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1. Introduction

Diboson (VV, where V may indicate any of the electroweak gauge bosons, Z, W, and ¥) and
triboson (VVYV) production in proton-proton collisions is an important probe of standard model
(SM) gauge boson interactions. The production cross sections for these processes are sensitive to
deviations from the SM, and multi-V kinematic distributions provide a natural search channel for
anomalous trilinear and quartic gauge couplings (aTGCs and aQGCs). Several multiboson pro-
cesses are backgrounds to important Higgs boson discovery channels, and must be well understood
to allow precision Higgs measuremets. Leptonic W* and Z boson decays provide clean experimen-
tal signatures with few backgrounds, making multi-V measurement feasible despite their generally
low cross sections.

We summarize recently released multiboson studies from the CMS experiment [1] at the
CERN LHC. We first report early CMS diboson measurements performed on data collected in
2015 with center-of-mass energy 13 TeV and an integrated luminosity of < 2.6 fb~!. This includes
measurements of the ZZ [4], W*Z [3], and WTW™ [2] cross sections and a measurement of the
Z— 202( branching fraction [4], where £ and ¢’ indicate electrons or muons. All cross section mea-
surements are performed in fully leptonic decay channels where Z— ¢7¢~ and W* — (Tv. We
then report analyses performed on data collected in 2012 with proton-proton center-of-mass energy
8 TeV and an integrated luminosity of < 19.7 fb~!. This includes searches for electroweak Zy [5]
and W*y [6] production in association with two jets, a search for exclusive or quasi-exclusive
vy =WHW~ production [8], a search for W*yy triboson production [7], and an observation of
Zyy triboson production [7]. All measurements on data with /s = 8 TeV are used to place limits
on dimension-8 anomalous gauge coupling operators.

2. WT"W~ production

The inclusive WHW ™ cross section was measured using 2.3 fb~! of data at /s = 13 TeV in
the e*uTvv decay channel [2]. The ete~vv and u*u~vv decay channels were neglected due to
high backgrounds from Drell-Yan processes. Neutrinos escape the detector, leading to an imbal-
ance in the transverse momentum sum of the particles detected in the event. The missing transverse
momentum pS* is the negative vector sum of the four-momenta of all observed particles in the
event projected onto the plane parallel to the LHC beams. Its magnitude, the missing transverse
energy ES, was required to be greater than 20 GeV. To suppress background events in which mis-
measurement of the momentum of a lepton produces spurious £, the projection of the missing
transverse momentum onto the transverse momentum of the closest lepton, s - ﬁfT, was required
to be greater than 20 GeV. To suppress large backgrounds from top quark pair production, selected
events were required to have no more than one jet with pr > 30 GeV and no jets with pr > 20 GeV
identified as b-quark jets.

Distributions of EZ**S and the leading lepton pr for events selected in the O-jet category are

shown in Fig. 1. The total WTW ™ cross section is calculated with the expression
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where Nyaa and Ny, are the number of measured events in data and the number of expected back-
ground events, %, is the integrated luminosity of the sample, € is the simulated signal efficiency,
and & (W — (v) is the branching fraction of the W boson to each lepton family. It is found to be

Ow-w- = 115.2+5.8(stat) = 5.7 (syst) &+ 6.4 (theo) & 3.6 (lumi) pb. (2.2)

This can be compared to the theoretical value of 120.3 3.6 pb, calculated at next-to-next-to-
leading order (NNLO) in QCD.
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Figure 1: Distributions of (left) missing transverse energy and (right) the transverse momentum of the
leading lepton in WHW™ cross section measurement signal events. Black points represent measured data;
shaded histograms represent expected yields, and the hatching represents the systematic uncertainty on the
yield in each bin. The last bin is overflow.

3. W*Z production

The inclusive W*Z cross section was measured in the /7 ¢~ ¢'*v channel using 2.3 fb~! of data
at /s = 13 TeV [3]. The Z boson candidate was required to have invariant mass in the range 76 <
my+o- < 106 GeV, and each event was required to have EX* > 30 GeV. To remove backgrounds
from other diboson processes and t-quark pair production, events with a fourth lepton, or with a
b-quark tagged jet with transverse momentum pr > 30 GeV and pseudorapidity |n| < 2.4, were
removed.

Background yields were estimated with a lepton fake-rate method, in which the probability
for a jet to be misidentified as a prompt lepton was measured using a dijet control sample. This
probability was applied to three-lepton control samples in which one, two, or all three leptons
failed the full signal selection criteria. The uncertainty on the background yields leads to the largest
systematic uncertainty on the total cross section, around 6%.

The three-lepton invariant mass is shown in Fig. 2 (left). The total cross section owz is found
for events in which the Z boson mass is in the range 60-120 GeV, with the difference in mass
window accounted for by an acceptance correction found in simulated events. The measured value,

Owz = 40.9 4 3.4 (stat) '3 1 (syst) 0.4 (theo) + 1.3 (lumi) pb, (3.1)

can be compared to 42.61’(1):2 pb calculated at next-to-leading order (NLO) in QCD with MCFM [9]
or to SO.OJj}:(l) pb calculated at NNLO in QCD with MATRIX [10]. Figure 2 (right) shows the total
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cross section as a function of /s from several measurements performed at LHC, compared to the
NLO prediction.
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Figure 2: (left) Distribution of the three-lepton invariant mass in the W*Z cross section measurement. Black
points represent measured data, shaded histograms represent expected yields, and the hatching represents
the systematic uncertainty on the yield in each bin. (right) Measured values of the W*Z total cross section
from the CMS (circles) and ATLAS (triangles) collaborations, and the corresponding NLO theory prediction
(solid line) as a function of proton-proton center-of-mass energy.

4. 77 production

The four-lepton spectrum, which includes ZZ, H—Z7Z*, Zy*, y*y*, and Z— £{y* production,
was found in the ¢*¢~¢'*¢'~ channel using 2.6 fb~! of data at /s = 13 TeV [4]. Each event
was required to have two Z/y* candidates made of opposite-sign, same-flavor leptons, one with
40 < myy < 120 GeV, the other with 4 < mpp < 120 GeV.

The full four-lepton mass spectrum and the Z boson mass spectrum are shown in Fig. 3, in
which contributions from resonant Z and Higgs boson production and nonresonant ZZ production
can be seen. The total ZZ cross section and the Z— 4/ branching fraction were measured in subsets
of this phase space.

The Z— 4/ branching fraction was measured in events with 80 < myy < 100 GeV. It is calcu-
lated with the expression

B(Z— 40) = B(Z — 20) x L4 @.1)
07-2:%
where % (Z — 2() is the Z boson branching fraction to two electrons or two muons, 67,4/ is the
Z— 4/ fiducial cross section measured in the window 80 < myy < 100 GeV, 647_,5/ is the Z— 24
fiducial cross section in the mass window 60 < my, < 120 GeV calculated with FEWZ [13], and
% is a factor to correct for the acceptance difference between the two fiducial definitions and the
small contribution from nonresonant y*y* production. The branching fraction was found to be

B(Z — 40) = 4.9108 (stat) 03 (syst) "0 3 (theo) +0.1 (lumi) x 1076, (4.2)
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Figure 3: Distributions of (left) the four-lepton invariant mass and (right) the mass of all dilepton candidates
in four-lepton events. Black points represent measured data; shaded histograms represent expected yields,
and the hatching represents the systematic uncertainty on the yield in each bin.

which is consistent with the theoretical prediction of 4.6 x 1076, found with MCFM or MAD-
GRAPHS_AMC@NLO.

The ZZ cross section was measured with both Z bosons required to be in the mass range
60 < myp,mpp < 120 GeV. The four-lepton mass spectrum in this phase space is shown in Fig. 4
(left). The total inclusive cross section is found to be

07z = 14.6712 (stat) T03 (syst) & 0.2 (theo) = 0.4 (Iumi) pb. (4.3)

This may be compared to 15.01’8% pb calculated at next-to-leading order (NLO) in QCD with
MCFM [9] or to 16.270% pb calculated at NNLO in QCD with MATRIX [12, 11] Figure 4 (right)
shows the total cross section as a function of /s from several measurements performed at LHC,
compared to the predictions.

5. Electroweak Zy + 2jets and W*y+ 2jets

Vector boson scattering (VBS) processes occur at & (O‘gw Koc?) , which allows them to be used
as a probe of electroweak couplings independent of QCD effects. Though VBS cross sections
are small, their distinctive topology, with a pair of high-rapidity jets, allows them to be reliably
tagged and separated from backgrounds. Searches for electroweak production of Zy and Wy in
association with two jets were performed on 19.7 fb~! of data at /s = 8 TeV.

The electroweak Zy + 2jets search [5], performed in the eTe yjj and u*u~vjj channels,
required the Z boson to be in the mass range 70 < my; < 110 GeV. The VBS jets were taken to be
the two highest-pr jets in the event, with pr > 30 GeV and || < 4.7. The dijet invariant mass in
the Z— p™u~ channel is shown in Fig. 5 (left) with these selections. The signal sample is defined
with further cuts to select for the VBS topology. Selections are placed on the dijet invariant mass
and pseudorapidity separation, m;; > 400 GeV and An;; > 1.6. The azimuthal angular separation
between the /Y system and the dijet system was required to be Az, ;; > 2.0, and a selection

was placed on the Zeppenfeld variable, |yzy — % (vj,+y jz)‘ < 1.2, where yzy,yj,, and y;, are the
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Figure 4: (left) Distribution of the four-lepton invariant mass of events with 60 < myy,mpypy < 120 GeV,
used to measure the ZZ cross section. Black points represent measured data; shaded histograms represent
expected yields, and the hatching represents the systematic uncertainty on the yield in each bin. (right)
Measured values of the total ZZ cross section from the CMS (circles) and ATLAS (triangles) experiments,
along with the corresponding NLO and NNLO predictions (solid curves), as a function of the proton-proton
center-of-mass energy.

rapidities of the Z7y system and the two jets. The invariant mass of the Zy system after the signal
selections is shown in Fig. 5 (right), along with an example aQGC signal shape.

Evidence of electroweak Zy + 2jets production was found with a significance of 3.00 above
the background-only expectation (2.10 expected). The VBS Zy cross section was found to be

ewk __
GZV =

1.867082 (stat) "035 (syst) +0.05 (lumi) fb, (5.1)
which is compatible with the leading-order (LO) MADGRAPH expectation of 1.26+0.11 (scale) +
0.05 (PDF) fb.

The electroweak Wy + 2jets search [6], performed in the e*yjj+ EXS and u*yjj -+ Epss
channels, followed a similar strategy, but with specific selections tightened to remove larger back-
grounds. Each event was required to have ES* > 35 GeV. The dijet invariant mass for e*yj;j +
E!ss events passing these criteria is shown in Fig. 6 (left). Events in the signal sample were further
required to have m;; > 700 GeV, An;; > 1.6, Adwy,j; > 2.6, and |[ywy— 5 (v, +),)| < 0.6. The
transverse momentum of W bosons in the VBS signal region is shown in Fig. 6 (right), along with
an example aQGC signal shape.

An excess consistent with electroweak W7+ 2jets production was found at the level of 2.7¢
over background (1.56 expected). The VBS W=y cross section was found to be

ewk

ek, =10.8 £4.1 (stat) + 3.4 (syst) £ 0.3 (lumi) fb, (5.2)

which is compatible with the NLO MADGRAPH expectation of 6.1 & 1.2 (scale) £+ 0.2 (PDF) fb.
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Figure 5: Distributions of (left) the dijet invariant mass in u* = yj;j events before VBS selections and
(right) the invariant mass of the £/~ y system after VBS selections. Black points represent measured data;
shaded histograms represent expected yields, and the hatching represents the systematic uncertainty on the
yield in each bin. The unfilled red histogram represents an example signal shape with aQGC.
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Figure 6: Distributions of (left) the dijet invariant mass in e*yjj + EM*S events before VBS selections and
(right) the transverse momentum of the W+ boson after VBS selections. Black points represent measured
data; shaded histograms represent expected yields, and the hatching represents the systematic uncertainty on
the yield in each bin. The unfilled red histogram represents an example signal shape with aQGC.

6. Zyy and W*yy production

Searches for Zyy and W*yy production were performed using 19.4 fb~! of data at \/s =
8 TeV [7]. The Zyy search was performed in the e" e~ yy and u ™y~ yy channels, with the Z boson
candidate required to satisfy mg > 40 GeV. The W=yy search was performed in the u*yy+ EFss

channel, with the transverse mass of the W= boson, m}’ = \/ 2ESS pb (1 —cos (A@)), required to
be greater than 40 GeV.

The largest backgrounds come from V+jets events in which one or two jets are misidentified
as photons. The misidentification probability was found using a Z+jets control sample, and was
applied to template shapes for events with zero, one, and two fake photons to find the background
yield in the signal sample. The jet to photon misidentification probability uncertainty is the primary
systematic uncertainty on the measured cross sections, around 37% for Gwy, and 14% for Gzy,.
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The diphoton invariant mass for Zyy events is shown in Fig. 7 (left) in the u ™y~ yy channel.
Zyy production was observed with a significance of 5.90 over the background expectation. The
fiducial cross section was found to be

czﬁgy x % (Z— 07¢7) =12.7+ 1.4 (stat) £ 1.8 (syst) 0.3 (lumi) fb, (6.1)

which is compatible with the NLO MADGRAPH prediction of 12.954 1.47 fb~!.

The diphoton invariant mass for W*yy events is shown in Fig. 7 (right). An excess consistent
with W*yy production was seen with a significance of 2.46 over the background expectation. The
fiducial cross section was found to be

Oty X B (W — (5v) = 6.0 4 1.8 (stat) +2.3 (syst) 0.2 (lumi) b, (6.2)

which is compatible with the NLO MADGRAPH prediction of 4.76 +£0.53 tb~!.
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Figure 7: Distributions of diphoton invariant mass for (left) Zyy events in the u ™y~ yy decay channel and
(right) W-yy events in the u® yy -+ E?S channel. Black points represent measured data, shaded histograms
represent expected yields, and the hatching represents the total uncertainty on the yield in each bin.

7. Exclusive and quasi-exclusive yy —W™W~ production

The yyWTW™ quartic coupling and YW W™ trilienar coupling can be probed directly in
Yy = WHtW~ production. This process occurs at the LHC when a pair of protons scatters through
quasi-real photon interactions, pp—>p(*)W+W_p(*). The protons may scatter elastically (“exclu-
sive”) or scatter inelastically and dissociate (“quasi-exclusive”), but in either case they or their
remnants fall outside the detector acceptance.

The search for exclusive Yy —W*W~ production was performed using 19.7 fb~! of data at
V/s = 8 TeV [8]. To remove large backgrounds arising from Drell-Yan and exclusive yy — ¢4~
production, the opposite-flavor decay channel WHW~ — e uTvv was used. The resulting oppo-
sitely charged electron and muon were required to originate from a common interaction vertex
with no other associated charged tracks, to remove inclusive diboson events and other backgrounds
which are generally associated with extra charged particles from underlying event activity or mul-
tiparton interactions. To remove events from exclusive Yy — T 7~ interactions, the electron-muon
system is required to have pr > 30 GeV.
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The same-flavor decay channels were used as control samples to understand the efficiency
of the signal sample, background yields, and poorly-modeled nonperturbative effects like proton
dissociation. Exclusive yy — £7¢~ events were selected by requiring the leptons to be coplanar,
with |1 —A¢ye/m| < 0.01., and by requiring their invariant mass to be inconsistent with a Z boson,
with myp < 70 GeV or my, > 106 GeV.

The invariant mass of the e* T system is shown in Fig. 8 (left). The pr of the system is shown
in Fig. 8 (right), along with example aTGC signal shapes. When combined with similar results
performed on 7 TeV data [14], evidence of yy —W W™ production was seen with a significance
of 3.40 over the background expectation (2.8c expected). The measured cross section was found
to be 11.93:(5) tb, which can be compared to the MADGRAPH prediction of 6.9 £0.6 fb.

CMS 19.7 fb™ (8 TeV) CMS 19.7 fb™ (8 TeV)

> >
[} Data © 35 Data
O 8 SM 1y > WWw P W) o gt
3 B Difiractive WW 8 30 7Y = WW (8;/A%=1.5"107, 8/ A*<0, Aqy=500 GeV)
P BN Elastic vy - * ¥y > WW (a¥/A%=2*10", a%A2=0, no form factor)
2 Inelastic yy — tt = 0 °
o 6 N EWK WWaq g 25 SM yy - WW [ Inelastic yy — Tt
] Inclusive diboson w .

5 B Drell-Yan 20 - Diffractive WW - EWK WWqq

7777 Stat. uncert. in simulation M Elastic vy > Inclusive diboson
4

OAIII \III‘\\II|IV\I|IIIV[IIII]\III'IHI'IIVV
o

77/ stat. uncert. in simulation [HIll Drell-Yan
3 %
. 7% 10
1 __ ¢ 5
r V2 U =~ = e, S0 ‘
llnnnn oo loerere RS QA ks e 0 R T o e e e B e
0 50 100 150 200 250 300 350 0 30 60 90 120 150 180 210 240

M(ue) [GeV] pT(ue) [GeV]

Figure 8: Distributions of (left) the invariant mass of the e* = system and (right) the p7 of the e* uF
system for events used in the exclusive yy —WTW™ search. Black points represent measured data, shaded
histograms represent expected yields, and the hatching represents the statistical uncertainty on the simulated
yield in each bin. Hollow histograms show example anomalous gauge coupling signal shapes.

8. Summary of cross sections and aQGC limits

A summary of CMS diboson cross sections measurements, with comparisons to theoretical
predictions, is shown in Fig. 9. Cross sections for electroweak, exclusive, and triboson processes
measured by CMS at /s = 8 TeV are summarized in Fig. 10. Experimental results are overall
compatible with theory.

All measurements described above which used /s = 8 TeV data were used to set limits on
dimension-8 aQGC operators. A summary of such limits is shown in Fig. 11.
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Figure 11: Summary of limits on dimension-8 aQGC operators affecting both transverse and longitudinal
modes.
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