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Introduction

Importance of Higgs-related SM Measurements:

Precise measurements of inclusive and differential cross sections
Validation of SM predictions

Constraints on anomalous triple gauge couplings

Major backgrounds for SM Higgs and other new physics searches

L O 0O 0O 0O O

Important for measurements of Higgs properties if it does exist
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The ATLAS Detector




Prompt vy Production at Hadron Colliders

0 Prompt yy production at hadron collider via QCD interactions:
q 7T 9 Y q Y 9 Y
®
O -
g Y g Y g ¥ T 9 ¥ Y
“Direct” photon Single photon fragmentation

0 gg scattering: despite O(0ls?) suppression relative to qgbar process, the large gluon
luminosity can make this contribution sizable in particular kinematic regions

0 Several sources of enhancement corrections: ISR, FSR, other possible small-x logs
(resummation) .

-
. I g
0 Fragmentation contributions can be suppressed 2
via experimental photon isolation requirement ""‘_&\;{:

and p(yy)<M(yy)

Double photon fragmentation (not included
In any theoretical predictions)
Low mass and small angle yy pairs
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vY: Theoretical Predictions

a PYTHIA

0 qgq—>YY and gg—>Yy matrix elements
0 All orders resummation to LL accuracy via parton shower

o No fragmentation contributions included

a DIPHOX

o Fixed-order NLO calculation (except for gg—>yy which is at LO)

0 No resummation: usually avoid divergence by requiring asymmetric cut p-(y,)-

pP1(72)>0
o Single-photon fragmentation (to NLO) included

0 RESBOS

0 All-order resummation (to NNLL accuracy) matched to NLO

o Single photon fragmentation included via parameterization that approximates
rate predicted by NLO fragmentation functions

Partonic isolation applied

PYTHIA/DIPHOX/RESBOS predictions need to be corrected for non-perturbative
effects: underlying event and hadronization
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vY: Photon Identification
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Seeded by a cluster in the EM calorimeter
0 Unconverted y: no tracks pointing to the cluster
o Converted y: one or two tracks associated to the cluster

Cut on fg,,, narrow shower width, no second significant maximum in the 1" ECAL layer
(high granularity strips in 1), shower shape in the 2"¢ ECAL layer
Reconstruction efficiency: 80-85% (barrel) and 70% (endcap)
Photon isolation: E(iso) < 3 GeV within cone R<0.4

Use electron isolation
E;(iso) is used to estimate the contribution from jet background 5 predict photon isolation
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vy: Subtracting Backgrounds

0 4x4 matrix method: classify events into 4 z,PP II{I/?
PF Vi
. . —E N2
categories  (PP/PF/FP/FF) using photon Spp Wi,
isolation cut (E;(iso)<3 GeV) and construct an SFF Wi
efficiency matrix E (€: 80-95%, f: 20-40%) 5 o0t atias | I
% 800? 25?12;)16[16,?}5=7T6V,JLd1=37pb é
T 700 [ \ @ e 1Y =
. . . . . S 600 T 3
0 2D isolation template fits [E(iso1) vs E;(iso2)]: 22;;: R -
isolation templates for vy, yi and jj events are a0o: cstmgaon)
built from data (using electron extrapolations 2% E
and non-tight control sample) e e,
ES [GeV]
o 2D sideband method for the case of two é © ®
photon candidates: for events with the = -
leading candidate in A region, a second 2D E
matrix is used for the second candidate
::‘; A B’
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events /| GeV

vYy: Extracting the Signal Yield

0 2022 diphoton events selected with p;>16 GeV within fiducial region, tight
photon quality and isolated (E;(iso) < 3 GeV)

0 All three background estimation methods agree fairly well with comparable
systematic uncertainty (~15%)

0 Electron background subtracted using N(Z2>ee) X f(e=2>Y)
35:_|| T LI LI LI LI LI LI LI LU T II_: % 35‘:_| T T T T T T T | T T T T T T T T | T T T T T L:
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do/dm,, [pb GeV''|

(data-MC)yMC

(data-MC)yMC

vy: Data/Theory Comparison

o Single differential cross section:

do  N—Npyg
dX ¢-A-L-A

0 Some disagreement especially in the low A} region and Ap~7 (missing double photon

X=M,, Py’ Ag,,

fragmentation?)
0 Qualitatively compatible with measurements from DO, CDF and CMS
0 Double differential cross section measurements with larger dataset will be useful
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SM WW Cross Section Measurement

0 Irreducible background to the Higgs search in H2>WW=21vlv

q W+ q . 9 W=

7 W q

NLO prediction: c(pp2>WW) = 45.1+2.8 pb
Two high p; leptons (e, 1) with large MET

Sequential decays to electrons or muons via tau leptons are included as signals

o O O O

Dominant backgrounds: Z+jets, top and W+jets

0 Cross section is measured as (fiducial vs total cross sections):
Ndata _Nhg

o(pp = WW™) = Aww X Cyw X £ X BR
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WW =2 Ivlv Event Selection

o WW = Ivlv: two high p; leptons and large MET
0 Electrons: isolated, shower shape, inner track matched with p;>20GeV
Q0 Muons: isolated, combined muon and inner detector track with p;>20GeV (|n|<2.4)
0 Leading lepton with p;>25 GeV
o Dilepton invariant mass cut: |M-M;|>15 GeV for ee and pp
0 MET™® cut
o No jets with p;>25 GeV and |n|<4.5
0 Reject events with at least one b-jet with p;>20 GeV

> 0TI T T T T T > P LIS L NN IR BN B BN B
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Events / 5GeV

Events

WW =2 Ivlv Event Selection
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WW =2 Ivlv Cut Flow

Selections ee + L™ uu+E™ ey +EF™
2 leptons (SS+0S) 1049296 1823285 21549
2 leptons (OS) 1043310 1822980 20677
leading lepton pt > 25GeV 1025363 1773911 15618
trigger matching 1024912 1763886 15579
myry >15/15/10 GeV 1021200 1753923 15563
Z mass veto 95889 178777 15563
cmiss | cut 1303 1784 6653
Jet veto (No. of jet=0) 254 357 1265
b-jet veto 229 325 1176
sub-leading lepton pr > 20 GeV 196 287 1041

1524 candidates observed for 4.7 fb™! of data
Electron efficiency: 64-78%
Muon efficiency: 93%
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WW =2Ivlv Signal Estimation

0 WW = Ivlv generated with MC@NLO (gg2WW) with HERWIG for parton shower and JIMMY
for underlying event simulation
O Mean number of interactions per event in MC is reweighted to reproduce that observed in data
o Corrections for lepton identification efficiencies, energy/momentum scale and resolution, MET
resolution applied
o Corrections for jet-veto efficiency: f, = g, /g m =0.9531+0.048 determined from Z events
Sources eTe EMSS Ty EISS oty FEMS - Combined
Aww uncertainties € Kinematic and geometric acceptance
PDF 1.4% 1.4% 1.4% 1.2%
Scale (ug, Ur) 2.1% 1.6% 1.7% 1.5%
Selections ¢e Channel pu Channel ept Channel Jet Veto (MC modeling) 5.0% 5.0% 5.0% 5.0%
. cvev iy ddudd v evuy ,wfv Cww uncertainties €—— Measured to produced events in fiducial region
me:lm_i 24744 0469 24744 9369 40448 18936 —po 0.3% 0.6% 0.5% 055
2 leptons (SS+0S) 6284 907 1099.1 1503 1679.5 2295 =e ) s s s s
2 leptons (0S) 6232 90.1 1099.1 1503 16795 2295 Electron Scale 0.9% 0.0% 0.3% 0.3%
leading lepton pr > 25GeV 6169 882 1081.1 1454 14961 179.7 Electron Resolution 0.0% 0.0% 0.0% 0.0%
trigger matching 615.9 87.0 1063.8 141.0 14921  179.0 Muon Scale 0.0% 0.9% 0.2% 0.3%
Mg,y >15/15/10 GeV 6120  87.6 10548 1400 1491.0 1789 [D Muon Resolution 0.0% 0.0% 0.0% 0.0%
Z IASS VL0 478.9 66.6 824.1 108.0 1491.0 178.9 MS Muon Resolution 0.0% 0.1% 0.0% 0.0%
iﬂ-fg'{;m l;gé ];:) ?;2; ?;2 2-21'9; ]?3? Electron Reconstruction 1.6% 0.0% 0.8% 0.8%
/ . . 44, L2 3. 04,
b-jet veto 038 74 1452 119 6031 1o Hekeeeall 2.3% 0.0% 1.0% 0%
sub-leading lepton pr >20GeV 833 52 1281 88 5626 510 MuonlID 0.0% 0.7% 0.4% 0.4%
WFW— Acceptance | 3.37% 0.55% 5.18% 093% 11.38% 2.69% |Lepton Isolation | 4.0% 2.3% 2.3% 2.3%
B Tagging 0.4% 0.5% 0.5% 0.5%
EF"™ Pile-Up 2.5% 2.8% 0.7% 1.2%
EF" Cluster 1.8% 1.8% 0.5% 0.8%
Jet Energy Scale & Resolutior 3.2% 3.2% 1.9% 2.5%
Total Acceptance uncertainty | 8.7% 7.5% 6.4% 6.7% |
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WW =2Ivlv Background Estimation

0 WHjets: scale the W+jet control sample (one fully identified lepton + a jet-
rich lepton) by a measured fake factor, cross checked with same-sign dilepton
events enhanced in Wjets

o Z+jets: shape determined from MC simulation, for ee and pp channels, the
normalization is corrected with a scale factor derived from the MET® tqil

distributions in data and MC with | M-M, | <15 GeV

0 Top: Using the number of observed top events in the N-jet bins (N=>2):

jzero—jet, .o __ pjzero—jet 1=2—jets ;5 ,>2—jets
Niop (estimate) = Ny top X (Niga © /Nyic top )
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WW=2Ivlv Cross Section Measurement

Final State ete B utpTEP et uTEMS Combined
Observed Events 196 287 1041 1524

Total expected

events (S+B) 202.9+£7.2+15.3  250.1£7.4+£15.9  916.9+10.0£68.9 1370.1+=14.3£96.5
MC WW Signal 88.54+1.3£10.1 [37.0£1.6£14.4  613.6£3.6459.8 839.0+4.2+£83.3
Backeoround estimations

Top(data-driven) 14.0£2.0x2.9 25.242.945.1 70.8+£5.2+14.4 110.0=6.2+22.4
Wiets (data-driven) 19.84+0.54+10.5 5.1+0.942.0 54.1£1.0£28.3 79.0+1.4439.0
Drell-Yan (MC/data-driven) 72.0+£6.743.2 70.04£6.54+3.5 142.2+£7.14£12.5 284.2411.7+17.2
Other dibosons (MC) 8.6+1.24+1.9 12.84£0.6+2.0 36.2+£2.943.5 57.6+£3.2+7.4
Total backeround 1144714115 113.1£7.246.8 303.349.3+34.3 531.14+:13.7+48.7
Significance (S/ /) 8.3 12.9 35.2 36.4

0 Fiducial cross section: same cuts as used for event selection except using p;"V and jets
reconstructed at the generator level

Channels  expected 6/ (fb) measured 6/ (fb) A0y (Tb)  Acyy (b)) A (fb)

evev 44.9437 41.4 165 +57 t1.6
VUV 38.043.1 48.2 +4.6 + 338 £ 1.9
eviLY 237.4219.4 284.9 + 127 + 14.1 +11.1

o Total cross section (-0.3c for ee, +1.40 for pu, +1.56 for ey): G(WW) = 45.11£2.8 pb

Channels  Total cross-section (pb)  AGsa(pb)  AGsyst(pb)  AGumi(pb)

evev 41.5 + 6.5 + 7.8 + 1.6
uvuv 57.3 +35.5 +54 + 2.2
Combined 534 + 2.1 +4.5 + 2.1

10% overall uncertainty

o 2.9,5.4 and 19.6 Higgs events expected for m ;=125 GeV
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Data and MC Comparison
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SM ZZ Cross Section Measurements

q—

q——

Irreducible backgrounds to the H2>ZZ*> 4l and H>ZZ-2Ilvv searches
Mainly produced through q_q annihilation, ~6% contribution from gluon fusion
Study ZZ7Z and ZZy neutral TGCs

NN/ Z q— Z q z
E >WZI$\{
r L 2
NN L q——— Z q 7
Standard Model Production SM Forbidden

OnolPP22Z)=6.5103_  , pb (MCFM with MSTW 2008 NLO PDF)
Production cross section ~5 timers larger than at the Tevatron

Results from two decay channels presented here: 4| and llvv

a lll: 0.5% of the total ZZ cross section, clean detector signature

a llvv: has six times higher cross section but larger backgrounds

April 19, 2012
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77— 4] Event Selection

0 ZZ - 4l: two pairs of opposite-sign dilepton (eteee’, utpuputu, eteutu-)
a Electrons: isolated, shower shape, inner track matched with p;>7GeV and |n|<2.47

O Muons: isolated, combined muon and inner detector track with p;>7GeV (|n|<2.5) or muon
track with p;>10 GeV (2.5<|n|<2.7)

0 At least one lepton with p;>20 (25) GeV for a muon (electron)

o Two Z candidates with 66<m;<116 GeV (for e*e'e*e” and pu upu*u, use the pairs which
results in the smaller value of the sum of the two |m;-m,| values)

L 200_| T ‘ T TT ‘ T ‘ T TT ‘ T TT | T TT | T TT | T TT | T TT :J' T I_
% B Expected Background in signal region: 0.7 i;g (stat) f;'_{ (systi
O, 180[ Total Expected Background: 12.3 = 3.8 (stat) = 3.9 (syst) |
& | ATLAS Preliminary e Data ]
o 160— _
£ . ]
- B Zly* ZIy* Simulation |
g 140 —
- ° e J.Ldt=4.7fb'1 ]

g 120— | . . L. . . —
2 T ; i Ns=7TeV 1
2 100, I~ : =
2 pe 0 " o ':- " ' ]
S 80 " . : » : ]
© e o’ : * ; N
@ B o¥-mtmnmmmn ? g
—1 60[=¢" - ]
i H ad . i
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L o o *, 4

20 - e 'Y L ]

ol | \ 111 L | I.\ i 11| ‘ L 11 | [ | 111 | [ | [ | L1 1
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ZZ-2 4l Signal and Backgrounds

Signal: LO SHERPA generator used with CTEQ66 PDF

0 Interference terms between the Z and y* also included (mz,,+>7GeV)
0 Normalized to the NLO calculation using MCFM with MSTW 2008 NLO PDF

Reconstruction correction factor from data to the ZZ fiducial phase space:

0.46+0.02 +0.04 (4e), 0.81+0.02+0.02(ept), 0.60+0.01+0.02 (2e2p)

Dominant systematics arise from €, (5.8% for 4e and 2.8% for 2e2p) and
g,(1.3% for 4p and 0.6% for 2e2y)

Background: W /Z+jets, WW and WZ: one or two jets misidentified as
isolated leptons

Define lepton-like jets: fail isolation or d, significance requirement (muon), fail
isolation or identification requirement (electron)

Fake factor for jets: f = €00/ €iepron-iike ot

N(background) = N(££Lj) x f — N(CLjj) X f* — N(ZZ in control sample)
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772 4|: Data

/MC Comparison
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77— 4| Cross Section Measurement

0 Number of observed and expected ZZ candidates:

Final state eeee Ja eet combined (££6€)
Observed 15 21 26 62
SignalMC) 99+05+0.8 166+06+03 268+08+1.0 532+1.1+1.9
Bhedd)  06UTDY <0393 03970T 07
Bkg(MC) 0.3+0.3 < 0.8 0.6 +0.6 1.0 £ 0.6

0 A maximum likelihood method is applied to extract the ZZ cross section from
these three channels (I=¢, p)

(ngz_){+[_{+[_ = 21.237 (stat) féjg (syst) = 0.8 (lumi) tb 17% overall uncertainty
o Consistent with the SM prediction of 19+1 fb

0 Numbers from three individual channels:

4e 6.6?;:2 (stat) fgi (syst) fg,j, (lumi) fb Ap 5571 (stat) 703 (syst) 703 (lumi) fb
2e2p 9.17+] (stat) 03 (syst) 03 (lumi) fb
0 Total on-shell ZZ cross section:
Ty = 7.21‘,:[') (stat) fgi (syst) + 0.3 (lumi) pb
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ZZ=21lvv Event Selection

ZZ - llvv: two oppositely-charged high p; electrons or muons

Isolated in both calorimeter and tracker: reduce QCD multijet

Dilepton invariant mass |m-m,| <15 GeV: reduce W+ijets, top and WW
METexiel > 80 GeV (MET projected to the Z p; direction): reduce Z+ijets
Zero jets with p;>25 GeV reconstructed: reduce top and Z+jets
Fractional p; difference | MET-pTZ | /p2<0.6: reduce WW
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ZZ—21lvv Signal Estimation

o NLO generator MC@NLO with CT10 PDF used

o ZZ bosons are treated as on-shell with zero width

0 Production due to gg initial states is not included (MC@NLO predictions
scaled up by 6.3%)

o Cut flow table for both channels:

Channels eevy vy vy

Two leptons 1405+ 1.5 179.6 £ 1.6 320.1 £ 2.2
/. mass 1384+ 1.5 167.3+ 1.6 305.7+£2.2
Axial ETSS 29.4 + 0.6 354 +£0.7 64.8 +£0.9
Jet veto 19.8+0.5 240+ 0.6 43.8 £ 0.8

Frac. prdiff. 1930512 230+£06+09 423+08+1.8
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ZZ=21lvv Background Estimation

0 MC-based estimation: WZ (two real leptons and large MET) and Wy
0 Data-driven estimation: top, WW, Z2>1t, W+jets and Z+jets

o Top, WW, Z2171: using opposite-sign ell events with |melLl -m, | <15 GeV with corrections for

electron and muon acceptance and identification applied
o Z+jets: estimated from y+jets events with y p; reweighted to Z p;

o Wjets: 4x4 matrix method using tight and loose leptons

Final State ete v whrpm v v
Observed 33 45 18
193+£05+1.2 23.0£0.6+£09 42308+ 1.8

Expected ZZ

Background estimations:

=/ (MC) 94+05+1.5 13.3+£06+2.1
W*+y (MC) 0.20+0.10+£0.01 0.09 +£0.06 = 0.01
ir. W=, WHW~ and Z — vt (data-driven) 65+1.8+0.3 82+23+03
Z+jets (data-driven) 08+04+04 09+03+04
W=*+jets (data-driven) 1.1£04+0.3 0.2+0.1 £0.1

Total Background 18.0+£2.0+ 1.6 227+24+ 2.1

227 +£08 +£3.5
0.29+0.12 £0.01
147 £4.1 £0.6
1.7£05+£0.38
1.3£04+03
407 +4.3 + 3.7
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Data and MC Comparison
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Cross Section Measurement

Fiducial region: same cuts as used for event selection except using p;"V and
jets reconstructed at the generator level

o e = 122733(stat) + 1.9(syst.) = 0.5(lumi.) fb
Fiducial acceptance: 0.084 + 0.013 (uncertainties include PDF, QCD scale,
acceptance difference between gg=27ZZ[gg2zz] and qgbar2>ZZ[MC@NLO])
o = 5.4715(stat)? o (syst.) + 0.2(lumi.) pb
Consistent with the SM NLO prediction using MC@NLO

T ‘ T T T T | T T T T | T T T T ‘ | T T T ‘ T T
ATLAS Preliminary
JLdt=471fb"
Vs =7 TeV
1\%Y o
1l .
L ‘ L L L L | L L L L | L L L L ‘ | | | | | L L L L ‘ L L
3 4 5 6

8
Oz [Pb]

April 19, 2012 Junjie Zhu - University of Michigan 28



Conclusions

0 Good agreement between data and SM expectation for vy, WW and ZZ cross section
measurements

0 Experimental precision will start to challenge theory calculations soon

o After a Higgs-like particle is discovered, it is important to understand these irreducible
SM backgrounds in order to measure the Higgs boson properties
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