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The Z' Boson

» The Standard Model is accurate but not el EE

» Several beyond-Standard-Model theories
predict exotic gauge particles including a
neutral Z'boson




The Z' Boson
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» Similar to the electroweak Z
boson but heavier

» Should produce an excess
number of lepton pairs with

energlies clustered around the

/’ mass (resonance)

6




Hunting the Z’ in ATLAS

» Background processes also produce dilepton final states

Drell-Yan (Z/y*) Top quarks (t t-bar) Diboson (WW, WZ, Z2)
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Increasing Cro:

also multi-jet and W+jets events where jets fake electrons (small)

» Simulate how many lepton pairs to expect as a function
\\cjf their invariant mass and compare to the actual number
e _
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Mass spectrum (ee channel)
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Outline

2) How do we search for a signal?




Events
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/ Pseudodata with injected 3 TeV signal
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Search for signals using templates —

» What's the likelihood of getting these data under the
background-only vs. the signal+background hypotheses”

(NP )N e (N )
(V>)!

L(data|H) = H

1€bins
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Search for signals using templates —

» What's the likelihood of getting these data under the
background-only vs. the signal+background hypotheses”

1€bins (N z'ObS ) !
New — | B , Hp
: BZ T ,U,SZ 9 HB+S



Search for signals using templates —

» What's the likelihood of getting these data under the
background-only vs. the signal+background hypotheses”

obs ) |
1€bins (N i ) ~ signal
strength
NeP {Bz’ ______ , Hp
Z B; +pS5; , Hpys



obs \ |
1€bins (Nz ) ~ signal
strength
N&P { B | , Hp
Z B; + IUSZ , H B+S

» We find the maximum likelihood under both hypotheses
by fitting the data with templates of the background and
signal distributions

i
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Deciding between hypotheses:.

» How should we evaluate the ditference in the data’s
ikelihood under the two hypotheses?



Deciding between hypotheses:. |

» Neyman-Pearson Lemma:
The optimal test statistic for distinguishing between
hypotheses is the “log-likelihood-ratio” (LLR):

best-fit
I - signal
o Lldatal )]
- 1211
v i L(data‘HB) ] BIL(H)

Deficit Nominal Excess




The odds of being fooled

Q: What's the odds the observed ¢, is a bkg fluctuation?

NN 20
QX



The odds of being fooled

Q: What's the odds the observed ¢, is a bkg fluctuation?

A: The p-value py = P(qo > §o|Hp)

N\ i
e _
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The odds of being fooled §
./(

» We can generate many bkg-only pseudo experiments
(toys) and count how many fluctuate with qo = ¢

» Wilks’ Theorem = qq should asymptotically follow a 2

distribution with 1 degree of freedom? :

Po :[ P, (qo)dqo
q

e

\@\\-@Ne print: assuming the bin contents are gaussian-distributed and the two hypotheses differ by only 1 parameter 22



The odds of being fooled :*\.:‘fi

ie. 5\7J

) p-value often measured in Gaussian significance, aka 2

N\ \ Kine print: assuming the bin contents are gaussian-distributed and the two hypotheses differ by only 1 parameter 23
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Outline

Background
How do we search for a signal?

3) The look-elsewhere effect

Latest (public) search results

Summary
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Looking around

» Since we don't know the Z" mass, we test many
signal “locations™ and find the largest excess

N 26
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» HEP conventions for “evidence” & “discovery” are
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Looking around

» This increases our chances of observing a
fluctuation somewhere (look-elsewhere effect )

N 28
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Looking around

» The global p-value compensates by reporting the
porobability of observing a fluctuation at least as
significant as the observed excess anywhere in the
mass scan

» We can again generate many bkg toys and
_\\ calculate the global p-value by brute force
e _

e
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Largest local z-values found in 50,000 toys“\§
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Outline

4) Latest (public) search results

34



N\

BN
ee channel p-value scan =
./(

b
ATLAS Preliminary Vs = 13 TeV, J Ldt = 13.3fb"

Observed P, Z’X—>ee

Local significance

Oc

[ 11 IIII| | llIIIlIl [ 111

1o

- . " o OEEE O W N W F Ew O Y Em Y Ew " ol v Bem v o v e

20

et
<
N
I II|IIII| I
ALpo
I
T
=
[ |1 lllll |
0V)
Q

BN NN e NN EE NN EE NN BN NN N NN N N NN NN EN NN NN NN N NN EE NN e NN e NN B NN NN NN N NN W

10—3 e T =

(\V)
Q

—
-
A
T

Global significance for largest excess

02 03 04 1 >

(&%) lllll IIlIlIlll

).
3
B
S

ATLAS-CONF-2016-045 35



Ui channel p-value scan =
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Summary

» We're looking for a localized excess of dilepton final
states in ATLAS caused by a hypothetical Z’boson

» The log-likelihood ratio Qg Is the optimal test statistic
for discriminating between Hp and Hp. g

» T
9

q

ne global p-value ot an observed excess is the
robabillity that the bkg would produce a fluctuation
- least as signiticant anywhere in the mass range

» No signal observed in ICHEP 2016 results (13.3 fb-1)

37



Questions?
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/' Models

» Sequential Standard Model (SSM)

= Accessible as a benchmark but not very attractive theoretically

= Fermion couplings identical to that of Standard Model Z

» E6 Grand Unified Theory

= Physical Z’ states are a mixture of two residual U(1) after E6 breaking

» Randall-Sundrum Graviton

= /' 1S an excitation of the spin-2 graviton propagating in bulk 5D space

» Little Higgs

A1



Mass spectrum (up channel) —
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Brute-force global py calculation 7

Generate a bkg-only toy

Compute significance of
this toy at this mass

i

Pick a value of local significance

Compute the global significance
the fraction of toys with at
least this local significance

Plot global vs. local significance



Global p-value from “upcrossings™ -

:
/
» Scanning toys takes a long time!

>

» Gross & Vitells derive an analytic description of the
look-elsewhere effect which asymptotically
approaches the slow “brute-force” method

Gross, Eilam, and Ofer Vitells. "Trial factors for the look elsewhere effect in high energy physics."
The European Physical Journal C - Particles and Fields 70.1 (2010): 525-530.

ldea: the bkg's tendency to tluctuate is related to the
average number of upcrossings where g Crosses
above some threshold co In pseudo-experiments



“ A’ are upcrossings above cy=1 —2
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Global p-value from “upcrossings” —

ldea: the bkg's tendency to tluctuate is related to the
average number of upcrossings where g Crosses
above some threshold co In pseudo-experiments

Pelobal < P(X* > dg) + (N(cp))e 9o/

| avg # of scaling law for
= local p-value .
j\- \ upcrossings/toy threshold co
A 6



Largest local z-values (ee)

# bkg Toys
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Largest local z-values (up)

# bkg Toys
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Largest local z-values (comb) §
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ee background templates

-I(i') O7§ | | | | | | | | | | | | | ?

N0 oo oo e e g -
C 100 ATLAS Work in Progress {s=13TeV, 336" 3
2 155 ATLAS Workiin Progress is=13TeV, 33 b7 E

, O,
P 04 .................................................................................. _

—@— MC Invariant Mass iE

- 03 RN —@— DY Only Invariant Mass ...

CoE e —o— T Only Invariant Mass |§

O : o —@— DB Only Invariant Mass =

50



uu background templates
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Signal templates (uu)
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Validation without systematics%\g
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Exclusion limits (ee)
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Exclusion limits (pu)
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Exclusion limits (comb)
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