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CMS

Vector Boson Scattering

Diboson production proceeding purely through EW interaction at tree level:

!/

q q
U Precision measurement in the electroweak sector
with sensitivity to the new physics
W,Z w2 - EFT approach: Triple/Quartic Gauge Couplings
w,Z w,z O Test of the Higgs boson nature: V V| scattering
unitarity relies on strong cancellations with Higgs
diagrams
q q'

- LHC Run-2 data @ Vs = 13 TeV allows to explore VBS with precision

QCD (a2 a2) VV production

VBS signature: threated mostly as background:

d Two highly energetic (high p;) forward jets ' '
- High di-jet invariant mass: m;; v
- Large pseudo-rapidity jet separation: An;

 Central rapidity region void except VV decays v
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Vector Boson Scattering

s
Diboson production proceeding purely through EW interaction at tree level:
q q
U Precision measurement in the electroweak sector
with sensitivity to the new physics
W,Z w,Z - EFT approach: Triple/Quartic Gauge Couplings
W,Z w,z U Test of the Higgs boson nature: V V, scattering
unitarity relies on strong cancellations with Higgs
diagrams
q q
W, " W, Z masses arrises in the EWSB
o rf mechanism from longitudinal d.o.f. of
S the BEH boson
PO
w‘"‘ﬁ LLL/ w s2 t2
UVLVLHVLVLO([_S_t_ 2 2]
S — myg t — myg
S channel T channel QGC
" w. W )
i Sw Ww - VBS at the LHC is the key process to
Gt h | experimentally probe the SM nature of
E . w W W EWSB complementary to direct Higgs
" L" J measurements
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Unitary Violation in VBS

SM without a Higgs boson SM with a 120 GeV Higgs boson
) .“ o(VV — VV), no Higgs :‘,\ o(VV — VV) with my, = 120 GeV
1o 14 0
14
A 0.1
WHW- - 27
0.5 VW - WA :
‘ 0.01 WHW = — WHWw-
—— WW - 22
W+Z - W+z
. S WA S WA
0.2 WHW= — WHW 0.001 —— 7772
| { i |
0 1000 2000 3000 0 1000 2000 3000
Vs [GeV] Vs [GeV]

from arXiv:0806.4145

0 Without the SM Higgs boson VBS would violate unitarity
0 Higgs boson contribution cancels the VBS cross section increase for large Vs

- One of the key measurements in VBS is precise determination of the
V_ V. component (but it require large statistic > HL-LHC)
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For a luminosity of 3 ab-1 (HL-LHC) :

WEW=22|1¥2v 2.7 o
WZ-3lv 160
ZZ->4| 140

- Other channels, machine learning and
combination with ATLAS will also help.
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CMS.

= Anomalous Couplings / Effective Field Theory

O Generalized language for new physics searches
O Add generic terms to the SM Lagrangian of O(6) and/or 0(8) i.e. effectlves vertices:

L:s’\] __) Eff—Es\1+Z )n~l|
n=1

Q Limits on the Wilson coefficients of the extra terms
O Non-unitary as VS — A: Either ignore or add a form factor which decrease the limits

0 Up to now, we looked mostly at O(8) in VBS (but O(6) also contributes)

Examples of O(8) operators:

Lso = |(Dud) Dy x [(Dud) Dyp| WWWW[WWZZ[ZZZ7
] Os.0, Os.1 X X X
Ls1=1|(D fpw Dy f D~ th —
> |:( H(b) ¢:| 8 [( (b)f ¢: O.'\J,U, O:\«‘f,lgoﬂrf.ﬁ }OJW,? X X X
Lmo = TrWuy WHY] x [(Dﬁ‘b) Dﬁd’_ Omz2 ,Om3, Oma ,Ons X X
Lmt = TrWw WPl x (Do) DHo] Or0,0r,1,01.2 X X X
v g [( ) : Ors ,Org ,Or7 X X
Lro = Tr Wy W] X Tr [Wag WP Ors Ors X

Ly =Tr [Way WHP| X Tr [W,g W]
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Y'EFT
BSM signal &

not detectable

.

Unitarity-forbidden

trlangle

A

R EFT description falls

&\\\

Unitarity bound

in practice:

= EFT Validity and Unitarity constraints

x
E.\'.’\] —) ‘C('ff — E.\.‘” 4 Z ,):n‘ 1)
n=1 1

L In practice too small effects, small f/A, are not
distinguishable from SM (depend of luminosity)

 EFT validity stops at A, the scale of new physics

 When the coupling (f) is large, EFT description
fails as well

=> EFT validity triangle is limited

0 CMS: Mostly do not include unitarity bounds in EFT results extraction
(or provide the unitarity bound separately from the limits)
O ATLAS: Cut-off the EFT effect for some value(s) of A

- Ongoing discussion on how to present the results but this make comparison to
theory and between experiments a bit difficult for now.
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Same-sign WEW* = 21¥2v and WZ > 3lv

Full Run-ll results with 137 fb-' from CMS:

q

CMS-SMP-19-012

>=2 jets:

Variable WHW+

Leptons 2 leptons, pt > 25/20GeV 3 leptons, pr >25/1Q)20 GeV

Pt >50 GeV >50 GeV —
My —my| >15GeV (ee)— Zﬁ;‘;gze?lf; <15GeV 5 Z2TT pair
Myy >20GeV —

o — >100 GeV

P> >30GeV >30GeV

b quark veto Required Required 1 i

max (z}) <0.75 <1.0 — zi = 1" = T /14
m >500 GeV >500 GeV
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Same-sign WEW* = 21¥2v and WZ > 3lv

l«'.

137 b (13 TeV)
- 4

Cross-sections extracted from cMs 1871 (13TeY) cms

- - g’ - [ | tV; -¢- Data - E | [ | t\llx I -e- Data i

simultaneous fit of: FRA R I e Bune ]

g L [ Other bkg. B EWK Wz 4 g i [ Other bkg. B EWK Wz |

"l i ] e m |

Q 3 CR: tZq, ZZ, non-ptompt o e — et

my; distribution WWSR | | 5 WWSR |

a WW_SlgnaI Region: 514 e T S ]

2D fit of my and m; 1| TR W R || S S—
0650_0 1000 1500 2000 2500 3800 0ok 100 200 300 400 5—60

m; [GeV] m, [GeV]

O WZ Signal Region: S T

CMS
H £ T T — T T T B
2 - Vy -¢- Data B
BDT trained to separate EW and QCD 2 ool [ S i
g i [ Other bkg. WEWKWZ
o i Wz ]
Variable Definition B 2z ]
m Mass of the leading and trailing jets system 300~ tl :’°"P"°mpt n
| A Absolute difference in rapidity of the leading and trailing jets i x i
Ay Absolute difference in azimuthal angles of the leading and trailing jets 200k .
p% pr of the leading jet WZ. SR .
p].T pr of the trailing jet .
Uik Pseudorapidity of the leading jet 100 A
™ — | Absolute difference between the rapidities of the Z boson i
T and the charged lepton from the decay of the W boson .
zj(i=1-3) Zeppenfeld variable of the three selected leptons B
Zy Zeppenfeld variable of the vector sum of the three leptons % 14 F T E
ARy 7 AR between the leading jet and the Z boson s12F E
» R ksl :
Iz tot' Y p Transverse component of the vector sum of the bosons Opgk { { } 3
T i1 and tagging jets momenta, normalized to their scalar pr sum 06 F =
-1 -0.5 0 0.5 1
BDT score
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CMS.

= Same-sign WEW* = 21¥2v and WZ > 3lv

 —

Inclusive cross-sections in fiducial volumes:

WW fiducial region:

O 2 dressed leptons with pr > 20 GeV, n| < 2.5
Q my > 20 GeV

U 2 jets with pr > 50 GeV, n| <4.7

d m;;> 500 GeV and |Anj| > 2.5

WZ. fiducial region:

O 3 dressed leptons with pr > 20 GeV, n| < 2.5
O Z pair: jm;— my | < 15 GeV

O 2 jets with pr > 50 GeV, n| <4.7

0 m;;> 500 GeV and |Anj| > 2.5

U Dressed leptons = e or u dressed with photons in a AR=0.1 cone

O Exclude e or u from t decays

Process o B (fb) | Theoretical predi@ion Theoretical pre@iction
without NLO corrections (fb) with NLO corrections (fb)
EW WHW= 0.37 (Sifg I 8:;1? (syst) 3.93 +0.57 3.31 +047
EW+QCD W*W=* 039 (S‘iﬁ i 8:;157 (syst 4.34 +0.69 3.72 +0.59
EW WZ 0.39 (Slti; igﬁ (syst) 1.41 +£0.21 1.24 +0.18
EW+QCD WZ 0.40 (ifg I 8;; (syst) 4.54 +0.90 4.36 + (.88
QCD Wz 0.45 (Si;t‘;) :Ii: (()):ilz(syst) 3.12+0.70 3.12+0.70
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CMS./
=

Same-sign WEW* = 21¥2v and WZ > 3lv

. CMs 137 fb”' (13 TeV) CcMS 137 fo! (13 TeV) CcMS 137 b (13 TeV)
S LINNLNL L L L L L L L L L L L B ;‘ FT 1T 1117 |ww|l|w|{||1|{7;0,03—||1 | E—— T T T —
8 0.008 _— ——e— Data 7 (0] | g pata ] [0 : —e— Data :
B | = MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. | (\D MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. (\5 - MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. _}
= L e MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. | é 0041 .. MADGRAPHS_aMC@NLO+Pythia with NLO corr. | é 0.06 |- ====reeee- MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. ~ —}
= 0.006 |- — = s 1 % i g
£ i WEWE S 2[%2y 1 E i WEWE S 2[$2y 1 & | WEWE S 2[*2y 1
S~
o) - s ) i 1 T oo0s}- =
T 0.004 | - © '8 8 ]
- ] 002 [z FREE s '} 1
0.002 |- | . L — | o2 TR l ...... N
i ........ ‘r -------- : N n
[ I |"\ ...... I \|T|\||_ L1 L1 A |J|:‘[|‘l‘ R TI ET T S M i
- | T T T T T T r F T ' T
2 3 2 1 2|J45F =
5‘91 SF §551'5 s 3|z 1 -_____r____;'_'_'_‘_i.‘.t'.'.'. ..... s ]
_881i _______________ | DT 4 <0 'E= e e SRR
................. ; R <0 = S
= - = r 05F =
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m, [GeV] m, [GeV] T
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;‘ 0015 _I [ | L | L ‘ L ‘ [ I_ . . . . .
R - 1 Same-sign WW differential cross-sections in:
MADGRAPH5_aMC@NLO+Pythia8 without NLO corr.
B [ s MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. ] |:I m .
= - I EwWWwZ : 1)
§ oo WZ > 31 1 dm
< i A% ] 1
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CMS.-

1 Same-sign WEW* = 21¥2v and WZ > 3lv

2 2
Quartic Gauge Couplings: Fit m(VV) = (ZZ E,-> — (Zl pz,i> . > leptons and MET

C CMsS _ 137fb"(13TeV) C CmMs - _137 fp" (13 TeV)
8 -tV +- Data S 406 | I Vy -+ Data L
2 108 Vy ) N\ Bkg. unc. k% i [ Wrong sign 2\ Bkg. unc. ]
S 1 Wrong sign ww* S 1 0° I Other bkg. I EWK Wz —
B ans I Other bkg. BN EWK WZ o i f,/A*=2.9TeV' mawWz 1
10 f/A*=2.9TeV* mEWZ — Lt Ade 4 zz —
4 zz fo/ A" =20 TeV Nonprompt
104 —fo/A* =20 TeV™ Nonprompt 10° |- B tvx -
10° E
1 -
102 ° -
10 10"
1
314 E 3 SF E
| S Y D e———
Qo8| % = Qo5 [ -
0.6 E = ok W
0 500 1000 0 500 1000 1500
m"W [GeV] m¥Z [GeV]
Observed W*W=) Expected (W-W=) Observed (WZ) Expected (WZ) Observed  Expected
(TeV—?) (TeV %) (TeV—4) (TeV—?) (TeV—?) (TeV—?)
fro/ A* [-0.28, 0.31] [-0.36, 0.39] [-0.62, 0.65] [-0.82, 0.85] [-0.25,0.28] [-0.35, 0.37]
fr1 /A [-0.12, 0.15] [-0.16, 0.19] [-0.37,0.41] [-0.49, 0.55] [-0.12,0.14] [-0.16,0.19]
fra/ A* [-0.38, 0.50] [-0.50, 0.63] [-1.0,1.3] [-1.4,1.7] [-0.35,0.48] [-0.49, 0.63]
fmo/ A? [-3.0, 3.2] [-3.7,3.8] [-5.8, 5.8] [-7.6,7.6] [-2.7,2.9] [-3.6, 3.7]
fxvu//\4 [-4.7,4.7] [-5.4,5.8] [-8.2, 8.3] [-11, 11] [-4.1,4.2] [-5.2,5.5]
fme/ A? [-6.0, 6.5] [-7.5,7.6] [-12, 12] [-15, 15] [-5.4, 5.8] [-7.2,7.3]
fmz/ A? [-6.7,7.0] [-8.3,8.1] [-10, 10] [-14, 14] [-5.7, 6.0] [-7.8, 7.6]
fso/ A* [-6.0, 6.4] [-6.0, 6.2] [-19, 19] [-24, 24] [-5.7, 6.1] [-5.9, 6.2]
fa1/ A* [-18, 19] [-18, 19] [-30, 30] [-38, 39] [-16, 17] [-18, 18]

X. Janssen - 22/6/2020

VBS measurements at CMS




CMS

Zij%4ljj VBS @ 13 TeV CMS: SMP-20-001

Full Run-ll results with 137 fb-' from CMS:

Topology: 4 isolated leptons (ee or uu pairs) + 2 “forward” jets
-> Very clean channel but low cross-section
-> Full kinematic available, access to boson polarization

Event selection:

O 4 Isolated leptons: pt4 > 20 GeV Opposite sign pairs of ee and/or up
PT12 > 12 (10) GeVife (u) AR n> 0.02
PT1,3/4 > 7 (5) GeV if e (].l) AR (e, ll) > 0.05
In| < 2.5 (e), 2.4 (n) m,, of any opposite sign pair > 4 GeV
60 <mz; <120 GeV mzz > 180 GeV

d >=2 Anti-k; (AR=0.4) jets: pt> 30 GeV and |n| <4.7
- Inclusive ZZjj region: m;; > 100 GeV
- loose VBS  region: mj; > 400 GeV and |Anj;| > 2.4 ( signal purity ~15%)
- tight VBS  region: m;; > 400 GeV and |An;| > 5.0 ( signal purity ~30%)

Backgrounds:

O QCD ZZjj : Shape from MC, normalization from fit to data in sideband
0 Non-prompt leptons measured from control region

O Z+jets: Charge flip probability measured in Z peak

O Others from MC: ttZ+jets, VVZ+jets, ...
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CMS .~

= Z277)2415; VBS: Cross section

For inclusive ZZjj, signal purity is ~6% but with 85% of QCD

_ CMS Preliminary 1371 s Tev . CMs preliminary 197 1" (13 Tev) . CMS P r ellmlnary 137 fb" (13 TeV)
8 -z+x : 9.90? -Z+X { v 10 Ell IIIlllIllllIlIllIllllIllllE
o 70 Cttzwz 2 F Itz wz 4 o = 3
3 m, > 100 GeV — e 2 ®E  m,>100Gev s Q = =
g 6o WmEWZZj 70F- mEWZZj §2) - .
50 — EW ZZjj (x30f = — = = . ry 3
i E > = m; > e [ ttZ, VVZ 3
S0F w — o~ .
awof N C1qq - 2Z ]
102 Mgy >2Z2
- Bl EW ZZjj E
10F —+- Data ]
E,I af + e 5 sf H E 10
S, E S 2F E
% ZM«,&” ++++ +‘+ + +: g 1;6—+w~_,,,_+ —’*»6—%++ 3T 3
e o= 200 400 600 800 1000 1200 - o 00 1 2 3 4 5 6 7
m; [GeV] An,|

- Build a Matrix Element discriminator Kj
to separate the EW ZZjj component 10°
based on the event kinematic:

S 4 =
SM ¢ (fb) Measured o (fb) 2 3 :
ZZjj inclusive % 21 rey E
EW 0275 + 0.021(theo)  0.33 T01T (stat) 7007 (syst) 8 .- .+ T e’ 3
EW+QCD 535+ 0.51(theo)  5.29 *J3! (stat) & 0.46 (syst) 0 01 02 03 04 05 06 07 08 09 1
VBS-enriched (loose) Kp
EW 0.186 + 0.015 (theo) ~ 0.200 *(07% (stat) 70073 (syst) T .
EW+QCD  1.21 + 0.09 (theo) 1.00 fg;ﬁ (stat)fgjgg (syst) 4o observ;ed Slgnlflcance for EW ZZ”

VBS-enriched (tight) (exp. signit. 3.5 G)

EW 0.050 - 0.005 (theo)  0.06 *907 (stat) = 0.01 (syst)

EW+QCD 0.171 + 0.012 (theo) ~0.17 £0.04 (stat) == 0.01 (syst)
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Z7jj>4ljj VBS: anomalous QGC

CMS Preliminary
T T T I T T T I T T T I T T T

137 b’ (13 TeV)
T I T T T l T T T

- L =

Use the di-Z invariant mass to S 10 Etz;zx vz .
set limits on aQGC: 2 | >100Gev [19G—2Z
AT M g9 —~2Z E

Q TO, T1, T2: close to WW+WZ - e
results (or sligthly worse) 10°g CIfo /A% =2 TeV™ =

11 Illlll

d T8, T9: Only accessible in ZZ 10

107"
102
O 200 400 600 800 1000 1200 1400
my, [GeV]

Coupling Exp. lower Exp.upper Obs. lower Obs. upper Unitarity bound
fro/ A* -0.37 0.35 -0.24 0.22 2.9
fr1/ A -0.49 0.49 -0.31 0.31 2.7
fra/ A -0.98 0.95 -0.63 0.59 2.8
frs/ A* -0.68 0.68 -0.43 0.43 3.3
fro/ A -1.46 1.46 -0.92 0.92 3.3

- Most stringent limits on T8 & T9 up to now
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CMS-{ CMS SMP-18-006

Semi-leptonic VV VBS @ 13 TeV

Study od WW, WZ and ZZ VBS in semi-leptonic decays: V2> qq; V.= llorlv

2016 data > 35.9 fb- VBS jets: >= 2 Anti-K; (AR=0.4)
pt > 30 GeV and |n| < 5.
m; > 800 GeV and |An;| > 4.0

V,=2 qq: Boosted topology = 1 Anti-K; (AR=0.8)
pr>200 GeV, || <24
AR with leptons > 1.0
AR with VBS jets > 0.8
To/t1 < 0.55 (N-subjettiness)
65 < my < 105 GeV (soft-drop mass)

V,o=Z=2Il: e*e or u*u pair with pt > 50 and 30 GeV
|m|| —mzl <15 GeV

V,=W=>Iv: e or n with pt > 50 GeV
no extra e or u with pr > 20 GeV
py™ss > 50 (80) GeV in the u (e) case

Centrality cuts on V, ,
Zeppenfeld variable > 0.3 for V4 and V,

& = min(min(yw, v) — min(ﬂjl,ﬂjz),maijl,ﬂjz) — max(yw, v)) > 1
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+ transfer functions from

Semi-leptonic VV VBS: Backgrounds

+jet MC simulation

V+jets background: estimated in 40 < my 4 <65 GeV + 105 < my 4 < 150 GeV sideband
- Fit shape as f(m) — ex [—m/(Co + C1m)]

1=
ICZ

359 fb™ (13 TeV

T TTTITT, 0

TT IIIIIII

Illll

Data-Fit

{ Observed [ V+jets
[Jacb+Ew wv [ Top quark
27 Bkg. uncertainty

—~ 10*

—
<
Illl

Data-Fit

1000 1500 2000 2500
My (GeV)

CM 35.9 fb™(

—
w
14
D
=

T TTTTm

{ Observed [ V+ijets
[Jacb+Ew zv [ Top quark
771 Bkg. uncertainty

TT IIIIIIl

I I | Il I ~
T T T I T T

PP S

m,,, (GeV)

Other backgrounds: Top and QCD from MC simulations
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CMS

— Semi-leptonic VV VBS: QGC limits

SM signal yields are low (wrt Bkgd) -> use this analysis only to set limits on aQGC

CMS 35.9 b (13 TeV) CMS 35 9 b (13 TeV)

T S . T '
§ e —e— Observed - V + jets _ § 10%F -« Observed - V +jets 3
w 10° D Top quark D QCD WV w 103+ D Top quark \j Qcb zv _
SM EW WV Bkg. uncertainty E SMEW zv Bkg. uncertainty ]

10° ] 10%} 5
...... fr,/A*=-0.5 TeV*----- my. =1000 GeV, s, =0.5 weeees f /A% = 2.5 TeV4----- m, = 1000 GeV, s, = 0.5

2 ] ]

10 10

n n L L L L | L s L L
1500 2000 2500

2500

L L | L L L L L L L
1500 2000

my,, (GeV) m,, (GeV)
Observed (WV) Expected (WV) Observed (ZV) Expected (ZV)  Observed Expected
(TeV—4) (TeV—4) (TeV—4) (TeV~—4) (TeV~—4) (TeV—4)

foo/ A2 [—2.7,2.7] [—4.2,4.2] [—40, 40] [—31,31] [—27,27] [-42,42]
far/A* [—3.3,3.4] [—5.2,5.2] [—32,32] [—24, 24] [—3.4,34] [—5.2,5.2]
fmo/ A [—0.69,0.69] [—1.0,1.0] [—7.5,7.5] [—5.3,5.3] [—0.69,0.70]  [-1.0,1.0]
v/ A* [—2.0,2.0] [—3.0,3.0] [—22,23] [—16,16] [—2,0,2.1] [—3.0,3.0]
fue/AY [—1.4,14] (—2.0,2.0] [—15,15] [—11,11] (—1.3,13]  [-1.4,14]
famz/ A [—3.4,3.4] [—5.1,5.1] [—35, 36] [—25,26] [—3.4,3.4] [—5.1,5.1]
fro/ A* [—0.12,0.11] [—0.17,0.16] [—1.4,1.4] [—1.0,1.0] [—0.12,0.11] [-0.17,0.16]
fri/A* [—0.12,0.13] [—0.18,0.18] [—1.5,1.5] [—1.0,1.0] [—0.12,0.13] [-0.18,0.18]
fra/A* [-0.28,0.28] [—0.41,0.41] [—3.4,3.4] [—2.4,24]  [-0.28,0.28] [—0.41,0.41]
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EW TGC

2016 data > 35.9 fb-
Wy-2>lvy : e or u with pt > 30 GeV
Y with pt > 25 GeV
AR (l,y) > 0.5
prmiss > 30 GeV
m(W) > 30 GeV
if e: |mg, — mz| > 10 GeV (Z-->ee veto)

VBS jets: >= 2 Anti-K; (AR=0.4)
pt > 40 and 30 GeV and |n| < 4.7
AR (j,y) > 0.5 and AR (j,I) > 0.5

Signal Region: m; > 500 GeV and |An;| > 2.5
My, > 100 GeV
lywy, = (Yj1 + Y2)/2] < 1.2
|Pwy — Pj1 2l > 2

Control Region: 200 < m; <400 GeV

Events /7 GeV

Data/Pred.

Wy=21lvy VBS @ 13 TeV

CMS SMP-19-008

EW QGC QCD

CMS Preliminary

35.9 fb' (13 TeV)

- 1 T L B
10°= ¢ Data [] Double fake
= [l acp wy [ acp zy

- [CJeEw wy [_] Mis-ID lepton

Control Region

[ Bkg.unc. Il Mis-ID photon [ tty

muon barrel

0
a
[V}
§
M

| IIIIIL|_| | IIIIIH| LI
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CMS

=

Wy=2>1vy VBS: EW Cross-section

Fit the 2D distribution of mj; and m,in 4 catergories: e and p in barrel and endcap

CMS Preliminary ~ 35.9 fo' (13 TeV)
szo FT I | I T | | T T | |
a F —e— Data I oco wy I Single top
~200F EWWy [ Mis-0 photon [N tty
2] [ Unc. Mis-ID lepton v
=180 . I aco z e—y
o) - electron barrel:
>160 H
L . : .

140 m, €(30, 80) vomy €(80, 130) voomy > 130
120F
100F

80

60

40

20

0 0 7 7 0 0 1 7 0 0 1 A
8500801 J2uy L2050 Q81 J2uy L2050 38y J2us Fniy

m; [TeV]
L -1
CMS Preliminary 35.9fb (13 TeV)
— 1 1 1. 1T T T T T T T T ]
250 L —e— Data I oco wy I Single top |
3 EW Wy I Vis-0 photon [ tty
| Unc. Mis-1D lepton vV
2001 , I aco zy ey
- muon barrel :
I my, €(30,80) } m, €(80,130) ¢ m, > 130
150 ' ' -

0520981 J2n1 J i 50 0 81, 321, L 2inf 50 §8~1 521, 1 7y

m [TeV]

CMS Preliminary ~ 35.9 fb™' (13 TeV)
c T T T T T T T T T 1
a —e— Data I cco wy I Single top
~ 100+~ EW Wy I Mis-iD photon [N tty
) ~_]Unc. Mis-ID lepton vV
c [ . ocoz e—y
o) electron endcap
> 80 H -1
w [ :
m, €30.80) ' m €(80,130) m, > 130
60
40
20
50§01 12100 00 S S 0§81 21 1ty
m; [TeV]
. -1
CMS Preliminary 35.9fb" (13 TeV)
c T T T T T T T T T T 7
‘0100~ —— Data I oco wy I Single top 1
~ o EW Wy I Mis-iD photon [ tty 1
[} ] Unc. Mis-ID lepton Vv
T il , I ocozy e—y
@ 80[ muon endcap
o f ' :
L my, €(30,80) % my, €(80,130)} m, > 130
60 H H -1

0810 981, 521 17550 81 S2ny 17550 81 S2n1 170y

m, [TeV]

electron barrel electron endcap muon barrel

muon endcap

Misidentified photon 81.0+52 48.1+49 134.8 +82 52.14+4.8
Misidentified lepton ~ 63.7 + 12.3 27.8+72 46.8 +106 23.1+65
ey 15+0.6 21408 1.7+0.7 1.1+0.6
QCD Zvy 18.0+3.1 1.9+09 16.2+3.0 49+13
Single top 49408 25405 6.84+0.9 24405
vV 42+16 0.6 +0.6 75+2.1 14+07
tty 206+16 51406 283+18 6.9+0.8
QCD W+jj 154.2 +12.0 41.1+44 212+158  721+62
Total background 3483+ 184 1291+99 46344212 163.8+104
EW W1jj 488422 16.1+1.0 745+28 244+13
Data 393 159 565 201
EW Component:

Osq (EW)=20.4 £ 0.4 (lumi) £ 2.8 (stat)

+ 3.5 (syst) fb
=204+ 45fb

- 4.9 o observation of EW Wy

- 5.3 o combining with 8 TeV results

EW+QCD:
Oiig (EW+QCD)=
+15(syst) fb

=108x16fb
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CMS.

o
P
=
- o’
bt |

Further restrict the phase space: > F" tpaa'  Eonz | Bl
(3103 ;_ Fr0=0.8x10""2 [_]Mis-ID lepton [Je—y _;
m, > 800 GeV N F [Cune [l Mis-ID photon [JVV
| Anﬂ > 25 %102 3 EQCD Wy El?ouble fake -
= EW W tt E
m., > 150 GeV 2 ! ! S
p., > 100 GeV . N
-> Use the my, distribution to set limits NI e U .
on the anomalous Quartic Gauge A
Couplings 10
Lo 1 200 400 600 800 1000 1200
35CMS Preliminary 35.9 fb™' (13 TeV) My, [GeV]
- C .
- C Observed limits [TeV *] Expected limits [TeV ] Unitarity bound [TeV]
< 30— Observed 2ANLL —8.07 < Fyo/A* <799 —7.67 < Fyo/A* <755 1.0
[QV . —11.8 < Ry /A* <121 —108 < Fy;/A* <113 1.2
251 Observed 85% confidence imi —2.81 < Ryo/A* <281 —268 < Fy,/A* <268 1.3
: —4.41 < Ry3/A* <449 —404 < Fy3/A* <410 1.5
20t —4.99 < Ryy/A* <495 —470 < Fy,/A* <467 15
- —8.27 < Rys/A* <831 —785< Fys/A* <773 1.8
15 —162 < Fyo/A* <160 —154 < Fy4/A* < 15.1 1.0
- —20.8 < By ,/A* <202 —194 < Fy,/A* <187 1.3
10F —0.62 < Fro/A* <064 —0.60 < Fry/A* < 0.62 14
3 —0.35 < Fr,/A* <039 —034 < Fr;/A* <038 15
S N A —0.99 < Fro/A* <118  —098 < Fr,/A* < 1.16 1.5
O: LSS A —0.45 < Fr5/A* <046 —043 < Fy5/A* <044 1.8
15 -1 -05 0 05 1 1.5 —0.36 < Frg/A* <038 —0.34 < Fra/A* <036 1.7
—0.87 < Fry;/A* <093 —0.83 < Fr;/A* <0.89 1.8

Fro/ A*[TeV?]

Wy=2>1vy VBS: aQGC limits

CMS Preliminary

35.9 fb' (13 TeV)

These are the most stringent limits to date on the aQGC parameters Fwv,2-s/A\aand Fr,6-7/\a
X. Janssen - 22/6/2020
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__— Zyelly VBS @ 1 3 TeV CMS-SMP-18-007

2016 data »> 35.9 fb-1 Common selection pffl’éz > 25GeV, |71*2| < 2.5 for electron channel

p[TMZ > 20GeV, |71*2| < 2.4 for muon channel

pl>20GeV, |7| < 1.444 or 1.566 < |5j7| < 2.500
P > 30GeV, [yl 2(4.7
70 < my < 110GeV, myz, > 100GeV
ARj, AR, AR, > 0.5, ARy, > 0.7

Control region 150 < my; < 400 GeV,
Common selection

EW signal region my > 500 GeV, Aiyjj > 2.5,
Nt <24, Apr%]-j > 1.9,
Common selection

Fiducial region my > 500 GeV, Aiyj]- > 2.5,
Common selection, without requirement on m Zy

aQGC search region my > 500 GeV, A;yj]- > 2.5,
p}r > 100 GeV,
Common selection, without requirement on m Zy

CMS 35.9 fb™' (13 TeV, CMS 35.9fb™' (13 TeV

CMS 35.9fb71(13TeV) CMS 35.9fb’1(13TeV) > oo T T |"|"'|"('|";) > 35 |"'|"'|"'|"'|"'|"('\"'—)
> T T T T LB L L B > T T T T | I L [0} [ ] Data ) [ ] Data -
[ 1 ) ] 3 ]
& 50 ¢ Data ] K Data 1 O 20 Pred. stat. unc. ] S 30 Pred. stat. unc. ]
0 E Pred. stat. unc. o 60 Pred. stat. unc. 1 0 0
N eey EW Zy ] ~ uwy EW Zy ] 18 end EWZy 5 uwy EW Zy
@ 40 barrel  pu— QCD Zy 50 barrel  pu QCD 7y ] 16 BN Qcb zy 25 I QcD Zy
; Nonprompt ; Nonprompt ] 214k Nonprompt §%} Nonprompt
< 30 v € 40 vV s 12 vV £ 20
o Other Q Other ] > Other >
1] ] 30 w 10 L

—_
(&}

20 ] 8 3
20 - 6 = 101
10 ] 4F 3 r
10 E 3 5
+ 3 2 L l:-
0 ) 0 s L O C iy oL PR 0 L
34 g 4 + T8 38
52 eeoodpronson 4 " s, 0.2 . ] § ar s | . § 4t
3 s * P 8o > —— R e ; > 8 e
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000 “ %7600 800 1000 1200 1400 1600 1800 2000 © 7600 800 1000 1200 1400 1600 1800 2000
| m; [Ge m, [GeV] m; [GeV]

I}
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=

Zy=2>1ly VBS: EW Cross-sections

Fit the 2D distribution of m;; and An;jin 4 catergories: e and p in barrel and endcap

c cms 35.9 b7 (13 TeV) c CcMS 359 b (137eY) Processes €€ Yparrel €€Yend UU Ybarrel HHUYend
T T T T T T T ] T T T T T 1 N e
540 . o vomompt | 50 ' o vopom | QCD-induced Zojibkg.  39.0+30 122414 511435 149+15
» 350 barra [ ] Statesyst w ] P MY e [ ] Stat@syst. W ] Nonprompt photon bkg. 232+3.0 239+33 271+32 289438
= Ewz, | T Ewzy Other bkgs. 22410 07405 54413 25+10
530 B ooz oter 13 B ocoz Other Total bkgs. 644+44 368+36 836+50 463+42
25 ' ' ] ol : 1 EW Zvjj signal 140+16 50406 202423 70408
5, Ay > - ¥ 5,458 T 5, 1An >
20 R S A T EW signal + total bkgs. 784 +47 41.8+37 1038455 533443
15 3 20
“ Data 69 44 110 62
: 4 10 ///4///// :
5 '
V. 2 27, -// +// %
: EW Component:

05*0008‘72 220%505” e”’e 224” 5‘72 220

m; [TeV]

0'5‘080'&”72 7‘2“2.00‘5‘0.30'8“12 7'2“200‘5”7.2 lAgNao

m; [TeV]

Onq (EW) = 3.2 £0.2(lumi) £1.1(stat)
+0.6(syst) b

CcMS 35.9 b (13 TeV) CcMS 35.91b™" (13 TeV)
E 25__ I T I T I I T ] E F T I I T I I I B
f [ e ¢ Data Nonprompt 8353_ " ¢ Data Nonprompt ] — :I:
*220 g e'Yend ‘:1 E::’t.i{Syst. wW yé C H Yend \:’ z::lleyst. wW 3'2 1 -2 fb ] ]
o | B ocoz Other g 30F B oco 7 Other | - 3.9 ¢ observed signif. of EW Zy
T ; 1Y j - 4.7 c combining with 8 TeV results
L an E[25, 4.5/5 An E(4.5,6] §A1]”>6 20+ A1]”€[2.5,4.5}€ An E(45,6] éA-]”>6 =
10 ' R ; R
A L | Ew+Qcp:
« “H i | | || 0w (EW+QCD) = 14.3 % 0.4 (lumi) 1.1 (stat)
% //' 2 E Z 3 i : 4
| | 4@_; i + 2.7 (syst) fb
ot sy e =143+ 3.0

m; [TeV]
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CMS.

= Zy=>1ly VBS: aQGC limits

Use the my, distribution to set limits c 29 1o (13 TeV)
on the anomalous Quartic Gauge 2 r ‘ -
: . Dat N t
Couplings: 2 .. CMS ata onprompt |
o'V E =
e = VBS Zy Other bkgd. 3
] 4CMS 35.9 fb' (13 TeV) ] 4CMS 35.9 b~ (13 TeV) i
S RS . QCD zy ~ Frg=-0.50e-12
z12 Observed 2ANLL 2120 ——— Expected 2ANLL 10 , -
10:_ —— Observed 95% CL interval 10:_ Expected 95% CL interval .
8- - ]
o g 1
7] S N S 7] S VY AR g 7
;_ : I
006 04 02 0 02 04 06 0206 204 02 0 02 04 06 B =
Fro/A*[TeV?] Frg/A* [TeV?] 0-1 |
Observed limits [ TeV ~*] Expected limits [ TeV ~*] Unitarity bound [ TeV ] E Ly 0 0y
—19.5 < Ryo/A* <203 —15.0 < Fyo/A* < 15.0 1.0 200 400 600 800 1000 1200 1400
—405 < Fy1/A* <395 —30.0 < Fy1/A* <299 12 m.. [GeV]
—822 < Fy,/A* <810 —6.09 < Fy;,/A* < 6.06 13 2
—17.7 < Rys/A* <179 —13.1 < Fy3/A* < 132 14
—153 < Fy4/A* <158 —11.7 < By, /A* < 117 14
—251 < Rys/A* <245 —19.0 < Fys/A* < 18.1 18
—33-3 < iMéjﬁi < 432 —igg < [PTM%Q; < iOClJ }g These results provide the most stringent limits to
—60.3 < <625 —459 < < 46. .
074 < Fut/AY <069 —0.56 < Frr/A* < 051 14 date on the aQGC parameters Fr,s/Asand Fr9/Na
—098 < Fr,/A* <096 —0.72 < Fr;/A* < 0.72 14
—1.97 < Fyo/A* <186  —147 < F,/A* < 137 14
—0.70 < FT,S/A4 <075 —-051< l-"T,5/A4 < 0.57 1.7
—1.64 < Frg/A* <168 —1.23 < Fr4/A* < 1.26 1.6
—259 < Fr,/A* <282 —191 < Fyy/A* < 212 1.7
—047 < FT,S/A4 <047 -0.36< PT,S/A4 < 0.36 1.5
127 < Fro/A* <127  —094 < Fig/A* < 094 15
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V+jj

VV+ijj

Summary of Cross-sections

http://cern.ch/go/pNj7

exp

-> Very large set of results on (V+jj and) VV+jj (VBS) by CMS with Run l/ll data
-> Relatively good agreement with SM expectations

-> Vector Boson Scattering has been established by LHC Run i
-> Work on more channels & longitudinal XS ongoing in WW

X. Janssen - 22/6/2020 25126
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May 2020 | | | CI)MS Preliminary
CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ——0—+
Theory 8 TeV CMS measurement (stat,stat+sys) — & —

13 TeV CMS measurement (stat,stat+sys) o
qqW e 0.84+0.08+0.18 19.3fb™
qqW o 0.91+0.02+0.09 35.9fb"
qqZ 0.93+0.14+0.32 5.0fb"
qaZ o 0.84+0.07+0.19 19.7 fb"
qqZ e 0.98+0.04+0.10 35.9fb"
TY—WW = 1.74+0.00+0.74 19.7 b
aqWy 1.77+0.67+0.56 19.7 fb
agWy — . 1.20+0.16+0.21 35.9fb
ss WW = . 0.69+0.38+0.18 19.4fb™
ss WW 1.20+0.11 £0.08 137 fb™
qaZy — . 1.48+0.65+048 19.7fb"
qaZy H—oO——# 0.64+0.20+0.12 35.9fb"
qqWzZ Fe 1.46+0.31+0.11 137 fb’
qqZZ b 1.08+0.39+0.10 137 fb"

5 i 2 s . 4 s
All results at: Production Cross Section Ratio: o.../ 0o

theo




Summary of aQGC limits

cMS
May 2020 May 2020 ATLAS ! Ghponel ST [iat 5
cMs — fuo /A | ——E—— zy ! 101, 75510 3% }B—‘ E\\;
— z -1.9e+01, 2.0e+01 .9 fb] 3 TeV
Channel Limits | Ldt s ':i 2! 33 ;g:: ;e:!\;
H Wy 240 3 Tev
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. | — 3
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1 1
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A = | 7 -5.7e+01, 5.7e+01 20.2 b7 eV
M2 — Zy -3.2e+01, 3.1e+01 9.7 3:: TeV
H wyv zv [-2.7€+00, 2.7€+00] 359" 13Tev H P ei0y 53 b SR
— y 60401 9.7 b’ TeV
H W 8e+00 5.9 fo! 3 TeV
A _ ¥ 8e+01 0.2 fb] Tev
. M3 P 2y 9e+01 9.7 fb] TeV
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r— e+ 0.2 fb’ e
fg, /A — y 4.4e+01 9.7 fb TeV
3 H W 4.5e+00! 35.9 fp! 3 TeV
N F 1 ] 3e+02 202 fb" TeV
A ss WW [-1.8e+01, 1.9e401] 137 fo" 13 TeV M4 I—{H Z*{ ] 82 181 ?gg b 3T T\elv
. e
H W 4.9e+00! 359 ip! 3 TeV
N I 1 ¥ -2.0e+02, 2.0e+02 20.21b] TeV
(3 — z -2.5e+01, 2.4e+01 359 fb] 3TeV
— wz [-8.26+00, 8.3+00] 137 fo" 13 TeV [ Wi --30+01 850401 Bk, oYy
£ IAY R | — z -3.9e+01,4.0e+01 359 b7 3TeV
M6 | | ly -1.3e+02, 1.3e+02 19.7 b TeV
|—|H WYWW -1.6e+01, 1.6e+01 35.9 9;‘ g¥e¥
137 b
H wv zv [-3.4+00, 3.4e+00] 35.9 1" 13 TeV faf Wz 18t 3oV
. i %sz ggg b} g;ev
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