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Introduction

(aTGC — anomalous Triple Gauge Coupling, aQGC — anomalous Quartic Gauge Coupling)
We consider TGC and QGC vertexes with W, Z and y which:

(1) Obey charge conservation law

(2) Include at least one massive boson

Charged TGC and QGC at tree level Neutral TGC and QGC at tree level
present in the Standard Model not present in the Standard Model
WWy, WWZ, WWZy, WWyy, WWWW, WWZZ 777, 77y, Zyy, ZZZZ, ZZZy, ZZVYY, ZyYY
Zly
Zly Zly 2y 4 Zly
z Zly
TGC and QGC couplings can be
parametrized with constants which
have certain values in the Standard are equal to 0 in the Standard Model
Model for charged TGC/QGC,; for neutral TGC/QGC,;
deviation from these values would any presence of such vertexes
mean aTGC/aQGC would mean aTGC/aQGC

we measure spectrum of kinematic variable of the process which might involve (a)TGC/
(a)QGC and compare it to the Standard Model and aTGC/aQGC model predictions



List (not full) of aTGC/aQGC analyses in CMS

Searches for anomalous Triple Gauge Coupling:
[1] Zy - I'l'y, 8 TeV: http://arxiv.org/abs/1502.05664

[2] Zy - I'l'y and Wy - lvy, 7 TeV: http://arxiv.org/abs/1308.6832
[3] Zy — vvy, 7 TeV: http://arxiv.org/abs/1309.1117

[4] WW - Ivlv, 8 TeV: http://cds.cern.ch/record/20020167In=en
[5] WW+WZ - lvjj, 7 TeV: http://arxiv.org/abs/1210.7544

[6] ZZ — 41, 8 TeV: http://arxiv.org/abs/arXiv:1406.0113

[7] ZZ — 2I12v, 8TeV: http://arxiv.org/abs/1503.05467

Searches for anomalous Quartic Gauge Coupling:
[8] WZy+WWYy - lvjjy, 8TeV: hitp://arxiv.org/abs/1404.4619

[9] W*W*+]j— IVIv+jj, 8 TeV: http://arxiv.org/abs/1410.6315

[10] VBS yy - WW - Ivlv, 7 TeV: http://cds.cern.ch/record/1518733?In=en

highlighted analyses are discussed in this presentation

Z decai modes:

e'e 3.4
Wy 3.4
TT 3.4
W 20.0

hadrons 69.9

W decay modes:

ev_ 10.7
v, 10.6
v 11.4

T

hadrons 67.4


http://arxiv.org/abs/1502.05664
http://arxiv.org/abs/1308.6832
http://arxiv.org/abs/1309.1117
http://cds.cern.ch/record/2002016?ln=en
http://arxiv.org/abs/1210.7544
http://arxiv.org/abs/arXiv:1406.0113
http://arxiv.org/abs/1503.05467
http://arxiv.org/abs/1404.4619
http://arxiv.org/abs/1410.6315
http://cds.cern.ch/record/1518733?ln=en

Zy Final State [1], [2], [3]

q e(w)
Zly y Final State Radiation
q (FSR) (for Zy - I'Ty only)
e’'(1’)
- AYAYAYAAYAYAYS -
b ¥ e (W) e Initial State Radiation
e _ (ISR)
q 2y e q

TGC diagrams. Not
present in the
Standard Model.

Zy - I'l'y process signature: charged lepton pair, and photon.

Zy - Vvy process signature: significant ETm‘SSdue to neutrinos, and photon.




Zy - I'l'y. Selection and Background Estimation

Event Selection:
_ . _ e'e and p'y
- well identified photon with E_">15 GeV, |n'|<1.44 or 1.57<|n'[<2.5  ¢hannels cosidered
- 2 isolated well identified leptons p_>20 GeV, M'>50 GeV separately
- AR(lep,y)=VA ¢*+An’>0.7

- Cl{!SIPr__elilm:!nalrylzt?l‘ll,5I.ﬂlﬂ'.-:‘l s l‘y:;|=?_T_eéf
- - > + Data
Background Estimation: S 1]
- Z+jets (jets — y misidentification): template fits of one of 3% 102
photon variables; photon-like jet template taken from jet- ®

enriched dataset; real photon template extracted using different 10
methods for different cases .

- Other: MC-based estimation

20 40 60 100 120

ET (GeV)
- upy channel, 19.5 b (8 TeV) eey channel, 19.4 fb™ (8 TeV)
=
[0 CMS * Data © + Data R EE
O 1 o - W o 1 CMS . . w = CM.S.291|2' .5'9!b| R B .”I’ .T.T.ey
- .z wz - .z wz @ 3
M ; — 10° -« Data
@ B ov-BKG Signal B Bl DY-BKG B siona (L] Cizy
o
g e e 10 WZ:lets -
w0t - — Eother 3
102 N St z
i S
10
>
] = 10°
10° )
102 i
O 14F S 14 4
R SRS e e l R NS S %
8 osf N ’ S o8 *
0.6E .
20 30 40 50 60 708090102 2¢10° 3s<10_$4sgozv 20 30 40 50 6070809010° 2<10% k‘gﬁ}ggv) 20 40 60 80 100 120
Pr (GeV) T E! (GeV)



Zy - vvy. Selection and Background Estimation

CMS,L=5.0fb" Vs =7 TeV

L R BN LR Q

2

10° —e— Data

Z4 7y— VVy + bkg ]

-==- TGC h%=0.003 + bkg

[ Jjet— vy ]

[ | Beam-halo —;
L] YHjets, Wy ?

W= ev

- events which contain other particles (which pass TGC would cause 3
enhance at high E_"

certain p_threshold and quality criteria) are vetoed 102 ). Srhance athioh B -

Event Selection:
- well identified photon with E_">145 GeV, |n'|<1.4

- ET""SS>130 GeV (due to neutrinos)

Events / GeV
=
IIIII|T| | IIIII|T’_|

lﬂ IQ,F

- timing of photons measured in ECAL has to be
consistent with beam crossing

73 candidate events selected N 0 e————
200 300 400 500 Q{OO 700
Background Estimation: Et (GeV)

- jets —» y misidentification: calculate misidentification ratio using events from jet-
enriched dataset

- beam-halo (machine induced particles): estimated from events which are not
consistent with beam crossing

- e » Yy misidentification: estimated from control sample dominated by W — ev events
- Wy, y+jets, yy: MC-based estimation
Total background estimate: 30.2+6.5, signal MC (Standard Model, NLO): 45.3+6.9




Zy. Differential Cross Section

- -1
CMS 19.5fb" (8 TeV) ,CMS 19.5fb™" (8 TeV)
= I ?"Ql_ E ®* Data combined: puy, eey
QO 10°E 0 - [ INNLO
o] o == _|B. -
= == %s 1.6 [l MmcFm (NLO)
> C
- == S -
é‘- 10 E i% : 1.4 - SHERPA (LO) up to 2 partons, stat. unc. only
g - =+ = - -
o} -+ Datauy e Q 12 + e
© TE + Dataeey !F¥=’= <3 - [
- [ MCFM (NLO) — g 1 o e 1
- [ NNLO L -
10™" = [ SHERPA (LO) up to 2 et, stat. unc. only = 08p
- * 0.6
C | ] ] M| 1 1

20 30 4050 10? 2x10° 20 30 4050 102 2x10°
7 p! (GeV) p! (GeV)

- Differential cross section measured for Zy - I'l'y (8 TeV)
- Consistent with the Standard Model prediction



Zy. aTGC Limits

4 o o {
Latge = m—% {_[hf(a Fcfy) +h12(8 ZJ}!)]ZﬁpB
(9, F7F) +(a 7o) 707,
7 % constants probed in
=[5 0a0p9" Foy] + —5(0:95(9,0" + miz) Z,]] 2 F'F these analyses
| - 3
+ 0,0" 0" F*™ 9,0" 07 ZP)|ZF s
5! |+ 555 (02" + mp) 2 2.,

Results are consistent with the Standard Model Prediction

Feb 2015

T ‘ T | T irlni | I I I#i T . .
QEALFs"Lémélt Uit - Limits on aTGC ZZy and Zyy
couplings are set(table shows limits
v — Zy -0.015-0.016 4.6 fb'! . :
h, . Zy 20.003 - 0.003 5.0 b’ on each constant in assumption of all
— zy -0.005-0.005 195f'|  Other constants to be 0)
— Zy -0.022 - 0.020 5.1 fb’! : .
Z — Zy 0.013-0.014 4.6 fb - Simultaneous limits on h3ylh4y and
i Z - - -1
° B 7 001 0o0a b | hZh? constants are set (backup
— Zy -0.020 - 0.021 5.1 fb slide 22)
h'x100 — Zy -0.009 - 0.009 4.6 fb . _
Zy -0.001 - 0.001 5.0 fb” -7 TeV (4.6 and 5.0 fb™) result is
. _ _ -1 } — .
. 2! 2.004-0008 1957 Zy ~I'Ty + Zy ~ vy combined and
hyx100 . Zy 20.001 - 0.001 5.0 b provides the most stringent limits;
| . 2 | -0.003 - 0.?03 195 1o Zy - vvy donimates the sensitivity
| -0-5 | | 0 | | | 05 | | | | | | | | x101 to aTGC

aTGC Limits @95% C.L.




WW - Ivilv Final State [4]

TGC. Present in the
Standard Model

Process sighature: two leptons (e'e’, u'u, ey, or y'e’), and significant ETm‘SSdue
to neutrinos.
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Events / (5 GeV)

MC/data

WW - Ivlv. Selection and Backgrounds

Event Selection:
- 2 well identified leptons with p_*">20 GeV, |n"|<2.4 / |n®|<2.5,
- M">12 GeV, p "*>45 GeV, p **>30 GeV

- E."**>20 GeV (due to neutrinos)

- veto on events with 3™ lepton which passed p.>10 GeV and certain quality criteria
- dilepton channels (ee, pu, and ep) are combined
For sample associated with 0 jets signal purity is 74%

Major Background:

- tt, tW: estimated using top-tagged events and top-tagging efficiency determined from
top-enriched sample

CMS rreiminary 19.4 b (8 TeV) CMS prsliminary 194107 (8TeV) _ CMS preiminay 19.4 fo" (8 TeV) _ _CMS rrelimnay 19.4 fb' (8 TeV)
1000— +Data BWZ/ZZNVV % 10001— -+ Data BWZ/ZZ/NVV ; 800 -Data BWZ/ZZIVVV $ 500 ~Data BWZ/ZZINVV
r Ww Top 0] r W Higgs Top 5 E ww Top o C WHiggs Top
i $ W Higgs HDY IS L X ww HDY o 700F mHiggs HDY 2 F ww HDY
800l \ W+jets = 800l ¥ Wijets = F W+jets S 400 W+jets
L ; £ Eo ) n 600F 0 - )
o Q\\ 0-jet € FooNN 0-jet = E oW 0-jet g L 0jet N
oy e |2 N  eeen | 2 soob Lt e | 8 T S
600 § ete/uple’ e D 600 .. + ee/utuletn e i 500F X e'e/uple’ nlen € 300~ e'e/u'nle’ n/epn’ \
L L > F [}
i £ N @ e
400 % a0 b N N 200~ $
1 R oy il
L Y C | e SRR t %
r ISy r N 200 it W +§\
200 L. 200 = o E . moﬁﬁﬁ N
o= 5 = = - 3
A L™ % 100 = - N T
b—.::-"—-—_— Db, ey i = = \—‘Q"\. " =n — \.\Q\&\*\\\;. = _-":::‘ﬁ --l |
obE P P e e L U TP 0 —_T et T e S I ———— U] O_"'_ S I =
15 - ! g 2 15 ] g 15
10“"“"*‘“‘ vt ”+ ?| +J.Hl+ H'Tw + 8 1fe - -441‘-#*++¢++ +*+ J"H' 3 5 N A“ *7 ‘¥+++++ J.\HT“ H ;g_, 1*+ H#"HV"H"'*!"H"'T*‘L'VJ"**““"‘HV"*+
05 5 b ) 2 g ! t 2 ospt
20 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 50 100 150 200 250 300 0 20 40 60 80 100 120 140 1is0 180

max (GEV) Py (GeV) m, (GeV) A,



|
pT.max

dG(WW + 0 jets)/d

1
o

Theory / Data Theory / Data

Theory / Data

WW - Ivlv. Differential Cross Sections

CMS prefiminary 19.4 b (8 TeV) CMS rretininary 19.4 " (8 TeV)
% -e- Data § 1 E - Data E
. . . . w 102 & Madgraph % [ = Madgraph :';
o — e & MC@NLO 2 L = i
- Differential cross sections as functions <" | ™" el B S LT
of 4 kinematic variables : | 1 £ | - |
8 = do ' {3 * do
- - e - s —lo - 4—¢:‘: U i
- i | ——=
Results are compatible with the dm,, == - do,
heory NNLO predicti I ;
theory prediction o} : : ;
= i I =
- m_spectrum is used to derive limits S S e - B 3 g
1 : - ] 2 i ]
. = 05— Madgraph+Pythia normalized too, 1 = 05 i Madgraph+Pythia normalized too £
on WWZ aTGC coupling uF = I & =
g 1?. i D — Q) g |:— QO O o O;
£ = ] £ b e 0 e GO E
= :_ MC@NLO+Herwig normalized 106,400 _: F ! :_ MC@MLO+Herwig normalized 106,000 _:
CMS Frofminary 19.4 fo! (8 TeV) CMS rroliminary ?: i _: :’: i E
[ T T T T T T T 7 = 1 T T T § - 7‘ § - __&_'
:_w’z:""."'“ _:_ hDAZt(;igraph % 102 T:.g.g_,_* %\ 1 ——.n——.. gt - v _; %‘ 1 ::A{‘i‘)‘__‘_—A—_‘_fﬁf_l— a—k E
10-2 ? —f— e rc@hNLo é g é S 05 :_ Powheg+Pythia normalized to 6, _: S 05 :_ Powheg+Pythia normalized 0 6, o, _:
- —— Fowhe: [ 3 = Tk
E P S hy 3 20 40 60 80 100 120 140 160 180 200 0 0.5 1 1.5 2 25 3
| i % 3 i d m, (GeV) 6, (GeV)
10°F 4 SUF ]
: l 3 E °F — ; CMS Preliminary 19.4 fb™ (8 TeV)
: . . : | a —— T | L ‘ L L L ‘ L L ‘ T
- de (max) == i dp:r 1| & 10°F +Data .TOP E
=3 Ea ww DY 3
10" | | s 10tk | | | | B (L-g . BWZ/ZZNWW W+ets 1 aTGC would
sE = s = I~ L . 4
- T B 1l = L« —oay/A’=20TeV* 7 cause enhance
- - 7 Q —~ 3 — 2 -2
VBegriaei™ 4 I et S Al =l o 10 : — Cyww/A® =20 TeV*3
05 i_MadgraDmPy‘thia normalized toe,,, _i F 05 i_ Madgraph+Pythia normalized tow _z § __ L - CB/AE = 55 TEVQ E
15 — = s 15 - E 1T L 4
F oo S e = Fovo 3 1% E -~ _
o ] £ ‘e O O E E — E
05 :_ MC@NLO+Herwig normalized tos,,, _: = 05 :_ MC@NLO+Herwig normalized o, = __ = v | | ]
15 : : s 15 ; : : \I:{ :
; I ;B * =— T Ly
e P - | B ST
05 :_ Powheg+Pythia normalized to 6, o = F 05 :_ Powheg+Pythia normalized 10 6, o :I e g [ g ——— | + _: 12
20 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 100 200 300 400 500 600
P e (GEV) pi (GeV) m, (GeV)




WW - Ivlv. aTGC Limits

£ = guwr (@ (W = WL w) (e W 4 Standard Modet

V‘“’H”L'”H’ gy E v po ((E)pﬂf’_“‘)%’” — Hr"“‘(f)‘”%’”)) % 91 — gf =Kz =Ky =1
miy
s Vi =117+ /Uy sv VYU ‘%‘1'/ TN T ~HVpo ‘}\‘ F— A7+ ~vpaf
+igg W, W, (0"V" + VFE) — —W WPV, — — W, W,V
2 2miy
CWWW )
_ Owww = TTr[WMW‘PWp“ ], (corr.toA)
Constants derived from T e ) VZ
this WW - Ivlv analysis: Ow =|5(D"®)' W, (D"®), (corr. to g %)
CB -l- 7’ Z
Op = [~{(D'®)"'B,,(D'®). (corr.to K, g.%)
... Results from other analyses A " v
T T | T T T T ‘ T T T T ‘ T T T T ‘ T %JI-LA r|é||m|ltl?n‘lts T T i T
Ak - WW f Oli';" 0.043 4_6:;;.1 Coupling constant This result 95% interval World average
z — Wy -0.090 - 0.105 4.6 fb” (TeV 2) (TeV 2)
— wv -0.043 - 0.033 5.0 fb’*
. LEP Combination -0.074 - 0.051 g_g fo cwww /A2 [-5.7,5.9] —5.5+ 3498 (from /\ry)
— ww -0.062 - 0.059 4.6 fbr 2 — —3.9%,
Az — WW -0.048 - 0.048 4.9 fb" cw/ A2 [—114,5.4] j 9145 (from gy
— wz -0.046 - 0.047 4.6 b cg/ A [—29.2,23.9] ol WARTYS (from K, and g%)
— wv -0.039 - 0.040 4.6 fb::
. D0 Combination 0096 - 0044 S - Limits in assumption of all other coupling constants
[ i i - - -1
ag o meemme S0 0ere || tobe O are set
1 — ww -0.095-0.095 4.9 b
— wz -0.057 - 0.093 4.6 fb' - Sj imi i
- Wo el 03 st Simultaneous limits from varying two constants at
e DO Gombination  -0.034 - 0.084 8.6 fb! the same time are set (backup slide 23)
R H‘ﬂ - LEP Combmatlon -0.05‘4-‘0.‘021‘ 0;7 fp :
05 0 05 15
aTGC Limits @95% C.L. 13

Results are consistent with the Standard Model prediction



WVy (WZy+WWy) and aQGC Searches [8]

VE(u)
-
a a . a
q Yy
TGC+TGC

XW

TGC. Present in the
Standard Model. Not
probed in this analysis

QGC. Present in the
Standard Model. Probed
in this analysis

Process signature: lepton, significant ETmiss due to neutrino, two hadronic jets, and

photon; WZy+WWYy combined

Radiations from
quarks/antiquarks
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WVy (WZy+WWy). Selection and Backgrounds
Event Selection:
- 1 well identified lepton, 2 well identified jets with 70 < m, < 100 GeV

- E_™*>35 GeV (due to neutrino)

- WWYy+WZy are combined, two channels treated separately: (ev )(jj)y and (uvu)(jj)y

Major Background:

- Wy+jets: shape taken from MC, normalization estimated using fit in m, < 70 GeV and
m, > 100 GeV ranges

oo Jpawan e o ows |raewaet G-t o Total uncertainty is larger
4 i [} ectron data jets — 3 =
8 1 e e £ 8 1 e e mm.o = than signal therefore cross
‘“:1035 SM+ al'/ A= 50 TeV? -t:;:’u;k E 5103 —— SM+all/A?=50 TeVv? -I}u.ietsm E Section can not be measured’
— 7 - — top qual h . -
5 10° B s 5 1 mw-s 2 ONly upper limit on total cross
L WV LLl _ . . .
10 ' 3 W section is possible
-
107 E
.y ] aQGC would cause
mmmme e m— e enhance at high E_¥
S 3 E S 3 - 3 T
;@ 2F E E 2;_ . 3
8 et ‘ ~ 8 1 + — . t 15
100 200 100 200

300 400
Photon E; (GeV)



WVy (WZy+WWy). aQGC Limits

LGQGC—L +L,+L,
4 5 - associated with WWyy
e - e
L=——~F, F"W"'W, —~F, F“(W"'W_, +W "W} )
8 A 16 A’
- - associated with WW2Zy;
L,=—e’ g ~F . Z"W"**W, _£ 29 ~F . Z'"(W"W, +Ww W, ) firsttime ever measured
@ associated with both WwWyy and WW2y;
L,=—-L2Tr[W W’”]XTr[W BWGB] first time ever measured
(0]
duly 2013 Boiimits = Cwsryowwimts -
Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s
WWy  [- 15000, 15000] 0.43fb™ 0.20 TeV Observed limits
vy —> WW [-430,430] 9.70fb" 1.96 TeV -21 < a}]N/ AZ < 20TeV >
AW/ A2 TeV? R WWy [-21,20] 19.30fb" 8.0 TeV —34 < a‘CN/ AZ <32 TeV_24
R WoWW  [-4,4] 5.05b7 7.0 Tev —25 < fro/ A* < 24TeV™
—12 < xV/A? <10 TeV 2
WWy  [-48000,26000] 0.43fb” 0.20 TeV —18 < K“CN/ A2 < 17 TeV 2

yy— WW [-1500,1500] 9.70fb™ 1.96 Tev

/ e ———— WWwy [- 34, 32] 19.30fb" 8.0 TeV
a¥/A® Tev? = -
N ] oWW  [1515] 5057 7.0 Tev All results are consistent with
the Standard Model prediction
f1o /A% TeV? WWy [-25,24] 19.30fb" 8.0 TeV
, 16

-10°-10*-10°102-10 -1 1 10 10% 10° 10* 10°




WWy, ZZZ, ZZy aTGC Limits [2], [5], [6], [7]

Oct 2014 Mar 2015

T T T T T T T T T T T T T T T T T T T T LT T T T T

| | éJI{-ALsAérléllwll_li?rlits : | | é:l\-ﬂl_‘é’:\lgrléllmlltl?n‘lts :

DO Limit —o—
- e Y —t zZ 0.015-0.015 4.6 b’
: W - - -1 -0.015 - 0. _

Ay ; wy, _3'3;8_8'328 g'g :3.1 fa — 7z -0.005 - 0.005 19.6 fb"!
' ' i — ZZ (22v) -0.004 - 0.003 24.7 fb"!

— Wy -0.210-0.220 4.6 fb 7 — 7z -0.013-0.013 4.6 fo"

— wWv -0.110-0.140 5.0 fb" f4 — 77 -0.004 - 0.004 19.6 fb!

e DO Combination ~ -0.158 - 0.255 8.6 fb! — ZZ (212v) -0.003 - 0.003 24.7 fb!

——— LEP Combination -0.099 - 0.066 0.7 b - ZZ (comb) -0.002 - 0.003 24.7 fb™

A — Wy -0.065-0.061 4.6 fb" i —_— zz -0.016 - 0.015 4.6 fb™
v — Wy -0.050 - 0.037 5.0 fb" 5 - g(mz ) -g.ggg-g.ggi 19.6 b’
n ] ] § — Y -0. -0. 24.7 fb

~ w 00890040 46 10" : ZZ(comb) -0.003-0003 24.7 o'

Wy 0038 - 0.030 5.0 b {2 — zZ -0.013-0.013 46 fb

o o . . - 5 — zZ -0.004 - 0.004 19.6 fb!

ol DO Combination  -0.036 - 0.044 8.6 fb™ — ZZ (212v) -0.003 - 0.003 24.7 fb’!

‘ -~ ‘LEP Combinati‘on -0.059 - 0.917 0.7 fo! | | \ZZ (comb) ‘ -0.002 - 0.902 24. 7fb“
-0.5 0 T 15 -0.5 0 0.5 X107
aTGC Limits @95% C.L. aTGC Limits @95% C.L.

Lyzz = ——% @a FHo) +@a 7% 75 (92, @aﬂ )@aﬂzm)} 727}
LYwve #- wo Wt —wrw +.W+ W,V 4
theff 9:‘”’” @ (W w ) @ z Standard Model:

VI PW o 4 igY 2 (P HYWH — WH(QPW 7)) VO 9t =g = kz =ky =1
7n'[’1’f

4 Ry — 117 vpo )\ 7= 117 vpof
+igy W Wi (0"V" + ' VH) — 7‘% W, etV — W W, e o |

2mW 17




Conclusions

» The latest results on aTGC and aQGC searches with Zy, WW, WVy
productions with 7 TeV and 8 TeV data in CMS are presented

» The most stringent to date limits on ZZy, Zyy aTGC couplings are set
» The first ever limit on WWZy aQGC coupling is set
» Limits on WWZ, WWyy anomalous coupling constants are set

» Other aTGC and aQGC analyses, not covered in this talk, have been
performed in CMS (see slide 4)

> All results are consistent with the Standard Model prediction
» Several more 7 TeV and 8 TeV measurements are in progress

» More opportunities are expected with 13 TeV data
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CMS. Particle Detection General View

Key:
Muon
Electron

Charged Hadron (e.q. Pion)
— — — - Neutral Hadron (e.g. Neutron)

----- Photon
O]

4T

Silicon
Tracker

; Electromagnetic
}_|! I ' Calorimeter

Hadron suparconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CM3

D Barnaey, CERM, Felromay 2004
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CMS. % section In z-r plane

n= 1.1 n= 1 In= 0.5
. : - 7.38m
r _ - Barrel Mipn Stafion 4 (ME 4] | 5755 1,
T lron Yoke '
4 WWB 3 —598m
z n= 1.i?P \; Barrel
N “E’iﬁﬁj Le ME 2 —491m
=re = |
- LE"H.:___E ME_A.EEFH
N= 24 E“xﬂ_ M¢ pCENLGEE g L _295m
=2l O
T - :‘E T \égel H}:AL 170
""'__ELD,H__ — L R —H 2] ) Endcap ':“w Barrel EGAL | 1:29m
Forward | 7 —— { — -HCAL |§= 3
n= 5.31 HCAL T i — 0.44 m




Production Cross Sections

Mar 2015 CMS Preliminary

¢ 7 TeV CMS measurement (L < 5.0 fb™)
¢ 8 TeV CMS measurement (L < 19.6 fb™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction

Z CMS 95%CL limit

Production Cross Section, o [pb]
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