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 Vector boson fusion (VBF) and
vector boson scattering (VBS) are V V
Important probes to EWSB.

« Without Higgs boson, VBS |
amplitude increases with Vs. ! VBS q
Higgs-like particle discovered in
LHC may restore unitarity.

« Additional resonances may still
exist or observed Higgs-like
boson may only partially unitarize
the amplitude => Need
careful measurement of VBF  production
VBF/VBS. Set limits on aTGC and
aQGC.
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- Effective Field Theory: Low energy effects from new physics are parametrized by
an effective Lagrangian with higher dimensional operators. arxXjv:1310.6708

Ci fs, j f T.j f M.,j
Lerr = Lsm + Z AQO‘<Z A—405’j + Z A—40T,j + Z Ad Owm ,j
i=WWW,W,B,dW,d B j=0.1 i—0,....9 j=0,....7
T
aTGC aQGC

« Non-linear realization for aQGC  arXiv:0806.4145
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The lowest dimensional operators contributing to the quartic gauge vertex and
conserving CP and custodial symmetry

as Ly = astr[V,V,1tr[VAVY]

asLls = astr[V,V!]tr[V,V”]

Aungshuman Zaman, Stony Brook University
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http://arxiv.org/abs/1310.6708
http://arxiv.org/abs/0806.4145

 Electroweak (VBS/VBF) production is q
much rarer, usually dominated by W
strong production of the same final

State.

* Electroweak signals show the EWK WWij, 0lgy®
following features:
ssLarge rapidity separation of the leading
jets due to the lack of color-exchange /
between the two jets at Born level =>large
Invariant mass m;
*sLack of additional jets between the two
leading jets q wt
Strong WWjj, agy,? a2

q Wt

q
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« ATLAS
« Same sign WW+2j (ssSWW+2j)  (PRL March 2014)

« Electroweak Z+2j production (JHEP April 2014)

« Electroweak WZ+2j production (accepted by PRD, March 2016)
« CMS

« Same sigh WW+2j (ssSWW+2j)  (PRL Feb 2015)

« Electroweak Z+2j production (EPJ C, Feb 2015)

« Electroweak W+2j production (PAS July 2015)

Electroweak Zy+2j production (PAS Sep 2015)
Electroweak Wy+2j production  (PAS Jan 2016)

*PAS = CMS Physics Analysis Summary
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Same sign WW+2]

5
ATLAS Phys. Rev. Lett. 113, 141803 g
« Final state => two same sign leptons, e*e?, a
e*ut or y*u*, two high pt jets and MET.
* Biggest bkgs: WZ-> 3lv, Wy(conversion),
charge mis-id, non-prompt.
* Inclusive region: m;>500 => Fiducial cross 2
section for (QCD+EWK) W*W4jj production, &
. O =2.1+05(stat) £0.3(syst) b | g
° Agreement Wlth GSMz 1.52 +0.11 fb % 30
- VBS region: additionally |Ay(jj)| > 2.4 => Yoo
Fiducial cross section for EWK W*W4#jj, 20
including interference with strong production,
15
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Osig = 1.3 = 0.4(stat) + 0.2(syst) fb

Agreementwith g  =0.95 + 0.06 fb.

Aungshuman Zaman, Stony Brook University
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803
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CMS Phys. Rev. Lett. 114 (2015) 051801

VBS topology: m;> 500GeV,

|An(jj)| >2.5
The inclusive fiducial cross section is found to
be

Oig (WEWE]j)= 4.0%55(stat)*15(syst) fb

Agrees with
Ogy= 5.8+ 1.2 fb.

Evidence for ssWW+jj production at 4.50 (expected 3.40).
Evidence for EWK same sign WWH+jj production at 3.60

(expected 2.80).

CMS

QCD+EWK W*W4jj, the observed (expected) significance is 2.00

(3.10).

EWK W*W4jj, including interference with strong production, the
observed (expected) signal significance is 1.90 (2.90).
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http://dx.doi.org/10.1103/PhysRevLett.114.051801
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EWK WZ+2j production in ATLAS

accepted to PRD

« WZ->IVIl + 2j final state is used to

and aQGC parameters.
« Bkg: WZjj-QCD (~70%),

. ) Selection VBS aQGC
set limit on VBS cross-section Q
Data 45 9
Total Expected 37.2+1.1 4.940.3
WZj35-EW 74+0.2 1.140.1
tZ+jets(10%), ZZ, misidentified WZ2j-QCeb 208208 28£0.3
| yay 7 f WW tz 3.0+£0.1 0.3=%0.0
epton (Z+jets, Zy, t, ). Misid. leptons ~ 2.5+0.6 0.1+ 0.1
27 1.9+0.3 0.2+0.1
tt+V ’1.6:|:0.1 0.3+0.0
Variable Total Fiducial and aTGC  VBS aQGC
Lepton |7] — < 2.5 <25 <25
pr of £z, pr of by [GeV] — > 15, > 20 > 15, > 20 > 15, > 20
my range [GeV] 66 — 116  |[my —mLPC| <10 |my —mbPE| <10 |my — mEPY <10
my [GeV] — > 30 > 30 > 30
AR((;,65), AR(lz, tw) — > 0.2, > 0.3 > 0.2, > 0.3 >02, > 0.3
pr two leading jets [GeV] — — > 30 > 30
In;| two leading jets — — <45 < 4.5
Jet multiplicity — — > 2 > 2
m;; [GeV] — — > 500 > 500
AR(j,¢) — — > 0.3 > 0.3
A6(W, 2) . . = >3
> Pl [GeV] — — — > 250
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http://arxiv.org/abs/1603.02151

* Inthe VBS phase-space, cross section for
production

Oqg (WZJj-EW )= 0.291 512 (stat)¥3:9%(syst) fb

Ac"/A m; [fb/GeV]

« SM expectatlon 0.13 £ 0.01 fb from
VBFNLO

« Too low significance. Upper limit on fiducial
cross-section is set.

95% CL upper limit on JE,S;_L 2 EW st it [fb]
VBS only VBS + tZ
VBS phase space
Observed 0.63 0.67
Expected 0.45 0.49
+10 Expected [0.28;0.62] [0.33;0.67]
+20 Expected  [0.08;0.80] [0.19;0.84]
aQGC phase space
Observed 0.25 0.25
Expected 0.13 0.13
+10 Expected [0.08;0.20] [0.08;0.20]
+20 Expected [0.04;0.28] [0.06;0.28]
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EWK WZ+2j production in ATLAS
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EWK Z+2j production in ATLAS

JHEP04(2014)031

« Final state => two isolated same-flavor opposite charged leptons
(electron or muon) and two high-pt, high m; jets separated by large
rapidity interval.

 Biggest bkg: strong production of Z+2j. Its modeling is constrained
by data using a Control region.

Object baseline High-mass search Control High-pT
Leptons | < 2.47, pT(l) > 25 GeV
Dilepton pair 81<m;<101 GeV
pT(l) > 20 GeV
Jets ly| <4.4,AR;;20.3
pT(j1) > 55 GeV pT(j1) > 85 GeV
pT(j2) > 45 GeV pT(j2) > 75 GeV
Dijet system mjj > 1TeV mjj > 250 GeV
Interval jets Niet gap =0 Niet gap = 1
Zjj system pTbalance < 0,15 pTbalance3 < 0,15
5/5/2016
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http://link.springer.com/article/10.1007/JHEP04(2014)031

EWK Z+2] production in ATLAS

* The electroweak Zj{ component is

extracted by fittin
reconstructed in t

he m; _
e searth region.

* In the signal rich search region (m; >
1TeV), fiducial cross-section for EWK

production

Ogw (M;>1TeV)=10.7+0.9 (stat) +1.9
(syst)£0.3(lumi) fb

« Agrees with Powheg prediction

Ogy = 9.38+0.05 (stat) + 0.24(scale)
+0.24(PDF) £0.09(model).

* The bkg-only hypothesis (no EWK
production) rejected at =
significance using pseudo-

experiments.

EWK production of Zjj is the first

observation of VBF process.

5/5/2016
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EWK Z+2] production in CMS

Boosted decision tree based multivariate analysis.

+ BDT inputs : my, |AnGI, y* = yz = 1/2 (yjy + Y, ), pT_hard = |pT (j2)
+pT (j2) +pT (Z)| etc.

« Three alternative analyses have been reported.
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http://dx.doi.org/10.1140/epjc/s10052-014-3232-5

EWK Z+2] production in CMS

» The strength factors for EWK and QCD Z+2j is obtained from a binned
maximum likelihood fit.

» The observed EWK signal strengths for the three TMVA analyses:

Analysis A Analysis B Analysis C
ee MM ee+uy MM ee MM ee+uy
M = o/oy, 0.82 0.86 0.84 0.89 0.91 0.85 0.88

19.7 fb" (8 TeV)

- CMs confidence intervals using Analysis G
: Analysis C: ee+n events

—
—

« Combined fit of two channels in analysis A:
Is.lgrollaltstrength L= 0.84 £ 0.20 (stat+syst),
eads to

DY Zjj strength
2
|

| Orq (EW lljj)= 174 + 42 (total) fb

—
T T T T T T

» Agreement with the SM prediction [
0,0 (EWIIjj) = 208 + 18 fb. | 0.95-

| Observed Expected

- ~+95% CL
Background only hypothesis is rejected [ — -~ 68% CL

at 5 o. 0.9L s ]

| IR N N NI I
04 06 08 1 1.2
EW Zjj strength

Aungshuman Zaman, Stony Brook University 15
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Iterative Bayesian
unfolding procedure to
get to particle level

distributions.

Powheg (NLO) models
m; and |Ay | better Iin
baseline reglon

Both Sherpa and
Powheg agrees well with
data in search region.

EWK contribution
dominates at high m;
and |Ay | values in

search reglon

5/5/2016
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EWK W+2] production in CMS

CMS-PAS-SMP-13-012

Final state => one isolated lepton (e, M), two

jets and MET. Biggest bkg is QCD WH+jets.

 Unbinned maximum likelihood fit of m;
distribution to extract signal yield.

« Two parameter power law function to model
m;; for signal and background.

* The fiducial EWK W+2 jets cross section is calculated
for W decaying to muons or electrons
Event Measured cross-section
category
Mij 0.43 + 0.04 (stat) £ 0.10 (syst.) £ 0.01 (lumi) pb
ej] 0.41 + 0.04 (stat) £ 0.09 (syst.) £ 0.01 (lumi) pb
combined 0.42 + 0.04 (stat) £ 0.09 (syst.) £ 0.01 (lumi) pb

» Agrees with the MadGraph+Pythia SM prediction

5/5/2016

Ogy =0.50 + 0.02(Scale) + 0.02(PDF) pb |

Aungshuman Zaman, Stony Brook University
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-13-012/index.html

EWK Zy+2] production in CMS

CMS-SMP-14-018

19.7 fb” (8TeV) mu channel

> LU R L R LR LR LR
q’ 7CMS +gatf ets 1
« Final state=> Exactly two opposite sign leptons (e, g | Preliminary =sz:phmn i
W), two jets and an isolated photon. S 10°c O
© 55 stern:ic e::erlaint :
- Biggest bkg: QCD production of Zy+jets = : LSyt fneetany
c
* Binned likelihood fit with m; distribution, L%’ 0 |
- signal strength, p = 1.47*5-%7 with respect to | ]
LO EWK production cross-section. e |
« observed (expected) significance of 3.0 (2.1)o. i e
« Upper limit 3.2 (expected 1.2) times SM EWK 00 g 00
prediction at 95% confidence level. M. (GeV)
- aQGC limits extracted from My, distribution. g P A
= £ CMS
£ °F Preliminary & 0w
i e B o e
| Observed Limits | Expected Limits |7 AaGC sgna =51 TeV"

signal

71 (TeV™3) < fapo/A* < 75 (TeV—E) [ -109 (TeV—2) < fpo/A? < 111 (TeV—3)
190 (TeV—4) < fpg /A% < 182 (TeV—4) | -281 (TeV—4) < fy1 /A* < 280 (TeV—4)
-32 (TeV™4) < fap /A% < 31 (TeV ™) 47 (TeV™4) < fyp/A* < 47 (TeV—4)
58 (TeV—4) < fyz/A* < 59 (TeV—) 87 (TeV™4) < fys/A* < 87 (TeV—4)
3.8 (TeV™4) < fro/A* <34 (TeV™) | -51(TeV™?) < fro/A? < 5.1 (TeV™?)
4.4 (TeV™) < fr1/A* < 44 (TeV™4) | -65(TeV™) < f11/A* < 65 (TeV™4) | 20 | [~

9.9 (TeV™4) < f1/A* < 9.0 (TeV™4) | -14.0 (TeV™2) < f1/A?* < 14.5 (TeV—?)
-1.8 (TeV™?) < frg/A* < 1.8 (TeV™) | 2.7 (TeV™?) < frg/A* < 2.7 (TeV—)
4.0 (TeV™) < fro/A* < 4.0 (TeV™) | -6.0 (TeV ™) < fro/A* < 6.0 (TeV™?)

Yo%e’s NN OO

RIS IS
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-14-018/index.html

EWK Wy+2] production in CMS

CMS-PAS-SMP-14-011 < e cnlnsl Preliminary muyvjets 1|9.7"fb—li 8 Tgﬂ
) -« Data E
 Final state=> one tight electron/muon, MET, photon and 2 £ = = Fake photon”
jets, second lepton is vetoed. o =%§md dibosons -
L i
. . . EWK Wy+2Jet
* Biggest bkg: QCD production of Wy+jets. o ¢ Uncartainty Band

* Binned likelihood fit of the ij distribution,

- signal strength, p = 1.78%92 with respect to LO EWK
production cross-section.

» Observed (expected) significance of the excess is 2.7 0
(1.5 0).

1129 (TeV ™) < fae/A* <129 (TeV ™) | 77 (TeV™) < fme/ A* < 77 (TeV ™Y
164 (TeV™) < far /A* <162 (TeV™) | 299 (TeV™) < farr/A* < 97 (TeV ™)

» Upper limit 4.3 (expected 2.0) times SM EWK prediction Q& 3¢ 5 ;
at 95% confidence level. JE Rt ‘
- o - [ Lo
» aQGC limits extracted from pT(W) distribution as T 1000 1o M Gevy
ii
| Observed Limits | Expected Limits | - CMS prellmlnary : [. L.dt.T 19.7 Tb1 S .8‘1,—5}/
T7(TeV™h < faro/A* <74 (TeVh | 47 (TeV™) < faro/ A* < 44 (TeV ) & op o D E
125 (TeV™) < fan /A <129 (TeV™h) | 72 (TeV™) < fann /A* < 79 (TeV ™Y © s T Sumer e
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Cie0016 LT3RV < firp /A% <77 (TV) | 44(TeV) < fip/A* <47 (TeV ) Py [GeV]
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aQGC limit summary

« ssWWijj ATLAS analysis sets best

1D limits on a, and ag to date.

WZjj improves 2D limits.

« Several ATLAS/CMS analyses set
limits on fg,,r parameters.

August 2015 CMS | |
ATLAS | e |
Channel Limits |at \s
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5/5/2016
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1 L I L 1 1 1 I L L L 1 I 1 1 L L L 1 1 1 L L 1 1
-500 0 500 1000 1500

aQGC Limits @95% C.L. [TeV*]
20



* First evidence for a process involving a VVVV
vertex has been seen in the same sign WW+2j
analysis.

* First observance of Electroweak (VBF) production
of Z+2j (both ATLAS and CMS). Also W+2]
observed by CMS.

« Excesses seen for EWK WZjj, Wy+2j and Zy+2;
are consistent with SM prediction. Upper limit has
been set.

* Fiducial cross-sections have been measured for
these rare processes which are found to be
consistent with SM.

 Constraints on anomalous couplings have been
set.
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- Effective Field Theory: Low energy effects from new physics are parametrized by
an effective Lagrangian with higher dimensional operators.
C;
Lprr = Lsm + E: KEO'
i=WWW,W,B,®&W,®B

fhfg
:E: A4 O

.....

* aTGC can also be described by five dimensionless parameters, g, 7, Kz, Ky, Az, A,

LW, rve)

L =igwwvy (f (WE W — WHRW VY 4k W, VR

N,
where V =2y

* Non-linear realization for aQGC
_ 2) @ pa 1 5 ps) ] [(6) p(6)
Lesr = Lsw + AL +er,. LY+ ) o)L 5 ) el L

The lowest dimensional operators contributing to the quartic gauge vertex and
conserving CP and custodial symmetry
as Ly = g II’[VMVV]N‘[V“VV]
asls = astr[V,V¥]tr[V, V"]
5/5/2016 23



Relation between aTGC parameters

2
Z ) Tnz
g1 =1 +cw Az
2
'mW
2
m
. . ] 2 w
kz =1+ (ew — cptan® Oy ) A2
39%miy,
Ay = Az = cwww —; 12

Relation between a,, as and fS0/ fS1 parameters

fso v’ fso vt
=5 =X
1+ WWWW vertex A WWZZ vertex
4 o= Is1v fs1v
ay+2- a5 = T o g — —— —
At 8 " AT 16
arxiv:1310.6708v1 V\-‘r\"i}"f“"’ WWZZ | ZZ277Z | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os,0, Os,1 X X X . N
Onr0, On,1,0m6 ,On 7 X X X X X /K\
Own2 .Ouma, Ona Owns X X X X X ! X‘
Oro 011 Ora X X X X X X X X X
Ors .Org Ot N~ X X X X X X X
; - 7
Ors ,Orpg \‘ X X ) X X

o/5/2016

WWjj

Table 1-16. Quartic Verticxmodiﬁed by each dimension-8 opem}\a.re marked with
Wyj)

ZYjj
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WZ In ATLAS: aTGC

EFT coupling

Expected [TeV 2]

Observed [TeV*Q]

cw /A? [—3.7 ; 7.6] [—4.3 ; 6.8]
cp /A2 [—270 ; 180] [—320 ; 210]
Aco Coupling Expected Observed ewww /A [—3.9 ; 3.8] [—3.9 ; 4.0]
Ag?  [=0.023;0.055] [ —0.029 ; 0.050] —
2 TeV Ar? [-0.22;0.36] [ —0.23; 0.46] B ATLAS i
A7 [—0.026 ; 0.026] [ —0.028 ; 0.028] A e T s
AgZ  [-0.016 ; 0.033] [ —0.019 ; 0.029] 1 T e
15 TeV  AgxZ [~0.17;0.25] [ —0.19 ; 0.30] B - o
A7 [—0.016 ; 0.016] [ —0.017 ; 0.017] g ST e
Ag?  [-0.016 ; 0.032] [-0.019 ; 0.029] - n
o0 Ax? [—0.17 ; 0.25] [—0.19 ; 0.30] A® | pmmnitTooiinnoon o WZo R
A2 [—0.016 ; 0.016]  [—0.016 ; 0.016] T J I »
-0.5 0 0.5 1 1.5
Yoo ] oM T TR o T IR
0.4-_ 1s=8TeV, 20.3fb" Eiziﬁiﬁ% E 0.03;—\S=STeV, 20.3 b Eig i’i%i‘i‘tiﬂ — 0_03;—\S=3Tev, 20.3 b Ei?; Z):(F;chg:j —
i 0.02¢- E 0.02 3
0.2r ] 0.01§— — 0_012— 3
oL ] 0;— — 0;- E
1 —oof —f —0.01F E
-0.2F 5 . ] -
I -0.02} ] ~0.02F E
_0.4:— WZ - Fvl'l — _0_035_ WZ = Pl — _0_035— WAZ = Fll —
~0.04 2002 0 0.02 004 006 ©0.0420.02 0 0.02 0.04 0.06 0050501070102 050405
Agy Ag? Ax?
5/5/2016 expected and observed 2D limits for Agg — 25
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e Limits on aTGC

« EWK Z+2j : the two Ws entering the WWZ ;Jonr'rt::cgtt;mugh
vertex are space-like => sensitive to large a
space-like momentum transfer. a(s)= m
aTGC N=6 TeV (obs) | A=6 TeV (exp) N\= = (0bs) N= = (exp)
Ag, , [-0.65, 0.33] [-0.58, 0.27] [-0.50, 0.26] [-0.45, 0.22]

A, [-0.22, 0.19] [-0.19, 0.16] [-0.15, 0.13] [-0.14, 0.11]

« These limits are not as stringent as those set in WZ production
analysis.

« Still important as aTGC investigations in diboson production
and EW (VBF) Z production are complimentary.

5/5/2016 Aungshuman Zaman, Stony Brook University o




aQGC limit summary

5/5/2016

ssWWijj ATLAS analysis sets best 1D limits on a, and as to date. Complimentary results

from ZJ) ATLAS analysis. WZjj improves 2D limits.

Three CMS analéses set limits on QGC parameters. Table shows comparison of 95%

observed limits. Best results are in green letters.
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