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di Fisica Nucleare

INTRODUCTION INFN_

After the dlscovery of a parhcle compahble W|’rh fhe
Higgs boson, the LHC program has 2 clear directions to
look for new physics

Indirect: precision measurements of the Higgs properties

Higgs couplings
Higgs ditfferential cross-sections

Direct: look for new particles and rare final states

new center of mass-of-mass energy 13 TeV significantly extends
reach of Run |

In either of these, di-photon final state plays a major role!
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D| pho’ron IS O cledn expenmen’rdl S|gn0’rure ’ro IooI< for new phy5|cs
fully reconstructed final state is a golden search mode for new particles

Yang theorem:
X either J=0 or J=2

s
2 X
z =
Z
&G
STEP ISSUES \
/
1) 2 isolated photons with  |photon idenfification o reject QCD 3A . -
high pr background S ? s Yo
> R o
2) di-photon mass energy scale and resolution :: ‘. -
reconstruction vertex determination in presence .
= \/2E, F»(1 — cost5) |of multiple interactions pile-up (PU) R
3) signal extraction background determinafion: can be T P,
estimated directly with a fit to the >
Mass spectrum m(yy)
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First di-photon distribution ever My (GeV)
shown by CMS (Nov 2009) July 2012: Observation of a new

boson at mass of 125 GeV (Phys.

First LHC collisions, Vs=900 GeV, B=0T |ett. B 716 (2012) 30)

Raw energy used (no energy
corrections)
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Now: Looking for high mass
resonances decaying in 2
photons in 13 TeV Collisions




CI\/\S ECAL INFN

ECAL IS THE crucml defecior for d| phofon cmalyses

CMS ECAL: Lead tungstate (PbWO4) homogenous calorimeter
designed to discover the Higgs boson in the yy final state: oe/E @ E>100 GeV ~0.5%

EB Barrel: Inl <1.48
36 Super Modules
61200 crystals (2x2x23cm3) 26X,

EE EndCaps: 1.48 <Inl <3.0
4 Dees

14648 crystals (3x3x22cms3) 24X, I | = éérrel’ cry;tals | (::".... - 1';“\~\

Preshower: 1.65 <Inl <2.6 \
3X, of Pb/Si strips

.\i\'-Pbl'Si; preshb_Wer : A :,' .
1.90 x 61 mm?2 x-y view : e Yo q

§~~~~
—~ -~

Endcap “Dees” ~—

Barrel with “supercrystals” y
Super Module (5x5 crystals)
(1700 crystals)

Most critical aspects (constant

term of the energy resolution)
IN-situ calibration
crystal fransparency variations

More details in R. Teixeira De Lima'’s talk
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Relative crystals

response to laser light
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H—yy analysis X—yy search (500<myy<4500)

After discovery focus on measuring Higgs Generic search for a high mass di-photon

properties resonance as predicted in several BSM
couplings, mass, differential cross- mocojlels: . o .
section Spin0: e.g. heavy scalar in non minimal Higgs

sector

Very optimised analysis: signal hypothesis Spin2: e.g. graviton, as predicted in several

well known (SM Higgs), systematics exfra-dimensions model (RS, ADD)

controlled with extrapolation from not so Requires robust analysis tools, since

far L—ee performed over a large mass range

more difficult to extrapolate from Z—ee
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PN
DI-PHOTON ANALYSES INFN

L/ di Fisica Nucleare

COMMON INGREDIENTS FOR

—_—

Photon reconstruction
ECAL clustering
Energy reconstruction and corrections

Photon identification
Cut based or multivariate

Vertex identification

Data driven approach to measure energy
scale, resolution and efficiency

main control samples: Z7—ee and Z—lly

Paolo Meridiani



B Other crystals within Supercluster

ECAL clustering optimised to collect energy
radiated from conversions and bremsstrahlung
(tracker material up to 2Xo)

dynamic “Supercluster” algorithm recollects
additional energy along ¢

material effects are smaller at high pr (>100
GeV)

Energy estimate from a MC {rained multivariate
regression

further correct material effects, gaps, PU
contamination

can provide also a per photon resolution

estimate
More details in J. Bendavid’s talk
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PHOTON RECONSTRUCTION

Energy scale cmd resoluhon
measured in data at 0(0.1%)
level
MC used as a template to fit
the data Eyce * Gauss(1 + AP, Ao)

fit performed in bins of n and
cluster shape

Linearity checked with boosted

L— ee up to pr~200 GeV
deviations within 0.5%(0.7%) in
barrel(endcap)

w 0.04

=~

©
© 0.035

Energy resolution ~1% for
uncoverted photons

0.03
0.025
0.02
0.015
0.01

0.005

o
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» discriminate
unconverted/
converted photons




PHOTON [DENTIFICATION

19.7 5" (8 TeV)

m

o

8 CMS ¢ Data: signal (Z—uuy)

o ¢ Data: background

Ea [ Simulation

§ 4000 [ Simulation: statistical uncertainty |
1]
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T 14T ]
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Data/MC

Isolated photons can be distinguished from

jets by means of shower shape and isolation
variables

cut-based selection (more robust for high pr
photons) used for high mass search

multivariate techniques (BDT) to exploit correlation
among several variables used in H—yy analysis

Electron rejection: veto EM cluster with matching

prompt electron, keeping reconstructed
conversions
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19.7 fb”' (8 TeV)
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PHOTON ID PERFOR

_ e

=

>1.10F
> E

Cut based selection adopted in X—yy
search has ~90% efficiency for p1>100
GeV

efficiency checked in data (/—ee)

0.85F

0.75F

0.70

Electron veto efficiency measured with
Loupy

0.65

- -
n

o

Scale Factor

o
©

o
®

Shower shape variables, isolation
variables and their correlations are well
reproduced by the MC

nice data/MC agreement on the BDT
output on Z—ee and I—upy events
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di Fisica Nucleare

VERTEX IDENTIFICATION INFN__

= e —

- CMS Simulation Preliminary 13 TeV
do.oef— — H(125) vertex
o.osi— — Other vertex
0.043—
o.osf—
0.02-
0.013—
N I P T T B S T PR
-4 -2 0 2 4 6 8 10 12 14 16
° ege lo &
Mass reconstruction depends on the position of the ° &P
. CMS Simulation Preliminary 13 TeV
primary vertex 5 F -
in current pile-up conditions the di-photon production 03F — H(125) vertex
vertex has to be selected among ~20 vertices 025f — Other vertex
Interaction vertex identified using recoiling tracks (and  cz-
reconsiructed conversions when present) 0450
Spz . P1(¥Y¥) Vs pr(fracks), zcony ot
variables combined in a BDT sk
probability to assign the correct vertex also determined : | 1 o
using a BDT % 20 0 20 40 60 80 100 120 140

Yy Yy

) Z pT 'pT /pT
tracks
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di Fisica Nucleare

PN
VERTEX |D: PERFORMANCE INEN

i ~ =

e S~

11 ' ‘13'TeV
E T cms | | HJ—->*{7 (mH=I125 GeV)
one . o | Simulation Preliminary <PU>=11
Probability to assign the correct vertex v R,
depends on the pr(yy) ook :
. . 5 oo 4 E
for H—yy efficiency to find correct s T :
IR S I/ .
VerTeX WIThIn ] Cm ~80% Lg 0'7:_“,”. True vertex efficiency ]
- : Average vertex probability E
for X—yy efficiency is ~90% E
1)/-] ENPURN BN BN N E——
é\ 0.08 —
2 006 H—yy(m, =125 GeV) -
4 ool |
% 50 100 150 200 250
I (GeV)
. CMsS Preliminary 27 fb;’$1?,'T§e\]/) CMS Preliminary 2.7 b (13 TeV)
é 1—_ .Z—>pu,25ns - 0'25__ Z—>Mu o
v e . N o
BDT output validated using ¥ o8 rsmaton ] © ¢ Corectvertex :data
2 Hix ~+ Data 1 02~ W Correct vertex : simulation
Z_’].LLL S 06 :zb"*:q_“_\_ | . : |
% ! —_— i I L] Misassigned vertex : data
X+je1's e\/erﬂ'g Used for e\/en'l's % 04? ; i _: 0.15 [ ] Misassigned vertex : simulation
-t : i
with a conversion o 1 o
0“ ........ [ R B Lol i
§ [ 1 oos
E ' 1_{__;_—s-.Am.ﬁ,@m.ﬂr_‘ﬂ_{_\m\m_ H
@ 0.95- B i |
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Number of vertices Vertex probability estimate
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PN
SELECTED H%W RESULTS fui

di Fisica Nucleare

19.7 fb™ (8 TeV) + 5.1 fb™! (7 TeV) PRL 1 ]4 (20]5) 9]803

S x10°

()] 35 CMS S/(S+B) Welghted P ¢ R Y LN BLLBLNL N LU o (3 B AL L BN B RLRL LR R

G H- vy

= ¢ Daa ATLAS H—yy t————- = Total

‘g 3; ¢ —— S+B fits (weighted sum)

(O] T B component Stat

S 25

) o - 10

- CMS H

5 of =YY ——o = Syst

S 1.52—

g . ATLAS H—ZZ -4l ———

o

%)

(‘7)’ CMS H—ZZ -4l ———
................................. ATLAS and CMS

ATLAS+CMS yy+4l = LHC Run 1
1111 l lllllllll ] 11111111111111111111111111
124 125 126 127 128
110 115 120 125 130 135 140 145 150 mH [GeV]
w (GeV)
-1 .1 ° °
CMS H - vy 19.7 o (8 TeV) + 5.1 fb™ (7 TeV) Events sp||'|' in11 (7 TeV) + ]4(8TeV)
(]
| 10z g em categories
oo l'lcombined - 03

H—yy can measure each Higgs

production mode
special event categories to tag associated
l combined + 1 poroduction with jets, lepton, MET

—e— per-process £ 10 CMS H—yy mass measure is the single
most precise (340 MeV)

. = extrapolation from Z—ee allows to control

co o IR L photon energy scale systematics at 0.1-0.2%
-1 0 1 2 3 4 5 6 7
(150 MeV)
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HIGH MASS DI

interpretation of searches at Vs=8 TeV
and Vs=13 TeV

mx interpretation
Title range |
[GeV] | spin0 | spin2 | gy | i
PLB 750 (201 5) Search for diphoton resonances in
mass range 150 to 850 GeV in pp 150-850 \/ \/ \/ \/
494 collisions at Vs=8 TeV
Search for diphoton resonances in
EXO-12-045 mass range 150 10 850 GeVinpp  |500-3000 | X | v | V | V
collisions at Vs=8 TeV
Search for new physics in high mass
EXO-15-004 diphoton events in pp collisions at 500-4500 X v [V |V
Vs=13 TeV
Mar 16 Search for new physics in high mass
diphoton events in 3.3fb! of pp
EXO-16-008 collisions at Vs=13 TeV and combined | 500-4500 \/ \/ \/ \/

Paolo Meridiani




A

HIGHLIGHTS OF MOST RECENT HIGH MASS ANALYSIS  INFN

includes 0.6 fb! of additional data recorded at 13 TeV at B=0T
analysis sensitivity improves by 10%

CMS Simulation 13 TeV

data reconsiruction with improved
ECAL inter-calibration completed
over winter shutdown

m = 500 GeV
I’ -4
3= 1.4 x10

0.35—

EBEB
0.25[—
- —Prompt-reco
0.2—

Fraction of events
o
w

30% improvement in mass resolution for .o —Reeco
a narrow resonance myx>500 GeV o1E
10% improvement in analysis sensifivity 0.05

I A

1 l 1 1 1 & 1 1 l
500 520 540 560
m,, (GeV)

1 J 1 1
440 460 480

Results interpreted in terms of spin0 and spin2 resonances

J=0 gluon fusion production, J=2 RS-graviton
3 widths considered: I'/m=1.4E-4, 1.4E-2, 5.6E-2
combination with 8 TeV results
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AII onoly3|s mgredlen’rs hcd ’ro be re- ’rhough’r To use do’ro
without magnetic field

/ pen 20e.xltsth / /'//( 4

eCorg
," /ESQ
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AII Qnoly3|s |ngred|en’rs hod ’ro be re- ’rhough’r ’ro use do’rc
without magnetic field

No informations on tracks momenta ®

weakens isolation power
more difficult to identify correct vertex

Energy spread for conversions/brem reduced &

better energy resolution, easier e/y extrapolation
shower shape discrimination more powerful

Dedicated channel inter-calibration

Dedicated photon identification
photon identification efficiency in EB~80% (less efficient ele-veto)

Dedicated vertex identification
probability to find correct vertex ~60% (only tfrack count can be used)
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Simple and robust selection

» 2 isolated photons, pr>75 GeV

» Split events into (EB-EB,EB-EE)x(3.8T,0T)

» Background composition (measured in ~ SMirreducible yy background
data with template fits) dominated by  ——pwny g A Y
ireducible SM yy production: ~90%

( ——avwny 8 VWV
|
< CMS Simulation 13 TeV, 3.8T CMS Preliminary 2.6fb' (13 TeV)
- c
x 07 L_q4x10¢ azzo-nmT ) - EBEB =YY
w - __-==="" T "5 .
/ ———————— m i —Y ]
06 — =" = . - — —
= e .- L
0.5 e
0.4F
- . — EBEB J=0 -=--EBEB J=2
035" — EBEE J=0  ---EBEE J=2
Eo L — Total J=0  ---Total J=2
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MASS SPECTRA INFN

EB EB ca’regorles at 3 8T cmd OT f

B=3.8T B=0T
CMS Preliminary 2.7 fo™' (13 TeV, 3.8T) CMS Preliminary 0.6 fb" (13 TeV, OT)
LI L R A2‘_"1"'["'!"'!"'I'"I"'I
> EBEB ¢ Data 2 10 E EBEB ¢ Data
O —— Fit model © r — Fit model
o 10° & o
o\ = o tio ¥ = o t1o
g - +2 Z | t20
@ | ’ o 10
S 10 S - *
1 LI ) -
E‘JS
&
©
S
7400 600 800 1000 1200 1400 1600 400600 800 1000 1200 1400 1600

m, ., (GeV) m, , (GeV)
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INTERPRETATION INFN_

Statistical interpretation from simultaneous fit to myy distribution
0.5-4.5TeV in the 4 analysis categories (EB-EB,EB-EE)x(3.8T,0T)

Background model: parametric fit to the data with empirical

function f(m.,,) = mattlesma.)

possible mis-modelling assessed

with MC and included as a “bias-term” R% lLH]TlLL‘TH

inv. mass inv. mass

SIGNAL OVERESTIMATED SIGNAL HIDDEN

Signal model: MC prediction including energy resolution
corrections interpolated between several mass points

(Spin0,Spin2)x(3 widths) signal hypotheses
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UPPER LIMITS AN

['/m=1.4E-4

SIMS Preliminary 3.3fb" (13 TeV) MS Preliminary

ataset
I'/m=1.4E-2

3.3fb" (13 TeV)

Paolo Meridiani
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I'/m=5.6E-2

CMS Preliminary
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di Fisica Nucleare

THE "HOT" TOPIC INFN_

Larges’r excess observed for mx—760 GeV I‘/m 1 4E 2

Local significance: 2.8-2.9¢0 depending on spin hypothesis
similar significance for narrow width

- CMS Pre//m/nary 3.3fb" (13 TeV)
o — . -‘ ', ', D . \ N '
Global significance <1¢ AN Y S U A S £
: : 107
trial factors obtained -
considering all 6 signall R SY
hypotheses (spin x width) inthe .|
500-4500 GeV mass range
Excess mostly driven by EBEB - E=14x10%J=0 Y
3.8T category 10°E — Combined
] e 0T 0.6 fb™
One event in the OT dataset I 38T 27 fb"
compatible with 3.8T excess 10 . ' '
5x10° 6x10° 7x10° 8x10°

mg (GeV)
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2 anquses performed on 8 TeV data

HIG-14-006 (PLB 750(2015) 494):. EXO-12-045:
150-850 GGV spin0O Olﬂdggglp? 500-3000 GeV, spin2 only
8 D D Riiciasses combined | 1 CMS_proimnay 19.5 15" (8 TeV)
3 CMS; ~ |ry= 0.1 GeV; spin-2 . o) : T 1 A I I I
:\531 0! - B B | —— Observed — % 0_005__ | | e waEeoon A
= | | E = - | | — oo "
)’E | ==-- Expected+ 1o ] o 0.004F- l ‘ |_:_|g (K =0.01) E
Eg - --- Expected + 2¢ T TE,:) . l ‘ —Iq
| | S 0.003F \ | ]
\
\
0.002— \ \ —
0.001— —
. . = - R i, v
104 L ' : : : ' 500 1000 1500 2000 2500 3000 3500
200 300 400 500 600 700 800 (GeV)

my, [GeV]

Combination in all 6 signal hypotheses with 13 TeV
pick most sensitive analysis: 500-850 GeV HIG-14-006, EXO-12-005
otherwise

spINO (gg—S): o131ev/0816v=4.7

Cross section ratios: .
spin2 (RS): 013 1ev/08 1ev=4.2
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Compared to smgle anquses sensﬂlvﬂy |mproved by 20- 40%

= 10 CMS Preliminary 3.3fb" (13 TeV) + 19.7 b (8 TeV) _ Cms p,ﬁ,,m,-n-qp-," _ 3317(13TeV) + 1971’ @ Tew
= [ L _1.4x10% J=0 S ‘ _ \’\/ R B4
< 5 - == Expected limit p [-- AT ﬂ -ib- oo — —————————— :
s °r t1o L A AN A |
T i T t20 E
\% 6l —— Observed limit R S ittty
°© T 10% ¥
E - - '
300 : L= 1.4 x10% =0 i
3 i a|-------- m>-_ TN Y PR L] 30
2 5 10 = — Combined v
0 2 — - 8TeV
5 - e 13TeV
0— ' ' 107" 2 2 2 2
5102 10° 210° 3510° 5x10 6x10 7x10 8x10
m (GeV) ms (GeV)

Largest excess observed at mx=750 GeV for narrow width
Local significance: 3.4¢0

Global significance 1.60, considering all signal hypotheses in
500-3500 GeV mass range
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Evaluated looking at likelihood profile for equivalent ci131ev at 750
GeV for both spin hypotheses

Excess is compatible between the 2 datasets

6 CMS Preliminary 3.3fb' (13 TeV) + 19.7 fb” (8 TeV) A CMS Preliminary 331" (13 TeV) + 19.7 fb (8 TeV)
o)) N ;') )
o - m75OGeVJ0 o - m750GeVJ2
< 5 —-oo14><1o2 < 5 L =0.014 x10?
N N -
- — Combined —— Combined
4r — 8TeV 4k ptolly
- —— 13TeV - —— 13TeV
S 3l
21— 2
1 = /
B 1 l 1 1 1 I : | I 1 L L I
% 2 4 6 8 10 % > 4 5 8 10
13TeV | 13TeV .
o B _ (fb) 13TV B (fb)
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CONCLUSIONS [

D| phoion is @ robusf cmd powerful flnal sfcﬂe fo Iook for hew

physics and explore the Higgs boson properties
relies heavily on excellent CMS ECAL performance

13 TeV center-of-mass energy is a new unexplored territory
not only limits, @ modest excess has been observed at mass ~

/50 GeV
10 fb-' at 13 TeV are required to assess the nature of this excess
statistical fluctuation new physics
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CMS H - vy 19.7 o™ (8 TeV) + 5.1 fo™ (7 TeV)
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