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4 Started with a handful of events at W/Z
discoveries (UA1/UA2)

4 Hadron collider:
dominant production via quark anti-quark
annihilation;
clean leptonic final state

(). q
w (~80 GeV)
(\—,)‘ a l ’ q
I, q

4+ LHC is a W/Z factory
— ~ 100 million W(pv)

— ~ 10 million Z(uy) (recorded by
CMS in LHC Run I.)
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Introduction

; CMS Experiment at LHC, CERN
§ Run 133875, Event 1228182

‘| Lumi section: 16 =
Sat Apr 24 2010, 09:08:46 CEST

CMS

———
{
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Muon p;=38.7 GeV/c
ME =37.9 GeV

W: high pr - lepton + Missing Et
Z: two high pr-leptons
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Events / 1.0 GeV

Inclusive VV/Z product
43pb’ (13 TeV) x10° 43 pb’ 13 TeV)
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4+ W: signal extraction with fit to the |
missing transverse momentum: ]
negative of vector sum of all |
reconstructed particles. .
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0 mmEwKei o %, y
E - ". ]
107 5 - ey E
3 '.’."../‘ w.,’" , {

oAb I
a1l Il ,J '.'.}hl n*r. ¥ 'Yr} l?"l 3l >H<, ]
°%0 80 100 120
M(p*p) [GeV) Ping Tan

4 Both fiducial cross section and total cross
section, different ratios, W/Z, etc.
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CMS Preliminary 43 pb'(13 TeV) 800 —— T
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Uncertainty (lumi) Observation: NNPDF3.0 o
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Center-of-mass energy [TeV]
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M,, [GeV]

Many more high-precision W/Z measurements ALEPH 80.440:0.051
— Fundamental parameters: W mass, weak mixing DELPHI — N 80.336::0.067
angle L3 — 80.270+0.055
— Unique inputs for PDF constraints OPAL — 80.415:0.052
— Test pQCD, ... LEP2 — 80.376:0.033
¥ /dof = 49/ 41
Strong interplay between theoretical community and CDF B 80.389:0.019
experiments, pushing the understanding of detector DO - 80.383:0.023
performance to extreme Tevatron - 80.387:0.016
: x/dot = 4.
Overallaverage %  80.385:0.015
T ——— i _ e s 80.2 80.6
80.42 | NN direct (10) 3 M, [GeV]
o indirect (1 . .
80.41| pmmmm all data ((9:;) 3 http://project-gfitter.web.cern.ch/project-gfitter/
- w, 10¢ cee T
80.40 F- . = E G [TE
80.39 - — s __ - _
s E - :
80.38 F- . TE—m b
s W VE
80.37 F = 3 E
80.36 §- _ s ;_ / —i .
80.35F = 3 :'\ , ’ "“
80.345— 1 | | _ | | 1 | | 3 2 ”— ‘ / _
Y170 171 172 173 178 175 176 177 178 179 180 E - = S i
m, [GeV] G%..'R 8023 8034 82035 802356 8037 oo.sa 2039 804 BOM
Reach 10 MeV precision in near future? M, [GoV)
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CMS~ - Forward-backward Asymmetry & WeakiVixifng

Angie

arXiv: 1601.04768
4+ Forward-backward asymmetry

4+ V-A structure in Z/y*-fermion couplings A
: forward
I, q q 0* {
Ziy
f f n .
- Ev¥ut BAYYS 0
I, q Collins-Soper frame (w.r.t
 gvi=13-2Qrsin?6w incoming quark)
X do .
- 19710 (8 Tev) ————— = A(1+ cos®6*) + Bcos 6*
S CcMS * Data d(cos 6*)
2 2000F-133 <M(uy) < 150 GeV, Iyl < 2.4 Ziy*—sun POWHEG
§ B Total jfckgromd
-
* 1500 +a M 9r —UB
e o= Apg = ‘
Or + 0B

1000

or. cos(6)>0

Observed cos(0") modified by acceptance,
)y -08 06 04 02 0 02 04 08 08 1 efficiency, and other detector effects
cost,..
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CM>~" Forward
) 19.7 fb™' (8 TeV)
< 1-CMS
0.8
0.6f
0.4f *
0.2~ oo . ¢
0._' o 0 ’...
- lyl <1
'0'2:_ e Data
-0.4F . | POWHEG
) 19.7 fb” (8 TeV)
< 1-CMS
0.8
0.6
- I B }
0.4 a
N .
0.2~ -
o:— *
SRS 1.5<lyl<2.4
'0'2:_ . e Data
-0.4F 1 POWHEG
50 100 200 1000 2000
M [GeV]
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ckward Asymmetry
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+

& VVeakavinxan

Angie

Dilution (due to unknown incoming quark direction) is
significant at LHC, particularly for ATLAS and CMS.

Continued efforts to extract weak mixing angle in
same dataset

improved lepton calibration,

several innovations (A. bodek et. al., Eur.Phys.J. C67
(2010) , arXiv:1507.02470, etc),

explore optimal lepton identification,

Expected statistical precision < 0.0004

LEP + SLD °

Phys. Rept. 427 (2006) 257 0.2315-0.0002
LEP Acy(b) O N

Phys. Rept. 427 (2006) 257 0.2322:0.0003
SLD .

Phys. 2:3. Lett. 84 (2000) 5945 0.2310+0.0003
DO O

Phys. Rev. Lett. 115 (2015) 041801 0.231520.0005
CDF ——

Phys. Rev. Lett. D89 (2014) 072005 0.2315:0.0010
ATLAS —O— 0.2308:0.0012
arXiv:1503:03709

cMs o

Phys. Rev. Lett. D84 (2011) 112002 0.2287-0.0032
LHCb —O0— 0.2314+0.0011
LHCb (s=7TeV ——O—— 0.2329:0.0015
LHCb (s=8TeV —O— 0.2307+0.0012

0.224 0.226 0.228 0.23 0.232 0.234
. ff
sin’6},
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7iop = %) = Z / d1dzz - fo(21, Qz)fb(m27 Qz) - 6(qagy — X) ). c'1’> ----- I'.q
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Q2 [GeV?]

f., fo: PDF

HC 7 TeV Kinematics
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hard interaction

4+ Test high-precision perturbative QCD predictions

at the NNLO:
as3(Z) ~ a(2),

photon-induced background,

4 W charge asymmetr

Z-boson transverse momentum &

rapidity
0.30

<
o]
n

Muon charge asymmetry
o S
e )
W S

CMS, Vs=7 TeV, L=4.7 [fb]”"

—— CT14, 68% C.L.

05 1 15
i,

2
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Events / GeV

Data/MC
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10° CMS L-188fb at \G -8 TeV
Wi—u'y, 00<|'n|<02 —
: A ——Data :
2 ..o‘ .o. Wspy ]
- ... ..' - mo 4
- & R I DY-»uu ]
B .o.. .0. - EW +tt -
50 '-_ .... .... —-.
: ..o -.. :
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Events / GeV
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50
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arXiv: hep-ex/1603.01803

CMS L-188fb atJ‘ -8 TeV
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CMS,L=1881b"at s =8 TeV CMS,L=18.81fb"at [s=8 TeV
L 500 e :
+ A measurement with ~100 M 5 L T ————

W candidates 3 P28V | J ol or | e

. . . g . 8 - 3

4+ Fiducial cross section b Data £

(correct for final-state 800

radiation)

4+ Total uncertainties are ool =
bGtWQEl:\ 05-1 0% | NNLO FEWZ + NNLO PDF, B8% CL _E
(excluding lumi. uncert. crro =
E===) NNPDF30
2.6%) 5 E==] MMHT2014
LI ABM12 |
600 HERAPDF15 n |
T T T 0.95F HERAPDF15 E
0 0.5 1 1.5 2 0 0.5 1 15 2
o — 1 N= Muon ! Muon !
- <+ '

U 2A17 eief:_SR[’int CMS,L=188fb"at s =8 TeV CMS, L=18.81b"at [s=8 TeV
-gsoo ! et §1.05 E
= , 1 ©  H——4———tt+———
'8_ p7>25 GeV : \5,0.95-‘ CT10 — Data uncertainty
o) sso0bs ——Data n .

U i ] '
500- —
450}~ NNLO FEWZ 4 NNLO POF, 6% cL
s CT10
===] NNPDF30
B MMHT2014 =
T ABM12 |
ao0p TR o . 0.95F | HERAPDFI5 ]
0 0.5 1 1.5 2 0 0.5 1 15 2
Muon | Muon |l
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4 A measurement with

~100 M W candidates

Charge asymmetry:
derived from cross
section considering
correlated and
uncorrected sys. uncert.

or —o-
A(n) = -—=%,
oy + oy

CMS NNLO HERAPDF method

CMS,L=188fb"at s=8 TeV

Charge asymmetry
o
&

o
o

LI L | T T

NNLO FEWZ + NNLO PDF, 68% CL
- cT10
= NNPDF30
MMHT2014
1] ABM12
HERAPDF15

2 E
2 00 o e P
+_-0.01 CT10 — Data uncertainty -;

+ 2.
; HERA I+1 DIS Q’=my;
08 [~ [I HERA 1+l DIS + CMS W 8 TeV

X+ u, (x,Q%)

University of Rochester

p:>25 GeV |
——Data
IR BT TSR B ST ST SR SR NS
0 0.5 1 1.5 2
Muon Inl
CMS NNLO HERAPDF method
i HERA 1411 DIS Q@’=m}

[ ) HERA 1+/I DIS + CMS W 8 TeV

Ping Tan

CMS,L=18.8fb"at {s=8 TeV

HERAPDF15

0 0.5 1 1.5 2
Muon nl
NNLO QCD analysis
with charge
asymmetry only
11



Simulation/Data

o o

CMS

4 Ideal testbed for pQCD and various MC tools

4 Selection:

CMS-PAS-SMP-15-010

muons pT>20 GeV, |n|<2.4; jets pT>30 GeV, |n|<2.4; +/-20 GeV mass window around Z pole.
4+ ttbar background is significant at high jet multiplicity.

4+ Updated results with electron channels, W+jets, and many more are coming soon

25" (13TeV)
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TTTTT ...¥-. TTTTT
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CMS Preliminary
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=4 I P BT EEPITETE INEPIAT IATErrS ITEr e
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CMS Preliminary
25" (13 TeV)
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=

- Z/4*~+ uu channel
P P

Hr: scalar sum of jet pr

42444 vata (250)

—&— aMCENLO +FY8 (< 2/ NLO + PS)

anti-k, (R =0.4) Jets
P >30 GeV, Iyl <2.4

0.5F [ stat. unc. (gen)
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/.

200 400 600 800 1000
HT’ Nlets =3 [GeV]
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4+ Trilinear gauge couplings (TGC) determined by SM gauge structure, SU(2).xU(1)y:

4+ Generalized triple gauge vertices, anomalous TGC (aTGC).
predicted at 103 or less (SM)

4 Deviation of TGC — new physics

q

University of Rochester

A 7] v
Coupling | Parameters | Channel
WWy Ak, A, WW, Wy
wwz Ag.Z, Ak, A, | WW, WZ
ZzZy hy?, hs? Zy
Zyy h,Y, h,Y Zy
2ZZ 2, £ ZZ
ZyZ f,Y, fs¥ ZZ

Ping Tan

P

TGC vertex

n

Forbidden at
tree level
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4+ Explore three decay modes: W—lv, Z—l
4 Including both electron and muon decays.
4+ Data-driven jet fake background

CMS-PAS-SMP-15-006

13tb (13TeV) 1.31b"' (13 TeV)
T Tl YTy YrTYTfTITYTYTJTYTY[TYITTTIITYTYTYYTYYTY QO

Events/5 GeV
Events/20 GeV

grerermr 3 g s
1 H] li T .I_ } » I % ; i y 2 o oy iy ¥ 1 f * 11 | 4 ”+H
V60 70 80 90 100 110 120 % 100 150 200 250 300 350 400 450 500

My, (GOV) mS’(GOV)

DataMC
o
o, .
DataMmC

o(pp = WZ) = 36.8 + 4.6 (stat) "> (syst) = 0.6 (theo) £ 1.7 (lum) pb
PP 62 \SY P

Consistent to NLO prediction of 42.7+1.6-0.8 pb (MCFM+nlo NNPDF3.0)

University of Rochester Ping Tan

14



+ 72zl (1 =e, p)

almost background free

CMS _ Preliminary

25;

Z Bosons / 2 GeV

131 (13 TeV) CMS Preliminary
R e
L 14
+— Data O
() qq—~2Z—-4¢ | @
W gg—2Z—-4¢ | = 12
-Z/WZQX ! .(e
| € 1
1 @ |
TR

100

110 120 0 100 200 300

m, [GeV]

'''' N T™Tr 71 rrrrm
| —+— Data
[0 qq~2ZZ-47

N 92247
| - ZWZ+X

400 500 600 700 800
my, [GeV]

o(pp = ZZ) = 16.773? (stat) )7 (syst) £ 0.3 (theo) + 0.8 (lum) pb

Consistent to NLO prediction of 16.7+0.7-0.5 pb (MCFM+nlo NNPDF3.0)

4+ Improved results with full 2015 CMS data are coming soon

University of Rochester

Ping Tan
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CS - Z(VV)y Froauction

> . , LLL ] , 1 wew ey 4 Photon pT spectrum or MET are
g toms L b 200 o L o . 200 using as observables.
510 8 acp ] ]
@ — R 4+ Dominant background Wy, W, jet
Eg:;a.unoertaimy fake, etC
h3=-0.001, h4=0.0 Coupling |Parameters | Channel
WWy Ak, A, WW, Wy
WwWz AgZ Aky, A, | WW, WZ
‘% ZZY haz, h4z Zv
g‘; ] Zyy hY, h,Y Zy
300 300 400 500 600 700 800 _ 800 1000 z2zz f,2, f2 zz
E, [GeV]
A4 AR A 2z
. . -3 19.6 f T 1072 19.6 b’ (8 TeV.
+ Cross section is consistent to the < 0.02f1————— '_'_.,,,.:..63::1 QI oot
SM prediction at NNLO: ! _ Bmed 59 €L " CMS I eomwiot ey
CMS I . L pect 4
50.0+2.4-2.2 pb i I v Sra ' —[mewmkeL
4 Most stringent constraints to date i ' 1 i ]
on anomalous neutral tripple ! i ]
gauge couplings. oL ] of -
0.01 - \:\~——’/.// n 0.01 -
-0.02 L ZI'Y | L ] e e
arXiv:1602.07152 0004 -0.002 0 0.002  0.C s - 0 0.002 (;;g

h
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Events / bin

+ WWWW, WWZZ, WWZy, WWyy :

1 + ’ +
allowed in SM 1 = g y 9 !
4+ Wyy production diagrams at tree W= 5 W - e ,
level o~
v v Q Y
q v q y q 0
. . / ,
4+ Zyy production diagrams at tree level g - 9 v
Z . . -
l+ l+
19.4 fo (8 TeV)
120 CMS ® Data
" Preliminary W vy Signal q Y q o4
N ) zyy
100 — [ Other Multibosen
- I jet—y fakes
: S o ‘BR (W — £v) = 6.0 + 1.8 (stat) = 2.3 (syst) = 0.2 (lumi) fb
80 W Total uncertainty 0— o —
N Muon Channel W =TT Yy

o84 .BR(Z — ££) = 12.7 + 1.4 (stat) + 1.8 (syst) = 0.3 (lumi) b

Y

4+ Cross section consistent to NLO predictions.

4+ No significant deviation of leading photon pT

30 40 50 60 70 80 'ea*?*[eecl?o spectrum from SM.
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Events / bin

Data - MC

4+ Unique physics opportunity at

LHC d~ . , .
4 Vector-boson fusion = : ‘d i ,SL' W

signature: electro-weak d~ < Wi ;7_,!‘»~J"\’ W+

induced Wy production §~+ Wl T W+

) ) s <:j; v Y

4+ Disentangle interference ¢ < "

between VBF(VBS) signature < \ e T . .

. . 7 C S T
or tri-boson production by (2) Bremsstrahlung (b) With TGC () With QGC

invariant mass of dijet

system.
c win'srey, ¢ Single lepton trigger
£ Anneaas :
mocOWy +dets ] =§§k‘§%&zgm + Impose large m(jj) value,
&7, and abosons & DFake glection Zeppenfeld variable, and
@T !
EwK wys2oets T B 0D Wys2uots others to enhance
# Ugcentainty Band - # Uncertainty Band electro-weak
contribution.
4+ The significance of the
electro-weak Wy
component is at 2.7
sigma level.
g g % o0 10 0 01 00 #2093 P10 14493 50 10 0 009U PR 1 PRY Y PRI S PU IS O TRY PU RS 1 PN PRI BS PR ST PRTRS PR PRY
g

uncertainty

M, (Ge\zls)O
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Events / 28.6 GeV

CMS,

4+ Setting limits on dimension-8 .,,.. =
aQGC parameters, taking an
effective Lagrangian +

approach N

CMS prellmlnary fL dt— 197fb1 Vs =8 TeV

6
B ~—@— Data
[ = Sum of backgrounds
5 ~» Signal, AQGC=0 (SM)
: ==~ Signal,f, /A" =44 Tev"
N Signal uncertainty
4 [ |:| Background uncertainty
3

»
b

3 m E

...... - W T e
. 60 80 100 120 140 160 180 200 220 240

pY [GeV]
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ectro-weak inaucec

% Tr [W,, W] x [(Ds@)'DF@] + f ML Tr (W, W x [(Dyp) ' DH ]

fu2 fms

N2 (BB x [(Dg®) D] + 222 [B,WBvﬁ] x [(Ds@) D @]

fua (D, @)W, D] x B + % x % (D, @)W, D'® + (D'®) Wy, D, @] x B
fus [(D,,cp)*w,;vwﬁvoﬂ@] +M [(D,‘cp)*wﬁ,,wﬁﬂpw]

fr, TOTr[W,wW’”’] x Tr[WsW*) + f LLTr[Wa W) X Tr[W, s W]

f TzTr[WwW"ﬁ] x Tr[W g, W] + f T”Tr[W,,,,W""] X Bos B

f ZL8 Ty [Way WHE] x BB + fr. T7Tr[W,xyW"5] x Bg,B"". )

| Observed Limits [ Expected Limits |
77 (TeV™) < fao/A* <74 (TeV™) | 47 (TeV ™) < fan/A? < 44 (TeV )
-125(TeV™) < fan /A <129 (TeV™Y) | -72(TeV™) < fanr /A <79 (TeV ™)
26 (TeV™) < fap/At <26 (TeV™H) | -16 (TeV ™) < fan/At <15 (TeV™Y)
-43 (TeV™) < fas/A* <44 (TeV™) | 25 (TeV ™) < faua/A* < 27 (TeV ™Y
-40 (TeV™) < fou/A* <40 (TeV™H) | 23 (TeV ™) < faua/ At < 24 (TeV™H)
65 (TeV ™) < fys/A* <65 (TeV™h) | -39 (TeV ™) < fas/A* <39 (TeV™)
129 (TeV ™) < fie/A* <129 (TeV ™) | 77 (TeV ™) < fue/A* < 77 (TeV ™Y
-164 (TeV™) < farr/A* < 162 (TeV™) | -99 (TeV™) < farr/A* < 97 (TeV ™)
54 (TeV™) < fro/A* <56 (TeV™h) | -3.2(TeV™) < fro/A* <34 (TeVH)
B7(TeV™) < fr1/A* <40 (TeV™) | 22(TeV ™) < fr1/A* < 25 (TeV™4)
A1(TeV ™) < fra/A* < 12(TeV™Y) | 6.3 (TeV ™) < fra/A* <79 (TeVH)
38(TeV ™) < frs/A* <38(TeV™) | 23 (TeV™?) < frs/A* < 24 (TeV™?)
28 (TeV ™) < frg/A* <3.0(TeV™h) | -1.7(TeV™) < fre/A* <19 (TeVH)
73(TeV™) < fr7/A* <77 (TeV™h) | -44(TeV™) < fry/A* < 47 (TeVH)
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Production Cross Section, ¢ [pb]
()

Jan 2016 CMS Preliminary

B 7 TeV CMS measurement (L < 5.0 fo')

¢ 8 TeV CMS measurement (L < 19.6 fb™)

————  Theory prediction

N

—
Q
w
I

= I =
- EW i -
o0
Wvijj =
EWK qqW EWK qq(2) EWK qq(2) Y- WW Y- WW EW EWK ss WW EW

W lv (Z) =1 (Z) -1l WW - iv WW - iv Wrijj WW o v iv Zyji



Summary and Goncilusion

4+ Thanks LHC’s excellent performance
4+ CMS has collected high-quality data in LHC Run | and ongoing Run |l

4 Probe fundamental parameters in the SM:

W mass with unprecedented precision,

Approaching LEP/SLD precision on weak mixing angle,

A whole class of precision measurements to constraint PDFs,
Testing pQCD and MC tools in V+ijets, ...

4+ Awide range of measurements to explore the gauge structure of the SM and search for
anomalies beyond the SM:

diboson/tri-boson production,

electro-weak induced diboson production

4+ Continuously explore W/Z sector at the energy frontier and hope to see deviations to the
SM
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