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Introduction

Higgs to yy : the most sensitive channel for search
of a low mass SM Higgs boson at Large Hadron
Collider.

Signature is a small but narrow peak on the top of a
huge falling background in the myy distribution, which
allows the reconstruction of Higgs boson mass.

This talk will be primarily based on the ATLAS Higgs
to yy paper of January and also include the
interpretation in the context of Fermiophobic model.
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Production and decay
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Fermiophobic Higgs boson, VBF and VH
become dominant production modes.
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The loop-induced decay is unique among
major Higgs boson search channels.
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BSM physics could affect both Higgs
productions and decays.




Key performance Issues to the search
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Photon angle measuremen

Calormeter pointing, robust against pile-up.
Excellent performance, contributing very little
to Myy resolution.

Photon identification

shower shape cuts

fine granularity of the 1st layer is
used to rejection 0.

Photon calibration

MC based calibration.

Tuning MC with test beam.

Material distribution understood from
data.

Corrections derived from Z to ee
data.

Conversion

~ 60% of yy candidates have at
least one converted photon.
Materials well understood.
Different calibrations for
unconverted photon and
converted photon.



Selected sample

-

L Photon identification

Selection:
Ery1>40 GeV, Ety2> 25 GeV

Inl < 2.37, and not between (1.37,
1.52)

Isolation energy <5 GeV

22489 candidate events were
selected.

Expected number of signal events for
Mup = 125GeV ~ 70 (~13% experimental

uncertainty, ~15% theoretical uncertainty)

Backgrounds are:
SM yy production(~71%)

v+jets (~23%)
dijet (~5%)
Drell Yan (~0.7%)
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Background model

SM Higgs boson m, =120 GeV (MC)
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Search strategy

Categorization of events

Divide the sample into categories that have different S/B and
iInvariant mass resolution.

Using more detailed information improves sensitivity.

Variables used to categorize events

Conversion status : difference in om and background rejection.

n of photon candidate(calorimeter regions) : difference in Om

pTt (transverse component of pryy wrt thrust axis) :

ggF, a larger tail compared to
background.

high prt for VBF and VH




High: prt > 40GeV

Conversion 1l Low : pri< 40GeV
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Category details

Standard Model Fermiophobic Model

Category occB FWHM Ng Np S/B  Category occs FWHM  Ng Np S/B

Unconverted central, low ppy 1.4 3.4 9.1 1763 0.05 Unconverted central, low pry 1.4 3.3 6.2 1763 0.03

Unconverted central, high pr¢ 1.4 3.3 2.6 235 Unconverted central, high pr, 1.3 3.2 8.6 235

Unconverted rest, low pr¢ 1.7 4.0 17.7 6234 0.02  Unconverted rest, low pr 1.7 3.9 12.1 6234 0.02
Unconverted rest, high pr¢ 1.6 39 4.7 1006 0.04 Unconverted rest, high pr, 1.6 3.8 160 1006 0.13
Converted central, low pr 1.6 39 6.0 1318 0.03 Converted central, low pr, 1.6 3.8 40 1318 0.02
Converted central, high pry 1.5 3.6 1.7 184 0.08  (Converted central, high pr, 1.5 3.5 58 184 026
Converted rest, low p¢ 2.0 4.7 17.0 7311 0.01  Converted rest, low PTt 2.0 4.6 11.8 7311 0.01
Converted rest, high pt¢ 1.9 45 4.8 1072 0.03  Converted rest, high pn 1.9 4.4 16.1 1072 0.09
Converted transition 2.3 5.9 8.5 3366_0.01 ) Converted transition 23 58 108 3366 ( 0.01
All categories L7 41 72.1 22489 0.02  Aj categories 17 39 912 22489 0.3

The best category: Unconverted central, high pTt
The worst category: Converted transition

In Fermiophobic model, yy branching ratio is enhanced, and VBF and VH are the
dominant production modes, which give more high pTt signal events.
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Combined myy likelihood function of 9 categories is used to
interpret the data.
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The statistical treatment

Profile likelihood ratio is used to calculate po-value/significance of
excess, and the limit on signal strength 1 (o/0sm)

Limit setting
N o1 L(data|u,0,) WS+B hypothesis (u fixed) conditioned ML fit
qQu = —<l N : . :
g L(data|i,6) uS+B hypothesis (M free) unconditioned ML fit
p-value calculation Asymptotic distribution of profile likelihood ratio
A~ 10° medlan[ IOJ | | | |
L(datal0, 6y / Cov:l]an Cranmer, Gross, Vitels |

g = —2In and i1 > 0. )

f(q,10)

)
L (datalf, 0)

Fitted signal strength

1073y

Z = sgrt(q0) which asymptotics is valid. ¢4 6 5 0 B e i

9,

CLs = CLs+b / CLb

Asymptotic formulae: limit, pO without energy scale systematics(ESS).
Pseudo experiments: p-value with ESS.
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The treatment of systematics

All systematics are treated as nuisance parameters:
free parameters in the fit, each of which is assigned a constraint pdf

For example:

n_sig = yLo_s,
where luminosity is a source of systematic uncertainty

The likelihood without systematics:
L( n_obs | n_sig = uLo_s) = Poisson( n_obs | uLo_s)
The likelihood with systematics:

L( n_obs | n_sig = pLo_s) = Poisson( n_obs | uLo_s)xLogN(L_0OIL,o_L)

In pseudo experiments, not only is n_obs of pseudo data randomized,
the L_O is also randomized.
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Signal model
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The signal shape is modeled by a Crystal Ball function + a Gaussian
function where the Gaussian function mainly describes the tails of
signal distribution and only corresponds to ~ O(1%) of signal events.

The sigma of Crystal Ball function, which represent the resolution of
Myy, is treated as a systematic uncertainty.
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Background model
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The exponential function has been historically used by ATLAS as the
background model. Previous studies(mostly MC studies) have suggested it
describe the background shape fairly well.

Nonetheless, since the true background shape is not known, the choice
of a particular functional form as the background model can potentially
lead to a bias in the fitted number of signal events.

Such potential bias will be estimated and treated as background
modeling uncertainty.
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Implementation of background modeling
uncertainty

Technically, background modeling uncertainty could be implemented in
the signal normalization.

N.=uLeo +0oN
The P.D.F becomes:
f.s-i—b(myy):sts<myy>+Nbfb<myy>

—_— —

f‘g_+_/;(’ny)/>:l’ll‘€o-s f‘8‘<’n)/)/)+§Nlul(‘(—’l' fS (’72)/)’)/\|_N/’f[7(’n)')')

~

uncer

T — —

O plays the same role as p, but d is constrained.

X o will try to accomodate
- _ oy, Lldatalu, 0,) <" deficit or excess in data
L(datalji, 0) <«

smaller qu

not affected
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Estimation of background modeling uncertainty

Procedure

Fit the chosen model to a testing MC

sample
6%
15

13
12
11

o= MC
° Fit

8
TE

AL L s I B NN L B S R BB B B
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, PR B R RS RS B,
100 110 120 130 140 150

~ symbolic plot

-------------------------------------------

Calculate the integrated residual

for mpy +/- 2GeV

_symbolic plot

Problems:

Backgrounds are not well-modeled both
theoretically and experimentally.

Not realistic to have huge amount of events
for all three major backgrounds.

6 billion ResBos yy events were generated as
the MC testing sample. This only represents ~
70% of data.

To be conservative, the maximum integrated
residual is taken as the size of uncertainty and
uniformly applied to all ms.

Category Events

Unconverted central, low pry +2.8

Unconverted central, high ppy  £0.1

Unconverted rest, low pry +5.9
Unconverted rest, high pr +0.7
Converted central, low pr¢ +1.8

Converted central, high pr +0.1

Converted rest, low pry +7.9
Converted rest, high pry +0.8
Converted transition +1.7
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Breakdown of systematics

Signal event yield

Photon reconstruction and identification +11%

~ o i
Effect of pileup on photon identification £4% 12% of experimental

Isolation cut efficiency +5% sources
Irigger efficiency EL% ~15% of theoretical
Higgs boson cross section (scales) % sources
Higgs boson cross section (PDF+ay) +8% u
Higgs boson pr modeling +1%

Luminosity +3.9%

Signal mass resolution

Calorimeter energy reS(?lutlon +12% ~14%
Photon energy calibration +6%

Effect of pileup on energy resolution +3%

Photon angular resolution +1%

Signal mass position
Photon energy scale +0.7 GeV

Signal category migration

Higgs boson pr modeling +8%
Conversion rate +4.5%

Background model + (0.1 — 7.9) events




Limit on H/ggs boson cross section

J [
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IS 7t  — Expected CL limit  H— vy =
5 - M+ 1o ATLAS ]
£ o . 26 Data 2011, Vs = 7 TeV E
3 5F f Ldt = 4.9 fb i
2 -
o 4
(@]

_} IIIIIIII I 111 I 111 I 111 I 111 I IIIIIIII ;
110 116 120 125 130 135 140 145 150
my [GeV]

The expected limit is around 1.6 times the SM cross section for My < 130
GeV, and up to 2.7 for the full mass range.

The observed limit lies between 0.84 and 3.6 times the SM cross section.

A SM Higgs boson is excluded at 95% CL in the mass ranges of 113 - 115
GeV and 134.5 - 136 GeV.
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Local p

Significance of excess
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The search is carried out between 110 GeV and 150 GeV with a step of 0.5GeV.

The largest excess : 2.80 at 126.5GeV, u ~ 2.0 times SM prediction.
The significance drops to 1.50, if look elsewhere effect is considered.
(the probability of such excess appearing anywhere in the mass range investigated)

In general, it is wrong to use the largest significance / signal strength to
indicate the mass position.

ol L(datal0, 99)
L(datal, )

and 1 > 0.

4o
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Excess in each category
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Excesses in high pTt categories are generally larger than excesses in low

pTt categories.
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Improvement due to categorization
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The data are also interpreted by only using n-conversion
categorization, or without any categorization.

The expected significance is improved due to categorization, and the
observed significance also happens to be improved.
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Effect of background modeling
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The effect of the implement is introducing some conservatism in the
result.

It doesn’t address potential distortion of pO/limit curve shapes. Only
correction can do that.
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Local p

Interpretat/on in the Fermlophob/c Higgs model
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The largest excess : 2.90 at 125.5GeV. (different from SM due to a different signal
distributing pattern among categories)

The observed exclusion: 110 - 118 GeV and 119.5 - 121 at 95% CL
The expected exclusion: 110 - 123.5 GeV at 95% CL.

The analysis is also more sensitive to a Fermiophobic Higgs boson which has more
signal events in the high pTt categories than the Standard Model Higgs boson.
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Summary and outlook

e 2011 data gave us very exciting results:

e Higgs to yy channel starts excluding SM Higgs boson in certain
mass ranges (113 - 115 GeV and 134.5 - 136 GeV).

e Anexcess at 126.5 GeV, with 2.80 local significance is found. The
excess looked in isolation is not significant.

e Qutlook for summer

e Expect a refined version of 2011 analysis with a large improvement
of sensitivity.(performance, analysis strategy)

e Expectto analyze ~5 -7 fb-1 8TeV data and combine 2011 and
2012 datasets at the timescale of ICHEP.

e Another major update with ~ 5fb -1 more data, at the begining of
September as the input to the European Particle Physics Strategy
meeting.
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