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Vlotivation >
l Z—\__\
« Hierarchy problem in SM arises from ratio of: ) )
+ Planck scale Mg~ 101¢ GeV Mpi~ ~ Mgy, R"
o Electroweak symmetry breaking scale Mewss ~ 102 GeV
* Arkani-Hamed, Dimopoulos and Dvali (ADD) model of large t R
extra dimensions pProposes 5
* nadditional spatial dimensions compactified with radius R 3
 allows the fundamental Planck scale Mpja+n) ~ 1 TeV with @ >
Observed MPI~ 1019 Gev |f R~ 1030/'1-19 m Flat (3+1) dimensions
 Produces Kaluza—Klein (KK) modes of the graviton G, which Y !
can decay to 2 photons G e e
« ADD model gives non-resonant signal enhancement over - -----
expected SM background to my,
g Y
* Gk yY |
 CMS detector provides excellent energy resolution for ! k
electromagnetic particles e w
 (Clean, isolated photon signature > ---—--
e Previous CMS search used 2011 LHC data at s = 7 TeV q ~
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Analysis strategy

e Search for a non-resonant excess in the high-mass diphoton
spectrum at /s = 13 TeV using the full 2016 dataset
corresponding to an integrated luminosity of 35.9 fb-

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC
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Full background prediction is made:
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1. Dominant, irreducible prompt SM
diphoton (yy) background
* Next-to-next-to-leading order (NNLO)
Monte Carlo (MC) calculation
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2. Sub-dominant, reducible jet-faking-photon (y+j/ j+j) background
« Data-driven estimate
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* Large Hadron Collider
27 km circumference
* ~100 m underground

* pp, pPb, PobPb, XeXe
collisions

1232 superconducting
magnets

e 83T
* 15 mlong

* proton bunches
* 2808 bunches
e 25 ns spacing
10" protons/bunch
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| HC schedule

LHC physics production schedule for pp collisions with integrated luminosity recorded by CMS

Run 1: 2010-2012
¢ 2010:+/s=7TeV, 41.5 pb-1, 50 ns physics production run
e 2011: s =7TeV, 5.6 fb-1, 50 ns
e 2012:y{s=8TeV, 21.8fb-1, 50 ns

e LS1:2013-2014 long shutdown
d Run 2: 201 5-201 8 CMS Integrated Luminosity, pp
e 2015: \/S =13 TeV, 3.8 fb-1, 50 ns -> 25 ns Data included from 2010-03-30 11:22 to 2018-04-25 23:51 UTC
« 2016: \/S =13 TeV, 37.8 fb-1, 25 ns =~ _ —— 2010,7 TeV,45.0pb | | | %0
e 2017:+/s = 13 TeV, 46 fb-1, 25 ns g oS | — 2011, 77ev,61m ¢ Js0
+ 2018: /s = 13 TeV, 60 fb-1(TBD), 25 ns 2 gl —
§ 60 - 2016, 13 TeV, 40.8 b ' 160
€ w2017, 13 TeV, 51.0 fb !
* LS2: 2019-2020 379 o 2218, 1: Tev, 0.30fb1 10
Q 40 40
e Run 3: 2021-2023 ;:,‘3°' 130
« Vs =14 TeV £ 20 20
° LS3: 2024'? \‘P’g&m\,\ ‘p.\’Q’ '\‘e,e? ,\‘0"" \‘“osll xoecl 0
* High-Luminosity Large Hadron Collider Date (UTC)
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Proton acceleration chain:

1. Linac 2 (50 MeV)
. PSB (1.4 GeV)
PS (25 GeV)

4 SPS (450 GeV)
5. LHC (14 TeV)

L N
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CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength  :28.7m Microstrips (80x180 ym) ~200m?> ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

;\

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

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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identification
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Key:
Muon
Electron

=~ Charged Hadron (e.g.Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

_ Electromagnetic
).]l l' Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

D.Bamaey, CERN, Febriuuy 2004
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Event selection

* Photons are measured by the CMS electromagnetic calorimeter (ECAL)

e [rigger selection

e Events with 2 photon candidates each with pr > 60 GeV

e Kinematic selection

« Photon pr> 75 GeV (fully efficient trigger

selection)
e Diphoton invariant mass m,, > 500 GeV
 EBEB: two photons in EB
« EBEE: one photon in EB and one in EE

* Photon identification tuned for high-pr photons

 Relies on
e |solation variables
e Shower shape variables
e Electron veto

* 90(85)% efficient in EB(EE)
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EB: ECAL barrel, |n| < 1.44

EE: ECAL endcap, 1.57 < |n| < 2.5
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» -

CMS Experiment at LHC, CERN
Data recorded: Sun Aug 14 11:17:42 2016 CDT
Run/Event: 278820 / 1528641148
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ADD signal model

« ADD model is parameterized by number of extra * Total cross section:
dimensions nep and UV string cutoff scale Ms F 72
e Interference effects Trotal = OSM F g Oint 75 TADD
e Signal generated with LO SM background using ,
Sherpa v.2.1.1 11 <GAZW)'_f :
e Samples generated with m,, < Ms F= 0‘2(?2’ 1 T;EDZ_ (HLZ),
: —=—, 1n
e Mscutoff conventions F nep=2/ ~ LD
. (£ (Hewett),
 Consider HLZ (nep =2), GRW, and Hewett-
> 10 §M§ W?rk //7 pro\grqss | _ S :CM§ Wc?rk /r‘7 ,or(‘)gre‘ss |
(O] - ] i
® G [ il
 Parameter space: 3 3
e Ms=3-11TeV 9 @ )
G107 10 ¢ E
e Nep=2,3,...,7 z0 &
1072 10%¢ E
107° 103k B
= 10_4; ‘ | R R ﬁ( “a‘ ‘
HLZ (nED 2) 0 2000 400:) : 6000
M,, (GeV)
sig.+bkg.+int. sig.+int.
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CMS

Real background =

CMS Work in progress
——

 |rreducible, prompt SM yy background generated ;; 10° Barrelbarrel 4 MCFM (NNLO)
using Sherpa v.2.1.1 with: + 10 RN
9 0000 — v a3 ——(\/VVV\ 7 8 o boSherea
Y A A 107 ‘ —
9 0000 —» Y a——hAAAN Y - EFBER Ry
Box Born +0, 1, 2, or 3 jets R R L ‘%
s 8 3 ‘ v*
W G2 2 '
* NNLO contribution to SM processes calculated D) st -t

using MCFM v.8.0 m,, (GeV)

. K factor = MCFM / GEN-level Sherpa 2 ", ' ey
* Function of myy % 10_6 + Z:;ra(m)

- Used to reweight fully simulated prompt diphoton |
events (from Sherpa) for final prediction 8

" EBEE S

. Kfactor: 1.4-2.2(2.5) in EBEB(EBEE) for m,, < 3 TeV SN

1000 2000 3000 4000
m,, (GeV)
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Scale variations on K factor

e Scale variations

* Ui=Ur=2 My
* Hf= Hr=Myy
* pr=pr=1/2 my,

e Similar level of variation
observed in EBEE

Andrew Buccilli

CMS Work in progress
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-ake backgrouna

» Reducible background from SM y+j or j+j events . SMS Workinprogress L =359fh7 1s=13TeV
where one or two jets with large EM activity fake S # Numerator candidates
I o 10* = = = Real template
a phOton Slgnature O Fake template
~ === Combined fit
o 10°E 5
: : - - o : T30 <p <550 Gev 1
» Fake rate function f{pr) is measured in a jet- s b N3 5<lsog,<10GeV ]
enriched data reference sample as a function of 2 e
photon prin EB and EE O 1of
1
» fake rate: {pr) = numerator / denominator
 numerator: number of jets passing photon ID 1070 ""0005 001 0015 002 0025 003
« denominator: number of jets passing a O
|OOS€I’ phOtOﬂ-“ke |D o S:‘M‘S‘ |/‘Vo‘rl‘< ipp(o‘g(e§§ ‘L‘=‘T'3‘5.‘9‘f‘b"1‘ | }Fs‘=‘1‘3"||'(-:“\l‘7
T 02F —
' ' ' I%:, 0.18] EB E
o Contamination from real photons is removed from g :
numerator through a template fit e O E
0.14[~ 3
. . . 0.12; —
« Denominator objects in analysis data sample o For) =pot L
. . . . T p2 -
are reweighed by fp7) to give a fake prediction 008l Pr 3
0.06— 7
e Fake contribution is less than 4(14)% in 0.04f- 1 &
EBEB(EBEE) for myy > 1 Tev 0-02;‘ coa e b b b by | H;
0 100 200 300 400 500 600
Photon P, (GeV)
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Closure test to photon tfake rate method

MC based closure test is performed by comparing

1. Fake rate method applied to jet-enriched MC sample (treat MC as data) to

determine a fake prediction on MC sample

2. MC truth calculation of actual fake photons in MC sample

EB,50<pT<7OGeV| |EE,50<pT<70GeV|

CMS Work in progress CMS Work in progress
L - T T T ]

n - T T T <+ r T T T T T
S 04 4 8 F
g : o MC truth 3 S 03 MC truth .
5 0351 ¢ 5<lso,, <10GeV 7 E o ¢ 5<lso,, <10GeV ]
€ = ¢ 7<lso, <12GeV 5025i — + 7<lso, <12GeV I
503 | ¢ 10<lsoy,<15GeV e - $ 10<lIsoy, <15GeV
0.25 = 0.2 —
0.2 = 0.15 —
0.15F- = -
- 0.1— ]
0.1 = o
0.05 = 0.05~ B
07 L L Il Il Il Il Il i i L L - 07 L L L Il Il Il Il Il I L L L -
0 0.01 0.02 0.03 0 0.02 0.04 0.06 0.08
Oinin Finin

 MC fake templates to MC truth
e choosing templates from a
sideband has some bias

CMS Work in progress
C T T T T T T

prediction / truth

T

18- ECAL endcap { 5<lso, <10GeV -
161 O, templates =
14 =
1.2 =
i an | 4
0.8 }+ ! -
+ .
0.6 =
0.4 ]
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, CMS Work in progress
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* Closure test predicted fake rate ¢ = * -
::g 1.8; EC'L\tlérlr)\aliﬁ(Ies + 5 <lIso,, <10 GeV E

compared to truth fake rate B T :

* Similar agreement for S % :
inverted relationship s 4 3
between template and o -
sideband variables T e

p, (Ge
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Closure test of kinematics

* The re-weighted denominator objects reflect the kinematics of
known fake objects from MC truth

CMS Work in progress (&) CMS Work in progress
e T T T3  fe T T T T T
] : ¢ Denominator 10° L ¢ Denominator
10 ;, ¢ MC truth 107 “e ¢ MC truth
10° .. 4 Fake prediction had ¢ Fake prediction
. - L ad

E o  Photon prin EB and EE
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Results

uncertainty
 Perform a MLE fit

« Allow real background

normalization to float

Andrew Buccilli
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Limits on ADD moael

« Upper limits on the ADD signal strength are translated into lower limits of Ms

CMS Preliminary

35.9fb™ (13 TeV)

c10°E <10
o F o
c C c
g s Expected limit g
2 Fr mm=:10 =
®© P o]
5 10 * 0 5 10
» - GRW »
c - . 0.7 c
s Exp: M =715 TeV S
E | i £
o F E g !
Q r 3 o
Q . o
> B 7 >
— i ] —
o N . o
o o
107'E E 107"
(0)) C - (0))
10—2 1 | 1111 | L 111 | 111 | 111 | L 111 | 1111 | 1111

CMS Preliminary

35.9 1" (13 TeV)

CMS Preliminary

Expected limit

1o

+ 20
Hewett [-]
Exp: M, = 5.5 TeV

3591 (13 TeV)

< 102 E 3
o F ]
S r ]
fij s Expected limit .
= [ Wm:t .
c - + 20 ]
(@] 10 e =l
B f HLZ ng=2 .
S [ ExpiM =8477TeV
E T
o F E
Q F 3
Q_ — —
S ]
S F ]
O - -
2
o107 3
[0)} C ]
|

1072

3 4 5 6 7 8 9 10 11 3 3.5 4 4.5 5 5.5 3 4 5 6 7 8 9 10 11
M (TeV) M (TeV) M (TeV)
o Expected limits on Msrange from 5.6-8.3 TeV
Signal: GRW Hewett HLZ
negative positive ngp=2 ngp=3 ngp=4 ngp=5 mngp=6 ngp=7
Expected: 7.0102 56707 63107 83f12 83109 70f92 63f02 59707 56107
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Conclusion and outlook

* A non-resonant, high-mass diphoton search using 35.9 tb-1, corresponding to the full
2016 dataset, was performed with CMS
 NNLO prediction of the prompt SM diphoton background
e Data-driven estimate of the fake background

* Observed data is consistent with SM background

e Limits set on the ADD model of large extra dimensions
* Expected limits on Ms = 5.6-8.3 TeV depending on the cutoff convention
* Improves current best limits by ATLAS (arXiv:1707.04147)

« First CMS non-resonant, high-mass diphoton search done using LHC Run 2 data
» Previous CMS result used 2011 data with «/s = 7 TeV pp collisions (arXiv:1112.0688)

* Review of paper draft under internal review
e Journal submission expected to follow
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Backup
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Large extra dimensions

« Qravitational potential in (n+3+1) dimensions

mq1mo 1
Mg+2 rn+1 !

Vir) ~ (r < R)

mimse 1
V(r) ~ - R

 Forr» R, we get our usual 1/r potential and an observed Planck
scale

2 2+n pn
M% ~ ME™R

e I[f Mp~1TeV we find

R ~ 103_"3_19 m

 We get large extra dimensions
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L uminosity <

e |nstantaneous luminosity

119

L=

dro,0,

* Integrated luminosity

e Number of events

N = oL

1 b1 =10% cm=2

— e ——

Andrew Buccilli

Total Integrated Luminosity (fb ')

f. collision frequency

ni. number of particles in bunch /
Oxy. 'ms beam size in xand y

O: Cross section

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC
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Photon selection efficiency

 Measured using the Tag and Probe technique

CMS Work in progress 35.9 fb'(13 TeV) CMS Work in progress 35.9 fb(13 TeV)
- T 1 T T T T T T T T T T
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!IIIIIIIIIIII
o
~

0.6

o
o))

s | 5
S T S
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ADD signal model

string cutoff scale

Ms

Interference effects:

ADD model is parameterized by number of extra dimensions nep and UV

e Signal generated with LO SM background using Sherpa v.2.1.1
(signal+background samples)

o Samples generated with my, < Ms

o Separate LO background samples are generated to extract the signal
(background only samples)
e Cutoff conventions F

* Translate between different conventions with same ne
e Consider HLZ (nep =2), GRW, and Heweti-

o Parameter space:

* Jotal cross section:

7\,

]:'2
Oiotal — OSM + —0int + —s0ADD
tota Mé int Mg
(1 (GRW),
lo (ﬁ) if npp = 2
gz SA. s ED (HLZ),
m, if Nep > 2

|£2  (Hewett),

« Ms=3-11TeV ne = F/Ms
* Nep=2,3,...,7
CMS Work in progress CMS Work in progress CMS Work in progress CMS Work in progress
2 Fa D[ e g I I e
O) i O | Q) 1 1= o E
g o 1 = = ‘7 <OD : /"—-
Te) 1 Te) F 010 ' E o)
: : : ] 20t §
c c10 'k - c R c10'F E
310 g1 B0 ke
L L L * J E L
1072 102 f 102l " 1o “___'\\4 10%F =
3 ] k. ) - ‘ A | ]
" 10°F T y 107 F m [ T I £ 10°F [ * f LA W
: ] F “ °%
107 L ﬂ‘t‘\ C S I O T R % SO j ¢ Al * ‘ L."'A
0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000
M,, (GeV) M,, (GeV) M,, (GeV)
signhal+background signal signal signal
HLZ (nep = 2) Hewett- GRW
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Reducible background from SM y+j or j+j events where one or two
jets with large EM activity fake a photon signature, typically a m or n

¢  Numerator candidates
104 = = Real template

Fake template

» Fake rate function fis measured in a jet-enriched data reference
sample as a function of photon prin EB and EE, then is applied to
analysis data sample to give a fake prediction

=== Combined fit

ECAL barrel
130 < p_<150 GeV

3, 5 <Iso,, < 10 GeV

10°

102

10

» fake rate = f(pr) = numerator / denominator
* numerator = number of jets passing photon ID 1
* denominator = number of jets passing a looser photon-like ID

I I 'l 'l 'l I 'l 'l 'l 'l I‘ 'l 'l 'l 'l
0 0.005 0.01 0.015 0.02 0.025 0.03

o

inin

» Real, signal photons must be removed from numerator El
* Real and fake photon templates are fit to data in the template
variable ginin, @ shower-shape variable sensitive to real and fake

photons e o, cus v nprogees s 35916 @=13T|e"_

. - from reference data in sideband of the I . E
isolation variable Isocn < 016k E

* Real templates - from MC ot E

* Template fit - performed using MLE fit to reference data o1af E

0.1 p —

 Denominator objects in analysis data are reweighted by the fake 0.08]- ]
rate function f 0.06; -
» Fake contribution is less than 4(14)% in EBEB(EBEE) for my, > 1 0.04] I £
Tev P 00200 s00 400 500 600
Photon P, (GeV)
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Systematics \\

Prompt diphoton background
 The normalization is allowed to float arbitrarily, which absorbs uncertainties in
* higher order terms not included in our NNLO K factor
e |luminosity (2.5%) and photon ID efficiency (6%)
e Scale variations on pr and prtor the MCFEM K factor calculation
26 NLO CT10 PDF eigenvector pair variations using DIPHOX at NLO
o Shape differences in NNLO MCFM and NLO MCFM and NLO DIPHOX

Fake background

) CMS Work in progress Ys=13 TeV L =235.9fb" CMS Work in progress Ys=13TeV L=35.9fb"
* ~30% uncertainty on fake rate g o g F
| I > 0.35_ EBEB > 0,35_ EBEE
normalization B o o s T e o s
e pileup, photon n, and NON-ClOSUre |3,°°F mm o aeione of al Pore S, oSf I 1D offiiency & luminosity

o Shape dlfferences |n fake ra’[e from \_950.25:_ —— Post-fit Total Sys. unc. \_9%25:_ —— Post-fit Total Sys. unc.

JetHT and DoubleMuon datasets

MC signal " S

¢ 2.5% for luminosity i R
® 6% fOr photon |D efficiency fo_o 1000 1500 2000 250% i [Geailo]oo Qo_o 1000 1500 2000 2509n ] [Ge:{/cioo
« 26 NLO CT10 PDF eigenvector pair

variations using DIPHOX at NLO on EBEB EBEE

acceptance
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