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VBS/VVV Production and aQGCs

e (Qverview of studied

WWWW | WWZZ | ZZZZ | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os5.0: 951 v v v
Onrr0 OM.1:9M.6 OM.7 v v v v v v v
Om2:9m.3: Om4 QM5 v v v v v v
Or.0.071 .07.2 7 v 7 7 7 v 7 7 7
O'T'.S ’OT,G =OT,7 v v v v v v v v
Org .Or.9 v v v v v
Vertex-specific conversions from WHIZARD a4, as exist, e.g. for WWWW:
4 4
o — fsov 42 — fs1v
PTA g STAY R

e Experimental access: aQGCs modify total production rate as
well as event kinematics

m Use cross-section measurement or kinematics to constrain aQGCs

e Unitarisation methods:

2\ Ao
" Form factor A(8) = (+3/AZ )"
/N
. unitarisation S N
\\\_5 /,
[
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https://arxiv.org/pdf/1309.7890.pdf
https://arxiv.org/pdf/0806.4145.pdf

W=*Zjj — £viLjj

ATLAS-CONF-2018-033

e 3isolated leptons (e or pu), MET (via m;) as WZ incl. (previous talk)
* VBSsignal region (SR): 2 2 jets, pr > 40 GeV, m; > 500 GeV, b-jet veto
e BDT discriminant based on 15 variables reflecting VBS kinematics

N 45._! T T T T T T T T T T T T T T T T T—]
o E ATLAS Preliminary ® Data 3
~ 40F s=13TeV,36.11b" - ﬁfg-g*gn -
» = i
— c iz
% 35 :_ B Misid. leptons
> o t+V -
W 30F [ ] TtZi1and VvV —
- sk ToOL. UNC. -
25 —
20F =
15F =
10 =
5 E -
O L
S 2 .
s B 3
S WG s e AT
L M " M | L M N M l N M N 1 L N M M ]
—1 -0.5 0 0.5 1
BDT Score

Post-fit background normalisations

Mwz.aco = 0-60 £ 0.25
L, =118+ 0.19
b, =1.34=+0.29

WZjj-EW measured signal strength:
upw = 1.77 £ 0.41(stat.) +0.17(syst.) = 1.77 £ 0.45

Observed sign.: 5.6 (3.30 expected)
Corresponding fid. cross section:

fid., EW _ +0.15
TwWosiistviej = 0.57 _8{1 tb Lo o
— +U. +U.0C +U.
= 0.57 T 13 (stat.) 004 (sys.) 003 (th.) tb.

o Background estimate constrained4/\1/1ia 3 control regions fitted w/ SR
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-033/

W=*Zjj — £viLjj

ATLAS-CONF-2018-033

e 3isolated leptons (e or u), MET (via m;) as WZ incl. (previous talk)

e VBS signal region (SR): = 2 jets, p; > 40 GeV, m.

« JGeV, b-jetveto

e BDT discriminant based on 15 variables ref! d&’tj VBS kinematics

g 45§'A1T£A;3Ié’re;lir1'1ilr1rar'v] | '-'ns;tal o Post-fit backs oé‘).malisations
:@ 405— s=13TeV, 36.1 b :'mg:g\gn MWZ_Q(M Q‘ o+ 0.25
C 35 E_ -ﬁsid. leptons o _|_
L% 305— -E\;nde Mtf‘ ></,l/\\ +.18 +0.13
oE e ¢\$ - 1.34 + 0.29
20F E 2 .
15E- o WZjj-EW measured signal strength:
10~ Q pupw = 1.77 £ 0.41(stat.) £ 0.17(syst.) = 1.77 + 0.45
U ——— 0&“ ] Observed sign.: 5.6 (3.30 expected)
O [ ——— S = . - .
= % \) Corresponding fid. cross section:
% Lol 6\' W PP e i +
S A N . I+ - aaﬁiz’iy_ﬂv{,m = 057021
C | | . ] = 0.57 fg:{g (stat.) fg:gi (sys.) fg:gi (th.) fb.
g 05 0 0.5 K
BDT Score
o Background estimate constrained4/\1/1ia 3 control regions fitted w/ SR
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-033/

W=*Zjj — £viLjj

ATLAS-CONF-2018-033

e Differential cross-sections extracted in SR (mjj > 500 GeV)
e Compared to normalized Sherpa predictions for WZjj (QCD + EW)

% ..»| ATLAS Preliminary \s=13Tev,361f" | £ 2 ATLAS Preliminary \s =13 TeV, 36.1 fb”
o 10°F ke —_
B r ® Data "D > 1
=, N —— Sherpa (scaled) {1 < =4 C j
= F . WZjj-EW x 1.77 g -
< —— - WZjj-QCD x 0.6 | m 5 - + Ay
g | I ] S SR R ] J)
< 1078 - - ] [l ————— ;
i L-_-“li"‘[': 107! - ® Data
I P . . : —— Sherpa (scaled)

e WZEWX 177
WZjj = ¢'vEr) <. wzj-aeD x 0.6
L 'l 'l ] 'S A L AL L ] L

8 2f g 15[
% 1.5;— [ %) if 1
O S e B i o
OC 05 |'--I- s . .
T T T R % 2 4 6
m; [GeV1 ﬂ‘f".
. . . . . I WZ a
* More distributions available: Ny, 2p;, m:"4, Ad;, AG(W,Z), N, 8P
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-033/

vy => WW @ 8 TeV

PRD 94, 032011 (2016

e eu pair with large pT, no other charged particles @ vertex
e 15t SM signal evidence: ATLAS: 3.0c (8TeV)

> 104§IIIIIIIJIllllII|IIIIIIIIIIIIIIIIllIIIIIE
8 - ATLAS -e-Data2012 [_|Incl Ww -
© 408 L 's = 8 TeV. 20.2 fb" [Jexcl.ww  [llExclec ]
g - o [Jz*—tt  %sys.ostat. 3
g = Excl. WW signal region [ Other vV -
o O — alY/A? = 2.0¢-4 GeV?, a%/A*= 0,A =500 GeV =
L m ----------- al!/A? = 0, a%/A? = -5.5e-4 GeV?, A = 500 GeV
10 mimam ay'/A? = 7.5e-6 GeV*, ay/A* = 0, no form factor
U e S ST =
1 0—1 """"""""""" ?:
2 : i T

10 0O 20 40 60 80 100 120 140 160 180 200
p?* [GeV]

e aQGC limits placed using dilepton pT distribution
e No (tag) jets -> suppressed WWWW, WWZZ, WWZy contributions
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http://dx.doi.org/10.1103/PhysRevD.94.032011

WVjj — £v(ji/)) ji @ 8 TeV

PRD 95, 032001

2017

e 1isolated lepton (e or u), MET, jj/J hadronic V, two tagging jets
* Not sensitive to SM xsec yet, but optimized for aQGC a, 5

> [ ATLAS 4-Data  —a,=0.10 > 16 ATLAS +Data  —,=0.10
g 705 =8TeV, 20.21b" E:‘;:j%? HSM EWK WV (OD L \s=8TeV,20.21b 535;055 E SM EWK WV
= .\ ) it — + ff
S 60 Wo Ty, Vs | [ Single-top [l Diboson © r Wo v, V= J [ Single-top [l Diboson
- F W Zsjets [ Multijet —~ 12— W Z+jets [ Multijet
L 50 L r
c C c 10—
S f o't
i 40F W sf
30k ; =
20 —
= 1 C
10— —t= . 2 — |
5
UE_J uf — ©=0.10.0,-0 | 020 5-_ — ,=0.10,0,,=0
= — «a,=0.05, a,=0 L4 —— 0,=0.05, 0,,=0
< 3 ' I 8 3F ¢
S 2 o 8 2f
- ) = 7 : 1 L
1 > ” Z 2 Y L 1 ~+ 77 o ///////,Z//
00100 200 300 400 500 600 700 800 00 200 500 600 700 800 900
m.(WV) [GeV] m-(WV) [GeV]

e Merged (J) category improves expected sensitivity by 40%

* No conversion a5 to f, , since WWjj and WZjj contribute
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http://dx.doi.org/10.1103/PhysRevD.95.032001

WWW — 3/3v//lEviEvijj

e 3isolated leptons (e or u), MET — very clean, low statistics
e 2 isolated leptons (e or u), MET, 2 jets (W* W=jj VBS “spin-off”)
e combined S|gnal significance is ~“1c => pIace upper limits on xsec

\
3
e

;

|
LS

20 SRR REARAN RRRAS RARRE REARE RALERLRRRE RARE. = | . L L B I T
F ATLAS —a— Data - @ r ATLAS —8— Data 7

© 1 8k B wWww = O gp— P WAWW g
=8TeV, 2031 Wz 5 o - =8TeV, 20310 W2 -

-:r E Fake L. ] o r Fake L. .
— 1 5_— Wivhy Vy _ = ~ [ Ivhuij vy . B
w0 E Charge Flip L. . :; — Charge Flip L. —
= 14'_ 0+1+2 SFOS SR mmm Other Bkg. - — - ee+eu+upu SR B Cther Bkg. -
o foo/ A= 2000 TeV* o & L fo /A= 2000 TeV*
W 125 Agp = o= i /A=2000 TeV* 3 N 30“_ Npp = T iy /A%= 2000 TeV? ]
10: W . fS.I:l'r"" = 2000 Tey™* _.: E f!:i.(l'l A= 2000 TeV™ :
BE— f, /A= -6000 TeV™* —E 20! f. /A= -6000 TeV*

6 = - | .

| £ , 3 oy —;

...........................................

g E . .
0 100 200 300 400 500 600 700 800 900 1000 800 1000 1200
m [GeV] Lp, [GeV]

* Limits on dim-8 operators with couplings f;, , set based on above
distributions (combined final states)
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https://link.springer.com/article/10.1140/epjc/s10052-017-4692-1

WVy @ 8 TeV

EPJC 77 (2017) 646
e 1isolated lepton (e or u), MET, 22 jets plus isolated photon(s): WVy
e 1lisolated e, 1isolated u, MET plus isolated photon(s) : WWy
e place upper limits on xsec in agreement with SM expectation

E1Dﬁ:ll.lijltlll d Y . =T T T3 :‘; L LN B L LR R | T T ™
c - ata = 10 =
::E 3 wwy ATLAS ) s g - ATLAS ] Data. _E|:
— \s=8TeV,20.2fb . ® F ws=8Tev.202m’ [] Wysjets ]
¢ b ] Fake y from jets evuvy signal region "7 e 100E . [_] Fake y from jets o
- [ ©Other backgrounds : 3 c —  evijy signal region . 3
- [ Total uncertainty . T e _E Bl Fake e from jets ]
- wvennes £y, /A = -1876 TeV™* - 3 I Other backgrounds E
10 g N - - CJ wvy ]
s— e I A E [ Total uncertainty e
- ¢ 1 0 fro/A*=1374 TeV*: 1
15 3 = [ - ..., y- : a
= ] 1je ¢ 4
7] T T TP TP P I I n = —
T T T T r TTTTTT '| T T T r -3 r 'I 'I T
B 4 $ B 15 4 * I M
B B
E ﬁ ' . ,+ ER L I U L t i & “=f--
(EES ﬂ I.I I I I I I I I I I I I . I‘I . I I I I I (EES DE.::‘:L;.I.:. .... I...I.:.I...I..I..I..I..I. .I...I- -I-..I...I..I..I..I..I.:....I--I- ..:..I..I.I.
20 40 60 80 100 120 50 100 150 200 250 300 350 400
E, [GeV] E, [GeV]

* Limits on 14 dim-8 operators with couplings f;; f;; set based on
above distributions (combined final states).
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https://link.springer.com/article/10.1140/epjc/s10052-017-5180-3

aQGC status @ 8 TeV

RMP 89 (2017) no.3, 035008

o
R — | Channel Limits Agg [TeV]
fuo AT EEEEEEE L v -3.3e+00Z, 3.5e+002] =
I ] Zy i -7.1e+001, 7.5e+001] =
I l Wy jj -7.7e+001, 7.4e+001] =
[ 1 WAWEjj  [-3.3e+001, 3.2e+001]
yy— -2.8e+001, 2.8e+001] =
vy—=WW  [-1.5e+003, 1.6e+003] 0.5 °
yy—WW  [-1.8e+001, 1.8e+001] =
yy—>WW  [-1.5e+003, 1.5e+003] 0.5
fio AT frrmrmmmmrmcme—memmmmmmma WV 5.6e+002, 5.3e+002] =
[ | Zyii -1.9e+002, 1.8e+002] <o
Wy jj -1.3e+002, 1.3e+002] =
WAWE -4.4e+001, 4.7e+001]
Yy— -1.1e+002, 1.0e+002] ==
yy—WW  [-5.8e+003, 5.4e+003] 0.5
yy—>WW  [-6.8e+001, 6.8e+001] <o
yy—WW  [-5.9e+003, 4.9e+003] 0.5
fra IAT vy -4.9e+002, 4.9e+002] =
Zyy -5.8e+002, 5.5e+002] 5.5
Wryy -7.5e+002, 7.3e+002] oo
Wyy -2.4e+002, 2.4e+002]
Wyy -4.0e+003, 4.0e+003] 05 @
Zy il -3.2e+001, 3.1e+001]
Wy i -2.6e+001, 2.6e+001] =
fua 1A I ] Zyy -8.3e+002, 8.9e+002] =
' I { Zyy -1.0e+003, 1.0e+003] 5.0
R L e LR e Wy -1.3e+003, 1.3e+003] =
[reeseescess s s s e Wryy -4.3e+002, 4.6e+002] <
fm==mmmemmmeeeeeeeeemeeeeecceeeeeee—aa- Wyy -7.6e+003,8.9¢+003] 05 @
I | Zy i -5.8e+001, 5.9e+001]
b i Wy -4.3e+001, 4.4e+001] =
fug 1A [ 1 Wy -4.0e+00T, 4.0e+001] =
N I i Wy -6.5e+007, 6.56+001] ==
fo /A" [ Wy T3e+002, T.3e+002] =
' L i WAWE i -6.5e+001, 6.3e+001] =
flor AT [ i Wy, ~16e+002, 1.6e+002] =
| | | | | - i B | WAWS j 7.0e+001, 6.6e+001] |
-5 ;X(;g) _ ,ko 0 . 5_ o 15]
(1+5/AZ )2 log, aQGC Limits @95% C.L. [TeV
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outperforms VBS,
which is better than
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Note strong impact
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https://doi.org/10.1103/RevModPhys.89.035008

aQGC status @ 8 TeV

g hq;\nel_ .
- =Z'( o

RMP 89 (2017) no.3, 035008

-7.1e+001, 7.5e+001

®
- — ;Imt; — — -‘l\ [TEV]
+ ==
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.w'l;mwh' 'f%%emo}, Q_Be%}'! o0
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- s7—WW  [-1.8e+001, 1.8e+001] 1
eV « 4 025005 J0edQQ3] 0.5
f A Foee---c-s-ss-—--sm-c------ 1 Wy -5.6e+002, 5.36+002] ==
[ | Zvii -1.9e+002, 1.8e+002] o
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fo AT [ ] Wy -6.5e+007, B.5e+001] =
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https://doi.org/10.1103/RevModPhys.89.035008

aQGC status @ 8 TeV

RMP 89 (2017) no.3

o
SO — Channel Limits Age [TeV]
fg IAT EEEEEEELE L Y ~3.3e+002Z, 3.5e+002] =
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vy—=WW  [-1.5e+003, 1.6e+003] 0.5 °
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Summary

e Harvest of Run | multi-boson analyses is concluding — established
many new multi-boson processes, probed new couplings.

e Run Il providing access to more processes (VBS, VVV), and better
BSM sensitivity!
= First observation of EW W *Zjj production!

e The Standard model is a tough nut to crack!
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WVy aQGC limits @ 8 TeV

EPJC /7 (2017) 646

e Observed and expected 95% CL intervals on anomalous quartic
gauge couplings for the combined WVy analysis.

e Couplings are unitarised using a dipole form factor with a form
factor energy scale of A =1 TeV.

Confidence Intervals at 95% CL | Dbsﬂmd - E:pm:ia-dl
fwm ATLAS \s =8 TeV,20.2 fb"

—
—
— A =1 TeV
e

-60 -40 -20 0 20 40 60
Unitarised Anomalous Coupling Ue‘u’"’]
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https://link.springer.com/article/10.1140/epjc/s10052-017-5180-3

Vector Boson Scattering

e VV — VV provides insight into EWSB mechanism, access to quartic couplings:

eIectroweak VVijj production includes: strong VVjj production includes:

p o XE TN

e Experimental signature
(W*W=* example):

tagging jet (4)

tagging jet (3)

1,2 = Central, high-p; charged leptons from V decays
e 3,4 = Forward/backward tagging jets (large m;; and well separated in y)

Marc-André Pleier 14/11 Brookhaven National Laboratory
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