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Top and Electroweak measurements
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Top and Electroweak measurements
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dard Model Production Cross Section Measurements Status: August 2016
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Top and Electroweak measurements

June 2016 _ CMS Preliminary
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Top physics
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Top pair cross section overview

ATLAS & CMS 8TeV

ATLAS+CMS Preliminary LHCOpWG o, summary, Vs=8TeV May 2016

NNLO+NNLL PRL 110 (2013) 252004
m,, =172.5 GeV, ui(MZ) =0.118+0.001

scale uncertainty
scale @ PDF @ oy uncertainty

ATLAS, lepton+jets

PRD 81 (2015) 112013, L, =203

int

CMS, lepton+tjets —to—|

arXiv:1602.09024, L =196"

int
CMS, Ieptonwrh
PLB 739 (2014)23, L, =196

int

ATLAS, dilepton ep.
EPJ C74(2014) 3109, L, =203

CMS, dilepton (ee, pu, ep)
JHEP 02 (2014) 024, L, =53

LHC combined ey (Sep 2014)

ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,

L,;=53-203fb"

total stat

O + (stat) + (syst) + (lumi)

F—#—— 260+ 1721 8pb
2285+ 38+ 137+6.0pb

f—fot—— 257+3+24+7pb

= 2424+17+55+75pb

o 239.0+21+11.3+6.2pb

2415 +£1.4 +57 +6.2pb

ATLAS & CMS 13TeV

CMS, dilepton ep
arXiv:1603.02303, L, =19.7 %"

int
CMS, all jets
EPJ C76 (2016) 128, L, =184 1"

Effect of LHC beam
energy uncertainty: 4.2 pb
(not included in the figure)

+6.3

o 2449+14 3 +6.4pb

F——tet——
275.6+£6.1£37.8+7.2pb

: NNPDF3.0 JHEP 04 (2015) 040
I I MMHT14 EPJC75(2015)5
: CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[e(M) = 0.113)

o, [Pb]

ATLAS+CMS Preliminary LHClOpWG o, summary, Vs=13TeV Aug 2016

NNLO+NNLL PRL 110 (2013) 252004
"""" m,,, =172.5 GeV, txs(MZ) =0.118+0.001

scale uncertainty
scale ® PDF ® o uncertainty

ATLAS, dilepton ep
arXiv:1606.02699, L =3.2 o™

ATLAS, dilepton ee/pp *
ATLAS-CONF-2015-049, L, =85 pb""

ATLAS, l+jets *
ATLAS-CONF-2015-049, L, =85pb”

CMS, dilepton ep

PRL 116 (2016) 052002, L = 43 pb”, 50 ns

CMS, dilepton ep *

CMS-PAS-TOP-16-005, L, =2.21b™, 25 ns

CMS, l+jets *
CMS-PAS TOP-16-006, L, = 2.3 b

CMS, all-jets *
CMS-PAS TOP-16-013, L, =253 fb”

* Preliminary

Effect of LHC beam
energy uncertainty: 12 pb
(not included in the figure)
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o 793+ 8438+ 21 pb
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—te+— 834:25:118+23pb
NNPDF3.0 JHEP 04 (2015) 040
| I MMHT14 EPJC75 (2015)5
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LHC and Tevatron results consistent and in agreement with NNLO+NNLL




Top pair cross section overview
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LHC and Tevatron results consistent and in agreement with NNLO+NNLL
over a large range of centre-of-mass energies
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Top @ 13TeV: Going differential

CMS, 2.5fb",13TeV, I+jets, differential pt CMS, 2.3fb",13TeV, dilep, ttbb, ttjj
CMS-PAS-TOP-16-008 RS AS:10P-16-010
CMS, 2.2fb-1,13TeV, dllep, differential pT(t), ATLAS, 3.2fb'1,13TeV, |+jetS, differential PT
y(t), y(tt),m(tt),ACD(tt), CMS-PAS-TOP-16-007 Resolved & bOOStid, ATLAS-CONF-2016-040
CMS, 2.5fb™",13TeV, all-jets, differential pt R = atiasstaaaasasasanans tanansacts sases et tans=
Resolved & boosted, CMS-PAS-TOP-16-013 3 Ehometevorn  ue
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Similar trends as in 8TeV. Top pt modelled too hard (improves with NNLO pQCD)
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Cent Run1 differential cross sections

CMS , 19.7fb™", 8TeV, I+jets, LHCb, 7+8TeV: tt and single t, forward region
(top p7>400 GeV), arXiv:1605.00116 Phys. Rev. Lett. 115 (2015) 112001
CMS, 9.7fb™, 8TeV, I+jets, Jet multiplicity ATLAS, 20.3fb™",8TeV, dileptons, jet activity
CMS-PAS-TOP-15-006 arXiv:1606.09490
CMS , 5.0+19.7fb™", 7+8TeV, I+jets, Ht, ST, ATLAS, 4.6+20.2fb™,7+8TeV, dilepton, pT(tt),
ptV, ET™ arXiv:1607.00837 m(tt), y(tt), arXiv:1607.07281
CMS, 9.7fb", 8TeV, dilep, double-differential, \; s estwment ]
CMS-PAS-TOP-14-013 S A Data 2012 E
‘ -Z.: 1; A CT10NLO E
_ CMS Preliminary | | | 19.7 fb" (8 TeV) = 08 Y :j::i’::’:” -
TE 102 ;_340<M(tf)<400 Gev_‘_ 400<M(Iti)<5oo Glev 1 500<M(Itf)<650 Glev 1 e.soDalt\!(Lt) <1500 GleV 0.62— O HERAPDFISNLO (EIG+VAR) _;
12 fews, fore. NLO QGO (MR 04 =
'% %10_3._ o 1 e o e- |mmcTiauspoF ] - ATLAS ]
= E e @ S HERAPDF2.0 0.21— .
°l5 ¢ ' - dilepton, y(tt) .
€ . s e 5
,‘”04? CMS dilepton i P ] e G %: **************** E
' y(tt) and M(tt) T8 gyt i .
10 H e, =
: 1 1 1 1 , 1 0 0.5 i 15 5 25
A ' ly |
51.2 ol ff
2 1k LHC data modelled by subset of generators
Sosf p1(top) modelled too hard

y(tt) & m(tt) — constrain gluon PDF (x ~0.03-0.5)
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Run?

ATLAS, 3.2fb", 13 TeV, Wt-channel
ATLAS-CONF-2016-065

CMS, 2.3fb", 13 TeV, t-channel,
Differentia, | CMS PAS TOP-16-004

Run1

CMS, 19.7fb™, 8 TeV, t-channel,
Polarisation, JHEP 04 (2016) 073

ATLAS & CMS, 20.3 & 12.2 fb, 8 TeV
o(Wt) = 23.1 + 3.6 pb
CMS PAS TOP-15-019

CMS, 19.7fb™", 8 TeV, search for tZq,
CMS PAS TOP-12-039

Data/Pred.

ATLAS 13TeV, Wt-channel

Binned profile L

Single-Top: recent results %f(

b w™

LH, on BDT, o(Wt) = 94 +10+28-23 pb

T
—es— Data 2015
W
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o CMS Preliminary 2.3fb 1 (13 TeV)

1. t ' Dratg@NLO( FS) :
il — 4 ]
oof t-channel  —— Powheg(4FS)

+ Pythia8 1
08F .,  w aMC@NLO (5FS)
o7k + Pythia8

* ... aMC@NLO (4FS) |

+ Herwig E

1.5 2

Iyl (t+) (GeV)

2j2b yield
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Single-Top: summary

t
\%/%%<
W

W+

ATLAS+CMS PreliminaryLHCIOpWG

Single top-quark production
June 2016

s-channel

<

X

== NNLO PLB736(2014)58

== NLO+NNLL PRD83(2011) 091503,

- scale uncertainty

ATLAS t-channel

PRD90(2014) 112006, ATLAS-CONF-2014-007,
ATLAS-CONF-2015-079

CMS t-channel

JHEP12(2012) 035, JHEP06 (2014) 090,
CMS-PAS-TOP-16-003 -1

ATLAS Wt
PLB716(2012) 142, JHEP01(2016) 064 -1

CMS Wit
PRL110(2013) 022003, PRL112(2014) 231802

LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
ATLAS-CONF-2011-118 95% C.L.,
PLB756 (2016) 228

CMS s-channel
arXiv:1603.02555 95% C.L.

7+8 TeV combined fit 95% C. L.

scale uncertainty

PRD82(2010) 054018, PRD81(2010) 054028
Wi: tt contribution removed
scale ® PDF @ o uncertainty

NLO NPPS205(2010) 10, CPC191(2015) 74
W= = mg,

CT10nlo, MSTW2008nlo, NNPDF2 3nlo
Wit: o veto for tt removal=60GeV

and pF=S5 GeV

scale ® PDF @ o, uncertainty

——0—
|e101 1ejs
]

My,= 172.5GeV

1
7 8 13

s [TeV]

Consistent with SM expectation,|Vtb|>0.92 at 95% C.L.

Evidence for s-channel production

13TeV measurements (t-channel and Wt)

q
t +
Final Tevatron combination ’
Phys. Rev. Lett. 115, 152003 (2015)
Tevatron Run Il single top quark summary
Measurement Cross section [pb]
s-channel: ;
: +0.37
CDF [25] o 1.36 5,
: +0.33
DO [22] -+ 110755,
! +0.26
Tevatron [26] o~ 1.297,5,
t-channel: ;
: +0.38
CDF [21] —o— 1.657 5
DO [22] | —e—  3.0770%
Tevatron [this paper] Ho- 2.25 fg:g?
S+t: '
: +0.49
CDF [21] W 3.027 45
DO [22] | —e— 411705
Tevatron [this paper] —o— 3.30 fg:ig
L L | | 1 L \ L | L
o 1 2 3 4
Cross section [pb]
il Theory (NLO+NNLL) [9,12] m, = 172.5 GeV

Consistent with SM expectation
|Vtb|>0.92 at 95% C.L.
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prODerties, recent results

Very active field in the past years:

CMS ttZ and ttwW

- Top polarisation

- char: g? 'asy mmetry CMS Preliminary 12,9 b (13 TeV)
- Whelicity 2 gof . 4Daa -
- Spin correlations (TR 3L3jets o ]
- Width tt-Z coupling - X
- coupling to gauge bosons ... Important backgrounds Wz :
M rare 4
CMS, 12.9 fb™, 13TeV, tZ, ttW > o(ttZ) =0.70 +0.16-0.15 Bl ronprompt
CMA-TOP-16-017 +0.14-0.12 pb
o(ttw) =0.98 +0.23-0.22
+0.22-0.18 pb
ATLAS , 3.2fb", 13TeV, tttt search _ _
< 21 x oy, ATLAS-CONF-2016-020 (— ttW: 3.90, 1tZ: 4.60) oo S lo0mb ~0bimb S1baing
CMS , 2.6fb™", 13TeV, tttt search o . )
<10 x og), CMS PAS TOP-16-016 D0 Top polarisation = ;gg D@, 9.7 o uboltict o tf et
u>.| (f) [ Other bgs == {T P=-1

[ W+jets Syst. Unc.

through angular distributions — °%
of the decay leptons cos 05,
— consistent with SM

DO, 9.7fb™, Top polarisation
|+jets, arXiv:1607.07627 First measurement of

transverse polarisation:
0.040£0.034 (SM: 0.011)

1 1 1 ¥ '3 ¥ T T
08108 06 04 02 0 02 04 06 08 1
+cos 8,.(transverse)

Ratio(SM)
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Top mass: recent results

ATLAS, 20.2fb™", all-hadronic
Miep = 173.80 2 0.55 + 1.01 GeV

ATLAS-CONF-2016-064

ATLAS, 20.2fb™, di-leptons, 1D fit, myp
arXiv:1606.02179

CMS, 19.7fb™", dileptons, 1D, 2D, hybrid,
Mpi+mMt2, MAOS mpy+mr2,

Mtop =172.22 £ 0.18 +0.89-0.93
CMS-PAS-TOP-15-008

CMS, 19.7fb™", from tt+jets inv mass
Mtop =169.9 +1.1 +2.5-3.1 +3.6-1.6 GeV

CMS-PAS-TOP-13-006

DO, 9.7fb™", di-lepton, Matrix element
arXiv:1606.02814

Combination with neutrino weighting
Myop = 173.50 + 1.31 £ 0.84 GeV

DO note 6484 conf

DO, 9.7fb™, pole mass via cross section
Miop = 172.8 + 3.4 -3.2 GeV

arXiv:1605.06168

= > Er T . = T T T ] z —
ATLAS di-leptons 8 0L mmimenny S eonmmeen
o = [ Wrong / no match I Single top
. ; 500 ;, == ;iv'::rf:\lﬂk;/lze;m"s Z+jets =]
1D template fit to my, 5 L ATLAS .
@ - ++us:ﬂ Tev,20.2 6" 3
Dominant syst: i
2001
(b)JES, MC modelling 100
0:
m=172.99 £ 0.41(stat) ¢ F T
= o {Fﬁﬁ g G AR e
S 08 k
+0.74 (SySt) GeV = 0 60 8 100 12 140 160
mie° [GeV]
. ‘ 19.7 fb' (8 TeV)
CMS new di-leptons " [ " '
Preliminary (value =+ stat + syst)
1D fit . 172.39 £ 0.17 3L GeV
2D fit . 171.56 £ 0.46 ' |3 GeV
Hybrid fit . 172.22 + 0.18 ' 357 GeV
MAOS fit . 171.54 £ 0.19 * |27 GeV
CMS combination * 172.44 + 0.13 ' 337 GeV
PRD 93, 2016, 072004 |
1 1 1 1 I 1 1 1 1 I 1 l I 1 I 1 1 1 1 I 1 1 1 1
160 165 170 175 180 185
: M, [GeV
mra = min  [max (M3 M2)] e L ]

PR-+Pr =P
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Direct top mass measurements

ATLAS and CMS results CDF and DO results

ATLAS+CMS Preliminary LHCtOpWG m,, summary, Vs=7-8TeV Aug 2016

July 2016 (* preliminary)

total uncertainty total stat . -

My = 173.34 £ 0.76 (0.36 + 0.67) GeV My & total (stat + syst) e Rel CDF-II dilepton 1715+3.2 (19 25)
ATLAS, l+jets (*) = 172.31+ 1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) : 173.09 + 1.63 (0.64 + 1.50) 7TeV 2] b ¥
CMS, l+jets 173.49 £ 1.06 (0.43 £ 0.97)  77TeV [3] DO-Il dilepton * 173.50 4156 (+1.31+0.84)
CMS, dilepton 172.50 £ 1.52 (0.43 £ 1.46) 7TeV [4]
CMS, all jets 173.49 +1.41 (0.69 + 1.23) 7TeV [5] o
LHC comb. (Sep 2013) 173.29 +0.95 (0.35 + 0.88) 7 7Tev [5] CDF-Il alliets 175.07 +1.95 (£1.55+1.19)
World comb. (Mar 2014) 173.34 £+ 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, l+jets 172.33 £1.27 (0.75 £ 1.02) 7TeV [8] i
ATLAS, dilepton 173.79 £1.41 (0.54 £ 1.30)|  77TeV [g] CDF-Il MET+Jets 173.93+1.85 (+1.26+ 1.36)
ATLAS, all jets 1751+1.8(1.4£1.2) 7TeV [9]
ATLAS, single top 172.2+2.1 (0.7 £ 2.0) 8 TeV [10] — e
ATLAS, dilepton 172.99 + 0.81 (0.34 + 0.74)|  8TeV [11] CDF-Il lepton+jets 172.85+1.12 (£0.52+098)
ATLAS, all jets 173.80 £ 1.15 (0.55 £ 1.01) 8 TeV [12]
ATLAS comb. (f;;:fsfg;f 172.84 +0.70 (0.34 + 0.61 748 TeV [11] e
CMS, I+jets 172.35 £ 0.51 (0.16 + 0.48) 8 TeV [13] DO-Il lepton+jets 174.98+0.76 (£0.41+0.63)
CMS, dilepton 172.82 £1.23 (0.19 £ 1.22) 8 TeV [13]
CMS, all jets 172.32 £ 0.64 (0.25 £ 0.59) 8 TeV [13] —
CMS, single top 172.60 *+ 1.22 (0.77 + 0.95) 8TeV [14] Tevatron combination *

174.30+0.65 (+0.35+0.54)

CMS comb. (Sep 2015) 172.44 +0.48 (0.13 £ 0.47)  7:8TeV [13]

(Run | and Run 1) (£ stat + syst)
[1] ATLAS-CONF-2013-046 [6] ATLAS-CONF-2013-102 [11] arXiv:1606.02179 arXiv: 1608.01881
» [2] ATLAS-CONF-2013-077 [7] arXiv:1403 4427 [12] ATLAS-CONF-2016-064
( ) Superseded by results [3] JHEP 12 (2012) 105 [8] Eur.Phys.J.C75 (2015) 330 [13] Phys.Rev.D93 (2016) 072004
shown below the line g [4] Eur.Phys.J.C72 (2012) 2202 [¢] Eur.Phys.J.C75 (2015) 158 [14] CMS-PAS-TOP-15-001
: [5] Eur.Phys.J.C74 (2014) 2758 [10] ATLAS-CONF-2014-055
| | | | | ] | | | | | | ] | | | | | ] ] | | |
2
m,_. [GeV] m, (GeV/c?)
top

LHC and Tevatron results with nearly comparable precision of 3-4 permille (0.5 GeV)
LHC top mass systematically limited: MC modelling, (b)JES
Template/Matrix element methods — Monte Carlo top mass parameter
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Top-quark pole mass measurements

Pole mass vs Monte-Carlo mass measurements

July 2016

DO o(tt), 1.96 TeV

167.50 +220 , - GeV

PLB 703 (2011) 422 : @
MSTWO8 approx. NNLO

DO o(tt), 1.96 TeV

DO Note 6453-CONF (2015) @ '

MSTWOE NNLO

169.50 +330 , . GeV

DO o(tt), 1.96 TeV
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Direct top mass measurements:

- Monte-Carlo mass m{MC
- precision 0.5 GeV

Expect m{MC - mpole ~ 1 GeV
— Calibrate my MC

— Indirect measurements of myrole:
compatible with measured m; MC
within precision of +2 GeV
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Dibosonnd multi-Boson production
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sM: L0 = —— W, W — =B, B
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BSM: g‘:’w: = ILW" V' — W, WHVY) @Vj W, VA + - 1 WLV
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8TeV: most precise measurements to date, many new 13TeV measurements
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Run1: precision, differential, rare processes

CDF, 9.4fb™", WW/WZ — Iv+bb/ Iv+cc ATLAS , 20.3fb™", 8TeV, WW, arXiv:1603.01702
o(WW+W2Z) = 13.7+2.4+2.9 pb

arXiv:1606.06823 CMS , 19.7fb™", 8TeV, WW, EPJC 76 (2016) 401
ATLAS, 20.3fb™, 8TeV, WW, ey, 1 jet \‘ N CMS | | | | 19.4m|'1 (8 TeV)
STDM-2015-24 = 10 L o =
"4‘ E N -m- Madgraph =|=_
— N 7} :-Q-MC@NLO 7
WTLAS Preliminary | | ~ L e ]
\s =8 TeV, 20.3 b + ol (<1-jet) : ¢=F+ i}
—+— Data (stat+syst) E i _¢___.=,____ |
B TR NNLO) | o __
+ ol (0-jet) N | | | | | ]

15 ]
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el v v v v e b e b § 1:_ == 0__"0 ''''' i OE
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GUSW [fb] :i ; MC@&@NLO+Herwig normalized to o, t—:

Precise diboson inclusive & differential cross sections 5 £ e
(WW: 7%, WZ: 6%, Zy: 6%, ZZ: 11%) § e ]
— sensitive to higher-order pQCD effects L] i
0 05 1 15 2 25 3

Precision slightly improved by loosening jet vetos Ad.(rad)
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WW-and 272 @ 13TeV: recent results

ATLAS , 3.2fb™, 13TeV, ZZ — 4leptons CMS , 2.3fb", 13TeV, WW, eu+0/1jet
Phys. Rev. Lett. 116, 101801 (2016) o(WW) = 115.3 £ 10.9 pb (<> NNLO: 120+3+2pb)
(woH— WW) CMS PAS-SMP-16-006
]
. OTeV. 22— SRR ATLAS , 3.2fb™", 13TeV, WW, ey, 0 jet
il o(WW) = 142 +5+133 pb (<> NNLO: 128 = 4pb)
. oms pot (13 Te ATLAS-CONF-2016-090
%35|_Illl|||IIIIIIIIIIIIIIIIIIIIIIIIII
O Z — 4leptons —— D't ] Ty T
§ 30 E gg :g/zv ATLAS Preliminary Total cross section ratio
@ il [gg >H -2z 3.16 fb”' (13 TeV) and 20.3 fb™' (8 TeV) (13TeV/8TeV)
§ o5 N Z/WZ+X
L

ZZ — 4leptons

20

— Data
stat.
[0 stat.+syst.
&= nNNLO+H Prediction

B Fiducial cross section ratio
WW — efvutv (13 TeV /8 TeV)
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Cross section ratio (13 TeV /8 TeV)
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My, [GeV]

WW cross section with 10% precision, sys. limited, consistent with NNLO, ratios to 8TeV
ZZ cross section with 14% precision, statistically limited, consistent with NNLO
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Zy and WZ @ 13TeV: recent results

/]S

CMS , 2.3fb™", 13TeV, Zy — vvy CMS , 2.3fb™", 13TeV, WZ leptonic,
0=66.5%13.6 +14.3 £ 2.2 (lumi) fb o(WZ) = 39.9 £3.2 +2.9/-3.1 £0.4 (th) £ 1.3 (lum) pb
NNLO: 65.5 + 3.3 fb, CMS-PAS-SMP-16-004 NNLO: 50.0 +1.1/-1.0 pb, arXiv:1607.06943
L ATLAS , 3.2 fb™", 13TeV, WZ leptonic,
o(WZ) = 50.6 £2.6 +2.0 £0.9 (th.) £1.2 (lumi.) pb
S OMS Preliminay 2317 (13 TeV) NNLO: 48.2 +1.1/-1.0 pb, arXiv:1606.04017
8 [ y+iet, Wopv, Zy-ly, W—tv, tty [__] Beam halo E
210 ) cocronsy s LA 4
§ [ Zy—vvy ! nguncgrtaimy § ATLAS ’ 133 fb ’ 13Tev’ = 7 )
W L —+— Dana ] WZ leptonic, differential = 1 mp(WZ)  anas preiminay | | .=
1 E ATLAS-CONF-2016-043 = ls=18TeV, 18317] 9
ET(Y) E N i ® Data ]
= 2 [ atLAsPrelminary ' @ oua’ \ 'gb 107 — Powheg+Pythia _| ;9
E 510 §_ ;,‘;;Te"'”'s'b‘ o o ML) 2 < e L e Sherpa E
§ wp ey ZE ] S
] W'Z = £ver nfml:i:
z : 0k e
[ SR S [ R E P B I
8 o5 — o1 2 2r
0500 " 300 400 500 600 700 800 Efcf?i e{/ cioo § E 15'_
0'50__ 200 300 séowz . 3_00 % 1:+hh_}——' ...............
WZ cross section with 7-10% precision e S
First differential cross sections o 200 400 2 (VT

First Zy cross section (vvy channel) .. J[ZP E][[ZPE][ZPEH
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CMS , 19.6 fb",8TeV, Zy — vvy,
arXiv: 1602.07152v1

o(Zy) = 52.7+£ 2.1 £6.4 £1.4 (lumi) fb
Theory: o(Zy) = 50.0 +2.4-2.2 fb

19.6 b7 (8 TeV)
— -

E I I 1

- CMS = y+et, Wiuv), vy, Z(lyy
[ Beam halo

0 QD =
= W—ev E
B Wy— vy
B Zy—vvy
—s— Data E
" Bkg. uncertainty B
== h3=-0.001, h4=0.0

iy
o
!
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—15x107% < h,Z < 1.6 x 1073

—39x107° < h,Z <45x107°

—11x103 < h!) <09x103

—3.8x107% < h; <43x107°.

Most stringent limits on anom. ZVy couplings

Charged and neutral aTGC -’

ATLAS , 13.3 b, 13TeV, WZ leptonic,
mT(W2Z), ATLAS-CONF-2016-043

L L B L
ATLAS Preliminary

== ATLAS combined 8 + 13 TeV
== ATLAS Vs =13 TeV, 13.3fb"
= ATLAS Vs =8TeV, 20.3 fb
== ATLAS Vs=7TeV, 4.6 fb"

I
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aTGC Intervals at 95% C.L.

Exceed 8TeV sensitivity
Combination — most stringent limits
on anomalous WWZ coupling




Diboson cross section summary

Final precise 8TeV diboson cross sections, differential cross sections.

New 13TeV cross section, starting to go differential.
Measurements consistent with NNLO

Diboson Cross Section Measurements

Status: August 2016

T T T T T
144 RN NNR0ONE .
Wy—tvy | o ATLAS Preliminary
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oSS
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SR - 88
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wz SRR
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Diboson cross section summary

Final precise 8TeV diboson cross sections, differential cross sections.
New 13TeV cross section, starting to go differential.

Measurements consistent with NNLO

June 2016 CMS Preliminary
(_;Mls measurements I 7 TeV CMS measureme!nt (stat,stat+sys) +——o—+—
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +—+—e——
13 TeV CMS measurement (stat,stat+sys) ——e——
Y : . 1.06 £ 0.01+0.12 5.0 fb
Wy, (NLO th.) ! o : 1.16 + 0.03 + 0.13 5.0 fb’
Zy, (NLO th) —0— 0.98 + 0.01+0.05 5.0 fb™
Zy, (NLO th) — i 0.98 +0.01+0.05 19.5fb™
WW+wWz Co 5 oo 1.0120.13+0.14 4.9 1"
WW - . 1.07 + 0.04 + 0.09 4.9 fb’
wWWwW Lo 1.00 + 0.02 + 0.08 19.4 fb™
WW — o[ 0.96 + 0.05 + 0.08 2.3 fb™
WZ B — 1.08 + 0.07 + 0.06 4.9 b
WZ e 1.04 + 0.03 = 0.07 19.6 fb™
WZ —— 0.82 + 0.07 + 0.07 2.3 1"
77 H 0.97 +0.13 + 0.07 4.9 fb™
7 4 b 0.97 +0.06 + 0.08 19.6 b
77 | . : o.a? +0.1120.04 2.6 fb"
Allrosuts at: ' Production Cross Se::'tﬁion Ratio: o /0o :
hitp://cern.ch/go/pNj7 . exp theo
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Quartic Gauge couplings }qi

CMS, 19.7 fb', 8TeV, exclusive WW,
a(yy — WW — epX) = 11.9+5.6+4.5fb,
arXiv:1604.04464

ATLAS, 20.3 fb™, 8TeV, exclusive WW,
olyy — WW — epX)=6.9+22+ 1.4
arXiv:1607.03745

IIIIIIllIIIIIIII|III|III|IIIIIII|II
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()
= ] [ |
( . Excl. WW Excl. 1t
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o 10 ?
o We e all/A? = 2.0e-4 GeV?, a/A% = 0, A =500 GeV =
L T al'/A? = 0, /A% = -5.5e-4 GeV?, A = 500 GeV

10 % ERREEE a¥'/A? = 7.5e-6 GeV?, ag"//\2 = 0, no form factor —|

L' LILHL

1 I 1 1 111
20 40 60 80 100 120 140 160 180 200
P [GeV]

ATLAS, 20.3 fb™", 8TeV, WWW, production
STDM-2015-07

ATLAS, 20.3 fb™", 8TeV, VBS WZ — Ivjj/ IvJ
boosted and resolved, STDM-2015-09

CMS, 19.7 fb™, 8TeV, Zyy, Wyy
CMS-PAS-SMP-15-008

19.4 fb" (8 TeV) ’/
- CMS ¢ Data
= Preliminary CMS I Wyy Signal
Wyy ) Zyy

[ Other Multiboson
B jet—y fakes
= Total uncertainty

Muon Channel

Events / 5 GeV

II|IIII|IIII|III

0 DD W A 00 O N

OO
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Evidence: WW scattering (\WWWW ), exclusive WW & Wyy (yyWW ), VBS Zy (WWyZ/y¥)
1-20 (SM): WWW production (\ WWWW), VBS WZ leptonic (ZZWW and WWWW)
Search: semileptonic WV VBS, sensitive to anomalous ZZWW and WWWW couplings
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VBF, VBS and Triboson summary

VBF, VBS and Trlboson Cross Sectlon Measurements Status: August 2016 JLdt

[ﬂ)-1] Reference

I I I I 1 1 1 L | I 1 T T
Zjj EWK o =547+46+99 105 fb (data) ATLAS Prellmmary h ‘ Theory 20.3 JHEP 04,031 (2014)

PowhegBox (theory)
Run1 +/s=8TeV LHCpp Vs=8TeV

Data 20.3fb™!
stat

. stat @ syst
—HWW)ji EWK [ 05017015015 008 o (6ate _ 203 PRD 92,012006 (2015)

LHC-HXSWG (theory)

Hjj EWK, (tot.) o =243+ 0.5 - 0.49 + 0.33 — 0.26 pb (data) 20.3 EPJC 76,6 (2016)

LHC-HXSWG YR4 (theory)

203 PRL 115, 031802 (2015)

08-0.7+1.0-0.9 fo (data) — 20.3 PRL 115,031802 (2015)
CFM NLO (theory)

Wyy—-tvyy r=614
- [njet = 0] o= 2.9?7I

Zyy—ttyy o =5.07+0.73 - 0.68 + 0.42 — 0.39 fb (data) 20.3 PRD 93, 112002 (2016)

MCFM NLO (theory)

- [njet =0] o =348+0, l~0.5(6+03 0.26 fb (data) 20.3 PRD 93, 112002 (2016)

WWW—)[V"VJ] o =0.26 +0.42 - 0.35 + 0.2 — 0.21 fb (data) 20.3 CERN-EP-2016-172
o

35
MG5.aMCNLO (theory)

WWW-tvevey ¢=031.4038. 033 4032035 b (data) 20.3 CERN-EP-2016-172

—0.33
M 5_aMC@N L (theory)

7y =» WW o =6.9+22+14fb (data) 20.2 arXiv:1607.03745 [hep-ex]

HERWIG++ (theory)

WEWHjj EWK o =1.3+0.4+0.2 fb (data) 20.3 PRL 113, 141803 (2014)

PowhegBox (theory)

WZjj EWK =029 +0.14—0.12 +0.09— 0.1 fb (data) 20.3 PRD 93, 092004 (2016)

VBFNLO (theory)
PR IR ST T SN [N TN T TN S NS TN T TN AN T SN AT S [N TN ST SO SN T SN AT SN S (NN T T S 1 PRI T TN BTN SN TN S [N SN T TN T N SN TN SN T NN T SN ST AN |

00 05 10 15 20 25 30 35
data/theory
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VBF, VBS and Triboson summary

5 Jan 2016 CMS Preliminary
= 10°E =
Qo — -
;' — S 7 TeV CMS measurement (L < 5.0 fb™) _]
B $ 8 TeV CMS measurement (L < 19.6 fb™) N
C“ 10 = =
o — -
'..3 — ————  Theory prediction —
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0P
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(%)) — —
(@) - i -
(3 | _ |
C _1 — % T —
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= — -
O — .
5 /7 f ]
(@) . :
o — I ' =
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EW precision measurements
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ATLAS , 81 pb, 13TeV, W, Z, W+/W-, W/Z
Phys. Lett. B 759 (2016) 601

Recent single Wand Z @ 13TeV

LHCb, 294 pb™", 13TeV, Forward Z 2.0 < |n| < 4.5

@*, ZpT, y(Z) arXiv:1607.06495
o(Z->11) = 194.3+0.9+3.31£7.6 pb

CMS , 2.8 fb", 13TeV, m(ll)

CMS-PAS-SMP-16-009

2.8fb ' (13 TeV)

;' 10° ;-CMS Preliminary
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= \\.‘
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Q 10 §' e
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01077;_ 1 1 1 1 1 L1 1 | 1 1 1 1 1 L1 1 1
z — "
% ;E T o .Q......,W!o!.o!’.tf____._ o ® : .
s E2-3% sys. precision . .
% 18 > .
S i E o g @ e o 0cesseessectmmnecteoo® et o
Eox ’ : .
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Re) -
~‘:,’,\ E ATLAS luminosity ® experimental uncertainties
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Eb = ® MMHT14nnlo68CL
Z 1.05— H NNPDF3.0
3 - v CT14nnlo
S ’ A ABM12
©O A ATLAS-epWZ12nnlo
~ - 0 HERAPDF2.0nnlo
0.95— } (inner uncert.: PDF only)
0.9 N
=W W~ W~ V4
\’i’a -
g 1_5 [ 1 rmrrriri I T 1 T LI I T T T LI I 1 ]
= F LHCb.{5=13TeV =
g 1.4 :_ Muon - Statistical Uncertainty * POWHEG+PYTHIAS _:
E 13 :_ Muon - Total Uncertainty 4: PYTHIAS, Monash tune _:
= “E .. . ]
= - oo Electron - Statistical Uncertainty ®|  DYTHIAS, LHCb tune -
= = . =
z 12 = |:| Electron - Total Uncertainty E
o] * FE — x x =1
o *% L1 F L - =
—|o = i
s | || R S
— e D
6*;_9_: 09 :_ i Sereter o
ol 3 7 E el :‘:0.06.:
— o <
~ 08 — &
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107! 1 .

Inclusive (W,Z) and differential (Z) cross sections
— Percentage-level precision, consistent with SM
Starting dfferential cross section measurements
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LHCb, 2fb™', 8TeV, W+W- 8/7TeV
JHEP 01 (2016) 155

CMS , 18.4 pb™, 8TeV, WpT, ZpT,
arXiv:1606.05864

ATLAS, 20.3 o', 8TeV, Z ®*, pT,
EPJC 76(5), 1-61 (2016)

CMS , 19.7 b, 8TeV, Z ®*
CMS-PAS-SMP-15-002

Theory/Data

19.7 fb' (8 TeV)

\ CMS Preliminary

Data

1/6 do/d¢* Monte Carlo /

Ml <21, mi<24
\ Pt >30 GeV, p. > 20 GeV
10 60 GeV < M, < 120 GeV
' L ‘."l-'ﬂnn
‘e,
210’ *
g F )
* C L]
= B L]
K .
-Eb 102 E
© = L]
"= ] 2012data * .
105 =  ¥%Z - Il (MadGraph+Pythia6 Z2*) .
g ¥*/Z — Il (Powheg+Pythia6 Z2*) y
B ¥*/Z — Il (Resbos) 5
15 Lol
1.2
© L
g T |
© ¥ ¥ Y vyy
S Ly 2mmﬁﬁm&mm”HH“
= 0.8F , . l CHiay
10° 10 10 1
q)*

Precision Z measurements @ 8TeV

2 T T —r r gt
i LHCb, s =8 TeV i
|En§ °§“‘}un§u§°o Data,,, o CT14 7]
1.5+ obedT, Data,, & MMHT14 —
_ —-e v NNPDF30 ]
- oot «cto 4 W+/W- asymmetry
[ iy o ABMI2 ] :
1 - o HERAIS 7] 7/8TeV double ratio
osE e 31 — PDF @ low-x:
o, oy, ——— complementary
— > cev/c 1
_'pT':{::::{::::,:::::::::_ to ATLAS/CMS
1.05 -
0.95 EM%W*%?’“’P"?M@*%@‘ﬁg‘m‘}%% s = % % | l : l;
2 2.5 3 3.5 4 4.5
Data - statistical uncertainty [ Data - total uncertainty nlu
SHERPA PowHEGPYTHIA (AU2)
PowHEGPYTHIA (AZNLO) PowHeGHERWIG
12 ATLAS  \s=8TeV, 203" E
B
0t 1 Z®%, ZpT measured
0.6 40GeV<m <66GeV, lyl<24 4 with % precision
1.1E ’ ’ ’ = , .
E .4 Available predictions model
095 = only part of the spectrum
’0.8% 66 GeV <m, < 116 GeV, |y | < 2.4 _g N ngher O(GS) at hlgh_pT
b ] Resummation at low-pt
1_ S| _—::
0.8 116 GeV <m < 150 GeV, ly,| <2. —J L] _
107 102 10 or 10
n

,,,,,,,,,,, 4
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More Drell-Yan precision measurements

Z production: angular coefficients High-mass Drell-Yan, double-differential

ATITAS, 20.3fb™", 8TeV ATLAS, 20.3fb™", 8TeV
arXiv:1606.00689 JHEP 08 (2016) 009
-1 . . . .
CMS, 19.7fb”", 8TeV,Z — pp Differential in m(ll) and double-differential
Phys. Lett. B 750 (2015) 154 m(ll)-y(ll) and m(ll) — An(ll)
B - Precision up to % level.
Ag-Ay <& 0ok ATLAS, £ Comparison with NNLO pQCD+NLO EW
__ cms 19.7 fb (8TeV) o —— DYNNLO (NNLO) +++ Mﬁ —; — sensitive to PDF, in p articular p hoton PDF
<FN 0.3 0.1 —*— POWHEG+MINLO Z+j g ! . \
30'25 ? 0'05; gwﬁ?ﬁé _dj_—D— E 10-1 '. ° ® ® +:;:uncenainty 1
’ ' 02_—‘_213: rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr A:— g 1072 3 ¢ o ° Total uncertainty 1
Q _0.05; é .8 -gk 10 3 o ® w/o luminosity uncer. 1
A 1 C ] 4 ]
o 10°F ATLAS ° .
- ! 10 10 (GoV] 10°F (s=8TeV, 203 b 1
50 100 150 200 q25[oGe\(3?o Py 10°F ~= MMHT2014 with 68% CL (PDF +a) + scale + Pl unc. | ° _‘
) T ; ; § e MMHT2014 w/o Pl corrections 1
Production dynamics through spin-1 correlations ERE:
2 tpeetcscecereserren iR T IR ) N
ﬁ S [(1 +cos® %) + Au%(l —3cos? 8*) + A;sin(26*) cos ¢* + Az% sin? 6~ cos(2¢*) § ?? — MMHT201'4 T __'
+Assin6* cos ™ + Agcosf” + Assin® 67 sin(29") + Ag sin(20*) sin g™ + A7 sin 6" sin ¢‘] . 2 lecas -.i.‘*;*-i«-;-; B S S
= 0.9_"-"""'-'|4EEX}=DF2.0 --CT14 - ABM12 - NNPDF3.0 ]
Discrepancies — missing higher-oder pQCD effects 116 200 300 400 1000 1500
Discriminate between PS approaches m, [GeV]
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sin“®y @ hadron colliders

...Extracted from Arg measurement

DO, 9.7fb™", AFB, sin*Oyeff
PRL 115 (2015)041801

q/pb/gqm

A + (g qm/gqm)g

qm

q/pu / gq/# =1-4|Q,,| 2 Heqf/ffﬂ

FERMILAB-CONF-16-295-E.

CDF, 9.4fb", AFB, sin’Qyeff
PRD 93 (2016) 112016

D0+CDF combination sin’Qyeff
Fermilab-Conf-16-295-E

LHCb, 1+2fb", 7 & 8TeV,
Z - up, JHEP 1511(2015) 190

ATLAS, 4.8fb", 7TeV
JHEP09(2015)049

CMS, 1.1fb", 7TeV
PRD 84 (2011) 112002

LEP-1 and SLD: Z-pole
LEP-1 and SLD: Ay

SLD: A, s
CMS ococ 1 fb™

* 0.23149+0.00016

—
0.23221:0.00029
0.23098+0.00026

0.2287+0.0032

ATLAS ee+ococ 50" o —
. 0.2308+0.0012

LHCb ococ 3 fb” 0.23142+0.00107
CDF o9 fb™ 0.2315+0.0010

CDF ee 9 fb" 0.23248+0.00053
(EJ)EZ ::T;g fb 0.23221+0.00046

——
August 2016: preliminary 0.2313710.00047

TeV combined: CDF+DO —.—
August 2016: preliminary 0.23179+0.00035

Indirect measurements

LEP-1 and SLD (m,) .e~ 80.363%+0.020

TRV 80.135:0.085
CDF a9 fb — o—-80.365+0.047
CDF ee 9 fb™ —e— [l 80.313+0.027
CDF ee+axcocQ fb' o~ = 80.328+0.024

DO ee 10 fb” —e— 80.373+0.024
August 2016: preliminary

TeV combined: CDF+D0
August 2016: preliminary

80.351+0.018

Direct measurement
TeV and LEP-2 o 30.385+0.015

0.226 0.228 0.23 0.232 0.234 go 80.1 80.2 80.3 80.4 80.5 80.6

.2 .lept
Sin Beff

W-boson mass (GeV/c?)

Tevatron: 1.5 permille precission, LHC at 5 permille precission

— approaching e*e- precision, dominant unc.:

Indirect constraint on W mass — consistency of SM

LHC: PDF, Tevatron: statistical, PDF
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http://www-cdf.fnal.gov/%7Ewillis/temp/combCdfD0/drafts/Fermilab_Conf_16_295_E.pdf

Global Electroweak Fits

EW parameters: agy, Gr, my, mz, my sin20yy

mm Global EW fit

Measurements of EW precision observables  Measurement it

+ accurate theoretical predictions about their relations w | | e ]
Traditionally: predict mt, mH My | —e—mmE
Now overconstrained after Higgs discovery — check consistency EIW T T .
Direct measurement < global fit < indirect determination I, e
S g05 - tmm fearott amam m | mordcomn e al| i
et D itw/o and m, measurements i) -- 0 =076 GeV i — .!
Eg [ fit w/o Mx, m,_and M, measurements : | —c=076@ 0.50,, GV A(LEP) ;
[ . direct MW and m, measurements i ’ f\'(SLD) ; -
80.45 |— sife' @ )| et
: ............................................................................ ’..’.;,.:'. 4 ’/ '/ ] A(;,; II ' |
M, world comb. + 15 ' : — Ag’g - ——0——
80.35 :— M,, = 80.385 + 0.015 GeV —: R’ i . i
- . Ry e
i E m| o
- N M) 0 -
- % - - oWy | =
8025:_}‘:?:’?/’ b | I: Aahad(MZ)IIiIIIIiIIIIiTIIIIIIIiIIIIiIIIIiII
| 1 | | - 1 | | | 1 | 1 1 _3 _2 _1 0 1 2 3
140 150 160 170 180 190
m, [GeV] (Oindirect -0)/ Ciot
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Electroweak Fit: HERA  zm

polarized beams

Complementary test of the SM in the space-like domain.
How well can HERA data constrain the EW parameters?

H1 & ZEUS, Combined QCD and EW fit
arXiv:1604.05083

H1 QCD and EW fit ZEUS QCD and EW fit

H1prelim-16-041 Phys. Rev. D 93 (2016) 092002
ZEUS
>D' 1_III:IIII[IFIIIII'IIIIII_ _-ulnux-|:|a||||||||||| ||_ gD.ES.HI_lI‘Illllu‘”.l.lll‘_llll.llulll
" [F1 H1 preliminary [4] ZEUS-EW-Z ] [ ST PN IR 1 & | H1 preliminary
- []H1 (HERA) KL andieEls oatn 1 1 ---e-ees CDF - % [ Fit (PDF,m_sin’®,,) 68%C.L.
I * Standard model | ;| g o ] Lo —+ Fit(PDF,m ), sin’®,, from PDG
0.5 - [ - - - - HI(HERAD ] F : W .
| * Standard Model 4 Flt(PDF,SinEBW],merom PDG
05 |- N )+ PDG 2014
ECI, 0.22- N
F - _
B a
L 1.9
R ]
4  -05| o -
| | m, = 91.1 Gev
i 0 sk ] 5 S | y
—1_|||;1|i|:||1||{||1|1|||_ _"I""I |""|""|"_ BIO'B|1‘8|2'8|3'8|4
1 —0.5 0 0.5 1 1 05 0 05 1
a, a, my, [GeV]
Similar sensitivity and HERA very sensitive to HERA-only and HERA+ext. input
4 : ya p
consistency of Zeus and H1 up-type quark couplings consistent with world average
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Summary

Precise Tevatron and HERA legacy measurements on full data sets

Large LHC 8TeV data set allows for high-precision measurements and
to study kinematics, angular relations

— challenging fixed-order calculations and MC generators
New 13TeV results confirm 8TeV results with already impressive precision

Data in general compatible with SM predictions at higher orders in pQCD.
No hint for BSM yet.
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Appendix
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Appendix

CMS double-differential

CMS Preliminary

© L L
mqf 0 4- xg(x) uf = 30000 GeV? .
5 0.41 —
< [ []18p HERA + CMS W* 8 TeV 1
fﬁ_oz-_ [ + y(tf) 8 TeV ;
> L + M(tT) @ y(tT) 8 TeV ]
(@) i "
é 0 - § 500;—D0 9.7 b :gata DO di-lepton
I £ o Matrix element method
0.2k | JES from I|+jets channel
- Stat. dominated
i Sys: JES, hadronization, UE
-0.41+
L o R 2 mt=173.9311.84GeV
S 05
10-3 10'2 10'1 1 9 g 5 100 150 2:0(G93)50
X T

B
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Appendix

EW precision measurements in Drell-Yan events: A.,, sin20,,eff, ...

Y: {(flQsvulf) . Arg ;. wrt quark direction: cos©*cg  sin?fy =1 — M2 /M2

e
F OF —0p
i B mu- AAFB =
0 Z/Y e od -gbar FF T 08
- "z
gbar q connection with gy / ga

Z: {Flgy v + gh1uvsl )
LHC: quark direction

qm/gqm

estimated via Z direction 4
_ B a/1 ; a/m\o
— dilution effect + (v /9x )2

AOF,é — %Aqu qm/gqn =1 — 4|qu|sinz He%/“’

— deviations of the Z couplings to u,d ?

B N S VR TR R
sin’, — 30 discrepancy between sin20,, from LEP and SLD ?

Sensitiv to Sin2@ lepeff
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