization factor for the proton dissociation contribution to the signal is obtained from
high-mass gg ! `+`� events in data. The statistical uncertainty on this factor is 9.2%, based
on the combination of the µ+µ� and e+e� channels. An additional effect of 5.0% must be in-
cluded to describe the difference between the matrix element prediction of LPAIR used in the
method described in Section 5, and the equivalent photon approximation used to generate sig-
nal events. Adding these in quadrature results in an overall systematic uncertainty of 10.5%
related to the proton dissociation contribution. We have also checked that the proton dissocia-
tion factor does not vary as a function of the dilepton invariant mass threshold. To prove that
this was the case, the threshold was varied from 100 � 400 GeV.

The full list of systematic uncertainties for the signal efficiency is shown in Table 2. The overall
systematic uncertainty assigned to the signal is 12.1%. The systematic uncertainties considered
for the background prediction include the limited statistics of the relevant simulation or data
control samples, luminosity, trigger efficiency, and lepton identification efficiency.

The systematic uncertainties considered for the background estimation include the trigger and
lepton ID, luminosity, and simulation statistics. In addition, an uncertainty of ±0.24 events on
the electroweak W+W� background contribution is included, corresponding to the full differ-
ence between the background predictions of the MADGRAPH and PHANTOM generators.

8 Results

The total expected background is 3.5 ± 0.5 (stat.) events, with an expected signal of 5.3 ± 0.1
(stat.) events, corresponding to a mean expected signal significance of 2.4 ± 0.5s. Figure 8
shows the extra tracks multiplicity and pT(µ±e⌥) distribution for events passing all other se-
lection requirements. In the signal region with 0 extra tracks and pT(µ±e⌥) > 30 GeV, 13 events
are observed in the data that pass all the selection criteria.

The properties of the selected events, including the µ±e⌥ invariant mass, acoplanarity, and
missing transverse energy, are consistent with the SM signal plus background prediction (Fig. 9).

8.1 Cross section measurement

Interpreting the results as a cross section multiplied by the branching fraction to µ±e⌥ final
states, corrected for all experimental efficiencies and extrapolated to the full phase space, we
find:

s(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) = 12.3+5.5
�4.4fb.
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Distributions  in  Signal  
Region	


January 9, 2016 Clemencia Mora H.   

For  invariant  mass,  acoplanarity  and  missing  ET  there’s    agreement  in  shape,  
slightly  higher  normalization  in  data  due  to  excess  of  observed  events.    	


CMS-­‐‑PAS-­‐‑FSQ-­‐‑13-­‐‑008	
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•  Use  shape  of  pT(eµμ)  distribution  
to  search  for  sign  of  anomalous  
quartic  gauge  couplings	

o  2  bins  :  30  <  pT(eµμ)  <  130  GeV  and  

pT(eµμ)  >  130  GeV  	


•  Region  outside  solid  line  is  
excluded  at  95%  C.L.	


aQGC  Search  and  Limits    	


January 9, 2016 Clemencia Mora H.   

12 8 Results

e) [GeV]µ(
T

p

Ev
en

ts
 / 

50
 G

eV

0

1

2

3

4

5

6

7

8

9 Data
 WW→ γγSM  

Diffractive WW
ττ  → γγelastic   

ττ  → γγsingle-inelastic    
EWK WWqq
Inclusive Diboson
Drell-Yan
stat. error on simulation sum

e) [GeV]µ(
T

p
0 20 40 60 80 100 120 140 160

D
at

a 
/ M

C

0

2

4

6

8

CMS preliminary  (8 TeV)-119.7 fb  

Num. extra tracks

Ev
en

ts

0

10

20

30

40

50

60

70

80 Data

 WW→ γγSM  

Diffractive WW

ττ  → γγelastic   

ττ  → γγsingle-inelastic    

tt
EWK WWqq

W+jets

Inclusive Diboson

stat. error on simulation sum

Num. extra tracks
0 1 2 3 4 5 6 7

D
at

a 
/ M

C

0

1

2

CMS preliminary  (8 TeV)-119.7 fb  

Figure 8: Muon-electron transverse momentum for events with zero associated tracks (left), and extra
tracks multiplicity for events with pT(µ±e⌥) > 30 GeV (right). The data is shown by points with error
bars, the histograms indicate the expected SM signal and backgrounds.

The SM prediction is 6.9 ± 0.6 fb, with the uncertainty reflecting the uncertainty in the proton
dissociation contribution to the signal. The observed significance above the background-only
hypothesis, including systematic uncertainties, is 3.6s.

8.2 Anomalous couplings

We use the dilepton transverse momentum pT(µ±e⌥) as a discriminating variable to extract
limits on AQGCs. Two bins, with boundaries pT(µ±e⌥) = 30 � 130 GeV and pT(µ±e⌥) >
130 GeV, are used in the limit setting procedure. The bin boundaries are chosen such that
the a priori expectation for SM gg ! W+W� in the highest bin is ⇠ 0.1 events, with other
backgrounds, predominantly electroweak W+W� production, contributing an additional ⇠
0.1 events. The Feldman–Cousins prescription [56] is used with the systematic uncertainties
treated as log-normal nuisance parameters. Using a dipole form factor with Lcutoff = 500 GeV,
we find at 95% CL:

�1.1 ⇥ 10�4 < aW
0 /L2 < 1.0 ⇥ 10�4 GeV�2 (aW

C /L2 = 0, Lcutoff = 500 GeV),

�4.2 ⇥ 10�4 < aW
C /L2 < 3.4 ⇥ 10�4 GeV�2 (aW

0 /L2 = 0, Lcutoff = 500 GeV).

These limits are an improvement over previously published results with Lcutoff = 500 GeV [4,
18], of which the CMS 7 TeV limits of 1.5 ⇥ 10�4 GeV�2 and 5 ⇥ 10�4 GeV�2 on aW

0 /L2 and
aW

C /L2, respectively, are the most stringent. The transformed dimension-8 limits derived from
aW

0 /L2 and aW
C /L2 with the form factor are:

25%  improvement  over  7  TeV  limits  
with  dipole  Form  Factor  à  	


C
M
S-­‐‑
PA

S-­‐‑
FS

Q
-­‐‑1
3-­‐‑
00
8	


2 2 The CMS detector

1.1 Anomalous couplings

Within the SM, the triple (WWg) and quartic (WWgg) couplings that contribute to gg !
W+W� production are fully related by the requirement of gauge invariance. In contrast, in
the approach of Ref. [23] potential deviations from the SM are quantified by introducing gen-
uine AQGCs of dimension-6, which are not related to the SM triple or quartic couplings. By
imposing U(1)EM and global custodial SU(2)C symmetries and further requiring that C and
P be separately conserved, two such operators are allowed, with couplings denoted aW

0 /L2

and aW
C /L2, where L is the scale for new physics. This approach corresponds to assuming a

nonlinear representation of the spontaneously broken SU(2)⌦ U(1) symmetry.

With the discovery of a light Higgs boson [24, 25], a linear realization of the SU(2) ⌦ U(1)
symmetry of the SM – spontaneously broken by the Higgs mechanism – is possible. Thus, the
lowest-order operators, where new physics may cause deviations in the purely quartic gauge
boson couplings, are of dimension 8. In the dimension-8 formalism [26–28] there are fourteen
operators contributing to g couplings, which in general will also generate a WWZg vertex. By
including an additional constraint that the WWZg vertex should vanish, a direct relationship
between the dimension-8 fM,0,1,2,3/L4 couplings and the dimension-6 aW

0,C/L2 couplings can be
recovered [19, 26, 28]:

aW
0

L2 = �4M2
W

g2
fM,0

L4 � 8M2
W

g02
fM,2

L4

aW
C

L2 =
4M2

W
g2

fM,1

L4 +
8M2

W
g02

fM,3

L4

with fM,0
L4 = 2 ⇥ fM,2

L4 and fM,1
L4 = 2 ⇥ fM,3

L4 . Here MW is the invariant mass of the W boson and
g = e/sin(qW), g0 = e/cos(qW), where qW is the Weinberg angle and e is the unit of electric
charge.

In both the dimension-6 and dimension-8 scenarios, the gg ! W+W� cross section in the
presence of anomalous couplings would increase rapidly with the energy of the photon-photon
interaction Wgg. For couplings of the size that can be probed with the current dataset, this
would result in violation of unitarity at scales well below those reached in 8 TeV p-p collisions
at the LHC. To prevent this, various approaches to modify the effective Lagrangian have been
proposed [29, 30]. In this analysis, following the previous gg ! W+W� results from the LHC
and Tevatron, we consider a dipole form factor with a cutoff scale Lcutoff:

aW
0,C(W

2
gg) =

aW
0,C

⇣
1 + W2

gg

L2
cutoff

⌘2 .

We quote both unitarized limits, with a dipole form factor and Lcutoff = 500 GeV as was used
in previous publications [4, 18], and unitarity violating limits with Lcutoff ! •, which is equiv-
alent to no form factor.

2 The CMS detector

A detailed description of the Compact Muon Solenoid (CMS) experiment can be found else-
where [31]. The central feature of the CMS apparatus is a superconducting solenoid, of 6 m
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•  13  TeV    early  measurements:	

o  Underlying  event  à  MC  tunes	

o  Pseudorapidity  distribution  of  charged  hadrons  	

o  Ridge  structure  in  near-­‐‑side  two-­‐‑particle  correlations  observed	


•  Exclusive    γγàWW  	

o  13  events  observed  with  expected  background  of  3.5  events  à  excess  of    3.6  σ  

consistent  with  first  SM  evidence  of  the  γγàWW  process	

o  Measured  cross-­‐‑section  x  branching  ratio  	


o  Search  for  aQGC  à  the  most  stringent  upper  limits  so-­‐‑far	


o  Expect  more  results  in  the  future  (13  TeV)  with  CT-­‐‑PPS	


Summary	
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Table 2: Summary of systematic uncertainties affecting the signal.
Uncertainty

Proton dissociation factor 10.5%
0 extra tracks Efficiency Correction 5.0%
Trigger and lepton ID 2.4%
Luminosity 2.6%
Total 12.1%

final correction factor. The systematic uncertainty is estimated from the statistical uncertainty
associated with the correction applied, resulting in an overall uncertainty of 5% on the signal
efficiency.

The normalization factor for the proton dissociation contribution to the signal is obtained from
high-mass gg ! `+`� events in data. The statistical uncertainty on this factor is 9.2%, based
on the combination of the µ+µ� and e+e� channels. An additional effect of 5.0% must be in-
cluded to describe the difference between the matrix element prediction of LPAIR used in the
method described in Section 5, and the equivalent photon approximation used to generate sig-
nal events. Adding these in quadrature results in an overall systematic uncertainty of 10.5%
related to the proton dissociation contribution. We have also checked that the proton dissocia-
tion factor does not vary as a function of the dilepton invariant mass threshold. To prove that
this was the case, the threshold was varied from 100 � 400 GeV.

The full list of systematic uncertainties for the signal efficiency is shown in Table 2. The overall
systematic uncertainty assigned to the signal is 12.1%. The systematic uncertainties considered
for the background prediction include the limited statistics of the relevant simulation or data
control samples, luminosity, trigger efficiency, and lepton identification efficiency.

The systematic uncertainties considered for the background estimation include the trigger and
lepton ID, luminosity, and simulation statistics. In addition, an uncertainty of ±0.24 events on
the electroweak W+W� background contribution is included, corresponding to the full differ-
ence between the background predictions of the MADGRAPH and PHANTOM generators.

8 Results

The total expected background is 3.5 ± 0.5 (stat.) events, with an expected signal of 5.3 ± 0.1
(stat.) events, corresponding to a mean expected signal significance of 2.4 ± 0.5s. Figure 8
shows the extra tracks multiplicity and pT(µ±e⌥) distribution for events passing all other se-
lection requirements. In the signal region with 0 extra tracks and pT(µ±e⌥) > 30 GeV, 13 events
are observed in the data that pass all the selection criteria.

The properties of the selected events, including the µ±e⌥ invariant mass, acoplanarity, and
missing transverse energy, are consistent with the SM signal plus background prediction (Fig. 9).

8.1 Cross section measurement

Interpreting the results as a cross section multiplied by the branching fraction to µ±e⌥ final
states, corrected for all experimental efficiencies and extrapolated to the full phase space, we
find:

s(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) = 12.3+5.5
�4.4fb.
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Figure 8: Muon-electron transverse momentum for events with zero associated tracks (left), and extra
tracks multiplicity for events with pT(µ±e⌥) > 30 GeV (right). The data is shown by points with error
bars, the histograms indicate the expected SM signal and backgrounds.

The SM prediction is 6.9 ± 0.6 fb, with the uncertainty reflecting the uncertainty in the proton
dissociation contribution to the signal. The observed significance above the background-only
hypothesis, including systematic uncertainties, is 3.6s.

8.2 Anomalous couplings

We use the dilepton transverse momentum pT(µ±e⌥) as a discriminating variable to extract
limits on AQGCs. Two bins, with boundaries pT(µ±e⌥) = 30 � 130 GeV and pT(µ±e⌥) >
130 GeV, are used in the limit setting procedure. The bin boundaries are chosen such that
the a priori expectation for SM gg ! W+W� in the highest bin is ⇠ 0.1 events, with other
backgrounds, predominantly electroweak W+W� production, contributing an additional ⇠
0.1 events. The Feldman–Cousins prescription [56] is used with the systematic uncertainties
treated as log-normal nuisance parameters. Using a dipole form factor with Lcutoff = 500 GeV,
we find at 95% CL:

�1.1 ⇥ 10�4 < aW
0 /L2 < 1.0 ⇥ 10�4 GeV�2 (aW

C /L2 = 0, Lcutoff = 500 GeV),

�4.2 ⇥ 10�4 < aW
C /L2 < 3.4 ⇥ 10�4 GeV�2 (aW

0 /L2 = 0, Lcutoff = 500 GeV).

These limits are an improvement over previously published results with Lcutoff = 500 GeV [4,
18], of which the CMS 7 TeV limits of 1.5 ⇥ 10�4 GeV�2 and 5 ⇥ 10�4 GeV�2 on aW

0 /L2 and
aW

C /L2, respectively, are the most stringent. The transformed dimension-8 limits derived from
aW

0 /L2 and aW
C /L2 with the form factor are:
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Underlying  Event  Definition  	


January 9, 2016 Clemencia Mora H.   CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 2

The The ““Underlying EventUnderlying Event””
 

Proton Proton 

Select inelastic non-diffractive events 
that contain a hard scattering

 

Proton Proton 

 

Proton Proton +

 

 

Proton Proton 

 

+ + …

“Semi-hard” parton-
parton collision
(pT < ≈2 GeV/c)

Hard parton-parton
collisions is hard
(pT > ≈2 GeV/c) The “underlying-event” (UE)!

Multiple-parton
interactions (MPI)!

Given that you have one hard 
scattering it is more probable to 
have MPI!   Hence, the UE has 
more activity than “min-bias”.

1/(pT)4→ 1/(pT
2+pT0

2)2
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Underlying  Event  Observables	


January 9, 2016 Clemencia Mora H.   CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 3

UE ObservablesUE Observables
! “transMAX” and “transMIN” Charged Particle Density: Number 

of charged particles (pT > 0.5 GeV/c, |ηηηη| < 0.8) in the the maximum 
(minimum) of the two “transverse” regions  as defined by the 
leading charged particle, PTmax, divided by the area in ηηηη-φφφφ space, 
2ηηηηcut×2ππππ/6, averaged over all events with at least one particle with 
pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

 PTmax Direction 
∆φ∆φ∆φ∆φ    

“Toward” 

“TransMAX” “TransMIN” 

“Away” 

! “transMAX” and “transMIN” Charged PTsum Density: Scalar pT
sum of charged particles (pT > 0.5 GeV/c, |ηηηη| < 0.8) in the the
maximum (minimum) of the two “transverse” regions  as defined 
by the leading charged particle, PTmax, divided by the area in ηηηη-φφφφ
space, 2ηηηηcut×2ππππ/6, averaged over all events with at least one particle 
with pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

Note: The overall “transverse” density is equal to the average of the “transMAX” and “TransMIN”
densities. The “TransDIF” Density is the “transMAX” Density minus the “transMIN” Density

“Transverse” Density = “transAVE” Density = (“transMAX” Density + “transMIN” Density)/2

“TransDIF” Density = “transMAX” Density - “transMIN” Density

ηηηηcut = 0.8
Overall “Transverse” = “transMAX” + “transMIN”
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Underlying  Event  Tunes	


January 9, 2016 Clemencia Mora H.   

CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 6

CMS CMS Tune CUETP8S1Tune CUETP8S1--CTEQ6L CTEQ6L 

18001800ecmRef

0.210570.19ecmPow

3

0.50

2.0

1.0

0.4

0.4

0.1383

0.137

0.135

0.135

1.5

2.0

2.085

CTEQ6L

4C

3Tune:ee

0.50BeamRemnants:primordialKTsoft

2.0BeamRemnants:primordialKThard

1.0BeamRemnants:halfScaleForKT

0.4TimeShower:pTminChgQ

0.4TimeShower:pTmin

0.1383TimeShower:alphaSvalue

0.137SpaceShower:alphaSvalue

0.135SigmaProcess:alphaSvalue

0.135MultipartonInteractions:alphaSvalue

3.31257reconnectRange

1.60889expPow

2.1006pT0Ref 

CTEQ6LPDF

CMS1

! PYTHIA 8 Tunes: Corke & Sjöstrand Tune 4C-CTEQ6L and CMS Tune CUETP8S1-CTEQ6L 
(CMS1).

CMS Tune CUETP8S1-CTEQ6L
pT0Ref = 2.1006
ecmPow = 0.21057
ecmRef = 1800 

3.18513

2.7967

2.1391.96

1.8150.9

1.4400.3

pT0 
(GeV/c)Ecm (TeV)

pT0(Ecm)=pT0Ref × (Ecm/ecmRef)ecmPow

Start with Tune 4C and 
vary 4 parameters!
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Underlying  Event  Tunes	


January 9, 2016 Clemencia Mora H.   CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 7

CMS Tune CMS Tune MonashMonashStarStar

70007000ecmRef

0.252080.2150ecmPow

77Tune:ee

0.90.9BeamRemnants:primordialKTsoft

1.81.8BeamRemnants:primordialKThard

1.51.5BeamRemnants:halfScaleForKT

0.50.5TimeShower:pTminChgQ

0.50.5TimeShower:pTmin

0.13650.1365TimeShower:alphaSvalue

0.13650.1365SpaceShower:alphaSvalue

0.130.13SigmaProcess:alphaSvalue

0.130.13MultipartonInteractions:alphaSvalue

1.801.80reconnectRange

1.61.85expPow

2.4023742.280pT0Ref 

NNPDF2.3LONNPDF2.3LOPDF

MonashStarMonash

! PYTHIA 8 Tunes: Peter Skands Tune Monash-NNPDF2.3LO and 
CMS Tune CUETP8M1-NNPDF2.3LO (MonashStar).

CMS Tune MonashStar
pT0Ref = 2.402374
ecmPow = 0.25208
ecmRef = 7000 

2.80813

2.4027

1.7431.96

1.4320.9

1.0860.3

pT0 
(GeV/c)

Ecm
(TeV)

Skands-Monash
pT0Ref = 2.280
ecmPow = 0.2150
ecmRef = 7000 

2.60513

2.2807

1.7341.96

1.4670.9

1.1580.3

pT0 
(GeV/c)

Ecm
(TeV)

Start with Monash and 
change 3 parameters!

from CMS
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The  Ridge	
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The  Ridge	
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The  Ridge	


January 9, 2016 Clemencia Mora H.   

A. Moraes  26th November 2015 22

Two-particle correlations in pp at √s=13 TeV

Low multiplicity High multiplicity

Features:

• jet peak (truncated)
• away-side back-to-back jet correlation
• near-side, long-range “ridge”

arXiv:1510.03068 [nucl-ex]
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•  Integrated  luminosity  19.7  {-­‐‑1	


•  Preselection:	

o  opposite  sign  µμ  and  e  from  same  vertex	

o  pT(l)>20GeV  and  |nl|<2.4	

o  <  16  extra  tracks	


•  m(eµμ)  >  20  GeV  	

•  lepton  ID  for  both  leptons	

•  0  extra  tracks  at  dilepton                                      

vertex  	

•  pT(eµμ)  >  30  GeV  	


Exclusive  WW  Preselection	


January 9, 2016 Clemencia Mora H.   

Event display of signal candidate

33

■ Event display of signal event 
■ pT(eµ) = 77 GeV 
!
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•  γγ→l+l-    used  to  test  exclusivity  requirement  and  proton  
dissociation	


•  Corrections  for  proton  dissociation  factor  (only  elastic  
contribution  of  signal  sample  is  simulated)  and  for  
efficiency  of  0  extra-­‐‑tracks  cut  contribute  most  to  
uncertainty	


Exclusive  WW  Systematics  	
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Table 2: Summary of systematic uncertainties affecting the signal.
Uncertainty

Proton dissociation factor 10.5%
0 extra tracks Efficiency Correction 5.0%
Trigger and lepton ID 2.4%
Luminosity 2.6%
Total 12.1%

final correction factor. The systematic uncertainty is estimated from the statistical uncertainty
associated with the correction applied, resulting in an overall uncertainty of 5% on the signal
efficiency.

The normalization factor for the proton dissociation contribution to the signal is obtained from
high-mass gg ! `+`� events in data. The statistical uncertainty on this factor is 9.2%, based
on the combination of the µ+µ� and e+e� channels. An additional effect of 5.0% must be in-
cluded to describe the difference between the matrix element prediction of LPAIR used in the
method described in Section 5, and the equivalent photon approximation used to generate sig-
nal events. Adding these in quadrature results in an overall systematic uncertainty of 10.5%
related to the proton dissociation contribution. We have also checked that the proton dissocia-
tion factor does not vary as a function of the dilepton invariant mass threshold. To prove that
this was the case, the threshold was varied from 100 � 400 GeV.

The full list of systematic uncertainties for the signal efficiency is shown in Table 2. The overall
systematic uncertainty assigned to the signal is 12.1%. The systematic uncertainties considered
for the background prediction include the limited statistics of the relevant simulation or data
control samples, luminosity, trigger efficiency, and lepton identification efficiency.

The systematic uncertainties considered for the background estimation include the trigger and
lepton ID, luminosity, and simulation statistics. In addition, an uncertainty of ±0.24 events on
the electroweak W+W� background contribution is included, corresponding to the full differ-
ence between the background predictions of the MADGRAPH and PHANTOM generators.

8 Results

The total expected background is 3.5 ± 0.5 (stat.) events, with an expected signal of 5.3 ± 0.1
(stat.) events, corresponding to a mean expected signal significance of 2.4 ± 0.5s. Figure 8
shows the extra tracks multiplicity and pT(µ±e⌥) distribution for events passing all other se-
lection requirements. In the signal region with 0 extra tracks and pT(µ±e⌥) > 30 GeV, 13 events
are observed in the data that pass all the selection criteria.

The properties of the selected events, including the µ±e⌥ invariant mass, acoplanarity, and
missing transverse energy, are consistent with the SM signal plus background prediction (Fig. 9).

8.1 Cross section measurement

Interpreting the results as a cross section multiplied by the branching fraction to µ±e⌥ final
states, corrected for all experimental efficiencies and extrapolated to the full phase space, we
find:

s(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) = 12.3+5.5
�4.4fb.
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Proton  dissociation  Factor	


January 9, 2016 Clemencia Mora H.   

Proton dissociation factor

14

■ Our signal samples are pure elastic samples, do not have contribution from single dissociation 
or double dissociation production 

■ To estimate contribution for single dissociation, double dissociation γγ→W,W production use 
γγ→l,l as control sample 

■ Estimate proton dissociation factor (F) at above twice the W mass in γγ→l,l control samples.  
■ Multiply F by elastic exclusive SM WW to get full contribution including non-elastic 

Need to take into account proton 
dissociation for signal samples

γ

γ

ℓ+,W+

ℓ−,W−

p

p

p(∗)

p(∗)
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Proton  dissociation  Factor	
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Proton dissociation factor, data vs. MC

15

■ Proton dissociation factor is the following ratio: (Elastic + Single Dissociative + Double-Dissociative) / Elastic 
■ Proton dissociation factor calculated from data: 4.10 ± 0.43. Slightly higher than 7 TeV analysis, 3.23 ± 0.61   
■ Proton dissociation factor calculated from MC: 

■ Assuming survival probability of 1 for single dissociative, and 0 for double dissociative: 4.39 ± 0.48 
■ Assuming survival probability of 1 for both signal dissociative and double dissociative: 7.71 ± 0.57 

■ Theory predicts large survival probability for single dissociative and small survival probability for double 
dissociative (arXiv:1204.4803) 

■ Data is consistent with this prediction 

!
!

Elastic Single-dissociative Double-dissociative
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Proton  dissociation  Factor	
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Proton dissociation factor

16

■ Plots made for 0 extra tracks, efficiency correction applied to MC 
■ Proton dissociation factor calculated with 0 extra tracks, Mass(ll)>160 GeV 
■ Factor is essentially ratio of data points divided by elastic contribution (dark blue histogram) 
■ Combined µµ and ee channel proton dissociation factor: 4.10 ± 0.43 

!
!

FF P P
Dimuon Dielectron
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■ To account for efficiency difference apply correction to 0 extra tracks efficiency 
■ µµ channel: 0.63 ± 0.04, ee channel: 0.63 ± 0.07 

■ Efficiency difference is coming from MC not simulating well tracks from pileup vertices 
getting associated to the dilepton vertex in exclusive events 

■ Apply this correction to exclusive WW, exclusive !! samples in signal region 
!
!

12

Efficiency correction (I)

µµ channel ee channel

P P
MC normalized 
to data for  
these plotsElastic 

γγ→µµ 
Elastic 
γγ→ee 
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■ Kinematic distributions agree well after efficiency correction, see backup slides for more 
distributions (MET, lepton pt, eta, number of primary vertices, etc.) 

!

Efficiency correction (II)

13

P P
µµ channel ee channel
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tt
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-1 = 8 TeV, L = 19.7 fb    sCMS 2012, 

Signal region for anomalous signals

36

!
■ For pT(eµ) = 30 GeV - 130 GeV:  

■ 13 data events 
■ 8.6±0.5 expected SM events (5.3±0.1 SM exclusive WW, 3.3±0.5 other background) 

■ For pT(eµ)>130 GeV no events in data. 0.1 SM exclusive WW events expected 

!
!

Highest 
pt bin

Lowest 
pt bin



35 HEP 2016 UTFSM 

Coupling  limit	


January 9, 2016 Clemencia Mora H.   

AQGC exclusion limits (dimension 6 operators) 
95% CL 

37

8 TeV limit ~25% better than 7 TeV limit

8 TeV limit 3x better than 7 TeV limit

No Form Factor

With Form Factor, cutoff = 500 GeV

8 TeV:

7 TeV:

8 TeV:

7 TeV:

P

P
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AQGC exclusion limits (dimension 8 operators)

39

With Form Factor, cutoff = 500 GeV

P

Relationship between dimension 6 
and dimension 8 operators. 
-Additional constraint that the WWZ#    
 vertex should vanish (similar to what is 
 done in SMP-13-015)

P
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AQGC exclusion limits (dimension 8 operators)

40

No Form Factor

P

7-16 times more stringent than 
SMP-13-009 (Search for WWγ and WZγ)

3-7 times more stringent than 
SMP-13-015 (Vector Boson Scattering)

caveat: don’t believe SMP-13-015 makes assumption that 
WWZ# vertex should vanish


