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successfully tested over 9 orders of  °
magnitude

* We discovered a Higgs boson

* Still we have to understand in detail

the Electroweak Symmetry Breaking 10:“:
Mechanism (EWSB) it

It is a long journey, but it is finally started and the first milestones of the path

have been posed: the study and the first measurement and observation of the
electroweak production of vector bosons and jets

We just scratched the surface that covers the processes which are sensitive
to the most intimate part of the EWSB, the acquisition of the longitudinal

degree of Bolarization of the massive electroweak bosons
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... which has a distinctive signature

* Two jets in the forward-background region — Large pseudorapidity gap

* Decay products of the outgoing vector bosons tend to be in-between the tag-jet pseudorapidity gap
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* Other key variables are: the invariant mass of the dijet system (m.) and the Zeppenfeld variable (z*),

usually defined as  Z,"=n,—(M . #Neo)l/2 OF  Zy =|ny—(Mpe #0721/ AN
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SMP-16-019

CMS Experiment at LHC, CERN

\ | Data recorded: Mon Oct 24 02:48:00 2016 CEST
. \l Run/Event: 283884 / 546338192

- Lumi section: 511

| Electron 1, pT = 92.7 GeV

Muon 1, pT = 73.8 GeV

|Eloctron 2,pT=511 GGVIV mup,= 89.2 GeV
m,.= 91.5 GeV
m, =13 TeV
/ Anu = 5.4
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Gluons

Anomalous couplings

+ what forbidden in SM
e Quartic gauge couplings (QGC)

Higgs Boson
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non-VBS diagrams,
with (o, °) at tree level
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Pros

Cons

“‘MM\L- B 774 (2017) 682

Search for two on-shell (60 < m,, < 120 GeV) Z bosons decaying into

electrons or muons pairs, consider jets if their p_ is > 30 GeV

Final state can be fully reconstructed

— all kinematic variables are accessible
Very clean final state

— low reducible background

Low oxBR compared to other channels

— maximize the selection efficiency (minimal cuts on lepton mainly driven by
trigger thresholds, detector acceptance)

7.7, + QCD-induced jets (irreducible background) highly dominant compared
to pure EW production

— understanding of the irreducible background is paramount
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Overall very good data-theory agreement
Little discrimination on individual variables ) - inputs: m_, An_,7,*
Few expected signal events 35.9 0" (13 TeV)

Search f oduction >
t. B 774 (2017) 682 (-

BDT optimized to separate EW ZZ+jets from QCD-
induced jet productlon

*, R(p,), dijet p_ balance, m

E o e e e e o e I Signal extracted via template fit of full BDT spectrum
o - = [
o 20 CMS ; g;t'aEW # Constrains background normalization with data
P J) i
18}~ - 35.9 o (13 TeV
-.g L - gg % ZZ = v 22 T T T | T T | T | T T T | (l T e| )
fs e D Etztz,xwwz Validation of = B ZZjj EW -
i i ) = —
121 background model = £ mgg - 22 q
i m. > 100 GeV, | . . 2 16 W22
10~ i in a QCD-enriched @ 11 ttZ, WWZ
— m. < 400 GeV , 141 : _
8 I region - i Z+X '
- or|An| <24 12+ i
6 | — good agreement Tk m; > 100 GeV -
4 B !
% 6
% 0.2 0.4 0.6 0.8 1 4
BDT output 5 .
Measured signal strength: ©w=1.39"7(stat )*%% (syst) ) e 1
With an observed significance of 2.7 ¢ (1.6 C, expected) BDT output

Measured fiducial cross section o (EW pp=>ZZ+ jets=>1I1'1"+ jets)=0.40"07: (stat )" o5 (syst) fb
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Search for a pair of same charge lepton (u, ) with p, ,, >
25 (20) GeV m > 20 GeV, vetoing additional leptons

(including t’s) in the event

Two jets with p_ > 30 GeV, leading jets taken as tagging
jets, m, > 500 GeV, |Anjj|>2.5, max (z*) < 0.75

Low background contamination compared to other VBS
search channels, because processes with two true high-p..

same-sign lepton are pretty rare — # signal events ~ half of
all background events

Background from W*=W=+jets induced by QCD very small
compared to the . Main background from multi non-
prompt leptons in the event and WZ — 3lv where a
charged lepton is lost

- To suppress DY — E ™ > 40 GeV and Z — e*e” veto

— To reduce top background: anti b-tagging, m, > 20 GeV
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i 120, 081801 (2018) (-
CMS

35.9 fb' (13 TeV)
| I | | I I I =

-
* Signal event yield extracted usinga @ | el 2
~ 150 L EW WW 8
2D fit of m_ and m, w UL mwz _
y - " Nonprompt
. . o Others
* EW production observed with a L|>J - N\ Bkg. unc.
100 - Q o
significance of 5.5 o (expected 5.7 0) \\\\K\\\

SIS d
\®®®$®N®§§§§§¥&&§*:

50
o(EW pp=>W W™ +jets > 1"~ vv+jets )=
3.83+0.66(stat)+0.35(syst ) fb

500 1000

I1 500 2000
m; (GeV)
* Analysis also used to constrain the cxBR for the production of doubly charged

Higgs boson decaying into two same sign W, resulting in a limit at 95% CL well
below 100 fb for a large range of the H** mass
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748 EW pp — roduction “=<, 7
Y 01.04060 sub to PLB  (__~

* Affected by more background than W*W* but cross section

accessible with large dataset q q"
wt o w*
* Search for three charged leptons (u, ¢) in the final state, with
p.(1,,1)>25GeV, p.(1,,2) > 15 GeV and p_(1,) > 20 GeV
Z Z
* Two jets with p_ > 50 GeV, leading jets taken as tagging jets, q q

m, > 500 GeV, |Anjj| >2.5,In, -, +n,)/2[ <25

* QCD production of WZ+jets is the dominant background

— Use MC and data control regions to predict it and all the other
background with three prompt leptons

— Nonprompt lepton background estimated from data

Robust analysis that uses only variable that are theoretically well
understood for both QCD WZjj and EW WZjj processes
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EW pp = production =4
01.04060 sub to PLB u

* First, measure the WZjj (QCD+EW) cross section in the EW WZjj

enhanced regions (tight, and loose)
o (pp> WZ+ jets>1vI'l'+ jets)=3.18"%% (stat )" %% (syst ) fb

—0.36

ol (pp >WZ+ jets > 1vI'l '+ jets)=4.39" 70 (stat )% (syst ) fb
CMS 35.9 b (13 TeV)
= |A'n”_| e['2.5, 4.'0] IAInjjI e['4.o, 5{01

* To extract the EW component
(~38% of the tight fid xsection)
simultaneously fit yield from

I I I
|Anl=5.0
40 s

—— Data
L 1 EW-WZjj
Zy

!
Post-fit yelds |
E [ Nonprompt

Events / bin

30

[ RAY%

B t+V/VVV
[ 1QCD-Wzj
L Stat.®Syst.

background control region and @ =
2D distribution of m, and Anjj

10

Measured signal strength: «=0.82"", s . = =
with an expected EW WZjj cross FR e S\ Nt BNSSENSSHES A
section of 0=1.25""1\(scale)+0.15(PDF )fb S TS 0452520 051082520 081001 ]8 5520

m; [TeV]

and an observed si gIliﬁC ance of 2.20 Analysis also used to constrain the cxBR for the production
of charged Higgs boson, resulting in a limit at 95% CL
(2.70, expected)

well below 100 fb for a lar%e range of the H* mass
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AnomalWI“”ll'ouplings

* Search for new physics while doing EW measurements

e Look for deviations from SM in tail of distributions (m_,, m

\'A"% s | & mjj’ pT,V’ o)

* Parametrize the new physics adding terms to the SM lagrangian

* Several possibilities, for the analyses presented here we made use of the
Effective field theory approach [Phys. Rev. D 48(1993) 2182,
Phys. Rev. D 74 (2006) 073005] to extract limits on anomalous quartic gauge

couplings

* Parameters are varied one-by-one, with the exception of the WZjj analysis in
which we varied two parameters at a time

* Designed an analysis (SMP-18-006) specifically to search for aQGC in

WW/WZ/ZZ + jets production, in final states where the vector bosons have
been decayed semileptonically
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aI'XIV 1901 04060 359" (13 TeV) Phys Lett. B 774 (2017) 682 359 fb (13 TeV)
c B ; T e mE = | | I
§ i CMS —e— Data 2] f o Data il
o =§Y 1 @ 12L B ZZjj EW -
= onprompt = - 8
LL - B vy 4w : [] qq — 4 i
B [ 1 acb-wzji i i [ ]ttZ, WwZz |
e B Ew-wzjj i B Z+X
B Lo Fro=Fre0,Fr=3Tev* ] frg/ A*=1TeV* 3
B [ Fe=32,F, _16Tev4 il -'"-ng/A4 2 TeV* 3
P iﬁﬁﬁfﬁfﬁﬁﬁﬁﬁs Fuo=8, F = -4 TeV™* i i
i L Stat@Syst. ] S
B T et [ N | z
R . :
9 —
o
B \ \\ R R R AR \\\\\\\\Q\Q\\ \\\\\\Q\\\§
5 i
B e = = 200 400 600 800 1000 1200 1400
my(WZ) [GeV] m,, [GeV]
Main variables for the search of anomalous quartic gauge couplings
— no evidence found so far
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f:: -\ A SearCh fO1WIICtiOH Of ISI R
s SMP-18-006

* Two final states: pp —> WYVjj — lvjjjj and pp —> ZVjj — ljjj)

* Select events with

i W
— One or two leptons with p_ > 30 GeV
1%
- WYVjj: p,™* > 50 (80) GeV for final state with p (e) : v l :
= ZVjj: Im, -m | < 15 GeV . i
q q

* Hadronically decaying boson reconstructed in boosted
topology (anti-k,_ w/ R = 0.8)

= Pry> 200 GeV, 65 GeV <m,, < 105 GeV

* Stringent VBS requirements: S

- Two jets with p, > 30 GeV, m, > 800 GeV, IAnjjl >4

— Requirement on Zeppenfeld variables (< 0.3) and boson centrality (> 1) for WVjj

R.Bellan 24" May 2019 — EW VV+jets at CMS 18
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~ Search for
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INEN
SMP-18-006 (-

* Laegest bakground is V+jets — estimated yield and shape from
sidebands of the signal region (40 GeV < m, < 65 GeV and

105 GeV <m, < 150 GeV)

* Fit mass the distribution of the WV or ZV system in the signal region

35.9fb" (13 TeV) i . | 3.9 b (13 TeV)
e T T T T T LEERE RN LR SR IR L R R S FR T R bl W ; L : IR 4 T T3
> B C MS 7] c : CMS —@— Observed - V + jets
3L _ - 4
8 10 § Preliminary ¢ Observed - V+jets g L% 10° 3 Preliminary [ tor [ Jacpzv 3
8 5 - D Soe _ Top : 2 | EI fEV\/’j:: 25 Tev"’\; :kgj'::];:::ac;r:\t‘ s =0.5 ]
= 10 Bl singleTop &%) Bkg. Uncertainty = 10°F b i e
] - = i ]
GCJ B ] 10 E
> = ]
LUl 3 1
] 1E
E 10" 2
10" g % BEEEEEE
- L KKK afit’.fl&[ﬁhfo'?é . 1072 - : : T
Wl o 5 o 23 3
e d gt
T|o 7 2] j 1—++ .......................................................... 3
) i R L e s e
. 3 1000 1500 2000 2500
M., (TeV) MZV (GeV)

Set also stringent limits on H* and H** production cross section
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CMs
May 2019 ATLAS Channel Limits J Ldt s

fo A8 |_| Wy [-1.6e+0T, 1.6e+0T] 20.3fb™ 8 TeV
T,0 [——— vy [-1.6e+01, 1.9e+01] 203 b’ 8 TeV
[ —— WVy [-1.8e+01, 1.8e+01] 20.2 b’ 8 TeV

H WWW [-1.2e+00, 1.2e+00] 35.9 " 13 TeV
— Zy [-3.8e+00, 3.4e+00] 19.7 fb”! 8 TeV
| o | Zy [-3.4e+00, 2.9e+00] 29.2 b 8 TeV
— Wy [-5.4e+00, 5.6e+00] 19.7 b’ 8 TeV
= ss WW [-4.2e+00, 4.6e+00] 19.4 fb™’ 8 TeV

H ss WW [-6.2e-01, '6.5e- -01] 359fp" 13 TeV

H WZ [-7.5e-01, 8.1e-01] 359 fb" 13 TeV

| 77 [-4.6e-01, 4.4e-01] 35.9 " 13 TeV

| WV 2V [-1.2e- 01 1.1e-01] 350 fb" 13 TeV

f /A4 (=] WWW [-3. 3e+00 3.3e+00] 359%™ 13 TeV
T1 — Zy [-4. 4e+00 4.4e+00] 19.7 fo™ 8 TeV
=] Wy [-3.7e+00, 4.0e+00] 19.7 b’ 8 TeV
H ss WW [-2.1e+00, 2.4e+00] 19.4 fb™ 8 TeV

I ss WW [-2.8e-01, 3.1e-01] 35.0 fb" 13 TeV

I WZ [-4.9e-01, 5.5e-01] 35.9 fb" 13 TeV

H 77 [-6.1e-01, 6.1e-01] 359fp" 13 TeV

i WV 2V [-1.2e- 01 1.3e-01] 359" 13 TeV

f /NG H WWW [-2. 7e+00 2.6e+00] 359fb" 13 TeV
T2 [ E— | Zy [-9.9e+00, 9.0e+00] 19.7 b 8 TeV
] Wy [-1.1e+01, 1.2e+01] 19.7 b 8 TeV
— ss WW [-5. 9e+00 7.1e+00] 19.4 b 8 TeV

H ss WW [-8.9e-01, 1.0e+00] 35.9 fb™" 13 TeV

H Wz [-1. 5e+00 1.9e+00] 359fp" 13 TeV

H 2z -1.26+00, 1.26+00] 359 fh" 13 TeV

| WV 72V -2.8e-01, 2.8e-01] 359 fb’' 13 TeV
£ /A4 I | WVy -2.0e+01, 2.1e+01] 20.2fb" 3 leV
T.5 —] Zvy -9.3e+00, 9.1e+00 20.3 b 8 TeV
| Wy -3.8e+00, 3.8e+00 19.7 fb’ 8 TeV
o IA" I I WVy -2.5e+01,2.5e+01 20.2 b 8 TeV
T6 H Wy -2.8e+00, 3.0e+00 19.7 b 8 TeV
Al [ | WVy -5.8e+01, 5.8e+01 20.2 fb" 8 TeV
T.7 | Wy [-7.3e+00, 7.7e+00] 19.7 fb”' 8 TeV
£ NG = Zy [-1.8e+00, 1.8e+00] 19.7fb" 8 TeV
T.8 H Zy [-1.8e+00, 1.8e+00] 202 fb™ 8 TeV

H 77 [-8.4e-01, 8.4e-01] 359 b 13 TeV
f /A4 —] Zyy [-7. 4e+00 7 .4e+00] 20.3fb" 8 TeV
T.9 | Zy [-4.0e+00, 4.0e+00] 19.7 b’ 8 TeV
— Zy [-3. 9e+00, 3. 9e+00] 20.2 b 8 TeV

1 1 1 1 I'l'l 1 1 1 ZZ 1 | [1. 8e+00 1. 8e+00] 1 |35'9fb_1 | 13 'I;eV

aQGC Limits @95% C.L. [TeV™]
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* We discovered a Higgs boson, yet the comprehension of the Electroweak
Symmetry Breaking is not completed

— Understanding the Multi-boson production in association with
jets is the key point!

— Complementary to Higgs boson properties studies and high mass searches

* Observation of Electroweak production of two same sign W and two jets

— Hint at CMS of the production of ZZ+jets and WZ+jets through EW processes

Time of multi-boson production is now, the New Frontier is:

VYV + jets, Vector Boson Scattering and triboson production
— they will be ones of the hot topic of LHC Run II data analysis!

Details on results can be found in the public pages of the CMS experiment:
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
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tt. B 774 (2017) 682
F1duc1al region (baseline) Fiducial region (VBS)

Py > 5GeV, [ < 25
pT > 5GeV, [n#| < 2.5

PT > 5GeV E +m. > 100 GeV
pll > 20GeV , pi2 > 10GeV !

my+p- > 4 GeV (any opposite-sign same-flavor pair)
60 < myz,,my, <120GeV

Search region (baseline) Search region (VBS)

In|<2.5p.°>7GeV, |np|< 2.4 p > 5 GeV, relative isolation < 0.35

in a cone of AR = 0.3, CMS tight ID and SIP= [IP/o | < 4

At least a lepton with p; > 20 GeV and a u(e) with p, > 10(12) GeV ~ +m, > 100 GeV
60 <m, < 120 GeV (On shell), m . >4 GeV

11 crossed(Opposite sign same flavour)

Loosely ID jets, reco with anti-k, 0.4; |n| < 4.7 and p, > 30 GeV
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4 CMSE p riment at LHC, CERN
orded: Mon Oct 24 02:48:00 2016 CEST

R /E nt: 283884 / 546338192
Lumi section: 511

Jet 2, pT = 52.5 GeV

[Electron 1, pT=92.7 GeV|

Muon 1, pT = 73.8 GeV

[ERR, 7 = 1.1 Gov| My, = 89.2 GeV

Mee = 91.5 GeV

my= 1.3 TeV

An;=5.4

myp [GeV]  mzy [GeV] mzy [GeV] mj; [GeV] |Ayyl ;15 BDTscore
365.8 91.4 101.1 844.1 34 -0.7 00 0.97
325.1 93.1 96.3 1332.9 5.2 0.0 -1.8 0.98
263.8 91.9 88.0 829.7 22 05 1.1 0.94
562.8 93.7 88.0 947.3 2.8 0.6 0.6 0.93
248.8 91.5 89.2 1340.9 54 05 0.2 0.98
375.2 89.4 98.5 1052.5 3.8 0.7 -0.2 0.96
482.1 95.0 95.6 1543.1 48 -16 25 0.99
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S S it
ZM|M B 774 (2017) 682

Coupling Exp.lower Exp.upper Obs.lower Obs. upper Unitarity bound

fro/A* —0.53 0.51 —0.46 0.44 2.5
fri/A* —0.72 0.71 —0.61 0.61 2.3
fro/ A* —1.4 1.4 1.2 1.2 2.4
frs/A* —0.99 0.99 —0.84 0.84 2.8
fro/A* 2.1 2.1 ~-1.8 1.8 2.9
R.Bellan 24" May 2019 — EW VV+jets at CMS 27
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120, 081801 (2018)  (_~

* Two same charge lepton (u, e) with p,.| , > 25 (20) GeV, n| < 2.4 (2.5), m > 20 GeV

Search region

* Veto events with additional leptons if p_of a 3" loosely ID lepton is > 10 GeV or the p,of an
identified 7 (to hadrons) is > 18 GeV

* Two jets (anti-k  0.4) with p_ > 30 GeV, |n| < 5 leading jets taken as tagging jets, m, > 500
GeV, |Aﬂjj|>2-5, max (Zl*) <0.75 Zi*:|nl_(njet,1+njet,2)/2|/|Anjj|

« E ™ >40GeV,Z — e*e veto (requiring [m, —m_| > 15 GeV), anti b-tag, m, > 20 GeV
Fiducial region

* p,.>20GeV, [n|<2.5, for both leptons

* p,.>30GeV, n| <5 for the two leading jets and m, > 500 GeV, |Anjj|>2.5

* Taus decay into leptons are excluded from this definition
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0,081801 (2018)  (_*

CMS 35.9 o' (13 TeV) CMS 35.9 o (13 TeV)
e - -»-Data i O - -e-Data 1
\150'_ EW WW ] - 150 |- EW WW 1
n mwz [ I mwz 1

(- . " Nonprompt (- | I Nonprompt
G>J - Others gJ i Others |
L 100 B W Bkg. unc. ] Ly 100 N W Bkg. unc. —
. % .

A : -
50 N\ AN | 50 i
&N&iwww§§§§§$§§§*: R A

7] \\\\\\\\\\\\\\\i\\\\\\\\\\\\\\-

0 P SR S TR !
500 1000

I1500 2000 0T I200I | I400I | IGOO
m, (GeV) m, (GeV)

R.Bellan 24" May 2019 — EW VV+jets at CMS 20



mmmm 120, 081801 (2018)

&)

etet et utut e e ey T Total

Data 14 63 40 10 48 26 201

Signal + total bkg. 19.0+19 676+38 441+34 11.8£18 389£33 239428 205+13
Signal 62+02 2474+04 183+04 254+0.1 8.74+0.2 65+02 669+24
Total bkg. 128+19 429+38 257+34 94418 302+33 174+28 138+13
Nonprompt 56+17 249+36 184+33 50+16 199+32 142428 88 + 13
Wz 3.0x£0.2 85+0.3 44+0.2 1.9+£0.2 52403 22+01 251=£1.1
QCD WW 0.6£0.1 1.7£0.1 1.3+0.1 0.24+0.1 0.6 £0.1 04 +0.1 48+ 04
Wy 14£05 3.6+09 02+0.2 0.8+0.4 23407 — 83+ 1.6
Triboson 0.8+02 22+04 1.2+£03 0.3x01 09+03 0.5x0.2 581+ 0.8
Wrong sign 1.5+£0.6 14+04 — 1.1 +£05 1.2+04 — 52+1.1
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SS ot
t. 120, 081801 (2018)

1ts

Observed limits Expected limits Previously observed limits
(TeV %) (TeV —%) (TeV %)
fgo / A* —7.7,7.7) —7.0,7.2] [—38,40] , [11]
fqr/A*  [-21.6,21.8] [—19.9,20.2] [—118,120] , [11]
fano/ A —6.0,5.9 —5.6,5.5 [—4.6,4.6] ,[36]
farr / A —8.7,9.1 —7.9,85 [-17,17] , [36]
fme/A* [-11.9,11.8 —11.1,11.0] [—65,63] ,[11]
fvz /A% [—13.3,12.9] —12.4,11.8] [—70,66] ,[11]
fro/ A (—0.62,0.65] (—0.58,0.61] [—0.46,0.44] , [37]
fr/A* (—0.28,0.31] —0.26,0.29] [—0.61,0.61] , [37]
fro/A*  [—0.89,1.02] —0.80, 0.95] [—1.2,1.2] , [37]
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Iimits
20, 081801 (2018) u*

e ol e

VBF H™ = W'W* 35.9 b (13 TeV) VBF H™ — W'W* 35.9 b’ (13 TeV
3 LI L I N L L L L L L LB N B CDI 1_||||||||||||||||||| ]
7‘300__ — Observed CMS | [ CMS
? | ---- Median expected 1 0.8+ — Observed :
% | B 68% expected i - ---- Median expected
95% ted i B B 68% expected
o BXpeCte i 95% expected
0.6 Bl T-/m,.>0.1
i H O
0.4
0.2
IIIIIIIIIlIIIIIIIIIlIIIIIIIII|IIIIIIIII IIIIIIIIIlIIIIIIIII|IIIIIIIII|IIIIIIIII
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
m, .. (GeV) m, .. (GeV)
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\WY A
uts .Y
1.04060 sub to PLLB L/"’

EW signal Higgsboson Tight fiducial Loose fiducial

Pl [GeV] ~25 ~25 ~25 20
pl2 [GeV] >15 >15 >15 >20
pl [GeV] >20 >20 >20 >20
vid <24 <2.4 <2.5 <2.5
7€ <25 <25 <25 <25
|mg/g/ — mz| [GeV] <15 <15 <15 <15
msy [GeV] >100 >100 >100 >100
myy [GeV] >4 >4 >4 >4
pmiss [GeV] >30 >30 — —
d <47 <4.7 <4.7 <4.7
pr [GeV] >50 >30 >50 >30
|AR(j, ?)| >0.4 >0.4 >0.4 >0.4
n, >2 >2 >2 >2
pP [GeV] >30 >30 — —
e <2.4 <2.4 — —
np =0 =0 — —
m;; >500 >500 >500 >500
| A >2.5 >2.5 >2.5 >2.5
73t — (g +412) /2| <25 — <25 —
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Stat. unc. Stat. unc.
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||I||mmn01-04060 sub to PLB

Post-fit yelds

Process UUU uue eey eee Total yield
QCD WZ 135+£08 91+£05 68+04 46403 341+£11
t+V/VVV 56 04 31+02 25+£02 17£01 129+0.5
Nonprompt 52+20 244+£09 15£06 07£03 99+23

\AY 08+01 164+02 04+£00 07+£01 35+02

Zy <0.1 21+£08 <0.1 <0.1 21+0.8
Pred. background 252 +21 183 +16 112+£08 77+£05 624£28

EW WZ signal 60+12 42408 29+£06 21+£04 151416
Data 38 15 12 10 75
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ainties
901.04060 sub to PLLB u |

Source of syst. uncertainty

Relative uncertainty [%]

Jet energy scale +11/ —8.1 7.0
Jet energy resolution +19/ =21 <0.1
QCD WZ modeling — 2.2
Other background theory +22/ =22 0.3
Nonprompt normalization 425/ —2.5 0.3
Nonprompt event count +6.0/ —5.8 1.7
Lepton energy scale and eff. 435/ —2.7 <0.1
b tagging +2.0/ —-1.7 <0.1
Integrated luminosity +3.6 / — 3.0 <0.1
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1901.04060 sub to PLB

Fisicd

Parameters  Exp. limit Obs. limit
fso/A* [—11.2,11.6] [-9.15,9.15
fsn/A*  [-109,11.6] [—9.15,9.45
fgo/ A* —32.5,34.5] [—26.5,27.5
fg1 / A* —50.2,53.2] [—41.2,42.8
fro/ A* —0.87,0.89] [-0.75,0.81
fr1/ A% —0.56,0.60] [—0.49,0.55
fro/A*  [-1.78,2.00] [-1.49,1.85

R.Bellan 24™ May 2019 — EW VV+jets at CMS
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|||I||mml-04060 sub to PLB

35.9 fb' (13 TeV)

35.9 b (13 TeV)

. — — Expected 68% CL
. — — Expected 95% CL

T T | T
l— — Expected 68% CL A
— — Expected 95% CL 7|

 — Observed 95% CL

— Observed 95% CL
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C: cuts
SMP-18-006

Wiz o

* Select events with

= One or two leptons with p_ > 30 GeV,R_ < 0.3 (0.4) for e (M)
- WYVjj: p,™ > 50 (80) GeV for final state with Y (e)

= ZVjj: lm, -m_| < 15 GeV

— No b-tagged jets

* Hadronically decaying boson reconstructed in boosted topology (anti-k_ w/ R =
0.8)

= Pry> 200 GeV, 65 GeV <m,, < 105 GeV, T/t <0.55
* Stringent VBS requirements:

- Two jets with p, > 30 GeV, m, > 800 GeV, |Anjj| > 4

- 7,77, <03, with  Zy' =y =M, e ) /20/[AN

- ezmin (mln(TIW s 7,IV)_Hlin(njet,l’ 7/’jet,Z):l‘naX(T’jet,la njet,Z)_maX(nW: 77V))> 10
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1C: yields

INEN
SMP-18-006 (-

Final state WV 7V

Data 347 47
V—I—jets 187 + 21 41.2 +6.1

top 120 £+ 18 0.16 =0.04
SM QCD VV 28 £10 6.4+2.2

SM EW VV 17 +2 24+04
Total bkg. 352 +21 50.1£5.9
fro/A* = —05,-25 TeV * 2241 7.6+0.6
My, = 500 GeV, SH = 0.5 40+ 1 4.3+0.1
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ncertainty
SMP-18-006

Terine

INEN
C

Source Shape Signal V+jets SMEW SM QCD VV
QCD scale v 9-20 — 12 30
PDF unc. v 15 — 10 10
Jet momentum scale v 1-9 — 1-9 3.0-15 5.0-7.0
Vjet selection 8.0 — 8.0 8.0
GM model EW 7.0 — — —
bkg. normalization — 7-16 — —
V +jets shape v — shape — —
Integrated luminosity 2.5 — 2.5 2.5
Lepton efficiency 1.0-2.0 — 1.0-2.0 1.0-2.0
Lepton momentum scale v 0.2-0.4 — 0.5 1.0-1.3
b-quark jet efficiency 2.0 — 2.0 2.0
Jet/MET resolution 4.0 — 3.0 2.0
Pileup modeling 4.0 — 4.0 4.0
Limited MC stat. v shape — shape shape
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SMP-18-006 (-~

35.9 b (13 TeV)
@ R e e e T
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figac 0
SMP-18-006 (-

Observed (WV) Expected (WV) Observed (ZV) Expected (ZV)  Observed Expected

(TeV —%) (TeV =) (TeV —) (TeV —%) (TeV —4) (TeV =)
foo/ AT [=26,27] [—4.0,4.0] (—37,37 [—29,29] [—2.6,27]  [-4.0,40
fsi/A*  [=32,33] (—4.9,49] (—30,30) (—23,23] (-33,33]  [—4.9,4.9
fuo/A*  [—0.66,0.66]  [~0.95,0.95] -6.9,6.9] (~5.1,51]  [—0.66,0.66] [—0.95,0.95]
fui/A* [~1.9,2.0] [~2.8,2.8] (—21,21] (—15,15] (-19,2.0]  [-2.8,2.8
fuo/A* [~13,1.3] [~1.9,1.9] (14,14 (~10,10] (-13,1.3]  [-1.9,1.9
fur/A* [-33,32] [—4.8,4.8] (33,33 [—24,24] (-33,33]  [-4.8,48
fro/A*  [-011,010]  [-0.16,0.15] ~1.3,1.3] (095,095  [-0.12,0.10] [—0.16,0.15]
f/A*  [=011,012]  [-0.17,0.17] (—1.4,1.4 [~0.98,099]  [—0.11,0.12] [-0.17,0.17]
fn/AY  [2027,027]  [-0.38,0.38] ~3.1,3.2] (—23,23]  [-027,027] [—0.38,0.38]

R.Bellan 24" May 2019 — EW VV+jets at CMS 45



CMS preliminary

SMP-18-006
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May 2019
CcMs —
Channel Limits JLdt Is
[ | ss WW [-3.8e+01, 4.0e+01] 19.4 o™ 8 TeV
4
foo /A
[ | ss WW [-7.7e+00, 7.7e+00] 35.9 fo! 13 TeV
| I WZ [-2.6e+01, 2.8e+01] 35.9 b 13 TeV
H WV zv [-2.7e+00, 2.7e+00] 35.9 fo! 13 TeV
E { ss WW [-1.2e+02, 1.2e+02] 194 b 8 TeV
4
foq /A
| ss WW [-2.2e+01, 2.2e+01] 35.9fb" 13 TeV
i i wz [-4.1e+01, 4.3e+01] 35.9fb” 13 TeV
H Wwv zv [-3.4e+00, 3.4e+00] 359fb" 13 TeV
| 1 1 | | 1 | 1 | | 1 1 | 1

aQGC Limits @95% C.L. [TeV™]
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CMS
March 2019 ATLAS Channel Limits JLdt Is
NN [ i WVy [-1.3e+02, 1.3e+02] 20.2 b 8 TeV
M,0 I i WVy [-7.7e+01, 8.1e+01] 19.3 fb’ 8 TeV
I | Zy [-7.1e+01, 7.5e+01] 19.7 fb™ 8 TeV
[ i Zy [-7.6e+01, 6.9e+01] 20.2 b 8 TeV
I i Wy [-7.7e+01, 7.4e+01] 19.7 fb" 8 TeV
H ss WW [-6.0e+00, 5.9e+00] 359" 13 TeV
H WZ [-8.8e+00, 8.6e+00] 359" 13 TeV
| —— | Ty—=WW [-2.8e+01, 2.8e+01] 20.2 b 8 TeV
H Y= WW [-4.2e+00, 4.2e+00] 24.7 b 7.8 TeV
| WV zZvV [-6.6e-01, 6.6e-01] 359" 13 TeV
f /A4 I | WVy [-2.1e+02, 2.1e+02] 20.2 fb! 8 TeV
M,1 I | WVy [-1.3e+02, 1.2e+02] 19.3fb™ 8 TeV
[ | Zy [-1.9e+02, 1.8e+02] 19.7 fb" 8 TeV
I | Zy [-1.5e+02, 1.5e+02] 202 b’ 8 TeV
1 | Wy [-1.2e+02, 1.3e+02] 19.7 b’ 8 TeV
H ss WW [-8.7e+00, 9.1e+00] 359fb" 13 TeV
) WZ [-8.2e+00, 8.9e+00] 35.9 ! 13 TeV
I | Ty—=WW [-1.1e+02, 1.0e+02] 202 b’ 8 TeV
o | TY—>WW [-1.6e+01, 1.6e+01] 247 b’ 7,8 TeV
| WV ZV -1.9e+00, 2.0e+00 35.9 b’ 13 TeV
f AR [ — Wy 5.7e+01, 5.7e+01 202fb" 8 TeV
M,2 — Zy [-3.2e+01, 3.1e+01] 19.7 fb™ 8 TeV
— Zy [[2.7e+01, 2.7e+01] 202 b’ 8 TeV
— Wy -2.6e+01, 2.6e+01 19.7 fb™ 8 TeV
foIAY [ { WVy -9.5e+01, 9.8e+01 20.2 fb™ 8 TeV
M,3 | Zy [-5.8e+01, 5.9e+01] 19.7 b’ 8 TeV
] Zy [-5.2e+01, 5.2e+01] 202 b’ 8 TeV
=] Wy -4.3e+01, 4.4e+01 19.7 b’ 8 TeV
f A [ ] WVy -1.3e+02, 1.3e+02 2027fb" 8 TeV
M.4 | —— | Wy -4.0e+01, 4.0e+01 19.7 fb™! 8 TeV
f A [ i WVy -2.0e+02, 2.0e+02 202 fb" 8 TeV
M,5 —_— Wy -6.5e+01, 6.5e+01 19.7 b’ 8 TeV
fAl [ ] Wy -1.3e+02, 1.3e+02 19.7 b’ 8 TeV
M.6 - ss WW [-1.2e+01, 1.2e+01] 359" 13 TeV
| WV ZV -1.3e+00, 1.3e+00 359" 13 TeV
fooIAY I i Wy -1.6e+02, 1.6e+02 19.7 fb 8 TeV
M,7 — ss WW [-1.3e+01, 1.3e+01] 35.9 fb': 13 TeV
1 1 1 | I 1 1 ! 1 I 1 | 1 wv IZV I | [ 3_3e|+00, 3|'3e+09] | 1 35_9|fb 13|TeV
—200 0 200 400 600 800

aQGC Limits @95% C.L. [TeV™]
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In the symmetry breaking (EWSB) mechanism the W and Z bosons get their masses and
acquire a longitudinal degree of polarization.

The mechanism responsible for the EWSB has to regulate the V. V. — V V| cross section

such that the unitarity is preserved above m ,, ~ 1-2 TeV

VV scattering is the key process to probe EWSB and high energy vector boson scattering
will play a central role:

* both as a test of the Higgs boson nature

— If the discovered Higgs boson contributes fully to the EWSB, then most probably the
interaction among longitudinal weak bosons would remain weak at high energy

* and as a model independent research of alternative theory to explain EWSB

— if the 125.5 GeV Higgs boson is only partially responsible for the EWSB, then the VV
interaction could get strong at high energy.

* Also TGC and QGC processes may carry new physics phenomena
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* If the cancellation of the Higgs diagrams is not complete, then we
expecta g ... coupling smaller than the SM.

 The W W _ will keep growing with \s, up to the the new resonance,

or more generally to the new physics scale A.

* Suppose the Higgs-WW coupling is '
amplitudes become
2 10% i
. auge i _
iMEREe i gz Ut O((E/mw)°) 3 |
. g’ g LN
iMMEE = T w5+ O((E/mw)°) v NN
Amy,, g
.y qall ] ! 0 10" ¢ 0.9
1M —i——5u(l —08)+ O((E/mw)") ;
dmy,, i \
Measure with high precision both the ;[ L . =

|
200 400 600 1000 2000 3000 5000

HVYV coupling and the V, V. scattering Vouw (G8V)

Cheung, Chiang, Yuan
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C

HWSB h

SM No-Higgs

Unitarity violation

A A<1TeV A>1TeV

SB sector weakly coupled SB sector strongly coupled

e
M(VV)
SILH : (A gh/\/1+§CH,§:|/2/f2
Higgs a pseudo Goldstone Boson of a new strong sector
Both a light Higgs and Bosons strongly coupled
Modified higgs coupling hH — h / VI+Ecq, £ = V2 /f2 SILH Giudice et al arXiv:hep-ph/0703164v2
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* Extension of the SM Lagrangian by introducing additional dimension-8 (or 6) operators:

Cj
Lefr = Lsy + Z A2 Oj + ... desideratum: A ~ 1-2 TeV
i

* Effective field theory is useful as a methodology for studying possible new physics effects from
massive particles that are not directly detectable.

— Underlying assumption: scale A is large compared with the experimentally-accessible energy

— These operators have coeflicients of inverse powers of mass (A), and hence are suppressed if
this mass is large compared with the experimentally-accessible energy

— Limit: A so large that the effect is comparable to missing higher order corrections from SM
— An effective field theory is the low-energy approximation of the new physics

* coefficients in dimension-6 (i.e. c/A*) (e.g., hep-ph/9908254), may affects 3 boson vertices too:
- CQPW/A2 (VBFNLO), a V/A? a “/A* (CALCHEP)...
* coeflicients in dimension-8 (i.e. c/A*) (e.g., hep-ph/0606118), modifies 4 boson vertices only:

”M

S,0 T,0
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Final Sta

-sections

Needs to simulate all 2 — 6 processes at least at the order Aa.,,,,°)

Large interference among same order diagrams

Signal has to be defined a posteriori, using kinematic cuts _ v .0201 3359

Cross Sections for Vs = 14 TeV from Phantom Monte Carlo Generator:
full simulation of 2 5 6 @ Ao % + Ao o .2

qqqquv/ev qqaq s/ ee
no-Higgs 500 GeV no-Higgs 500 GeV
o (pb) | perc. | o (pb) | perc. | o (pb) | perc. | o (pb) | perc.
total 0.689 | 100% | 0.718 | 100% | 0.0305 | 100% | 0.0350 | 100%
signal 0.158 | 23% | 0.184 | 26% | 0.0125 | 41% | 0.0165 | 47%
top 0495 | 72% | 0494 | 69% | 0.0137 | 45% | 0.0137 | 39%
non resonant | 0.020 3% 0.023 3% | 0.0030 | 10% | 0.0035 | 10%
three bosons | 0.016 | 2% 0.017 2% | 0.0012 | 4% | 0.0014 | 4%
gqpppp/ecee qqpppy qqp-vp—v
no-Higgs 500 GeV no-Higgs 500 GeV no-Higgs 500 GeV
o (Ib) perc. | o (fb) | perc. | o (fb) | perc. | o (fb) | perc. | o (fb) | perc. | o (ib) | perc.
total 0.180 | 100% | 0.310 | 100% | 4.182 | 100% | 4.152 | 100% 429 | 100% | 4.16 | 100%
signal 0.120 | 66.4% | 0229 | 74.1% | 1317 | 315% | 1.281 | 30.8% | 3.26 | 76% | 3.11 | 75%
top 0 0% 0 0% 1817 | 43.5% | 1.828 | 4401% 0 0% 0 0%
non resonant | 0.0364 | 20.2% | 00533 | 172% | 0673 | 16.1% | 0.651 | 15.7% | 047 11% | 046 | 11%
three bosons | 0.0241 | 13.4% | 00268 | 8.66% | 0375 | 89% | 0392 | 95% 056 | 13% | 0.58 14%
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* The VL are coupled to the Higgs and they are the ones sensitive to the EWSB.
* The behavior of the LL cross section only can give information on the scale at which the symmetry

breaks.
* Atlarge M(VV) the TT cross section is of the same order as the LL (in the no-Higgs case)

If there is a new resonance at a scale A, the LL cross section will not decrease until A.

¢ Experimentally we should enhance LL wrt TT and measure XS at the highest M(VV)

- The cross section decreases rapidly at high invariant masses due to PDF — Hard life for LHC @14 TeV !
- The invariant VV mass is the equivalent of the CM energy of the elastic VV scattering
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