MULTIBOSON PRODUCTION AT CMS

ANDREW ASKEW
FORTHE CMS COLLABORATION




OVERVIEW

m Multiboson measurements and observations are one of the
best tests of the structure of the Standard Model

m 2022 marked the beginning of Run 3. All of the results | have
to show you today make use of the full Run 2 dataset.

= | will concentrate on a couple of the most recent results, and most
recent results submitted for publication.

" Where we're going:

= There is a vast expanse of LHC data yet to be taken and explored!
We're likely running RIGHT NOW.
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= What | will highlight today will utilize 138 fb"! of data. Worth noting that there are
continuing Run 2 analyses, and already analyses planned on Run 3 data (and combined

Run 2+3).
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= An experimental talk is never complete without
the star of our show.



WHAT AREWE DOING?

= You can subdivide the physics that we can do with multiboson physics (roughly)
into a few categories:

m  Searches for rare though predicted SM processes.

®  Detailed examination of the kinematics in these SM processes, and inference of how
these examinations constrain potential non-SM physics.

®  Precision measurement of differential cross sections.

= As you accrue more and more integrated luminosity, the first can become the
second, and then the third.

= I’'m going to overview a few of the most recent results, which touch on each of
these.
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®  The main processes in WW production. I'm stealing a little bit: there is a
dedicated VBS talk later, but | wanted to start here.
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WW PARTICULARS

Process SRep 7Z;p <1 SReur; =1 SRee-up7Z;,; <1 SRee-pup 7Z; =1
DATA 2441 2192 1606 1667
Signal + background  2396.8 +98.5 2239.6 + 106.0 1590.4 +49.4 1660.5 + 43.6
Signal 169.1 +£20.2 69.9 + 8.4 98.0 + 6.5 38.3+25
Background 2227.7 £964  2169.7 £ 105.6 1492.4 + 489 1622.1 +43.5
tt +tW 16294 +714  1452.5+69.5 767.8 +14.5 642.5+13.2
WW (QCD) 327.0 £ 61.6 409.3 +77.3 111.1 +16.6 121.5+17.3
Nonprompt 107.0 1 18.4 109.9 1 16.4 30.01L 4.9 320142
DY no PU jets — — 259.54+27.3 408.3 £17.1
DY +1 PU jets — — 2227 1 33.3 3374 1329
DYtTtr— 69.2+ 4.6 102.0£5.8 — —
Multiboson 67.7 1 6.6 756 1L 7.3 60.9 1 3.8 60.1 - 4.8
Zjj 1.0+02 04+00 4051+ 4.2 203L13
Higgs 266 L 1.5 201 L 1.0 —

Note the distinction being made here between signal (EVWK) and background (QCD).

There’s no control sample that you can define that is purely dominated by

WW(QCD)

= Top is, as always, a major background.
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WW RESULTS
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= Combined ee. pp, separated by jet mass and Zeppenfeld variable.

m  Observed significance is 5.6 (5.2) sigma for the EWK process.
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m  Again, stealing slightly. There is a distinction here drawn for EWK processes (the
first three) and QCD initiated production of Wry.

= Here we have the trilinear vertex in the second diagram, and the quadrilinear
vertex in the third. And really, that’s what is interesting here.

Multiboson Production at CMS Andrew Askew arXiv:2212.12592 9
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Wy DETAILS
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m A control region is defined adjacent to the signal region in dijet mass. As one
can see (left is photon in barrel, right is endcap), there’s no visible contamination
from the EWK process.
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Wy DETAILS (2)

Barrel Endcap
EW W+ in fiducial region 316 =16 902 £5.5
EW W+ out of fiducial region 64.7 £2.0 204 £ 1.0
QCD Woy 1301 £28 362+ 13
top, VV, Zv 402 +14 933 4+72
Nonprompt photon 434 +13 1202 £5.7
Nonprompt muon 134 £+ 27 45 4+ 11
Nonprompt electron 189 £+ 20 86 £ 13

Nonprompt photon, nonprompt muon 43.0+7.0 14.6 =34
Nonprompt photon, nonprompt electron 755 +£55 25.0+£20
Total prediction 2960 =43 856 + 21
Data 2959 + 57 849 4 32

m  Dealing with a very small signal on top of significant backgrounds.
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this case, the jet mass and M,. Observed significance is 6.0 (6.8).
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Sensitivity enhanced, like most analyses, by binning in the sensitive variable, in
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= Limits are set on the different couplings by using the Wy mass. Here is an
representative example, where the enhancement at high mass is clear.
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Z/Z+] DIFFERENTIAL CROSS SECTION

This is a good example of the full chain that | mentioned earlier.

| may be showing my age, but it wasn’t THAT long ago that ZZ production in the
leptonic channels wasn’t established at hadron colliders (I looked it up, 2008).

Then a certain boson was discovered in this channel, and suddenly we'’re in this era of
seemingly limitless statistics.

We now have sufficient statistics to make differential cross section measurements
using the cleanest reconstructed leptons.

Process | seee | eep | Uppu 202¢'
80 < my, < 100GeV
Background [ 46£05+18 [155-16=62[228121191 43+3+17
Signal 216 =1 _i¢ 731 £ 2 ng 841 =2 % 1790+ 3 Li‘;ﬂ
Total expected | 220 £1 3 747 1 3 T2 864 =35 1830 L4 %0
Data 194 698 838 1730
6 < my ,my, < 120GeV
Background [229+09+57] 46+2+10 [289+13+65 98+2+23
Signal 716 L2 ~% 1830 L300 | 1381313 36804517
Total expected | 739 =2 8} 1870 £4 7130 1167 £ 315 3780 £ 5 70
Data 671 1805 1106 3582
Multiboson Production at CMS Andrew Askew CMS-PAS-SMP-22-001 14
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®  Many different unfolded distributions are public, here I'm just showing the
unfolded cross section as a function of four-lepton mass, and number of jets.
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= This to me is very exciting: processes with three vector bosons in the final state,
plus both trilinear and quadrilinear vertices.

= Now really into MULTI territory, three vector bosons in the final state.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-006/index.html

WWry DETAILS:

m  Top is an issue for everyone at the

Process Signal region SSWW+ CR  Topy CR
LHC. WWry 05404473  12-02 12,8427
= In this analvsis a separate to QCD Vo 166.7+13.8 12.24+2.2 12.6+1.2
Y515 a sepe P vV 36.7+3.5 249417  2.0+0.3
control region is defined, as well as g, 327.5+322 2406  24335+85.2
a same sign sample, in order to Nonprompt £ 1229497  196.6+13.6  39.8+£10.7
. . . . Expected 1318443 257+14 3294+57
constrain the contributions in the 1330446 250420 328759
simultaneous fit.
®  This table is post-fit.
Multiboson Production at CMS Andrew Askew CMS-PAS-SMP-22-006 18
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= These are the 2D mqy-m,, distributions used for the significance measurement.
Zero jet is on the left, one jet (or more) is on the right.

m  Observed significance is 5.6 (4.7) sigma.
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SUMMARY

®  We have done, and continue to do a very

successful job widening our view into physics
at the LHC.

= We've now observed some pretty novel SM
phenomena. Is SUSY (or anything else)

lurking in any of those places? We'll have to
look hard to tell.

= You'll be hearing more soon!
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Objects

Requirements

Leptons

Jets

miss
T

Multiboson Production at CMS

ey, ee, pp (not from 7 decay), opposite charge
pressed € = pt 37 plif AR(4, ;) < 0.1

Pl = 25GeV, p2 > 13GeV, pi < 10GeV

| < 2.5

p:‘fl'_f = 30 GeV, myy = 50GeV

P > 30GeV

AR(}, €) > 0.4

At least 2 jets, no b jets

| < 4.7

my = 300GeV, [Ang;| = 2.5

p%ﬂss = 20GeV

Andrew Askew
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Expected limit Observed limit Upound
5.1 < fayro/A* <51 —5.6 < fpo/A* <55 1.7
71 < fun /AP <74 =78 < fi /AT <81 21
1.8 < fuo /AT <18 =19 < fi,/A* <19 2.0
25 < fys/A* <25 =27 < fya/ At <27 2.7
3.3 < fya/A* <33 37 < fya/A* <36 23
34 < fus/A* <36 =39 < fus/A* <39 2.7
13 < far7/A* <13 —14 < fur/A* < 14 2.2

043 < fro/A* <051 —047 < fro/A* <051 19
027 < fr1/A* <031 —031< fr1/A* <034 25
072 < fro/A* <092 —085< fr,/A*<10 23
029 < frs5/A* <031 —031< fr5/A* <033 2.6
023 < fre/A* <025 —025< fre/A* <027 29
-0.60 < fr,/A* <0.68 —0.67 < fr,/A* <073 3.1
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May 2021 CMS Preliminary

CMS measurements 7 TeV CMS measurement (stat,stat+sys) H-o—+
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) ——e——

13 TeV CMS measurement (stat,stat+sys) +r+eo—+
1Y ———for——— 1.06 £0.01+£012 5.0’
Wy, (NLO th) = o 116 £0.03+£0.13 5.0fb’
Wy, (NLOth.) —e—i 1.01+£0.00+0.05 137 fb”
ZY, (NLOth) —to—i 0.98+0.01+005 5.0fb"
ZYy, (NLOth) —io—i 098 +0.01+0.05 19.5fb"
WW+W2Z 5 . 1.01£013+014 491’
WW —t—o—+— 1.07 +0.04 £ 0.09 4.97b"
WW — i 1.00+0.02+008 194’
WwW o — 1.00£0.01+0.06 359"
wWZ ——o—— 1.05+0.07+006 491"
WZ o 1.02+0.04 +0.07 196"
wWZ HeH 1.00£0.02+0.03 137 fb"
4 o 0.97 +0.13+£0.07 4.9fb7
ZZ s 0.97 +0.06 £ 0.08 196 fb”
77 e 1.04 £0.02+0.04 137 b

Al restits at; 1 Production Cross Se1§tion Ratio: o..,./0C .
. exp theo
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May 2022 CMS Preliminary
CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ——o—+
Theory 8 TeV CMS measurement (stat,stat+sys) ——e——i
13 TeV CMS measurement (stat,stat+sys) ——e——
qqw ——o——i| 0.84 £+0.08+£0.18 19.3fb"
qqW s 0.91+0.02+0.09 359 fb’
qqZ ——+—o0—+—| 0.93+014+0.32 5.0fb"
qqZ o 0.84 +0.07 +0.19 19.7 fo'
qqZ o 0.98 +0.04 £0.10 359fb"
WV i 0.85+012+0.18 138 b
Ty—WW ' : v 1.74+0.00+£0.74 19.7 fb’
qqWWy — ° — 1.77 £ 067 £056 19.7 fb
qqWy e 0.88+0.11+0.15 138 fb
os WW e 112+0.15+0.17 138fb"
ss WW 0.60+0.38+0.18 1941’
ss WW h—e—i 1.20+0.11+£0.08 137 fb”
qQaZy — . — 1.48 +0.65+0.48 19.7 fb”
qqZy e 120+012+0.13 137 fb”
qqWZ ——e—— 146 £0.31£011 137 fb”
qqZZ P — 1.19+0.38 +0.13 137 fb"
All resul?s at: 1 z i 3 i y - >
: Production Cross Section Ratio: o,/ 6y,
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