Search for High Mass
Resonances Decaying to
Tau Pairs with the
ATLAS Detector

Peter Wagner

University of Pennsylvania

On behalf of the ATLLAS Collaboration

1 P. Wagner ICHEP 2012 07/07/12



Motivation and Existing Limits

» Many theories beyond the standard model (SM) predict heavy Z'BOSON
gauge bosons: extended gauge sectors, string theories, KK, E_, ...

« Many models with extended weak or hypercharge gauge groups
predict enhanced coupling to third generation fermions

» Typical benchmark model to compare experiments: Sequential
Standard Model (SSM); same couplings as SM — signal model
used 1in this analysis

Existing limits:
* SSMZ' - ee/uu: Excluded m<2.3 TeV (2.2 TeV) by CMS (ATLAS)
* Non-universal Z' bosons: Excluded m<1090 GeV by precision electroweak measurements
at LEP
» Searches for SSM Z' — 17 performed by:
» CDF (Phys.Rev.Lett. 95 (2005) 131801)
« Most stringent published mass limit by CMS at 1.4 TeV using 4.9 fb"!
(arXiv:1206.1725 [hep-ex])
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This analysis:

* FirstZ' — 1t search at ATLAS: ATLAS-CONF-2012-067
 Integrated luminosity: 4.7 fb’!
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http://arxiv.org/abs/hep-ex/0506034
http://arxiv.org/pdf/1206.1725v1.pdf
https://cdsweb.cern.ch/record/1452149/
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Analysis Overview and Strategy

Decay channels studied in this analysis based on leptonic and hadronic decays of tau lepton:
¢ TT — T.T, + neutrinos (Branching ratio = 42%)

Visible decay
« 1T — UT_+ neutrinos (23%) products T,
* TT — el + neutrinos (6%) )
N ETriﬁS/S;;:i/
{/\/ﬁsible decay

. . products T,
Simple, common event selection:

« Select only tau decay products; no additional electrons (muons) with p_ > 15 GeV (10 GeV)
» Visible tau decay products back-to-back
* Opposite charge, to suppress multijet background (except in ell channel)

Choice of signal region:

» Z'typically has narrow intrinsic width: ~3% of mass — but Tt mass resolution degraded due to
the undetected neutrinos

« Decay products from TeV-mass particles “central” (low-1) and high p,,

=> Count events with high transverse mass: calculated between visible tau decay products and E ™

M,(t,,T,, MET) = \XZ [PT,lPT,z(l — o8 Ag12) + EF pr1(1 — co8 Agywiss) + EXpra(1 — cos Afibz,wss)]
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TT — Channel

4  P. Wagner ICHEP 2012 07/07/12



TT — Selection

Accept events that pass either di-tau trigger with E_> 29 GeV and 20 GeV or single-tau

trigger with E_> 125 GeV
Signal region: Count events

Particle Selection 10% —>
. > g | T T | L T I L | T T T | T T | T T I T g
e Two Th with 1 or 3 prong, p,. > 50 GeV 8 = ATLAS Prelirriinary e Data 2011 3
o el Jar=47w" [ Multijet ]
Apply common event selection with - E \s=7TeV ! I <y -
2 n . B W—rv -
back-to-back requirement Ad)(rh’l,rh’z) >27 & 1 0° . [ Others E
i [ 1Z(1250)>77 3
Dominant Backgrounds 10 g E
e Multjjet: data-driven estimate - -
« Z/v* - 1.1 :estimated from MC 1 e o e E
Other bkgs (Z, W, ttbar, diboson, single top): p - Voo T :
estimated from MC _ 10 - — | B
o 3 E
& 1 51 *ee? + +¢ —
§ 0.5 3 | + I+ | | ; | | | | | | | _g
o 500 - 1000 1500

' My(t,, 7., ET*®) [GeV]
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T,T, — Multijet Estimate

« Extract shape from fit to same-sign T, T, events » Shape matches well with opposite sign

events below signal region

 Statistical uncertainty on shape estimated using Normalize shape in low-M. sideband
T

pseudo-experiments: 10-40% in high M signal , o
(160 < M, < 200 GeV) with statistical

region .
uncertainty ~2%

> | | | | | | | | | % [T T T | T T T T | T T T T | T T - T I- | T -I T ]
3 10°3 ATLAS Preliminary 3 O 0.3 —e—Opposie Sign Region
o - _[dt L=47f" . S - —sc_Same Sign Region .
& o \s=7TeV 1 3 0.25 -
u 10°¢ 22/NDF:9.43/13 3§ £ - ]
S | NowaMr>650)=1 | & 0207 E
i g 1 3 - .
TN Ne(Mr>650) =05 | 0450 E
- s - * . ATLAS Preliminary -
: 1 0.1 = fatL=4a7f"
= B - 3 S = .
1E - 0.055- - o= TeY -
B ] E L e :
1 0'1§— _g Q_ 1 : T ] rr [ttt _g
: IR W+—+—++*F+ + o
2l L . = 3 :
1 O 200 400 600 800 1 OOO 8 0-5 E | | | | | | | | | | | | | | | | I-+_I | | I-T-I I‘#E
. o 200 250 300 350 40
M(z,, 7, ET ") [GeV] M(z,, 7, ET"°) [GeV]
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T,T, —Summary

5‘ [ [ I [ [ [ [ I | [ [
2 D N Expected limit |
T 1F Expected £ 1o
- Expected + 20 -
i —— Observed limit |

— 7

Achieve expected mass limit of 107 SSM =
1.35 TeV with this channel alone! - .
Observed limit: 1.25 TeV b e |
10°F E
- ATLAS Preliminary -
- fdtL=4710" \s=7TevI :
7,7, channel | |

1 0'3 | | | | | | | | | | | | |

500 1000 | 1500
L m,[GeV]
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ut, — Channel
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ut, — Selection

« Accept events that pass single muon trigger with p_ > 18 GeV

Signal region: Count events

Particle Selection :

- Exactly one isolated pp with p,. > 25 GeV o 10° g7 1 ? T T T T T T TS
(D) = - -
« Exactly one T, with 1 prong, p..> 35 GeV 5 -  ATLAS Preliminary e Data 2011 -
g " PIORS, Pr o 10°c [otL=47f0" W2y >t 3
© “®& \s=7TeV Bl W+jets .
Apply common event selection with £ 1 0= [ Multijet =
. = Z—uu =
back-to-back requirement A¢(n,t.) > 2.7 o - L] _ -
q o(u,T) o 1024 [ 7 —
- [_]Diboson -
10 & Bl single top .
Dominant Backgrounds : L...1Z(1000)>77 3
» W+jets: data-driven estimate 1 e, | =
« Z/y* - ut, : estimated from MC - ]
10'1 L1 l i1 | | | | |

Other bkgs : — TN — .
« Multijets negligible: data-driven estimate % 1 5_I 3 +| : E
« 7, W, ttbar, diboson, single top: estimated ™ 0.5 3 + . + . 3
w ) E | | | | | ' | | | | | | E

from MC 8 0 500 1000 1500

L Mr(u, 7, ETS%) [GeV]
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ut, — Multijet and W

+]cC

ts Estimates

Use fake factors measured in control regions to 5 L B B
. Xt - e |nclusive ATLAS Preliminary
weight events that: &L L p<1.37 JatL=4710"
. ) . .. . @ \s=7TeV
« fail muon isolation — Multijets estimate 5 0.1 = 1.37<Inl<1.52 ) ey a
ATPass (i-iso LIC' - v 1.52<|n|<2.47 1
AT NPass s (pTy 7]') arfail p—iso arfail p—iso o L i
Amultijet (pTa m, I) = Niail pi-iso ' ‘Ndata (pTa m, m)_*NMC (pTa 1, I) =
E (pT ) 77) multijet—CR é i 7
« fail tau identification — W+jets estimate S0.05( =
. weess 7D ) fail 7-ID fail 7-ID fail 7-ID = |
M’l‘-l-_]ets(PT s J.') = TR '(" Id&ta (PT UB ‘I‘)_‘r\"multi'et (pT 1, ‘I)_'\I\I(ﬂ (pT 1, ,I)) - B
N fail 7 ID[PT-. 77) W.CH ] i |
Good agreement after object selection: ol L N
> 2000 1T | T 1T | L | T T I UL I T 1T | 1T | T 1T | 1T | TT |: 0 1 00 1 50
& 1800 ATLAS PreIiTinary * Data2011  — p. (1) [GeV]
9 1600 Jdt L=4.7fb -Z/y—)TT _: 6025; R LA B o e B RN
~ 1400 \s=7TeV Bl W+jets E 5 L e Inclusive ATLAS Preliminary
%) [ Multijet ] o C . |7]<0.8 [dtL=471" 1
$ 1200 ] Z—uu - © 0.2 ' \s=7TeV —
> _ ] = L v 0.8<|n|<1.37 . -
1 1000 B 7 - L‘B L W(—uv)+jets |
(] Diboson E p - = 1.52<|n|<2.47 :
600 Bl single top = 50.15 —
600 T E S :
400 - i ]
200 - 01—+ -
0 ‘ S & S -
> T T T T T T T T T T T T | T T T T E 0.05_ —*—\__ —
$ 15F = i ]
(] 1 PRSP SEPNEY SUPAIP WS W SUPA # | E B i
S A i 1
US ' E 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 g O l I I I | I I I l10'01 I l I15'0I | l I20|d | l 1250
S 0 50 100 150 200 0 50
my(u, ET*%) [GeV] p(y) [GeV]
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WT, —Summary

ATLAS Preliminary
[dtL=471" 1s=7Tev-
lurh channel

T IIIIIII|

Mass limit: 10
* observed: 1.0 TeV

I
» expected: 1.05 TeV

------- Expectedlimit
[ Expectedit 1o
Expected it 20

—e— Observed)limit
—Z ’SSM |

| [ | | | |
1000 1500
|
| m,. [GeV]
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el — Channel
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ell — Selection

« Accept events that pass single muon trigger with p_ > 18 GeV

Particle Selection . .
Signal region: Count events

« Exactly one isolated i with p_ > 25 GeV —
- Exactly one isolated e with p_ > 35 GeV > 1035"' ";|'"|"'|"'|"'|"'|'§
8 - ' * Data2011 1
Event Selection § 102 ;_ l E 2}223_0)2 . _;
« W and e are back-to-back: pz;ViS <10 GeV % E : B -
. : - . B W+jets -
Not more than one jet, to suppress ttbar L%J 0 O Zosuu _
background 3 5 T — =
. - i 1Z(750)>tT 7
« A¢(leading lepton, E ™) > 2.6 - ]
i ATLAS Preliminary |
1 f[atL=a7m0"
\s=7TeV ]
Dominant Backgrounds y " | | ]
e Z/v* - eu, ttbar, diboson: estimated from _ 10 7 - | _ | _
MC, cross checked in high purity control S 15E | | —
. o 1 —4—+' 3
regions — -4 ul
. : . : : . 05F" ¢ E
Multijet estimated negligible using data-driven & E 1 e Ly o L L
method o 0 - 500 1000 1500
' M (e, i, ET*°) [GeV]
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el — Background Estimates

Diboson control region:
* remove A¢ selection
e reverse PCViS

* require no jets

> 250_| T L L L | L [ L | LI | I_

& C  Data2011

o C oy (I Diboson ]

g 200: W Zy -t .

g r & 7 _ ]

o 150 B W+jets 7

o - [ Z-up .

100:_ ATLAS Preliminary

- [atL=4.71b" .

50— \s=7TeV -]

O:, L ‘ ]

g F T \

® 1'51 + “ﬂ# ;

= 055 3

2] E 1 1 | 1 1 1 1 1 1 1 3
° 0 500 1000 _ 1500

M- (e, u, ET™) [GeV]

ttbar control region:

e Femove PCVis and A¢ selection

* require at least 3 jets

> 600 [ LI LI LI T T ‘ LI | LI | LI | ]

8 F « Data2011 -

o 500 (] Diboson ]

N - W Zy -t .

2 400F B =

o) - Bl W-+iets ]

@ 3000 3 Z-uu -

200 E ATLAS Preliminary E

F [otL=47f0" ]

100F \s=7TeV ]

O_ ] Ll | ]

S 15F Ur 1 | E

SNE

8’ 0.5 ; 1 1 1 1 | 1 1 1 1 | 1 1 1 1 é

o 0 500 1000 1500

My(e, 11, M) [GeV]

=> Backgrounds well modeled

Events/ 10 GeV

obs. / exp.

140
120
100

Z/¥y* — eu control
region:
* remove A¢ selection

* require no jets and
M. <200 GeV

LN U
I I I I I I I

UL

e Data 2011
(I Diboson
2y -zt
B 7
B W+jets
CJZ-uu

ATLAS Preliminary
[dtL=4.710"
\s=7TeV

LA L

I\Illllll\\ll\\lll\lll\‘ll\ll

|4r

MR

Il J 1 1 1 1 g
200 _ 300
M- (e, 11, ET) [GeV]
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ell — Summary

[

E‘ [ I I I | T [ | I | [ T |

o ATLAS Preliminary
D gL | fatL=471" \s=7Tev-
- [ eu channel .
- I n
107" I E
Mass limit: - | -
« observed: 0.74 TeV e Expected limit ]

« expected: 0.80 TeV

P 102L I Expected + 1o _:
- Expected + 20 -
[ —— Obgserved limit i
. 7 M .

| | |
1500
m.. [GeV]
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Systematic Uncertainties

samples

ThTh HTh
3 3 ) sig. bkg. sig. bkg. sig. bkg.
Dominant signal uncertainty expected number of events 6.4 1.1 5.5 1.4 6.8 3.7
« T, ID efficiency Uncertainties (%)

statistical uncertainty negl. 5) 2 3 @
Dominant background trigge%" efficiency 4 3 mnegl. mnegl. negl. negl
o e efficiency - - - —  negl. 3
uncertainties e energy scale - - — ~ negl. 2
- 7.7, : Shape of multijets estimate, T~ ID efficiency @) 9 @ 4 - -
1 Th 3-prong reco. eff. 4 3 - - - -
cnergy scale jet— 7, fake rate — negl. - 3 - -
« Ut : Statistical uncertainty on data- ¢ — 7, fake rate - = _ 16 _ _
driven Wjets estimate jet energy scale 5 (G 6 6 negl. 4
. ) . i jet energy resolution negl. negl. negl. 2 negl. negl.
e« Statistical uncertainty on MC theoretical cross sections - 8 - i) - 5
luminosity 4 3 4 3 4 4
multijet shape - Q@ - - - -
7, fake factor = - - 6 - -

- : uncertainty not applicable
u-related uncertainties negligible
ICHEP 2012 07/07/12
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Event Summary and Combination

3‘ . I I I I I I I I I I I

g [\ e Expected limit
D@ 1F Expected + 16 7
- Expected £ 20 1
» No significant excess observed in data i —e— Observed limit |

 Exclude aZ' — 1t below a Z' mass of —_—
_ . 1 0-1 L SSM ]
1.3 TeV using the combined result of - =
the three channels - NG .
« Expected limit at 1.4 TeV - et T
oL AN _
ThTh [Th ejl 1 O - -
total expected background 1.1£0.3 1.4+0.3 3.7£0.4 B _— .
events observed 2 2 5 - ATLAS Prellr:unary .
expected signal events 6.4+0.1 5.5+0.1 6.8+0.4 i Jdt L=4.7fb \s=7TeV ]
signal efficiency (%) 4.3 1.1 0.4 " Combined h
1 0‘3 I | | | | I | | | | I |
500 1000 1500

m,. [GeV]
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A High M Event

Likely a real T T_event:

2O A g 2 Run Number: 189822, Event Number: 86849215
Sl AT LAS Date: 2011-09-26 01:47:38 CEST
A \ L] [
EXPERIMENT [
QR L LTI [TTTTe.
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Conclusion and Plans

* Performed the first Z' —» tt at ATLAS with 4.7 fb! of data using 3 decay channels

» No significant excess over the predicted background is observed in data

* World's most stringent expected mass limit on SSM 7' - 1t of 1.4 TeV, observed
mass limit at 1.3 TeV comparable to CMS
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"You want proof? I'll give you proof!”
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The Tau Lepton

A few basics...

Mass ~ 1.7 GeV => decay products have very small opening angle at few hundred GeV
» Weak decays:

Undetected — Missing Transverse Energy (MET)

Hadronic decays ~ 65% :

I-prong = 1 charged particle

3-prong = 3 charged particles

... often accompanied by neutral pion(s):

Leptonic decays ~ 35%

other, 1%
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Tau Reconstruction and Identification

« Hadronic taus (T, ) are basically narrow isolated jets
« Classify T, by counting tracks within cone of

AR < 0.2 into 1-prong and 3-prong

Identification: Discriminate T, from QCD jets using Boosted Decision Tree

« Variables sensitive to lateral shower width in calorimeter, ratio of track momentum to
calorimeter energys, ...
« Apply separate ID criteria for 1- and 3-prong T,

« Depending on how much fake T_needs to be suppressed apply “loose” or “medium” ID criteria

with ~60% (50%) efficiency for real T, at a jet rejection rate of ~30 (~100)
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Another High M, Event

« Observed in ut, analysis « T_punched through to muon system

« I-prong T, with EM fraction 1.5% o likely areal ut,_event

1 EXPERIMENT

Run Number: 191920, Event Number: 2587813 1|}
Date: 2011-10-30 07:57:53 UTC
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T, T, — Backup Material

Event Selection:

data total SM  Z/y* — 717  W(— 7v)+jet  others Multijet  Z’(1250

)
two 7, candidates 22993 - 597(9) 166(10)  101(3) - 14.4(1)
opposite charge taus 13225 - 568(9) 146( ) 84(3) - 13.8(1)
|A¢(r1,72)| > 2.7 10297 - 291( ) 96(8)  41(2) - 13 3(1)
Mt > 700 GeV 2 1.1(1) 0.7(1) 0 0 0.4(1) 6.4(1)

Mulitjet estimate:

o “Dijet” fit function: f(Mtlpo, p1, p2) = po - MyP'*P210eMr
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ut, — Backup Material

Particle Selection
« Exactly one pu with p_ > 25 GeV and Inl < 2.5 and “isolated”

— deposits < 4% of p_ in calorimeter within 0.05 < AR < 0.2

« Exactly one 1, with 1 prong, p,. > 35 GeV
 Pass identification using BDT with ~50% efficiency

Event Selection:

data total SM  Z — 71  Wjets multijet 7 — pp tt diboson single top Z’'(1000)
one 1, one 7 11802 11980(48) 3976(36) 4980(21) 594(5) 945(21) 1020(7) 352(4)  114(3) 18.7(2)
Ad(,m)| > 2.7 6102 6110(30) 2000(32) 1837(14) 400(4) 567(18) 233(3) 126(2)  28(2) 17.9(2)
opposite sign pand 7, 5424 5384(38) 2863(31) 1467( 3) 217( ) 478(16)  219(3)  115(2) 26(1)  17.6(2)
Mr > 300 GeV 36 55(2)  TA2) 18(2)  06(1) 032 18 59)  706)  33()  141(2)
Mr > 600 GeV 2 14(3)  0382) 032 <002 <01 031) 0247  02(1)  55(1)
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el — Backup Material

Explanation of p,*™ :

Object Selection
« Exactly one pu with p_ > 25 GeV Transverse Plane Dy (7"1)
- Exactly one e with p_ > 35 GeV that passes an ID with an
efficiency of ~90%
« Both are isolated: (1) see previous slide and (2) Xp, of E;fss p_:;is
¢ ¢
tracks with p.>1 GeV associated to [ (¢) less than 6% (8%) ~ -=-=========-- - e - s
C
Emc'ss —
! pr(7,)
Event summary:
data total SM tt diboson Z/v* — 711 WHjets Z(— pp)+jets Z'(750)
one e, one [ 6115 6255(25) 3981(12) 1200(5) 648(12) 293(15) 133(3)  35.3(6)
N(jets) < 1 2615 2797(20) 701( ) 1073(4) 568(11) 202(13) 118(8)  30.5(5)
pEE <10 GeV 682 667(13) 63(2)  169(2) 364(10)  34(6) 55(6)  21.2(4)
|AG(C, BR=)| > 2.6 197 216( ) 13(1)  55(1) 116(5)  25(7) 12(2)  16.2(4)
My > 350 GeV 5 3.6(3) 0(2)  1.7(2) 0.56(2)  0.33(4) 0.06(1)  6.8(2)
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Event Summary

ThTh UTh ep
Z/y =TT 0.7£0.2 0.38£0.02 0.56%0.07
W +jets 0  0.3£0.2 0.33£0.10
Z(— Uf)+jets 0 0 0.060.02
tt 0  0.3%£0.1 1.0+0.2
diboson 0 0.24=0.07 1.7£0.3
single top 0 0.240.1 0
multijet 0.4£0.1 0 0
total expected background 1.1+0.3 1.4£0.3 3.7+0.4
events observed 2 2 5
expected signal events 6.410.1 5.5£0.1 6.8£0.4
signal efficiency (%) 4.3 1.1 0.4

A High M Event

« Both t_with high BDT scores

 Moderate E ™ in direction of subleading T,

27 P. Wagner
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