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e WW, WZ, and ZZ cross sections at 13 TeV
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e Searches for new resonances decaying to WW, WZ and ZZ.

@ Turning precision measurements into New Physics searches: SMEFT

® Review of 7 and 8 TeV diboson cross sections:

o WW and WZ inclusive and differential cross sections.

e EFT analysis.

® Phenomenology analysis of the WW EFT analysis.

® Conclusions and perspectives.

Rafael Coelho Lopes de Sa 2

Wine & Cheese



u u
The CMS experiment » Fermilab

® The CMS experiment is one of the two general purpose experiments collecting data
at the CERN LHC.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

QOverall diameter : 150 m Pixel (100x150 gm) ~16m* ~66M channels
Overall length  :28.7 m Microstrips (80x180 ym) ~200m* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon steips ~16m? ~ 137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels
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CMS

2016: a wonderful year (for the LHC)

® The LHC just ended the 2016 proton-proton collisions with record integrated

@ CMS recording efficiency is ~92% (over 37fb™')

luminosity delivered to CMS and ATLAS (over 41fb™)

® The results presented here use the data since 2011 up to the first 12.9fb"!
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Why study massive boson interactions?

® One of the main goals of the LHC is to study the mechanism of Electroweak
Spontaneous Symmetry Breaking.

® This process determines particle content of the Standard Model:

(massless vector) Wi, B, (massive vector) W, W, Z,
(Higgs doublet) o, x* _/ (Higgs field) H

® The dynamics of massive bosons is a window into the physics of spontaneous
symmetry breaking.

® New Physics associated to Electroweak Symmetry Breaking could alter the
dynamics of the Higgs, W and Z bosons.

W+ Z W+ H

W- Z w- \ H
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The two roads

® Traditionally, there have been two ways to study the physics of massive bosons:
e Searches for new particles decaying to massive bosons:
e New resonances decaying to dibosons.

e New particles decaying to vector bosons in association with other particles

e Searches for anomalous diboson production:
e Fiducial and differential measurements
e Pseudo-observables measurements

® First we need to establish that we can measure these final states with very high
precision.
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13 TeV diboson cross section measurements

® Diboson cross sections have been measured at the LHC at 7, 8, and 13 TeV

® Today we show recent results of WW, WZ, and ZZ cross sections at 13 TeV

® These measurements are limited by the small integrated luminosity collected in
2015. The measurements with 2016 data will be dominated by systematic

uncertainties.
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WW cross section measurement at 13 TeV

2% Fermilab

® Measurement performed in the fully leptonic WW—evuv channel selecting events

with a low number of jets.

pr(e,u) > 20 GeV @
In(e/p)l < 2.5/2.4 :>J’
m(en) > 13% (ée\\// , Rejects event with
pT(.e“) g eV non-prompt leptons
Ermiss > 20 GeV

min(proj ET™ss, proj track ET™ss) > 20 GeV
O b-quark jets with pr > 20 GeV, Inl < 2.4
O or 1 jet with pr > 30 GeV, Inl < 4.7 P

"™ Rejects top events
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Value =+ stat. £ exp. syst. & theo. syst. & lumi. [pb]

113.6 6.3 £5.1 £6.5+3.3
1353 =154 +34.0 =144 = 6.0

\\mf\w?—/\/v Category
0-jet
A 1-jet
t Combination

1153 =58 £5.7 £ 6.4 + 3.6

SM NNLO prediction: 120.3+3.0 pb
[ Phys. Rev. Lett. 113 (2014) 21201 and Phys. Lett. B754 (2016) 275-280]
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CMS
% WZ cross section measurement at 13 TeV

® Also performed in the fully leptonic channel WZ — 3iv

® Requires m(3f) > 100 GeV to increase purity of the signal

2317 (13 TeV)

pr(f from W) > 20 GeV > oFeme T T
Q] - .

pr(leading £ from Z) > 20 GeV S b A E
pr(subleading £ from Z) > 10 GeV £ sof - mz E
In(e/p)l < 2.5/2.4 i 405_ i mz E
/6 <mz < 106 GeV Non-prompt 30}~ = | Nonprompt
MET > 30 GeV backgrounds from 2ogiL i M :
m(#') > 4 GeV data CR 108 o E
m(#’) > 100 GeV  — T
. . (s) ~ *g * - X’?W’W m’%’“ e KN 94( s xxxxxxixxié??@iéﬁ&ié Q%Iasz%z R E

O b-quark jets with pr > 20 GeV, Inl < 2.4 S 05 e % 200
a m'E (GeV)

Inclusive cross section § °9 <Mz < 120 Ge

i W—{v and Z—{ BRs from PDG '

o(pp — WZ) = 39.9 4 3.2 (stat) T3] (syst) = 0.4 (theo) & 1.3 (lumi) pb.
SM NNLO prediction: 50.0*"-1_1.0 pb [MATRIX code]
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SMs 261" (13 TeV)
® Fully reconstructed final state ZZ—22¢' e = oz
2 ' =00 o 22
® The measurement is basically background-free. 2 10 T [ ZWZeX
Non-resonant ZZ->2{21’: ,0
i pt(subleading) > 10 GeV 60 < mz1 < 120 GeV g . M4y
{pr(e/u) > 7/5 GeV 0 smz<le0Cey & .
tin(e/p)l < 2.5/2.4 ’ £ L] |
-_f AR(E’[)>0027 AR(G,IJ.)>0.0S " 00 200 300 400:‘}_“?0{7;,600[6'93)]6
140 <mzn(4,f) <120 GeV Resonant Z->2t2": O ?46;f§!3.T9Y!
| mz2(t'.1) < 120 GeV | 80 <m(2126) <100GeV = &, ow |
) o e e EE R ; 18{ — e
c 99 +H 22
3 16 B ZWZaX

Inclusive cross section § °0 <Mz <120 Ge . .

| Z—1 BRs from PDG | =

o(pp — ZZ) = 14.61 3 (stat) "33 (syst) + 0.2 (theo) + 0.4 (lumi) pb. &

B(Z — £H070+0~) = 49108 (stat) *33 (syst) T2 (theo) £ 0.1 (lumi) x 1076,

0O 65 70 75 80 85 90 95 100 105 110

SM NNLO prediction for inclusive cross section: my, [GeV]
16.2%9-654 fb [MATRIX code]
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Summary of recent cross section measurements

June 2016 CMS Preliminary

CM|S measurements 7 TeV CMS measuremelnt (stat,stat+sys) +——+—o—+—

vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +———e——

13 TeV CMS measurement (stat,stat+sys) —+—e——

YY 1.06 £ 0.01+0.12 5.0 fb™

Wy, (NLO th.) | o . 1.16 £+ 0.03 £ 0.13 5.0 fb™

Zy, (NLO th.) — — 0.98 + 0.01+0.05 5.0 fb™

Zy, (NLO th.) —io—i 0.98 + 0.01+0.05 19.5fb™

WW+WZ o 5 — 1.01+£0.13 £ 0.14 4.91fb™

WWwW | o——— 1.07 = 0.04 = 0.09 4.9 fb

WW — e 1.00 + 0.02 + 0.08 19.4 fb™

WW —. 0.96 + 0.05 + 0.08 2.3 fb™

WZ ———o——+ 1.08 = 0.07 + 0.06 4.9 fb

"\ — 1.04 £ 0.03 + 0.07 19.6 fb™

WZ —. 0.82 + 0.07 + 0.07 2.3 fb™

77 o 0.97 £ 0.13 + 0.07 4.9 fb™’

Y4 ——e——— 0.97 + 0.06 + 0.08 19.6 fb™

77 | . =|= O.82|3 +0.11+0.04 2.6fb

Al results at 1Produc’tion Cross Se}:'t5ion Ratio: o../0O i
http://cern.ch/go/pNj7 ) exp theo
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Searches for diboson resonances

® Recent searches have been performed for new resonances decaying to dibosons in

the WW, W/Z, and ZZ final states.

® Since we are looking for rare new phenomena, these searches benefit from using
final states in which at least one W or Z decays hadronically.

g AR=+/An2+A¢2. \
I\

g [
M
ARgq = 2—&/
Pr

Rafael Coelho Lopes de Sa

The standard CMS jet

reconstruction uses an anti-kr
algorithm with R=0.4

For a new particle with
mx~1TeV = ARyq~0.4

Since we wouldn’t be able distinguish

the two jets, we do the opposite: we

reconstruct jets with R=0.8 to contain
the full decay (fat jet)

12 Wine & Cheese
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Identifying W and Z bosons in hadronic decays

2% Fermilab
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Search for X = W(—={v)V(—qq) ar Fermilab
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Search for X = Z(={)V(—qq)

Two strategies to increase sensitivity

2% Fermilab

1. At low mass, reconstruct merged and resolved hadronic V. In each category
separate b-tagged (high purity) and non b-tagged (low purity) jets.
2. At high mass, separate low (high purity) and high (low purity) n-subjetiness (t21)

-1 2.7t (13 TeV
. 2.7fb (13Tev) I|III|III|IIIIIIIII|III|III|III|I(II|eII)
> | . . - CMS A— SN AV P SO SO W N i
- electron channel high purit — : :
8 CMS gn purity e Prel/mlnary | — Observed I|m|t
o107 e ¢ Datain SR (85) T LU SRR S e Expected 95% C.L. upper limit _|
©  © Preliminary . NIl C [ eoected - =
= Parametric model N SO A S [ ] Expected =20 -
o L NN e e se
‘é‘ ........ Z+iets (53 + 65) T ...............................................
o _ x
W o\e, . . e VV, 1t (9.3 + 3.0) @
3 Q)
. ©
! c 10?2 i N e N .
! S RS SR S
1k . o
: O [N
T S 1 S N S PN R
ffffffffffffffff DL o
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g : S N
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An overview of the current situation 3 Fermilab

= s nIx e But no observation was
CMS has performed a En G mamme L . .
P F R convincingly consistent with
very large number of : om0 a new particle directly

searches in diboson
final states (VV, VH,

HH, Vv, vy, ...)

owprano produced at the LHC

Resonances to dibosons

10 b
13 TeV,
13 fb

95% CL limit on 6°™" B,, (fb)

« e G 77, k=02 (LO) radion = HH

Some fluctuations W' — WH
drew a lot of attention! 24000 30 ——
m, (GeV)
$
Gbuk — WW
271" (13 TeV) s CMS profminay 22267 (13 TeV) + 19.7 1" (8 TeV) ! ! ! !
T rl‘;nl T 1T T 1T T 17T T 1T | T 1T | T 1T | | T 1T | T 3.10 J I : | 1 T T 1 ) T 4 r L4 1 T 1 4 : G ¢ _’ ZZ
o I;’:l;'minary —e— Observed it g - Asympt. CL, Obs.(solid)/ Exp.(dashed) : bulk m
".;.103 ------- Expected 95% C.L. upper limit _| 2 L § 4 I | | !
N Fa ) o 4 gt 7 { W - VW HVT(B) 28 b
| \ G ~2Z kM =05 ] © : Vs ] ‘ ‘ ‘ ‘
& | 1k F e 4 W= WHHVT(B) 401b
2102 S | | |
S — , 7 : Z' = VH HVT(B) {BE
— \ . 102 8 v P 1 '
&) \ | : g G, . k=05 .
2 \ i il f radion = HH m
To) A /S A" ‘
® \ 10;.,&' 8l 3 0 0.5 1 15 2 2.5 3
g 10 X : ?;;' 13 TeV : ' '
3 . [ * o 8413 TeV ! Observed limit 95%CL (TeV)
1 111 111 111 I\I 111 111 111 111 111 1 1 1'»-— 3 .
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Where do we go from now?

2% Fermilab

® From now on, the LHC will start collecting much more integrated luminosity but
the energy will not surpass 14 TeV

LHC

7 TeV 8 TeV

13 TeV

b 13.5-14 TeV

ntoracton HL-LHC
regons installation

experiment
upgrade phase 2

14 TeV

integrated
uminosity

® If no New Physics is discovered directly, how can we best use the LHC data to
discover physics at very large scales?

M, [GeV]

200 1

100 1

50

T T T T T

Direct search lower limit (95% CL)

T T Y L T | T T T T T

e

HIH:*:@

—

¢ Tevatron
SM constraint 4
68% CL

1990

vvvvvv

vvvvvv

1995 2000 2005
Year

6 Narch 2012 m_“-lsi’GoV
S1 "\%i% —0.02750£0.00033
) L L - 0,0274910.00010
4 % % e ingl, low Q° data
~N
b3 .
5 3
2 -
14
{LEP LHC
0 excluded ~  excluded
40

200

It is possible to learn
about particles that are
not directly observable.
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% The EFT approach to New Physics *
. ) | Any beyond SM Interactions with
SM model ermi four theory only SM ﬁelds

fermlon theory I' M

® Any Beyond Standard Model physics can be thought of as modifications of
the interactions containing only SM fields

® How to determine the hierarchy between the modifications and classify
all possible modifications?

® How to enforce the SU(3)xSU(2)xU(1) symmetry at low energies?

® How to derive a self-consistent check of this approach?

® How to calculate higher-order (loop) corrections?

® If we can answer yes to all these questions: SM test = New Physics Search

Rafael Coelho Lopes de Sa 18 Wine & Cheese
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g Hierarchy: The SM Effective Field Theory 3 Fermilab

Classify the effect of any beyond SM
model using operators with D > 4

1
W | c=r™Myte Ly
—p 1 T ykstagke
1 E\? 1 E\*
l'lJ ) ) Lng2 l'IJ ) o LlJ FEG — (X) FLS —> <X)
g2<¢¢WuWu'¢¢) ? k2 L M2 AZT(‘/"MWP)
D=4 D=4 W W p_g For large scales E/A « 1, only operators

with lower mass dimension will matter.

L5 — neutrino mass operator All terms written with SU(2)xU(1)

Le — i(H'D"H)0" By, i(D*H)' a(DuH) jav» -+ covariant fields and derivatives.
Lg — Tr[W,, WH"] x ’I‘r[WﬂwaB]' | ST | Preserve symmetry.

W+
The SU(2)xU(1) symmetry at low

energy relates the effect of the H z

operators in different channels Y »
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Z Classification : the curse of dimensionality ar Fermilab

1 1 1
L=L - L5 H L Ly
M A6L7é0 ° A§B=O ° A%B#O °

® 14 operators, 18 parameters
® 1 operator, 7/ parameters
[arXiv:1312.2014]
® 4 operators, 408 parameters (all violate B number) [arXiv:1405.0486]
@ 30 operators (all violate L number, 7 violate B number) [arXiv:i1410.4193]
® 993 operators [arXiv:1510.00372]

The 2499 parameters in D=6 can be reduced to a bit more than 50 assuming
flavor symmetry and CP conservation

Existing measurements are limited to 2 operators. We can do better!

Rafael Coelho Lopes de Sa 20 Wine & Cheese
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Self-consistency checks

LHC resonant Higgs
LHC resonant Higgs
measurements

LHC High Pr

U
\ Since dibosons processes

‘ E S can have very high energy,

mw M My Mh we can easily go outside

the validity region of the
EFT approach.

One proposal that we are pursuing is to
explicitly remove very high energy
events from the observable used to
measure the EFT operators (similar to
unitarization methods used in the past)

Toy example with W*H events
[plots from arXiv:1604.06444]

My[TeV]
Rafael Coelho Lopes de Sa 21 Wine & Cheese
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z Self-consistency checks 3 Fermilab

® With the full SMEFT approach, we (experimentalists) can provide these tests and
design measurements that will satisfy them.

e Provide results as a function of both the scale A and the coupling constant g*

assuming the naive scaling ni: number of SM fields
.. _, & Allow to interpolate between
oD) , __(coupling)™ ~ limits for strongly and weakly

i - " D—4
(high mass scale) coupled theories

@ Provide results removing high energy events (compared to the scale) from the
the measurements.

@ Provide results including only the interference between Standard Model and
higher dimensional operators

ointerference between Mgy and %} — Oipt ~
M *)2
U[|A_26|2] —> Ogquare ~ ('3\—2 |
k More important Iin
More important in strongly weakly coupled theories

coupled theories
Rafael Coelho Lopes de Sa 22 Wine & Cheese
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Anomalous diboson production at CMS Fermilab

August 2016 o Eg’js
FiVaite P ——] Channel Limits ILdt is

A%, b WW -4.3e-02,4.3e-02)] 46f' 7TeV

CMS h | b f B wWw -2.5e-02, 2.0e-02 20.3 fb': 8 TeV

e ww -6.0e-02, 4.6e-02 194 fb' 8 TeV
® as a large numboer o | | WZ 130-01,2.46-01] 336 fp" 8,13 TeV

b ‘ wv -9.0e-02, 1.0e-01 46 fb 7 TeV

searches for anomalous — WY [43002,33002] 50f" 7TeV
. ] bt wv -4.0e-02, 4.1e-02 23’ 13 TeV
production of diboson events. Coe LEP Comb, [[7.46-02, 5.1-02] 0.7 5" 0.20 TeV

x —— WW -6.2e-02,5.9¢-02] 46fo" 7 TeV

— wWWw -1.9e-02, 1.9e-02 20.3 fq" 8 TeV

o WW -4.8¢-02,4.8¢-02] 49" 7TeV

® Almost all of these o WW -2.4e-02,2.4e-02] 194 fp' 8TeV
t th S w2z -4.6e-02, 4.7e-02 46" 7Te\{r v

b wzZ -1.4e-02, 1.3e-02 336fp' 8,13 Te

measurements use e , . WV -g.gegg. g.x-gg 46f’ 7TeV

S wv -3.8e-02, 3.0e- 50f 7 TeV

language of Anomalous — WV 390.02.39602] 29in' 13 TeV
. . Poe DO Comb. [-3.6e-02, 4.4e-02 86fb' 1.96TeV
Couplmgs, without any —e—i LEP Comb. [5.96-02, 1.7¢-02] 0.7 fb" 020 TeV

_ o7 —_ WW -3.9e-02. s.ge-oz 461" 7¥e3

comment on the hierarchy or —_— WW (9500205003 48f 7TeV

. . —e—i WW -4.7¢-02,2.2¢-02] 194 fb" 8TeV

on the classification of the MER— WZ 5.76-02,9.36-02] 465’ 7TeV
. _ — WZ -1.5eg§. 3.0e-g§ 336 fb" 8,13 TeV

I E— wv -5.5e-02, 7.1e- 46 b 7 TeV
' b DO Comb. [-3.4e-02, 8.4e-02] 86fp' 1.96 TeV
analysis of the WW cross L —er | LEPComb, [54602,2.1002) 075" 0.20TeV

1 l l | | i

section is an exception. 0.4 0.2 0 0.2 0.4 06 08
aTGC Limits @95% C.L.

No measurement available performed self-consistency checks, but some
iIndependent papers have considered our WW result.

® Today we will review the the EFT analysis of the WW and WZ cross section

measurements at 8 TeV and some self-consistency checks performed by other
authors.
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Events / (8 GeV)

MC/data

WW cross section at 8 TeV

Top quark background

2= Fermilab

From arXiv:1407.4537

Signal ~4x the signal cross section! 0.9
7 0.8}
o
0.6
A ‘\;; 0.5}
/\,\,ﬁf\*’\m Y 0.4
q 0.3} NNLL+NLO
0.2} M |
Removed in the event selection 01l | | POWII{EGfPY
Only accept events without jets (jet veto) - 015 200 25 30 35
pr [GeV]
cMS 19.4 b (8 TeV) O —
3 i "Topquank {pr(1) > 20 GeV
- mHiggs boson mDY ‘
: Wajets 'In(e/w)l < 2.5/2.4
] o o Top quark, Drell  §MET > 20 Gev
3 é\w\(\\j e'e /e /e n’ Yan and non-  {pr(#) > 30/45 GeV (different/same flavor)
] W prompt |
8 *.Q“Nt back d ?
. " ackgroun _ S tIm(%) - mzl > 15 (same flavor only)
- \\%\ measured in t DY MVA veto (same flavor only)
- [ — . *an, . ;
S ———— data CR. i min(projMET, projTKMET) > 20 GeV
‘o*0."0’*0°“+on”+++§+++++++?++*‘ t Top-quark veto (b-quark jets + soft muons) ;
50 100 150 200 250 300 10 or 1 jet (pr> 30, Inl < 4.7)
m,, (GeV) d e — oo e S B A kOt S S ot
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CMS

WW cross section at 8 TeV

2L Fermilab

Event category

WW production cross section (pb.)

Different-flavor
U-jet category Same-flavor

Different-flavor
I-jet category Same-flavor

59.7 + 1.1 (stat.) + 3.3 (exp.) + 3.5 (th.) £ 1.6 (lum

64.3 + 2.1 (stat.) + 4.6 (exp.) + 4.3 (th.
+ 6.0 (exp.

(stat.)
59.1 4+ 2.8 (stat.)
65.1 + 5.5 (stat.) £ 8.3 (exp.) £ 8.0 (th.) £ 1.7 (lum.

) (lum.)
) ) + 1.7 (lum.)
) £ 6.2 (th.) £+ 1.6 (lum.)
) )

ow-w- = 60.1 £ 0.9 (stat) £ 3.2 (exp) £ 3.1 (theo) £ 1.6 (lumi) pb
SM NNLO prediction: 59.8+1-3.1 1 pb [ Phys. Rev. Lett. 113 (2014) 212001 ]

19.4fb™ (8 TeV)

CMS Preliminary ———
E: | | | | | | | |
o -o- Data
’_&T o -®- Madgraph | .
S 107 mm HGeNLO Variable not
+ B ] -y
§ - . very sensitive
= - ]
3 — | to QCD
pmile) e .
- i corrections
m
10° |- [[ -
R —
8 e .
:; 1 (AR 4 L g L gy 5555 55 » /l:
= 05 f_ Madgraph+Pythia normalized to o, o _f
15— — .
5 1 Better choice to
R s o s
8 f : look for new
05 [~ MC@NLO+Herwig normalized too, ] . .
sk 5 physics in
ks i ] .
| e NI N el precision
= 05 f_ Powlheg+Pytr1ia normlalized tOIONNLO | | | | - measu rements
20 40 60 80 100 120 140 160 180 200 .,
m, (Gev) )a 29

I

do(WW + 0 jets)/dp

1
o

Theory / Data Theory / Data

Theory / Data

T,max

107

108

10

1.5

0.5
1.5

0.5
1.5

05|

CMS Preliminary 19.4 fb_1 (8 TeV.)—
T T T T T T T T
B ——— -o- Data
-®- Madgraph

—&— Powheg

pr(leading ¢)

- ! ! ]
= — T B T LA
— el SIS I
- o - 2 A, v 004
27,/‘,,,, s IS /; ? / ? /74
[ Madgraph+Pythia normalized to o, 1
s D e 7770 7]
feiOp O il Q L0 e O]
[~ MC@NLO+Herwig normalized to oy, ]
A —A A—]

) e sdk ,_A_fAf////,A, 7 ”A/,?////// ////// A
[ p AT eI AP 0
- Powheg+Pythia normalized to o, ]

20 40 60 80 100 120 140 160 180 200

pl  (GeV)

T,max

Variable very
sensitive to
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CMS

SMEFT CP-conserving D=6
operators containing only
vector boson fields

(up to EOM)

Rafael Coelho Lopes de Sa

SMEFT analysis of the WW measurement

q
Z/v" W
NN\
=
q

CMS Preliminary

10*

10°

Events / (75 GeV)

10°

10

26

2L Fermilab

19.4 fb™ (8 TeV)
T T T T | T T T T | T T

q

1}

Top

BmDY
BWz/zZ/VVV | WHjets

— ¢, /A?=20TeV?
— Cyn/AZ=20TeV

— c/A?=55TeV?

| IIIIIIIIT) | IIIIIII|

|/

)
!

f

|

7100 200 300 400 500 600

m, (GeV)

Very well understood

distribution (small QCD corrections)
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CMS

194fb (8 TeV

j

CMS Prel/mlnary

c\’l\ 25 |||||||||||| [ rrrr [ rrr 1117
'> 20 — Observed 68% CL

lQ — — Observed 95% CL

~ Expected 68% CL
N< 15 — — Expected 95% CL

S~

=
(©)

C/A® (TeV™)

CMS Prellm/nary 19 4 fb (8 TeV)

80 [FTTTT T T T T L L ILELNLER N B ]
- — Observed 68% CL ]
60— — — Observed 95% CL ]
B Expected 68% CL ]
- — — Expected 95% CL -
40 - &
201 -
o -
-20F -
-40}- -
-1 | I Lo loa oy I B B |
6020 1 5 -10 5 O 5 1 O 1 5 20
c, /A% (TeV?)

SMEFT analysis of the WW measurement

2% Fermilab

CMS Prel/mlnary 19. 4 fb! (8 TeV)

—— Observed 68% CL
— — Observed 95% CL
Expected 68% CL

— — Expected 95% CL

Coupling constant

This result

This result 95% interval

World average

(TeV™2) (TeV™2) (TeV™2)
cwww /A2 0.1757 [—5.7,5.9] —5.5+4.8 (from \,)
ey /A2 —-3.6759 (—11.4,5.4] —-3.9739  (from gf)
cg/\? —3.2115% [—29.2, 23.9] ~1.712%  (from k. and g7)

For strongly coupled theories (g*~4Tr) that produce cwww, the limit is A~1.5 TeV (@95%CL)
For strongly coupled theories (g*~4tT) that produce cg, the limit is A~700 GeV (@95%CL)
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Events/ 1 GeV

100

Event selection

'J pr(! from W) > 20 GeV

| pr(leading £ from Z) > 20 GeV
| pr(subleading ¢ from Z) > 10 GeV
tIn(e/p)l < 2.5/2.4

171 <mz <111 GeV

i MET > 30 GeV
i m(&’) > 100 GeV (@ 8 TeV only) ﬁ;

19.6 b (8 TeV)

_l 1 1 1 1 ] 1 L ] 1 T I 1 L T T T 1] T ]-‘
¢ Data

 CMS o

f\‘ B Non-prompt leptons -
Il MC background
N stat. @ syst.

Non-prompt

backgrounds

measured in
data CR.

100
m, (GeV)

70 80 90 110

28

2= Fermilab

Inclusive WZ cross section at 7 and 8 TeV ¥

Inclusive cross section
71 <mz<111GevV

1W and Z BR from PDG \
CMS 4.9 (7 TeV) + 19.6 fb' (8 TeV)
1 | I 1 | ] I l 1 I
eee 1.05+0.11
eep 0.95 + 0.11 8 Tev
NLO
ppe 1.01+0.10 - NNLO
pupp 1,05+ 0.11 B stat.
B syst.
combined 1.02 + 0.08
eee 1.17 + 0.18
eeun 0.99 + 0.17 7TeV
NLO
ppp 1.06 £ 0.15 - stat.
sysl.
combined 1.05 + 0.09 B sy
| 1 l 1 | 1 1 l | 1
0.5 1 1.5
NNLO
Owz/ Owz
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Differential WZ cross section at 7 and 8 TeV

2L Fermilab

@ Fiducial region with pt(f from W) > 20 GeV, pt(leading £ from Z) > 20 GeV,
pt(subleading f from Z) > 10 GeV, In(f)I<2.5, and 71 <mz < 111 GeV is used to
measure differential cross sections.

(pb/GeV)

107"

Z
T

do(WZ—-3lv)/dp
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19.6fb" (8 TeV)
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_‘_
_t_
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!

1 =
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» MadGraph
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I IIHHII 1 [l”l"l I ]ll”ll] |l Frrn

l l

- e
L1l lllll
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MadGraph+Pythia normalized to o,

Rafael Coelho Lopes de Sa

3 R E
'E_. . m.;u " .. .- n-A-Anl-nA-An;lunnu-l-nnnu-l.141-A-l4|nnnnalalcl-ncu.l-|-ncl-n-|-|-1.-l-|-n —é
MCFM 3

0 50 100 150 200 250 300
pZ (GeV)

29

do(WZ—3Iv)/dp- ™™ (pb/GeV)

T

—
<

1072
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e .
SMEFT analysis of the WZ measurement ¢ Fermiiab

) CMS 19.6 fb™' (8 TeV) i ICMS o 196" (8TeV) . CIIWSV 196" (8 T]eV)
> 10 E o I L 5 hg) - == Expected 68% CL - = Expecied 99°% CL l< : - = Expectad 68% CL - = Expecied 99°% CL
8 ¢ Data wz I Expected 95% CL.  —— Observed 95% CL - 0.04 Expected 95% CL  —— Observed 95% CL

- WZ aTGC (Ax*=0.6) | Non-prompt leptons - I ¢+ Bostm | 4+ Bostm
B -~ WZ aTGC (ag’ = -0.06) [l MC background | 0.05 T —— ' — T~
~ 103 - WZ aTGC (A = 0.04) - // _ \\\ 0.02
2 . C ~ \\ ) [
[ \ \
o L\ \ 0
L o \ |
\ /
\ 7 L
\\\ /// -0.02
-0.054
-0.5 0 0.5
AX?
1 CMS 19.6 b (8 TeV)
0 100 200 300 400 T i cpmimnr | —- Spssee. |
p.Zr (GeV) 0'045 Expected 95% CL T z::lvecas%a d
| //’f_‘\\\
- —) 0.02 / N
Observed [TeV™“] Expected [TeV ™ 7] - SO0
\
cg/ A2 [—260,210] [—310, 300] o \
cw / A? [—4.2,8.0] [—6.8,9.2] AN /
0. N
waw//\2 [—4.6,4.2] [—6.1,5.6] N7
1 o l
0.4 0.2 0 0.2 0.4
Ax?
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¢ «
Reinterpretation of the CMS WW analysis Fermilab

® The 2D limits can be recast imposing different limits on mww

CMS WW (8 TeV, 19.4m7") CMS WW (8 TeV, 19.4 b™") CMS WW (8 TeV. 19.4 fb-1)

oocl” . ; 02F , - . ooel . : ,

0.04} 01 0.04}
— 0.02¢ 002+
flj ~  0.00} <00 2000}
g —002} -0.02}
@) -0.04} =01 —0.04}
g —0'06.ﬁtu'u'('l'cV)<:\.~, ', 12,10,08,06 ] _ool my (TeV) <0, 14,12, 10,08,06 | -0.06 -lMu'u'(Tc\./)<m, : 08, 0.6 :
qo) -0.05 0.00 0.05 0.10 -0.05 0.00 0.05 0.10 -02 =01 0.0 0.1 0.2
‘-_>- o8- g - 0Ky
X @ Limits are acceptable for cuts down to CMS WW (8 TeV, 19.4 b™")
© mww ~ 1 TeV. Below that, the EFT ost
g interpretation is no longer valid. | LEP-2+Higgs
| -
qJ, @ This is ok for strongly coupled theories 0.0} ’
E producing cwww (A~1.5TeV), but not cg < | L
S (A~700GeV). osl

® The analysis was also recast using only the |
interference (weak couplings). The limits are qob ]
much weaker, as expected. -0.2-0.1 0.0 0.1 0.2 03 04

Rafael Coelho Lopes de Sa 31 g -



¢ .
ldeas for the future 3¢ Fermilab

® The idea for the future is to perform a global analysis of Higgs and diboson
measurements at the LHC.

® Even though the choice of basis for the D=6 operators should be equivalent
(up to EOM), it is relevant for how these combinations will be performed in

practice.
Warsaw SILH BSM primaries
EWPO
HL = L L
“ .
diboson Oy, = (iH'0*D, H)(L,0°v*Ly) Op = ig (H' D*H)8"B,, AL,
Owg = igg' H'o® HW?, B* Onw = ig(D*H)'o*(D*H)W§, AL,
Oww = g°|H |2W:‘,W°“” Oup =ig'(D"H)'(D"H)B,, A[.,’;.,
_ Opp = ¢*|H|*B,, B*" Ogp = ¢°|H|*B,,B* ALY,
Higgs Occ = G2HI'GAGH Occ = gi|H[*GLL,G™ ALge
Oy, = y|HPfLlHfr [=wde Oy, =y |HPfLlHfr f=ude AL}
O = (9*|H[?)? Oy = (9*|H[?)? ALY,y
T —===SS=»S»S="—=——3—5=—5<=—%—w=w»w.
Partially available Easy UV matching Traditional param.
at NLO (SUSY, Comp Higgs, -..) Not easy UV matching
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CMS . _
Interplay between diboson and Higgs % Fermiiab

® The combined analysis will substantially increase the sensitivity to the
coefficients of the D=6 operators in SMEFT.

® The idea is to provide combined limits in the (g*, A) plane with different
energy cuts. We are also working towards a robust determination of the
uncertainties associated to D=8 operators and SMEFT NLO corrections.

30.4 T 1T T T .7 1T 11 I LI B B B B B T rrrr
0.3 |-
0.2 -

0.1 |

[plots from arXiv:1304.1151]
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CMS 2% Fermilab

Conclusions

® Reviewed the importance of diboson measurements to understand the Standard
Model.

® Presented the most recent CMS diboson cross section measurements at 13 TeV
using the 2015 dataset.

® Presented some of the most recent CMS searches for diboson resonances at 13
TeV using the 2015 and 2016 dataset.

® Discussed how precision measurements can be used to search for new physics at
scales that cannot be probed directly at the LHC.

® Described the SMEFT analysis performed on the 8 TeV WW and WZ cross section
measurements and the phenomenology analysis of these measurements.

® Listed some future plans for measurements, including strategies to combine
multiple channels, and self-consistency checks of the SMEFT approach in these
measurements.
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