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1. Tests of QCD and jet production
1. Jet cross sections
2. The strong coupling
3. Associated jet production

2. Measurements of the top quark
1. Top pair production

2. Top quark mass
3. Top properties
4. Single top production
3. Tests of the electroweak theory
1. Vector boson production
2. Diboson production and TGCs
3. Vector boson scattering and QGCs




1. The top quark from the electroweak POV

1. Top properties

2. Single top production




tt charge asymmetry
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tt spin correlation

Top and anti-top spins
are correlated in SM
tt production

Non-zero correlation
strength
Ahel =
Nlike-Nunlike/
Nlike+Nunlike

Asymmetry in events
with tops aligned or
antialigned wrt top dof

Ahel inferred from A
distribution in top
dilepton pairs

Ahel = 0.38%0.04
consistent with SM value
(0.32)

Excludes squeezed stop
scenarios where top pair
correlation is zero
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W boson

helicity

W helicity in SM

top decay is 70%
longitudinal (FO),
30% left-handed

(FL)

In tt lepton+jets
candidates,
reconstruct cos 0*

Fit angular
distribution
convolved with
detector eff. and
resolution

Helicity consistent
with the SM

Anomalous
dimension-six
operators
constrained
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Top quark polarization

PRL 111 (2013) 232002

Top quarks in tt
production are
unpolarized in the
SM, but could be
modified by new tt
interactions

In tt lepton+jets
and dilepton
candidates,
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Rare t decays
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1. The top quark from the electroweak POV

1. Top properties

2. Single top production




Single top production processes: t-channel
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Single top production processes: tW

PRL112 (2014) 231802

For dileptonic W decays,
final state is
dilepton+ =1 btag jet

Discrimination for signal
and tt background with
kinematic BDT, including
extra “loose jets”

Agrees with SM at 23%
level.
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Single top production processes: s-channel
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Evidence of ttV production
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Observation of tty production
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2. The electroweak vector bosons

t | d
C S

1. Vector bosons at the Terascale

2. The TGC menagerie

3. The dawn of vector boson scattering
vy V.o




Drell-Yan Cross Section at LHC (7 TeV)

JHEP 12 (2013) 030

Cross section vs. dilepton
mass measured at 7 TeV,

from 15-1500 GeV in mass.
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Drell-Yan Cross Sectlon at LHC (7 TeV)
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Drell-Yan Cross Section at LHC (8 TeV)

EPJC 75 (2015) 147

* Differential double ratios
(1/0Z)(do/dm)sTev /

e Cross section vs. dilepton
mass now measured at 8

TeV, from 15-2000 GeV in
mass.

(1/6Z)(do/dm)7Tev
measured for the first time

19.7 fb™" ee and uy (8 TeV)
T T T T T LI I

> = ——— ————r =

Q r ]

g 13 e _———Mﬁﬂw-*—Q—Q—% 20

S - 7

T 05 E L 3 m [GeV]

N — .
%J 10 CMS ,Y*/Z % e+e" u+u_ m 2 : T T T T T T 7T T T T T T T T | :
Q 102 1 8F CMS 19.7 " ee and uu (8 TeV) -
] 8f .
< 10 n 481" ee, 4.5 6" uu (7 TeV) ]
S 1 16 [ 7]
2 - -
S 10 1.4 E
102 12 - B
107 F .
10 1 = —
107 ——data 0.8 :_ _j
10°E  [Jrewz nnLo cT10 osl E

0.4
[ Il 1 | | 1| ‘ 1 1 1 1 1 1 1| |
50 100 200 500 1000

| -
200 500 1000 2000
m [GeV]

N
o
i
o
—
)
o



Weak mixing angle at hadron colliders

r-
In the dilepton CM, lepton angle with respect to axis of

quark momentum is sensitive to interference effects: R 2 4 -
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Weak mixing angle at hadron colliders
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Events /0.1

Drell-Yan AFB (8 TeV)

CMS-PAS-SMP-14-004
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Prospects for W mass at the LHC

The LHC has excellent detectors and AMyy [MeV] LHC
semi-infinite statistics and thus has a V3 [TeV] S 14 14
good a priori prospect for a <10-MeV L[] 20 300 3000
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MW-NLO CT10nlo MSTW2008CPdeutnlo NNPDF30_nlo_as_118

+13-12 +18 -22 +11 -10
+22 -22 +18-23 +11-10
+11-11 +14 -18 +7 -7

+8 -10
+8 -9
+6 -5




W charge asymmetry

CMS-PAS-SMP-14-022

e At8TeV, “Y5M W muon

. sloj -+ /] do — )— =
candidates produced per /fb Aln) Gy (W = ) = (W™ — £77)
1) =
do 4 )+ do — I =\"
. - ar (WF = ( V) + W™ = ¢ 7)
Differential W charge
asymmetry precisely probes
u/d ratio vs. x
N Z<1,03. CM.S prglimin?ry, I_'=I18‘.8'fb'l1 th \.S = 8| Tg\{ Z<1,03. CM.S prglimin?ry, I_'=I18‘.8'fb'l1 th \Is = 8| Tg\{
Recent CMS (%5’ 150 W' =u*v, 0 <l <0.2 N (%5’ 150~ W —uv,0<ml<0.2 n
Mmeasurement can - C RN —-Data ] - C —-Data ]
f/_’.} L W—uv i f/_’.} L W—uv i
precisely extract a E’ 100 — A L%» 100} s e e
= MEW +tt 8 = o ., MEW +tt s
clean W asymmetry : ] s et
. R 50 . sol- .o ]
using ~20 million W i .. Mu+ 1 ., Mu-
candidates! 0 , ‘ e S OA\ S
(@) E -e-Data MC (stat) MC (stat @ sys) ] (@) E -e-Data MC (stat) MC (stat @ sys)
s 1.2;*. . N s 1.2:* o +*+¢E
; 1 g;9.~.-9.~,..,.-mmo.u‘.;af,,'::..?w?‘o,:. . +H: ; 1 ?_'o,’,..‘..-..a‘,i.,o_“ww;;r?;.ﬁ. . .».‘,',.0:#. i ,+%
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W charge asymmetry

e At8TeV, “Y5M W muon
candidates produced per /fb

LWT = v) — LW — (77)
. . A(n) = *1 _ / :
Differential W charge %(W— — (V) + g_g;(w— — (—T)

asymmetry precisely probes
u/d ratio vs. x

CMS preliminary, L=18.8fb"at 's=8TeV

E’ T T T T | T T T T I T T T T | T T T T I T T T
g1 ]
E B NLO FEWZ + NLO PDF, 68% CL |
E | cT10 2
§ 0.25 Y nNnPDF30 %3%% |
e Asymmetry measured © | zZ4wwkTaom SsAss -
0 o L HERAPDF15 Vi |
to 0.1% absolute per s | | ]
. -C ’j;//;//
bin O 02 i |
I v |
Has obvious - NN 1
constraining power for I W//% “>25GeV |
g p 015 I Y 7 pT ]
all PDF families S i ]
7 —e— Data 1
01 i | | | | | | | | | | | I | | | | | | 1 I | | | |
0 0.5 1 15 2

Muon In|
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Effective Field Theory and Boson Interactions

o (n)

For generic new physics effects r IL:NijgliENJF Z Z Ci  p(n+d)
descended from some high energy scale / ' . e AR
A, explore operator product expansion [ Owww = Tr[W,W"PWH
with Wilson coefficients c_i Ow = (D,&)'W"(D,d)

| Op = (D.,®)'B"(D,®) |
Before EWSB, 5 gauge boson interaction / - o _l
terms respect gauge invariance (3 CP Oyww = Tr[M ,-..-J?_ W,
even + 2 CP odd) Oy = (D,®)'W™(D,®)

BROKEN
L = s'lrﬂi,'n'g' (rjltlnr,” - ”_-'I'H-r,l.l.j.]i._'l'. -+

After EWSB, induces trilinear VVV’,
VV’H, and quartic interactions with
correlated coefficients.

At dim 6, expect WWy, WWZ
interactions with 3 CP-even parameters
(81, k, A)

Manifested as high mass/momentum
production tails




WY and WZ Production (7 TeV)

. . ] CMS Preliminary Vs=8TeV,L=19.61b"
LHC has thousands of high purity trilepton WZ S I R
| - data (1480) 77 (15)
candidates, tens of thousands of Wy [ Dagess W20
WZ (1184) VVV (38)
I [l data-driven (149} WV (3)
. 200
Photon and lepton fakes are the predominant >
0]
background 2

No evidence of new physics in high PT tails 100

= e e— ] 1
> oAl | . o |
8 102§ --g}tétllh-- 3 0 &5 m‘g‘a S000,0 o oo ol
= | ATLAS ] - . . . .

E 10% J-Ldt=4.6fb’1 % £ ! . bebist ++T#+ T T

-_ - ] o spegeney, ¢ 4

g»l— 1 & 1s=7TeV = :C} ° * hid ¢“++++ .+.+“i

& © El:l Data 2011 (Inclusive) :l Data 2011 (Exclusive) E % i . . . ]

.8 1| —©&— SHERPA x 1.0{(Inclusive) —&— SHERPA x 1.0 (Exclusive) N 7] 0 100 200 300 : 400

10" E_a— AlPGENx15 (Inclusive) —a— ALPGEN x 1.5 (Exclusive) ’ LE P, [GeV]
E Lo S [ S
- —H=— MCFM (Inclusive) —— MCFM (Exclusive) | 3
10-2 ] 1 1 I 1 CMS_PAS_SM P_12_006
> 2 - T T T T T
-'(_'cg 8 ! §¢--A--[!: ----- m--A--l?] ----- io--‘-k--l?] ----- ¢--"{-[—I: ----- ®- -‘\- -[-h ----- ¢--A--E!]- - \
(] N - . .
= E , | | | NNLO improves this
o 2\ E T T T T T
@ F LR N , ¥ L
8§ 1 E— ¢, LR ERRAhE ¢ 4 f*+1

0‘I 5 20 30 40 60 100 1000

PRD 87, 112003 (2013) Er [GeV]
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WW Production (7 TeV)

S CMS f3 =7 Tev, Lod02 M’
5 —e— Data _i
6001 T G o -
(CD) E ATLAS _[ Ldt=4.6f" \s=7TeV E § 160 ? — Esrzlt::ar:is-m i
N 500  —4— —#- Data 4 % mof % Top =
& - win JIsmww . 120 t\ Y -
§ 400~ + Ax,=0.1 _ 100 = +\\ \'J[ o (stal @ syst.) =
1L T 3= =0.15 . -t ]
7 o . 80 ¢ " EPJC 73 (2013) 2610 -
. 300¢~ y E 60 [ : =
* Leading lepton - P packaround ] oy § E
200; , = stat+syst o __ E =+. E
PT shows no - PRD 87 (2013) 112001 | ] 20| Mt F
c : 1 0= S I sy Frae® i il cag o g
anomalous e e o F 3 orr M
contribution 20 40 60 80 100 120 140 160 isg p00 1;&@@@@@@3«&%&% ST
Leading lepton p_ [GeV] . ‘
T D20 40 60 80 100 120 140 160 1?& \?;JO
p e
CMS [Ldt=5.0fb" Vs=7TeV Tmex
. o pe . —T— CcMs /Ldt 50fb" (s=7TeV
Significant diboson = [ =wwwz S p e
i i Q) —a ®10° - \[/ﬁ/tva wz E
signal in - . top O =W jots
. _ ;1 500 mm oCD 1 10 B top ]
semileptonic = [ ZYets a aco
g : ° data 2 103 """" éﬁ‘ajletesuncertamt E
channel > S . T 005, AR 0|
LL000F 10
. . 10 -
Higher BR and low i ’ 3
background at high e f
PT gives Q 5
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Charged aTGCs at 7 TeV: World Summary

Best single LHC 7 TeV
measurements equal LEP2 Oct 2014

. . T I ‘ T ‘ I T, ‘ I I )_\| I

or Tevatron combinations ATLAS Lmis. T —
DO Limit —o

LEP Limit —e—

. . . X ‘ - - -1

Semileptonic WW gives the Ak, Wy 0.410-0.460 4.6 tb
. ) , ; Wy -0.380 - 0.290 5.0 fb'!

best information on k¥ and e WW -0.210 - 0.220 4.9 fb"
A, leptonic WW and WZ — Y -0.210 - 0.220 4.6 fb"
— Y, -0.110 - 0.140 5.0 fb™!

better for g. - DO Combination  -0.158 - 0.255 8.6 fb"
e LEP Combination -0.099 - 0.066 0.7 fbo'!

LHC 8 TeV will provide 2-3X A — Wy -0.065 - 0.061 4.6 fb’’
bett traint liosi Y - Wy -0.050 - 0.037 5.0 fb’!
etter constraints, eclipsing . WW 10,048 - 0.048 4.9 b
LEP2 — WV -0.039 - 0.040 4.6 fb™
- WV -0.038 - 0.030 5.0 fb!

. , _ o DO Combination  -0.036 - 0.044 8.6 fb"
Higgs-VV’ couplings also . LEP Combination -0.059 - 0.017 0.7 fb"!
I | ‘ | | | | | | | | | | | | ‘ | | | | ‘ | | | |

compete here! 05 0 05

1 1.5
aTGC Limits @95% C.L.

* Probing A = 200-500 GeV
forc=1




ZZ Production

ATLAS-CONF-2013-020
CMS-PAS-SMP-12-016
arxiv:1406.0113

at 8 TeV/experiment
with SM rate and
shapes

at 8 TeV, give best
(dim 8) TGC constraint

Y74

1/6,,d o, Jd(m__) (1/GeV)

Data/MC

CMS Vs=8TeV,L=19.6 fb"'
e > T,
Q I . =
C —e— Unfolded data | @ £ ATLAS Preliminary ¢+ Data ]
L [[] Total uncertainty - o 80k : -
o8 L1 1 & "fLa-20n’ Bz ]
r ] ~ b [ ] Background E
i T MCRMNLO 1 2 THis=8TeV P Total Uncertainty 7
0.6F - 5 sk : Y 3
: I 725l E
0.4 50 =
i 40F 3
02k : 3
N 30 =]
I‘ I:I;I L I:I:I _— _ ) . E E
0 200 300 400 500 600 700 800 20 E
m,, (GeV) 10E 3
2 F . 3

Coali] ) b e,
100 200 300 400 500 600 700 800 900
Four-Lepton Mass [GeV]

CMS Preliminary 2012, [ L=19.6fb"", {s=8TeV

————— —
% E [ Jzz-o2v [ 12— 2 (data)
0] 10° [ top. WW, Wjets (data) [l wz - 3
—~ WE —zzooovF=0002  —— 27 - 212y £=0.005
3 : 27 — 212v £2=0.01 27 — 212y £=0.02
'..E 10 E ¢ data

TE

10"

10

obs/pred

260 360 460 1000
Dilepton P, [GeVi/c]
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ZY Production (7 TeV)

PRD 89 (2014) 092005
JHEP 10 (2013) 164

PRD 87 (2013) 112003

e Thousands of
dilepton-photon
events at 7 TeV agree
with SM

MET-photon channel:
Higher BR and low
background at high PT
gives superior (dim 8)
TGC constraint

Yo Gev-]

do(pp— I'Ty

Data

Data

102 freona-- '
:::‘@:-E::

10 amas
J Ldt=46h"

\s=7TeV pp — ITy

-1
10 |:| Data 2011 (Inclusive)

—&— SHERPA x 1.0 (Inclusive) —@— SHERPA x 1.0 (Exclusive) '""®'i'|3"

I:I Data 2011 (Exclusive)

10 S
—+&— MCFM (Inclusive) —&— MCFM (Exclusive)
1 0-3 1 1 1 1 1
2 E T T T T ]
1 E___m,_II] _______ o-B-----—- @...EI_] _______ O___['El _______ ¢___[IE| _______ (t..{l;_f
0 E 1 1 1 1 3
2 T T T T
1F-eo-M-ooo *-m---- *-N------- -4 +‘ ********* +4
15 20 30 40 60 100 1000
E} [GeV]
CMS,L=501b" Is =7 TeV
> 2 T T T T T T | T T T T | T T T T J T T T T ‘ T T T L |
(05 10 —e— Data E
g %% Zy— vV +bkg
210 -=-- TGChZ=0.003 +bkg
5 77 jet—y ;
LE 1& 1] Beam-halo 4
[ ] y+ets, Wy 3
10—1 ~ ‘ [:‘ W—ev ;
" v :
10.2 : : O /7 m;
10° 3
1045 =
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E} (GeV)



WW Production (8 TeV)

= Frr T T T T -1
& 700L ATLAS Preliminary +ow Cww ey S CMS — ”:‘\‘AE Z(;x‘\‘?
o o - - Toy Zjets - — - Data
Klnematlc Shapes 2 600 18 = %Tev’ J Ldt =203 fo” E Wths = oiher diboson ] 8 .mws boson B?(p quark
. . . — C e*v u*v channel “stat unc.—slat. ® syst.unc. | L0 % 9 .W+iets
agree with prediction, & a 1< soo| L.
S 500k d e \
o g WW scaled by 1.2 1 € A\ _
" 400l 4 & eool-a o et
condidates with 2 | - | g
candidates with 20/fb! 3001~ ElY Y
2001 = 200 “a
Systematics from jet 100E- [+ _t:____:'\\x:,\_‘i‘ N .
- 7 0 T | I | T i e o s L LY T
veto acceptance, - = s .0 I -
051 u
ATLAS-CONF-2014-033 m, [GeV] = 20 40 60 80 100 120 140 160 180 200
. Prm < (GeV)
Theory calculation
ATLAS 71.4+1.2 (stat.)+5.0 (syst.)x2.2 (lum.) pb (26) 1507.03268

being actively studied
(jet vetoes, NNLO)

ATLAS is 26 high, CMS
agrees with SM

0, /A2 (TeV?)

New TGC constraints
from CMS world’s best

CMS 60.1+0.9 (stat.)£4.5 (syst.)£1.6 (lum.) pb

CMS 19.410" (8 TeV)
D
I —— Observed 68% CL & Best Fit ]

205—-0bsemed 95% CL ¢ Standard Model

[ —— Expected 68% CL

15; — - Expected 95% CL *:
10F =
St E
oF -
SE E
-10F =
-15F ]
_ T R I I R B
D540 5 0 5 10 15
Cona/AZ (TEV?)



Diboson cross sections: World Summary

e CMS data
Mar. I2015 ‘ | | | ‘ ‘ ‘ pMS IPrelin‘1inary
¢ No a noma“es at the > 26 CMS measurements 7 TeV CMS measuremen|t (stat,stat+sys) r—+—o—+—
level vs. NLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +———e———
YY, (NNLO th.) o 1.06 £0.01+£0.12 5.0fb"
Wy 1.16 £0.03 +0.13 5.0 fb"
Zy O 0.98+0.01+0.05 5.0fb"
Zy o 0.98 £0.01+0.05 19.5fb"
WW+WZ 1.05+0.13+0.15 4.91fb"
WW ————— 1.11+£0.04 £0.10 4.9 fb"
WW, (NNLO th,) — 1.01£0.02+0.08 19.4fb"
Wz o 1.17 £0.07 £0.07 4.91fb"
Wz ——e——i 1.12+0.03+£0.07 19.6fb"
27 0.99 £0.14 £0.07 4.9fb"
Y4 . 1.00 +0.06 +0.08 19.6 b’
. ‘ . | . . ‘ ‘ | ‘ ‘ . ‘
hﬂp:ﬁgéﬁég:?gaotflmj? Production Cross Section Ratio: Ooxp / cthe:



Diboson cross sections: World Summary

o™(y)[AR,, > 0.4]
afid(Wy - tvy)
= [Mjer = 0]
ofid(Zy - tty)
— [njer = 0]
o™(Wyy - tvyy)
~ [Mjer = 0]
o (pp->WV-orqq)
oFI(WEWEj) EWK
o2 (pp—>WW)
o (WW-ee) [nje:=0]
o (WW ) [njee=0]
o™ (WWsep) [ye=0]
o (WW—>e) [riei0]
ool (ppsW2)
ofd(WZ - ¢ver)
ototl(pp—2Z2)
oot (ppoZZ—4¢)
o4(2Z — 4¢)
_ ofd(ZZ* > 4¢)
ofd(Z2Z* - ttvy)

Multiboson Cross Section Measurements

Status: March 2015

ATLAS Preliminary

| ! I ! I ! 1 '
7 =440+ 32 42 (date)
2yNNLO (theory)

o =2.77+0.03 + 0.36 pb (data)

NNLO (theory)
o =1.76+0.03 + 0.22 pb (data) Run 1 \/— = 7, 8 TeV
NNLO (theory)
o =131+0.02+0.12 pb (data)
NNLO (theory)
7 =1.0520.02:£ 0.11 pb (data)
NNLO (il ovy
=61+ 1.0:£1.2 b (data)
MGRINCG iheoty) I
0 =29+08-0.7+10-0.9fb(data)
MCFM NLO (iheory) I

o =1.37+0.14 + 0.37 pb (data)
MC@NLO (theory)

o =13+04+0.2fb (data)
PowhegBox (theory)

o =51.9+2.0+4.4pb (data)
MCFM r(henrz
oc=714+12+55- <)pb (data)
MCFM (theory

o =56.4+6.8+10.0 fb (data)
MCFM (theory)

o =73.9+5.9+7.5fb (data)
MCFM (theory)
LHC pp Vs=7 TeV

o =2623+123+231fb

(data)
MCFM (theory)

Theory
o =563.0 £ 28.0 +79.0 - 85.0 fb (data)
MCFM (theory) Observed
o=19.0 13+ lOpb (data) - stat
MCFM theor
=203 0.74 14 — 1.3 pb (data) stat+syst
MCFM {theory
=992 6.0 - 6.2 fb (data)

3.0
MCFM theory

LHC pp Vs =8TeV

o =6.7+0.7+0.5-0.4 pb (data)
MCFM theor;

Theory

Observed
stat

Powheg uheory

107.0+9.0 = 5.0 fb (data)
Pouheg (ineory) =y
o =254+ 1.6 — l41b\da|a,w
PowhegiBox & %9244 meory)

MGFM wthc?er: =y

o =298+38-35+21-1.9fb (data)
PowhegBox & gg2ZZ (theory)

o =207

o =127+31-29+1.8fb (data,

b (d
PounogEox & 99222 (mei_
L 1 r— P | 1 1 1 L. 1

02 04 06 08 10 12 14 16 18 20 22 24 26
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J£dt
(]
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Electroweak Z + 2 jet production

- VBF Z one of 3 (interfering) JHEP 04 (2014) 031  JHEP 10 (2013) 062

EWK Z + 2 jet amplitudes d . pt_ ~d o
o NS
2 = WL -
Unique laboratory for 5, a | / /
studying rapidity gaps and __ . \5) 4 AN
VBF jet dynamics ' 55 zS ”-t_'i--r-l R

Require dijet “VBF
topology”:
large dijet mass (250-1000 GeV)

large dijet Ay (or rapidity gap)
and other kinematic 101
information to separate from | |
QCD Z+ 2 jet

—_————
CMS uujj

= EW

Ns=7TeV,L=51fb" — Dy

E pi E
E J' m Zz E
10 g WLLL, =

—_ EWon ly
® Data

 CMS observed a 2.66 signal
in the 7 TeV data after a BDT

selection

Data/MC

coo o
N ]

04 0z 0 0.2 0.4 0.6
BDT output



Electroweak Z + 2 jet production

 >5 ¢ evidence has been reported by both experiments at 8 TeV,

first published by ATLAS. Cross sections are consistent with SM predictions. RYATEPYIERY R0
overnLo = 239 fb

Gdata

= F T B B | L e
o ~o— ATLAS
(D 1 04 E_ I L dt = 203 ft)-1 _E cn CMS| T T T | T T T T T T T T ‘||g.7|fb-|‘I (8| Tel\j}
3 E —e— \s=8TeV J = 10° &= signal region ¢ Data
EE - . search region o = 11 events — EW Zjj
2 10°F = 100 L B EWZj
8 - —o— E L 10° - - DY Zj
< B - 7 E - Bl Top
102 = —— = 10° :_ - VvV
= o = g 3
10 —4 = L _
= —¢- Data (2012) _._+ # = £ E
1; —— Background _'__|_ —+ - ]
- Background + EW Zjj E 3 E
; 15'.x_|._1..xg.,u..-'-|..1”.|..\J...._.'_——_ f E
+s e . ““\‘ - 4 = 3
oo E —+ 3
5| 0.5 ‘ ‘ = |
L P R 3
¥|w 0.5F . — S -
. — t d _,__|_ [R R e
I e S s s e
500 1000 1500 2000 2500 3000 3500 - - ' 'BDT outpﬁt
m; [GeV]
z 11% /A/// %%%%%%%W After reweighting QCD Z+2 jets in
_,-ch ..... 7 féj//////jgggg/i ................... . . .
S 09 A% //{y ////% sidebands, jet dynamics well-

modeled in and around search

baseline  high P, search control  high mass

oewk=10.7+2.1fb 7 regions
orowHeg = 9.4 fb




Electroweak W + 2 jet production

* Recent observation of electroweak W+2 jet production as well.
Consistent with SM.

— —19.310" (8 TeV) 19.2 i (8 TeV)
= 10t Lcms 1 > slems T CMS-PAS-SMP-13-012
Q 10 Preliminary EWK W+2J9tsf o 10 CM,S. EWK W+2Jets]
g muon channel Wolv + Jets ()] ;’:;’;ggiﬁ'amef Wosly + Jets u i
Il Top 4 o ]
\9 103 ** -Z/v*—>l+l'+Jet§ E 103 -.l(;ogD - z W f
"‘w“ . Il Dibosons ] - *»w* [ Z;—Y*_>|+|' + Jets
= R, * data ] b2 - Il Dibosons ] v
4 2 7 qc_) 9 . * data W
Lﬁ 10 - Lﬁ 10 é u d
R E E u u
10 . S
; 10 ++E /
] Z
11)00 1500 2000 2500 300C 1]300 1500 2000 2500 3000 W, v
m; (GeV) m; (GeV) u d
Madgraph SM = 0.5 pb u
Event category Measured cross section z
Hjj 0.43 &= 0.04 (stat.) == 0.10 (syst.) £ 0.01 (lumi.) pb
ejj 0.41 & 0.04 (stat.) = 0.09 (syst.) £ 0.01 (lumi.) pb r
combined yjjand ejj 0.42 £ 0.04 (stat.) £ 0.09 (syst.) = 0.01 (lumi.) pb Wg
u

QCD/EWK interference modelling, W+jets background modelling dominate systematics



Effective Field Theory for Quartic Couplings

SM has 4 quartic interactions (QGCs): WWWW, WWZZ, WWryy, and WWZy
Dim 6 OPE has QGC correlated with TGC—=>dibosons dominate their constraints

19 new quartic terms become relevant at Dim 8. Neutral 4 boson vertices can be
non-zero (ZZZZ, ZZZy, ZZvy, ZYYY).

Manifested as triboson or vector-boson scattering phenomena
14 W
SM Quartic interactions

W, Z,~ W, Z,~
WWWW | WWZZ | ZZZZ | WWAZ | WWAA | ZZ7ZA | ZZAA | ZAAA

Lsa, Ls1 X X /X ] 0 | 0 | 0 ] O |
Luo, LuaLus Lm __-_-

LuzLwms, Lus Lus | O | X |

Lro,L11.L12
Lrs . L16.L17




WW QGC via two-photon production

JHEP 1307 (2013) 116

Two photon production

First search for of WW (s, t, and u channel)

photon-photon

scattering production 4 w+ 7 W+
f WW e tel S /’

(o] _'k.lrr \T”\ Ry

WW?1y quartic gauge ANy o

coupling one of the y w- 7 W-

amplitudes

Two el events

=) NPT CMS,Vs=7TeV, L =505
observed with no UE UMV e Tipt it e > O - T
| w22 i ) o Data Drell-Yan t*t 1
p rese nt E’i—-—;f J] e o 25 [ = Inclusive W'W [ Diffractive W'W ]
phE 1503 % o I B s jets -
. . E 20 | —— Elasticyy — 1"t = Inelastic yy — v N
First quartlc gauge E E —_— = WW (SM) E
coupling limits at LHC; 15 Y ‘_Dizw‘ffo' w005
WW'YY“mIt two orders 105 W G e _SOOGEV)E
better than LEP or . ]
Tevatron! 5L - -

0 50 100 150 200 250

P (eu) [GeV]




WW QGC via two-photon production

First search for
photon-photon
scattering production
of WW

WWryy quartic gauge
coupling one of the
amplitudes

Two el events
observed with no UE
present

First quartic gauge
coupling limits at LHC;
WW?ryy limit two orders
better than LEP or
Tevatron!

LEP L3 limits —_— CMS WWy limits N
July 2013 Mo
y DO limits CMS yy —» WW limits ~ =1=1s
Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s
Wwy [- 15000, 15000] 0.43tb™ 0.20 TeV
vy —> WW  [-430,430] 9.70ib" 1.96 TeV
. ww [-21,20] 19.30fb" 8.0 TeV
a%/A® Tev? v
R R vy — WW [- 4, 4] 5.05tb" 7.0 Tev
wWwy [- 48000, 26000] 0.43tb™ 0.20 TeV
vy — WW [-1500,1500] 9.70fb” 1.96 TeV
WWwy [-34,32] 19.30fb" 8.0 Tev
a¥/A® Tev?
R - vy—WW  [-15,15] 5.05tb7 7.0 TeV
WWwy [-25,24] 19.30fb" 8.0 TeV

fro /A" Tev?
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W1y evidence at LHC

1503.03243

~80 excess WYy events observed over
background for photon PT > 20 GeV, significance
is 30

Fake photon background from W+jets is largest
systematic

aQGC limits obtained from My distribution

Electron channel Muon channel
Njet 2 0
Wnrj + Wijj 15.3 + 4.8(stat.) + 5.3(syst.)  30.5 + 7.7(stat.) + 6.8(syst.)
vy + jets 1.5 + 0.6(stat.) + 1.0(syst.) 11.0 £ 4.0(stat.) + 4.9(syst.)
Z 11.2 £ 1.1(stat.) 3.9 £+ 0.2(stat.)
Other backgrounds 2.2 £ 0.6(stat.) 6.7 £ 2.0(stat.)
Total background | 30.2 4+ 5.0(stat.) & 5.4(syst.)  52.1 &+ 8.9(stat.) & 8.4(syst.)

Data | 47 110

Events / 50 GeV

Events / 50 GeV
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] Wyy
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I Other backgrounds
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& | N .
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F | |
E ® Data s
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301 0 Wyj + Wj g
C vy +ets
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C N
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W=*W?= scattering at LHC

* SM electroweak symmetry breaking with Higgs essential to preserve vector boson
scattering cross section unitarity

* Anomalous differential cross sections would indicate extended Higgs sector (e.g. George-
Machacek H++), new particles, or (giant) anomalous QGCs




W=*W? scattering at LHC

PRL 113 (2014) 141803 PRL 114 (2015) 051801

 The 8 TeV data have been searched by both CMS and ATLAS for same-sign WW+2 jets

ATLAS: 500 GeV dijet mass and 2.4 rapidity gap define signal rich VBS region

> LI B L B B T
g o ATLAS « Dalazot2 .
o 10 20.3 fb IS = 8 TeV m Syst Uncenalnty ?
E ;%. WW* u Electroweak J
S WEWHj Strong ]
o 10 Prompt _
1.% Conversions 3
_ﬁ_’j‘ B Other non-prompt |
H x -
1 Mo E
Wm
10" =
E "1 e Data/Bkg ]
© |:| Bkg Uncertainty ]
2 [ E— (Slg+Bkg)/Bkg 1
o C i B
g | W — ]
3 anty ¥ . 1
CIm 0~ 200 400 600 800 1000 1200 1400 1600 1800 2000

m; [GeV]

ATLAS: Good agreement with SM
expectation in signal and control

regions. Background mainly from real
multilepton sources.

30— ]
- ATLAS * Data 2012 .
25: 20.3fb", \s = 8 TeV &KX Syst Uncertainty ~ J
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10% =
- 00000 .
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Ay,

VBS Signal Region

etet et ut pEpt Total

WHEW=jj Electroweak | 2.55 + 025 7.3 +0.6 40+04 [139+12
WEW%jj Strong 0254+ 0.06 0714014 03840.08|1344+026

WZ/N*ZZit+W/Z | 22+05 42+1.0 19£05 82+19

W+~ 0.7+£04 1.3+£07 - 20+1.0

OS prompt leptons 1.39 £ 0.27 0.64 £ 0.24 - 20+ 05
Other non-prompt 0504+026 154+06 034+019| 234+07
Total Predicted 76+10 156420 6.6 +08 |29.8+35

Data 6 18 10 34




W=*W? scattering at LHC

* Cross section in VBS region is
. o ATLAS SMc¥25=0.95 + 0.06 [fb
significance (2.8 expected) 20.3 fo {58 ToV M T

e'e’
0.4+ 1.0+4.0 [fo]

eyt
1.3+ 0.6+0.25 [ib]

* Limits obtained on aQGCs in a unitarized model, -
A=650GeVforc=1 17+ 0.8+ 0.15 [fo]

Combination
1.3+ 0.4+ 0.2[ib]

ptutjj Candidate Event
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W=*W? scattering at LHC

CMS: 500 GeV dijet mass and 2.5 dijet rapidity gap, with top veto, Z veto, and dilepton

mass > 50 GeV

Most remaining background is fake/non-prompt leptons

Observed events agree with SM predictions

Nonprompt WZ VVV Wrong sign  WW DPS  Total bkg. W*W=jj Data
WHW+ 2.1+ 0.6 0601 02+01 0.1 +0.1 0.1+01 31+06 7.1+0.1 10
W-W~— 2.14+0.5 04+01 0101 — — 2.6 +05 1.8 = 0.1 2
WEW= 42+ 0.8 1.04+01 03+01 01+0.1 0.1+01 57+08 89401 12
E 10 _CMS 194 ﬂjl (8 Tev} CM|S T T T T T T T |.1 9..ld1 fbl-1 (? T?V)
E L ® Data 4 a -g -# Data
% i - :SGF.:FM; laof.livnw lg I = Vo\fm‘“;g ws. | 2.00 excess from VBS
oo T aQeck, IaTsas0Tev | 2 qo - PR (3.1 expected)
| . W2 i
=~ 4.0+2.4-2.0 (stat)
5 i_______ SN \ ] +1.1-1.0 (syst) fb
- | 5 §\\ A ]
- ® I — |
[ ) ‘ . { VBFNLO: 5.8+ 1.2 b
: \\\\\\\\I\\\\\\_
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Experimental SM milestones of LHC Run 1
< . | 1 ™~

1. Terascale production of jets, vector bosons, and tops

2. Uncovered novel production mechanisms: VBS WW, VBF Z and
W, tW, ttV

3. Testing beyond NLO QCD: NLO+PS, NNLO, NLO EWK
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