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(D st Motivation for the search

cMs

several models for physics beyond SM
benchmark models:
« extended Higgs sectors (2HDM) —> Spin O resonance
* this analysis: assume gluon fusion production

 extra-dimensional models (Randall-Sundrum model) —> Spin 2 resonance

» gravitons - Kaluza-Klein (KK) resonances: Mkk ~ 1/R
* resonance wider with larger couplings:

. Ta/mMa= 1.4 * (k/Mpy )2

e ....many more models according to arXiv
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(P s Experimental signature

clean final state
* two high pt photon candidates

* Isolated
no additional activity in the direction of the two

photon candidates

signature of resonant production: o A
* localised excess of events in diphoton c
invariant mass spectrum G>J
* search region: Myy > 500 GeV LL
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Diphoton analyses @ 13 TeV

Ref

EXO-15-004

Dec’15

EXO-16-018

new

* re-reconstruction of dataset with L=2.7 fbo'
 additional 0.6 fb ' dataset, recorded at B =0 T (due to solenoid)
* analysed for search in diphoton final states

—> luminosity @ 13 TeV used in this analysis: Liot=3.3 fb™

Title M

X

Search for new physics in high mass diphoton  0.5-4.5TeV
events in proton-proton collisions at Vs = 13
TeV

Search for new physics in high mass diphoton  0.5-4.5TeV
events in 3.3 fb?* of proton-proton collisions at

Vs=13 TeV and combined interpretation of

searches at Vs=8 TeV and 13 TeV.

interpreted as

spin-2

yes

yes

MS Preliminary 2.6 " (13 TeV)
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(4 Analysis strategy

1. select diphoton pairs
* simple selection criteria

2. measure energy scale, resolution and efficiency scale factors in data

* usingZ *eeand Z — lly

P

3. parametrise background mass spectrum from data

4. test compatibility of data with resonant diphoton production

blind analysis:
* selection criteria and signal width hypotheses fixed a-priori
* all analysis inputs (energy calibration, efficiency, etc..) checked before box-opening

* december dataset re-blinded to study analysis improvements



r

D

ETH Institute for
Particle Physics

Photon identification

cMs

* diphoton trigger pt> 60 (40) GeV for 3.8 (O)T

* gplit events in categories: barrel-barrel (EBEB) and barrel-endcaps (EBEE)
« B=3.8T:90% (EB)- 85 % (EE) per-photon-efficiency
: 85%(EB) - 70 % (EE) per-photon-efficiency (less efficient electron-veto)

» select two photons with pt> 75 GeV

* at least one in the barrel (EB) |n| < 1.44
* cut-based selection: shower shapes, isolation, electron-veto

e B=0T
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D Benefits of re-reconstruction @ 3.8 T

data re-reconstruction provides:
* constants for channel-to-channel calibration in ECAL - using 2015 data

CMS Simuiation (13 TeV, 3.8T)
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IN high mass region: resolution improves by ~ 30%
—> 10 % improvement in analysis sensitivity
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P s O Tesla challenges

cMs.

L=0.6 fb-'recorded @ 0 T —> 10 % higher analysis sensitivity
conditions without magnetic field require dedicated...
 detector calibration

e channel-to-channel calibration extrapolated from 3.8T

» dedicated energy scale calibration with OT Z = ee events
* photon identification
* vertex selectlon

no information on tracks' momenta
weakens power of isolation requirements

complicates primary vertex selection

2015 >-11 5 GMT

/ /E A o
/e ;
/
v'/‘ , /

/ /
/
4 [/

-~

no energy spread due to brem/conversions

better intrinsic energy resolution
use information on lateral shower profile
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(D =i Vertex selection

cMs

¢ |f |VtXreco — VtXtrue|< 1 Ccm

—> effect on mass resolution negligible \A

« 3.8 T: BDT trained for H->yy ——

|VtXreoo-VtXtrue| < 1cm

good mass resolution depends on vertex identification » (

* OT: vertex with highest track multiplicity

CMS simulation % (13 TeV, 0T) true vertex
% - m=750 GeV, [/m=1.4x10* J=2. EBEB - ............. i —
G0 —— e verte - reconsiructed primery vertioss
N  — Chosen vertex ]
~ - === Avg vertex position -
£1500(- —
C B i
O - i
> - -
LIJ i | ' '
1000[- s Vixreco — ViXirue|< 1 cm for signal vertices:
I 1 * 90 % @ 3.8T
u - ° o)
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P e Photon identification efficiency

data-driven determination of selection efficiency to verify and correct MC predictions

* using Z—> ee events (high ptphoton ID + inverted electron veto)
o for electron veto: separately using Z = uu(ee)y events at 3.8(0)T

—> data/MC agree within a few percent
—> 8(16)% uncertainty for selection efficiency on signal normalisation at 3.8(0)T

. . o .
1 10CMS Preliminary 2.6 fo' (13 TeV) 1 10CMS Preliminary 0.6fb (13 TeV, 0T)
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Energy corrections

cMs.

correct energy scale and resolution using Z—> ee events

* stability vs Ere checked with boosted events up to Er~150 GeV

e for 3.8 T:

* deviations within 0.5(0.7)% in EB (EE)
* assigned 1% uncertainties to account for further extrapolation

e forOT;

* data/MC scale corrections 1% larger than @ 3.8T

* energy resolution corrections similar

* assigned 1% uncertainty on knowledge of relative energy scale in analysis

_ x10° CMS Preliminary
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T T

60 -

Events / (0.5 GeV

I

|

l

LI N R N B

Z > ee
-+ data

Dsimulation

100
Mee (GeV)

_ x10° CMS Preliminary

15

Events / (0.5 GeV

10

0.6 fb' (13 TeV, OT)

m
oy}
m
@

|

Z - ee
-+ data

Dsimulation

11



ETH Institute for
Particle Physics

Mass spectra @ 3.8 T

cMs.
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| —

CMS Preliminary 2.7 o™ (13 TeV, 3.8T)
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cMs

D e Mass spectra @O T

CMS Preliminary 0.6 fo™' (13 TeV, 0T) CMS Preliminary 0.6 fo' (13 TeV, OT)
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P st Interpretation of results

* frequentists statistics using asymptotic formulas
« hypothesis test based on simultaneous unbinned likelihood fit to myy in all four analysis

categories (EB-EB, EB-EE) x (3.8 T,0 T)

L(M,e):Hizl [ uS(m6s) + B(my6;) ]-Poisson (N . Ng+uNg)
Background model +b1
* Independent shape for each of the category f (m’r”r) — mf” 8M)

 coefficients treated as unconstrained nuisance parameters
* possible mismodelling studied on simulation and explicit uncertainty added to the fit

Signal model

» signal shape: intrinsic width of resonance + ECAL response

» detector resolution model extracted from full simulation at fixed mass points
* interpolation of resonance width and ECAL resolution for each mass point

* search mass range: 0.5-4.5 TeV

e interpretation of results for three widths: /m=1.4x10%,1.4x102,5.6x102

14
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Limits and p-values @ 13 TeV

cMs

95% C.L. limit o(pp— S—yY) (fb)

upper limits shown for J=0, similar results for J=2
J=0 and J=2 hypotheses have similar p-values
highest significance for /m=1.4x10with 2.9 o at 760 GeV
significance decreases for larger width hypothesis

CMS Preliminary

3.3fb" (13 TeV)
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Significance of largest excess

cMs

% EBEB ¢ Data

g 102 = — Fit model
Al = t1o
: . t2c

P B

o 10F
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LU -

1

CMS Preliminary 2.7 fo' (13 TeV, 3.8T)

m, ., (GeV)

excess of 2.90 @ 760GeV mostly from EBEB @ 3.8 T
observed one event @ OT dataset compatible with 3.8T excess
“look elsewhere effect” for all spin & widths hypotheses
global significance from observed excess < 1 ©

CMS Preliminary 3.3fb" (13 TeV)
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8 & 13 TeV combined

CMS presented two searches for diphoton resonances at 8TeV

* HIG-14-004: (PLB 750 (2015) 494) search range 150-850GeV, spin-0 and spin-2 interpretation
« EXO-12-045: search range 500-3000GeV, spin-2 only interpretation
* combination in all 6 signal hypotheses tested at 13TeV

CMS Preliminary

cross section ratios at 750GeV:

for spin 0 (gg — S): O13Tev/OsTev = 4.7
for spin 2 (GRS): 0131ev/OsTev = 4.2
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p wamse  Gloser look @ p- value for 8 & 13 TeV combination

CMS Preliminary : 3.3fp" (13 TeV) + 19.7 fb™ (8 TeV)

 compared to single analyses, sensitivity Ep;;ed.ﬁt =
improved by 20-40% ° o
—_— (;bse(jrved limit
* largest excess observed at mx = 750GeV and for H Spin 0

narrow width —> local significance: 3.40

95% C.L. limit o(pp—> S—yY) (fb)
»

09S-X A8 £ O] pazijeuliou

* mass range 0.5-3 TeV (and all signal hypotheses) .
2
“global” significance ~ 1.60
O ! ! ! | | ! !
5><102 10° 2x10° 3x10°
ms (GeV)
CMS Preliminary 3.3fb' (13 TeV) + 19.7 b (8 TeV) CMS Preliminary 3.3 (13 TeV) + 19.7 b (8 TeV)
o AT AN ¥ o EWIW LARVEART N
£ { S o IR
1074 ' TS |
ool Vo 20 A
10'25— . 10'25— g ik
- | Spin 0 - Spin 2
N o m=14x10%4=0 |5 -] ) S h=14x10°4=2 |5
10° = —— Combined 10° = —— Combined
- e 8TeV e 8TeV
e 13TeV e 13TeV
104 —r—— ' 10—t '
5x10? 10° 2x10° 3x10° 5%10° 10° 2x10° 3x10°
mg (GeV) mg (GeV)
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(P e Su mmary

* presented the search for diphoton resonances with

myr> 500 GeV at 8 and 13TeV KEEP
CALM
* simple and robust analysis strategy AND
» improved detector calibration @ 3.8 T COLLECT

» analyzed dataset recorded @ OT MORE DATA
* compared to previous results in Dec 15,
13TeV analysis improved sensitivity by more than 20%

* results interpreted in terms of scalar resonances &
RS gravitons production for different widths

* modest excess of events observed at mx=7/50(760)GeV
for 8+13TeV(13TeV) dataset

* local significance is 3.4(2.9)o, reduced to 1.6(<1)o
after accounting for look-elsewhere-effect

19
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C < Experiment at the'LHC, CERN
Data recorded: 2015-Nov-02 21:34:00.662277 GMT
Run //Event / LS: 260627 / 854678036 / 477




CMS at the LHC

STEEL RETURN YOKE

SILICON TRACKERS

SUPERCONDUCTING SOLENOID

MUON CHAMBERS

PRESHOWER

FORWARD CALORIMETER
Steel 4+ Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Milena Quittnat high-mass diphoton resonances at CMS 21



Dpusee Electromagnetic calorimeter CMS

photon candidates from high energy deposits in em calorimeter (ECAL)

A

N

2.6m

- ECAL.: excellent intrinsic diphoton energy resolution
| (~0.5% for masses above 100 GeV)
L

Milena Quittnat high-mass diphoton resonances at CMS 22
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D Benefits of re-reconstruction @ 3.8 T

data re-reconstruction provides:
» constants for channel-to-channel calibration in ECAL - using 2015 data

energy resolution for Z->ee electrons as a function of n

0.08 257 (13 TeV)
W Mo Simulation (20 fb™! precision), R, =0.94 L
~ = ]
Ll O 07 - Prompt reconstruction, R_ =094 ... CMS__
© "L ’ Preliminary 1
- e  Winter2015-2016 re-reconstruction, R9 > 0.94 .
0.06 e ___
u : : : : 4+ . —  December calib.
0.05 I__EE‘E. ................... E ..H ............................................... ;: (prompt reco)
- : : s o gV S ++ - New calib.
0.04 b ; ................... ‘D'_c_ ...... ............... - B (re-reco)
0.03 [_I ..................... % ..................... E ..... o1 P s = el e _:
: A S e i~
= ‘ ' . *:*:-{1}_ ' -
OO 2 ‘_h ........ g +N:H_-—.-—. 4‘577254—: .................... e —
= 0— P ek R :_}::U::—D— e ' ' _
-t = = ]
0 o —
O : | | | | E | | | EI | | | E | | | El | | | | I | | | B

0 0.5 1 1.5 2 2.5
Supercluster | n |



photon identification efficiency for endcap

CMS

<.1.10

nc

)

Effici

Scale Factor

1.05

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60
1.2

1.1
1.0
0.9

0.8

CMS Preliminary 2.6 (13 TeV)

+ ............................. | .

—4— simulation

IIII||III|III||IIII|IIII|IIII|IIII|IIII|IIII|IIII

|I[I|IIII|II|I|IIII

. 1.10

O
c
Q0
o

- —
S

Factor

Scale

1.05

1.00
L

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

CMS Preliminary 0.6 fb' (13 TeV, OT)

500 550 300

24



" Chs,
P s Energy corrections for EBEE %

Preliminar 0.6 b’ (13 TeV, OT)
103 CMS _ Preliminary 2.7 fb" (13 TeV, 3.8T) . CMS Prefim Y 061 a LAY

Ax 0 B | I I I | | | I | | I 1 I | | > i
> < |
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wzze yy bkg - measurement vs MC prediction |

Events / (20 GeV)

Data/ MC

prediction for yy component checked against theory prediction
N jota (bin) = foy (bin) - Nagta (bin)

data

obtained using Sherpa-LO reweighted to 2yNNLO

observation in good agreement with model.

CMS Preliminary 2.6fb' (13 TeV) - CMS Preliminary 2.6 o' (13 TeV)
— > =
EBEB =
TE | Data 3 ~ EBEE | Data
= Q 1025
= P =
- c 10 =
10 = (0] = ———
= > —
— L —
L =
; -
107" =— 107 =
- 102
14% ......................................................................................................................................
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UL {
08t e e e
0.6 - ooveiemeieeenenes e s o e e %10°
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P st background shape accuracy

* possible mis-modelling in MC and accounted as “bias term*”

* study pull of mean number of bkg
events in several mass windows ¥ _ N
1

pl = &
—» 7 (N

* accept Ifb = \med|anggz| <0.5 for all windows

* difference max. 0.5 of total uncertainty
* b= 0.5 underestimates error by max 10 %

* if Not Increase error by “bias term”

27



Dzzmodelling of the bias term in the search

®* Dpias term included in hypothesis test adding a signal-like component to the
background model

N _6 ias e ias
bkg(myy|6bias) — kag. kag 2 bkg(my ) - Slg( ) ’GGUS( bzas|0 Nblas)
bkg bkg
* normalisation of signal-like component fé L | + N
constrained from result of bias study b ‘

AR
Nuw = [ sig(m,)B(m,,) ~ FWMIH(sg)B(me) 1ol 14 \ :
SRR TR

+ Mock data I Ill [ )
* effect on sensitivity: o ackgrowndmodsl i t

* to quantify the effect, look at signal strength o N
which would give raise to a 30 excess ~ 12F 28 -
« effect is below 5-10% everywhere p - Slanelmoddl ]

! ! ! ! o
4x102 10°
m

T
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upper limits for 13 TeV

95% C.L. limit o(pp— S—vy) (fb)

95% C.L. limit o(pp— G—vy) (fb)

MS Preliminary 33" (13 TeV)
18
L=1.4x10* J=0
16 - - = Expected limit
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.
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G/m = 1.4x10"

Milena Quittnat

95% C.L. limit o(pp—> S—vy) (fb)

95% C.L. limit o(pp— G—vY) (fb)

CMS Preliminary 3.3fb" (13 TeV)
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95% C.L. limit o(pp— S—vyy) (fb)

95% C.L. limit o(pp— G—vyy) (fb)

spin 0

spin 2
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D= upper limits for 8 & 13 TeV combination

* normalised to 13 TeV cross section

— 10 CMS Preliminary 3.31b™" (13 TeV) + 19.7 fo™ (8 TeV) CMS Preliminary 33167 (13 TeV) + 19.7 b (8 TeV) = CMS Preliminary 3.3 b (18 TeV) + 19.7 fb™ (8 TeV)
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(P mumee p-values all signal hypotheses
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OB 8 TeV data %
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P izt 8 and 13 TeV combination %

. CMS Preliminary 2.6 o' (13 TeV) + 19.7 6" (8 TeV)
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* comparison of the median expected upper limits of the analyses entering the combination
* the 8 TeV results are scaled by the expected ratio of cross sections predicted for an RS graviton
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Dz Consistency 8 & 13 TeV combined

cMs.

« evaluated through likelihood scan vs equivalent 13TeV cross-section at mx = 750GeV under
both spin (narrow-width) hypotheses

e compatible results observed in both datasets
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global significance for 8 & 13 TeV combination

problem: @ 8 TeV sliding window for mass fit —> cannot throw correlated toy experiments

trial factor: P(excess @ mo)/P(excess in signal region)

approximation:

trails factor = trails factor(mass) x trails factor(l", J |Mass)

l

asymptotic formulas (crossings)
(~100)

A
q(m)

u

m

l

from toys @ 13 TeV

p-value (significance) with toys

—> global p-value

~160

1

ﬂ

Max Significance
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D ratio of LHC parton luminosities
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