Standard Model measurements

13 TeV LHC parton kinematics
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Overview

» Hadron collider physics
» Parton distributions and underlying event
* Electroweak parameter measurements

» Electroweak boson self-coupling constraints
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Hadron collider physics

Highly relativistic (anti)proton bunches are collided inside a particle detector

> -
Energy distribution of each NN Convolving a given final state over
parton in the proton needed to / \ all initial-state partons provides
describe the initial state | \ access to fundamental physics

parameters
Distributions given by non-

\ | |
\ | \ |
| \
perturbative QCD: empirically Parameters are operator
determine parton momentum i coefficients in the Lagrangian of a
fraction x at low Q° and evolve P quantum field theory:
to high Q° The Standard Model
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Hadron collider physics

Final state of six hadronic jets
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2011 — 2012 — 2015
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Parton distribution functions

Empirical fit for distribution functions performed by multiple groups

MMHT, CTEQ, NNPDF, HERAPDF, and ABM

HERA ep data determines bulk of structure functions

H1 and ZEUS
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Final combination
of ZEUS and HI
experimental results
incorporated into

HERAPDF2.0

arxiv:1506.06042



Parton distribution functions

xu, / xu, (HERAPDF2.0)

1

= 10 GeV*

HERAPDF0 NLO
23+ MMHT2014 NLO
44 CTIONLO (68% CL) |
= NNPDF3.0 NLO

xd, / xd, (HERAPDFZ.0)

xg / xe(HERAPDF2.0)

Gluon at high x not well determined by

Best constrained by pf)) collision data
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HERA  1op quark pairs produced by high-x gluons

Now have cross section measurements at

3 LHC energies (+ 2 Tevatron energies)
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Differential top quark production

Further probe kinematics with measurements differential in mass and rapidity of the tt pair

CMS Preliminary 2.2 o (13 TeV) 08 CMS Preliminary 2.2 (13 TeV)
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Parton distribution functions

Wide range of LHC data further constraining PDFs:
inclusive jet, W/Z cross sections, W+charm, W/Z+jets, bb, cc

12
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Parton distribution functions
Developments from PDFALHC ,1

||| 2010: First prescription for uncertainties @ LHC -- envelope of CTEQ, MSTW, NNPDF
\\\\\\'2012: PDF updates including fits to data at NNLO; separate 0. uncertainty
2016: Combined PDFALHC set -- one set to rule them all &
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Underlying event

Need to distinguish measurement final state from proton dissociation & secondary collisions
Non-perturbative effects: requires empirical models in Monte Carlo generators

ﬂ',Measurements constrain model parameters
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MC / Data

13 TeV results available for
checking & improving tuning

arxiv:1506.06042
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MC/Data

Underlying event

Test modelling in high-Q2 processes

E.g. tt production, with axis defined by p,_ of the tt system
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W and Z boson measurements

Physical W and Z bosons are a combination of:
e gauge bosons that transmit weak/hypercharge
e Goldstone bosons of the Higgs doublet
0 Higgs vacuum breaks charge conservation

W] Z/Higgs physics fundamentally intertwined
Higgs vacuum expectation value

Evidenced by W and Z boson masses: Extracted from Z boson mass
N — (v=174 GeV)
\ Weak coupling
m = (g +g")’v Extracted from muon lifetime
Z
v .
Hypercharge coupling

Extracted from electron anomalous magnetic moment
Im ¢

W boson gets mass from weak-charge coupling to vacuum energy
Z boson gets mass from weak-charge and hypercharge coupling to vacuum energy

m_ = cosf_ m
w w Z
21 March 2016 C. Hays, Oxford University 14



W boson mass

Completely determined at tree level given three inputs:

m =m [%+% (no_, /G m*’2)]"”

=79 964 MeV

Radiative corrections important, dominantly the tb & Higgs loops
For m = 173.34 £ 0.76 GeV and m, = 125.14 £ 0.24 GeV,

Mass of the W Boson

Measurement 3 M,, [MeV] EIIWSM = 80 358 £ 8 MeV
CDF-0/I ——— 80432 + 79
DQ-I ° 80478 + 83
3 H
DS-Il om? —— 80402 + 43
CDF-Il 21 e 80387 + 19
DBl o) .- 80369 + 26
Tevatron Run-0/1/Il -.- 80387+ 16 w w w w
LEP-2 —e— 80376 + 33
World Average | S98SETS T World average from direct measurements:
arxiv:1204.0042 Pt
o m = 80 385 £ 15 MeV
80200 80400 80600

C. Hays, Oxford Universit 15
My [MeV] March 2012 i y



W boson mass

Next round of direct measurements will reduce uncertainty by factor of ~2
e Iinal Tevatron data (increase yield by factors of 2 & 4 for DO & CDF)
e First LHC data (7 TeV)

Early LHC studies investigating theoretical uncertainties & detector calibration

i

u
d x E

wrz’ L

Measurement strategy:

" .fE IEF v (!'J,

Measure charged lepton momentum in transverse plane d (u)
Infer neutrino momentum using conservation of momentum (p '=p ' = 0)
x  Fy

Fit for m  using transverse momenta and two-dimensional “transverse mass”
mr = y2phpr(1 = cosAgh)

Experimental and theoretical requirements:

Precise calibration of charged lepton momentum

Accurate model of hadronic radiation

Accurate model of longitudinal and transverse momentum of W boson
(PDFs & “soft” QCD)

21 March 2016 C. Hays, Oxford University 16



W boson mass

CMS-PAS-TOP-15-017

A first demonstration of muon and hadron calibrations performed by CMS

e Fit for m  after removing one muon from Z—ppu data candidates (7 TeV)

> 0001 (s=7 TeV (4.7 fb') CMS Preliminary f5=7 TeV (471t
> - :' T T T T T T T T T ] 14000—_\Il|l\\|l\\llll‘\ll_+_ |\_—
= - CMS 1 < B DATA .
& 0.0008F e -1 O C ZW )ity (00.9%)]
Ay - Preliminary 1 0 1a000" w H
~ 0.0006F = o - [ Background (0.1%)
2 8 0.0004F | A4 S e E
% 0.0002f it 1 £ eo00- L -
E = - g R ﬁ‘\ &‘i ‘% ] g L +4 ]
&8 ()] 'i ; - O 6000-% . -
E 000024 % ! : - s .
L -7 ! 1 i 4000~ ., .
-0.0004F A dy Inl<0.9 - . e ]
- o Jy 09<|n|<14 . 2000 e,
- 4 Y(1S <0.9 A C Fary)
-0.00061 - E‘(1S’)°'9"|2|"3'3 1 i
- < 0. N
-0.0008} o z o.gcmlcu - = 5F -] b a
- ] = . .
0001 L R e e
102 .. e e .
+
P; [GeV] Y4 6 & 10 12 14 15

Recoil [GeV]
Muon momentum calibration: Hadron calibration

~15 MeV uncertainty on m__ sufficient

Roughly equal statistical and systematic uncertainties

Larger W boson sample will cut statistical uncertainty by
more than half

CMS Preliminary

\s=7 Tev (4.7 fb )

o P, 1 [ weany=
EE = Total unc.
§ == Stat. unc.
g T i I Exp. unc.
g ET O 1 MZFDD une.
o P; 1]
©
Z m,
2
= B 0

| NI S S I TR SN S S NN S N N P T T S TN SR T T N S S S |

—150 =100 50 0 50 100 150

MZW—er _ MZPDG (Mev)
Reasonable consistency considering
~50 MeV uncertainties

My e |

Wi
M.,

Sources of uncertainty

[ pr

mr l Ir ” Pr ] ”I'fT | Ir

Lepton efficiencies 1 1 1 1 1( 1
Lepton calibration 14 1314 12| 15| 14
Recoil calibration 0 9113 0 91 14
Total experimental syst. uncertainties | 14 17 | 19 | 12 | 18 | 19
Alternative data reweightings [ 5 S5 14 11| 11
PDF uncertaintics 6 5| 5 6 5| 5
QED radiation 22 23| 24| 23| 23| 24
Simulated sample size 7 6 s 7 6 8
Total other syst. uncertainties 24 25| 27| 28| 27| 28
Total systematic uncertainties 28 30|32 30| 32| 34
Statistics of the data sample 40 36 | 46 || 39 | 35| 45

49 47| 56| 50| 48 | 57

21 March 2016 C. Hays, Oxford University Total stat.+syst.



Additional theoretical uncertainties in m  measurement from PDFs and W boson p_

(BN

1/ - do/dp

0.05/
0.04f
0.03}]

0.02}

W boson mass

e Translation from measured p_Z distribution to p " is sensitive to initial parton flavour
P P P

.........

CuTe NLO+NNLL
pp —Z
—uu
—dd
—Ss§
S— o\
L ——bb

- L| b )
i w L

—W 80385 +20 -19
W witl;l Ic|fet|e7‘.:mur F???t? 80385 +22 -21

FI L1 1 ‘o p— ‘.o ; 11 ‘DI 111

T a ]

™ ~—

N N
PDF member

803851

80380

80375

CuTe NLO+NNLL
pp > W

—-w
--W* with det

ectorlelfflef:tls 80385 +13 -12
|

!

80385 +12 -11

Heavy flavour quarks contribute
more to Z boson production

Asymmetric PDF uncertainty between
W™ and W production: W™ has higher

fraction of valence-quark production

ATLAS-PHYS-PUB-2014-015

c.f. CDF uncertainties:

- 0
N N
PDF member

Source Uncertainty
Lepton energy scale and resolution 7
Recoil energy scale and resolution 6
Lepton tower removal 2
Backgrounds 3
PDFs 10
p7 (W) model 5
Photon radiation 4
Statistical 12
Total 19

Phys Rev D 89, 072003 (2014)

—
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Z. forward-backward asymmetry

Measuring relative vector and axial couplings of Zff indirectly determines m

Fermions have V-A coupling to weak charge, V coupling to hypercharge

Relative V to A coupling — relative hypercharge to weak coupling — relative Z to W mass

‘Tevatron: Relative vector to axial couplings affect relative production of positive lepton along proton
direction (forward) to production opposite to proton direction (backward) -

OF — OB -
Avrs —
B OF + OB 0.6
0.4
i =T§ — 2Q; sin’ O and
gy = 13 2 ¢ sin® fyr anc 0.2
. . <
Asymmetry depends on initial state partons: -0.2
Important to have accurate PDFs -0.4

SUOTRUUT FUUTIUUIN VU U FUVITUUN FUUET TN DUVIT TN DUUUR TR SO
40 60 80 100 120 140 160 180 200
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Aih

Z. forward-backward asymmetry

New CDF measurement maximizes statistical sensitivity by weighting each event
according to the symmetrized angular distribution — an effective unbinned likelihood

0.6~ CDF Run Il Preliminary: ee 9 fb ] Measurement also reduces PDF
-+ dla
: ' uncertainty by weighting each PDF in
p PoWHEGROXHLO NNPDF3.0 by a likelihood fact
0.4 — First/Last Bin: * y a 11kKel1inoo acCtor
- Underflow
R Overflow 35
I " CDF Run Il Preliminary: ee 9 fb™ Y
0.2\- - POWHEG-BOX NNPDF-3.0
: 30
I @ Fit result for each
0 J -ul: o5 PDF in ensemble » 7
N n S
-ﬂz |N 20__ L v v‘v‘v ¥
: v "v" ¥ ';‘,::‘, v'
15 ~ '~ MY A4 L M
-0.4] | TR P DU P TR T e oone  nooa5  N59aF
60 70 80 90 100 110 120 130 140 150 0.2236  0.2239 %332 0.2245  0.2248
M (GeV/c?) SN By

CDF note 11178 1
21 March 2016 C. Hays, Oxford University 20



Z. forward-backward asymmetry

Total uncertainty statistics-dominated
Systematic uncertainty PDF-dominated

LEP-1 and SLD: Zpole &
0.23153+£0.00016

LEP-1 and SLD: A]; -
0.23221+0.00029

SLD: A, .-
CMS uu 1t

0.23097+0.00026

0.2287+0.0032

ATLAS ee+uu 5 b

DO ee 10 fb" ——
0.23146+0.00047

CDF uu 9fb”
0.2315+0.0010

CDF ee 9 fb"
CDF Run Il Preliminary

CDF ee+uu 9 ——
CDF Run Il Preliminary 0.23222+0.00046

—_—]—
0.23248+0.00052

Final combined ee+jL:
sin? 059" = 0.23221 + 0.00043 + 0.00018

sin? Oy = 0.22400 + 0.00041 + 0.00019

My, (indirect) = 80.328 + 0.021 + 0.010 GeV /c?

Indirect Measurements

LEP-1 and SLD (m,) .= 80.3631£0.020

CDF puu 9 fb” — o—.80.365%£0.047

CDF ee 9 fb” —.— 80.313£0.026

CDF Run Il Preliminary

CDF EE+‘HFH 9fb’ e 80.32/7/+0.023

CDF Run Il Preliminary

Direct Measurement

TeV and LEP-2 - 80.385x0.015

0.226 0.228 0.23 0.232 0.234

. lept
sin® 6

80 80.1 80.2 80.3 80.4 80.5 80.6

W-boson mass (GeV/c?)



Top quark mass

Top quark mass a key parameter in m_ corrections: 1 GeV change in m affects m by 6 MeV
W ¢ W

Leading uncertainty in SM prediction of m
"%

ATLAS+CMS Preliminary LHCIOPWG  m,, summary,|s = 7-8 TeV Sep 2015 > EEE D L B Idl 'b '+1 tT r]
-------- World Comb. Mar 2014, [7] 3 ~ 68% and 95% CL contours i m‘ ‘:fr_ 1::';4 -G;VG ’_x' 7
toral uncertainty total stat = 80.5 — [l fitw/oM, and m, measurements E i E -~ 5=0.76 GeV T
Migp = 173.34 £ 0.76 (0.36 £ 0.67) GeV e, & total (statt syst) 5 Ret §§ B fit w/o Mw’ m, and MH measurements | (| —o= 0.76 & 0_5(J}bm,GeV
ATLAS, l+jets (%) ——s—ti 172,31+ 1.55 (0.75£1.35) 77Tev 1] C direct M,, and m, measurements i -
ATLAS, dilepton (*) — +— 173.09+ 1.63 (0.64+ 1.50) 7TeV [2] 80.45 — .
CMS, l+jets e+ 173.49+ 1.06 (0.43+0.97) 77Tev @ C i
CMS, dilepton 1t 172.50+ 1.52 (0.43+ 1.46) 7 TeV [4] -
CMS, all jets ——e——i 173.49% 1.41 (0.69£ 1.23) 7TeV [5] 80.4 B
LHC comb. (Sep 2013) e 173.29+ 0.95 (0.35+ 0.88) 7TeV [6] OO SR oy - - | [ o S
World comb. (Mar 2014) H¥H 173.34+ 0.76 (0.36+ 0.67) 1.96-7 TeV [7] B
ATLAS, l+jets —a—1H 172.33+1.27 (0.75£1.02) 7TeVv [8] ~ My world comb. + 1o
ATLAS, dilepton —f—t— 173.79+1.41 (0.54+ 1.30) 77TeV [8] 80.35 [— M, =80.385 = 0.015 GeV
ATLAS, all jets FH——=—— 175.1£ 1.8 (1.4 1.2) 77Tev 9] o
ATLAS, single top ———— 172.2+2.1 (0.7£2.0) 8 TeV [10] C
ATLAS comb. (200 H- 172.99+ 0.91 (0.48+ 0.78) 7TeV [8] 80.3 —
CMS, l+jets HeH 172.35+0.51 (0.16+ 0.48) 8 TeV [11] | _]
CMS, dilepton —ter 172.82+£1.23 (0.19+1.22) 8 TeV [11] : ARl :
CMS, all jets HeH 172.32£0.64 (0.25£0.59) 8 TeV [11] 80.25 __ 4??’/ r % :
CMS comb. (Sep 2015) HH 172.44+ 0.48 (0.13:0.47) 748 TeV [11] e,
[1] ATLAS-CONF-2013-046 [7]1 arXiv:1403.4427 B ‘l” 1 1 1 : | 1 |_
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330 1 40 150 1 60 1 70 1 80 1 90
[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) Superseded by. results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055 mt [GeV]
ShOWn belOW the “ne [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
'1('55' L '1;0' T T T T CMS combined 7 & 8 TeV m_ is 0.9 GeV below
m,,, [GeV] the world average, with 30% lower uncertainty

CMS m_would reduce mWSM by ~5 MeV, leading to ~20 discrepancy with direct measurement
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Overview
» Hadron collider physics
» Parton distributions and underlying event
* Electroweak parameter measurements

» Electroweak boson self-coupling constraints

21 March 2016 C. Hays, Oxford University
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Electroweak boson self-couplings

No free parameters in gauge boson self-couplings

Constrain possible non-SM “anomalous” couplings
Non-renormalizable terms, can violate unitarit
: Y

Historically suppress anomalous couplings via a form factor
Implies some new high-scale strong dynamics

AGS) =

S/ A2)2
Recently also study constraints with no form factor (1+5/4%)

Valid for new high-scale weak dynamics
In line with proposed Higgs coupling constraints, historical LEP constraints

Apply to effective field theory: Lagrangian with all possible 6-dimensional terms
ALige = ie |0k A WEWS + Ry A WiW, |

+ igcy [5 g1 (W;!; W, —-W, IfV; ) Z, + 0K, Z,, Wj W, + i, ZW ”,:?L H;v—]

v

i [ MWW A+ A WEWE Ay | + i | NW Wi Z + MW Wi 2]

m o T (112 vp<tpPp v vp< P ’ m %V L vp<pH vp= P
C3G 3 rabe b e C3G 3 rabe b e .
. ; Ga. G Gr_, 3 rabe Ga. G G(_, 3' 6
* v2 951 T vpGpp v2 951 py b p i LHCHXSWG-INT-2015-001 (36)



Gauge-boson self-coupling processes

s-channel multiboson production
q W q w
Z/y* W QGC

q w T Z q Y

t-channel vector boson fusion

u > u
z " /
w v a
u > d

Vector boson scattering

FMarch 200 1 — —aq 4 ,



WW production

Previous cross sections measured to be ~26 higher than NLO SM prediction

Discrepancy reduced with NNLO+NNLL calculation
Top quark contributions important

T | T T T I T T T | T T U | T T T | T T I T ;' 1E_| | DL L L B T '.!-11 T T r.| T T
ATLAS | t 8 AT e == oo oy
\s=8TeV,20.3fb + WW — e*v lyl-T_V =, - . F‘::I:zg-ﬂesuﬂm -

& 1o —— MC@NLO ]

—— Normalized Data + ° - 4 -

—— stat 22 10¢ - .

stat+syst I o = e
- .
gl 2PPrOx NNLOANNLL y WW—etveyv 6 =
[arXiv:1410.4745] i 4 =
* approx. NNLO | ]
[arXiv:1408.5243] $ 2 =
\ NNLO p_-Resum ¥ WW — v v @ VBpTT e ey
[arXiv:1407.4481] } S 1.4 =
| | | 1 1 I | | 1 | I 1 | 1 1 1 | | | 1 I | -H-: 1.21 h # l %
0.4 0.6 0.8 1 1.2 1.4 B o8 E
: - o 06 —=
Ratio of predictions to measurement YT P TN TR A B I I T
*7740 60 80 100 120 140 500

p, (leading lepton) [GeV]

arxiv:1603.01702 Discrepancy historically isolated at low p.
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WW production

+ NNLO H>WW (MSTW PDF) (arxiv:1307.1347 [hep-ph])

(arXiv:1408.5243 [hep-ph])

Measure key

"é - ATLAS
%g - NNLO WW (MSTW PDF)
S
102 — WW (pp)
— WW (pp)

(incl. H—> WW above 7 TeV)

IIIIIII

T

10

FT IIIIII

® ATLAS WW (20.3 fb™)
O CMSWW (19.4 fb™)
+ H— WW contribution

O ATLAS WW (4.6 fo™
B CMSWW (4.9
Tevatron (1s=1.96 TeV)

Y DOWW (9.7 fb™
| 1 1

LHC Data 2012 (1s=8 TeV)

LHC Data 2011 (\s=7 TeV)

P 4 6 3 14
\s [TeV]
Good agreement between measurements

and NNLO predictions o5 CMS_ 19.41b"(8TeV)
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N\/ 15 ; —— Expected 68% CL _Z
S F—- Expected 95% CL 3
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5 . o - .
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d . . -5 E
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205 T
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Vector-boson fusion

Single-boson production probes triple-gauge coupling through vector-boson fusion
An important channel for measuring Higgs boson couplings

Vector boson fusion of a Z boson measured by ATLAS and CMS
VBF W production offers higher statistics, more precise test of signal and backgrounds

First measurement of VBF W at the LHC performed by CMS

zZ / Key characteristic of vector-boson fusion:
Forward and backward hadronic jets (t-channel exchange)
w v Large invariant mass of jets, large rapidity separation
u d
19.3 b7 (8 TeV) e 2310 (8 TeV)
g fows T T R W | @ 10°ECMS Ewkws2eis 3 g = ()49 + 0.04 + 0.09 pb
% 1000 ,_;rj(fnmicr;gznef =£IIT_’||v + dets — O) muon channel B W-shv + Jets ; meas : - — i p
§ N E Z}n%il[ofdeis ] 8 || TOF[ -
" soof- Bcuet. 1 10° B Z/y SI'T + Jets
- [ Bl Dibosons o™ =0.50%0.03 pb
600 ] 2] * data 1 SM
- ] c :
- i 2 102
or E Fiducial region:
- . it j2
200; —: 10 pT >60 GeV, pT >50 GeV,
oz ; mi]_>1000 GeV, |ﬂj|<4-7
55
g8 1000 1500 2000 2500 3000 oh

m; (GeV) CMS-PAS-SMP-13-012




Summary

LHC has led to a step change in SM measurements

Theory:

A uniform ensemble of parton distributions at NNLO
Event generators at NNLO, merging of parton emissions at NLO

Experiment:

Fiducial and differential cross section measurements

Rare processes never before studied

Standard Model Production Cross Section Measurements

Status: Nov 2015
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Higgs boson production

* Run 1 results use “kappa” ~model-independent framework

— Multiplicative factors for Higgs terms in the Lagrangian

For a given production
process or decay channel:

KZ_g_/JSM
VA K |

2 _
K,f_rj/rsm

Connect to measurements via
“w” factors (notation: i—H—{)

(J’,—
IJ_ [ —
I (i )sm

I 0

and pj = —

, BRI

!. —
(T )sm

ATLAS-CONF-2015-044,

21 March 2016

:a“fxﬂf

. (BR )¢y,

CMS-PAS-HIG-15-002

Production Interference  Multiplicative factor
o(ggF) b—1 Ky ~ 106 & +0.01- k5 — 0.07 &k,
o (VBF) - e 074k +0.26- k3
a(WH) - ~ Ky
o(gq/qg = ZH) - ~ K
olgg — ZH) Z-1 ~ 22745 + 037 k] - 1.64 - k54,
a(itH) - ~ K
o(gh — WiH) Wt ~ 184k + 157 - Ky — 241 - KKy
o(gh — rHg) Wt ~ 34k +3.56 Ky —5.96 - K, Ky,
a(bbhH) _ - K]:"
Partial decay width
I-K/. _ N Kj,_
rvw N ~ &
r W—1 Ky~ 1.59 - kyy +0.07 - & = 0.66 - ky K,
[ B .2
I-bh _ - K]:J,
I'}!.ﬂ _ - K;
Total width for BRggy, =0

0.57 - &, +0.22 - k5 +0.09 - &7 +
[y - kG~ 006 K2 +0.03 k2 +0.03 k4

+0.0023 - k5 + 0.0016 - x5, +
+0.0001 - & +0.00022 -




Higgs boson production

e Combined ATI

ATLAS-CONF-2015-044,
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LHC Run 1
KZ K, <1 ;
— BRBSM=O
K —*1c —
Wi +26
K,
K. ———t—
Ky '
Kq ————
K'}’ ——-—r—
BRBSM |
0 02 04 0.6 0.8

12 14 16 1.8 2

Parameter value

ggF
VBF
WH

ZH

lJttH

n

LASTCMS « and |l constraints

ATLAS and CMS Preliminary ——ATLAS
LHC Run 1 ~CMS
-+ ATLAS+CMS
— : —* 1o
: —+ 20
_#._
——
— ' Production process ATLAS+CMS
5 Mgk 1030 [
__.__: Hvpr L. mm
| ' Hw i 0.88% ﬁ:
i HzH 0.80%y; :'.rJ
' HMeo b 2. ‘T’Igz
. i
®
>
_dm—
——
NN ERNEE SRENE FRETE NS NN SRR R
0 05 1 15 2 25 3 35 4 2t

Parameter value



Higgs boson production

* First results with effective Lagrangian from ATLAS H—yy

Consider only terms relevant for ggF and VBF production

L= E},O +c 0 + CywOnw + cusOup
+ C O + E 0 + ¢ IWOHW + CHBOHH« arxiv:1508.02507
E | | T | | T | | | | | | | | | | | | | T I ] E.IDE_ T T T T T T T T T T T T T T T T T T T T T T T _]
w 3_ Impac:t on gluon fusion H— vy, {s=8TeV :'1; Cpp— H— vy, {s=8TeV, 20310 ¢ data
= ,=0.0001 -~ &, =0.0002 ATLAS Simulation 1 & [ ATLAS — Standard Model
2 I, VBEAVH - - T, = 0.0001
& 2.5F mp_acm" [ -+ . --T,, =0.05
L --T,, =005 - G, =01 . ) I *
i : : ] :-1+ _
2 m——————— I SRR !.. o 105 I *+ | + ]
i i I :,_ \ ] F E
L ! ! | ] r " i
SR NRRG i P B :Th AN O
— 1 H —_ | e
1.5_ - I__: : : . i | s I harasry L i
i = - - :__ :__ __-": — |: L I--- |:
| S—— - Sl B, L |5
0_5_0 N S S |$ |\\ |\\ |<‘I. N L N ] :0 L L |Q" S ;&a l.’ L |§\ = Ly |’:
R o, R, %t e e B e B ] 2 Y 2 =
R EEER RS AAAREE L N L 55558545 °7° %0 5% 5% SR 2 4 7
p. [GeV] Nt my [GeV] Ag; P 1GeV] P, (GeV] Niets m; [GeV] Ag, pT [GeV]
Impact of effective couplings Measured results
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Higgs boson production

* First results with effective Lagrangian from ATLAS H—yy

— Obtain constraints in 1- & 2-dimensional couphng planes
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Higgs boson production

» Leading-order effective Lagrangian has limitations

— Parameters have no sensitivity to e.g. pTH

e Ongoing work to extend to NLO and to add dimension-8
operators

— already 59 operators at dimension-6

* Yellow report will also have prescription for connecting
experimental constraints on EFT parameters to specific models

— Also plan to investigate connections between exclusive cross
sections to specific models
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W and Z boson masses

W and Z bosons contain three fields of the Higgs doublet

— Loop mass corrections common to those of the Higgs boson

— W boson mass is predicted given the precise knowledge of
the Z boson mass, electroweak couplings, and top mass

* Compare to direct measurement to probe corrections

w w

e Sensitive to low-mass supersymimetry

15000

W S v W - ev

10000

y2/dof =58 /48 y2/dof = 52/ 48

10000

5000

Events/ 0.5 GeV
Events / 0.5 GeV

5000

%o 70 80 90 100 60 70 80 90 100
m, (GeV) m, (GeV)
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Events/ 0.5 GeV

W boson mass measurement

e Tevatron experiments analyzing final data set (~9 fb'l)

— Factors of 2-4 increase in events

— CDF expects final uncertainty of ~10 MeV

15000__ W - puv B W — ev
= 10000 —
L = L
i y2/dof = 58 / 48 & y2/dof = 52 / 48
10000 — ]
L py L
—
L P L
| a:.! 5000 —
5000 — w B
1 1 L 0 : + L L L L 1 1 |
%o 70 80 90 100 60 70 80 90 100
m, (GeV) m, (GeV)
Source Uncertainty
Lepton energy scale and resolution 7
Recoil energy scale and resolution 6
Lepton tower removal 2
Backgrounds 3 PRD 89, 072003
PDFs 10 ’
pr(W) model 5
Photon radiation 4
Statistical 12
21 March 2016 Total 19
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W boson mass measurement

 LHC experiments laying groundwork for measurement

— Many details of W & Z production need to be understood

e Parton distribution function uncertainties dominate

e Constrain with W+/W- asymmetry, Z rapidity

CMS preliminary, L =18.8fb'at s =8 TeV
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W boson mass measurement

 LHC experiments laying groundwork for measurement

— Many details of W & Z production need to be understood

e Parton distribution function uncertainties dominate

* Constrain with W/Z ratio, W+charm

I IIII|IIII|IIII|II]IIIIIIIIIIIIIIII

ATLAS
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PRL 109, 012001 s JHEP 05 (2014) 068 62255 [pb]



W boson mass measurement

 LHC experiments laying groundwork for measurement

— Many details of W & Z production need to be understood

e Parton distribution function uncertainties dominate
e Constrain with LHCDb?

x10°
% L, LHCb, W'Runll ;’:*“d"‘d““ E Run-I Run-I1
0 ny = 5.4e+06 Dz h_; BV 3 3 fh! 7 fh—!
od. .
E- 200 - DIF bed — Wt W- W+ W
® - 3 Signal vields, =10 1.2 0.7 5.4 3.4
g 150 ] Z/~" background, (B/S) | 0.15 0.15 015 0.15
- . QCD background, (B/S) 0.15 0.15 0.15 0.15
100 — dmy (MeV)
E Statistical 19 29 9 12
50 — Momentum scale T T 4 4
. Quadrature sum 20 30 10 13
0
2 r ' ' ]
2 MO2F _ §m =+50 MeV . Could lead to ~25% reduction
E C + ] . . .
Z %&«S&a@%ﬁ%ﬂ%ﬂm in combined PDF uncertainty
2 I * + {
sz 098 ]
ER T 30 ) X
o Muon pT (GeV) aerV:1508.06954
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(Data,Prediction) / RESBOS

W boson mass measurement

 LHC experiments laying groundwork for measurement

— Many details of W & Z production need to be understood

e Transverse momentum distributions also important

2:— —e— Combined Data 2010 ATLAS —: © T4—
T aamenmawe  [uearpr ] 2 [ ou
. MC@NLO ‘ ] c 1_3_ s FEWZ (u=M.) (PDF + sca. unc.)
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1.2_— ] B [ | _
5. ] . l _
i _ I :
s &= mimmmEElE . 1 | A 1 —
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0.8 |
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W
PRD 85, 012005 pr [GeV] JHEP 09 (2014) 145 7 [GeV]
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Z boson asymmetry

 LHC measurements have significant PDF uncertainties

— PDF improvements needed for both direct and indirect m_

5 m12_
o L r
< 1} ATLAS uree .otrecti cartai iy
O.Bf— VS =7TeV. 4.6 fb- 3 source correction uncertainty
- muon : ¢ PDF - =0.0013
0.6 ﬂ_ﬂ'— : R
0.4F o FSR CMS - =0.0011
0.2F 2 LO model (EWK) - =0.0002
oF g LO model (QCD) +0.0012 =0.0012
_0.2F : —}— Data, full unfolding resolution and alignment +0.0007 =0.0013
_0_42_ . PYTHIA, Z/ 7> 1 efficiency and acceptance - +0.0003
ca background - =0.0001
:: total +0.0019 =0.0025
— ol 07 10° PRD 84, 112002
m,, [GeV]
ATLAS sin® "
CC electron 0.2302 + 0.0009(stat.) + 0.0008(syst.) + 0.0010(PDF) = 0.2302 + 0.0016
CF elect 0.2312 + 0.0007(stat.) + 0.0008(syst.) + 0.0010(PDF) = 0.2312 + 0.0014
electron 7(stat.) (syst.) ( ) JHEP 09 (2015) 049
Muon 0.2307 4 0.0009(stat.) £ 0.0008(syst.) £ 0.0009(PDF) = 0.2307 4+ 0.0015
El. combined | 0.2308 &£ 0.0006(stat.) = 0.0007(syst.) = 0.0010(PDF) = 0.2308 £ 0.0013
41

Combined

0.2308 £ 0.0005(stat.) = 0.0006(syst.) £ 0.0009(PDF) = 0.2308 = 0.0012
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