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LHC - THE BIG TURN ON

The Large Hadron Collider will accelerate two beams of protons (and later lead ions) in opposite
directions and collide them head-on at four locations where huge detectors will analyse the debris

Before the protons of ions enter the main LHC ring, they travel through
a series of machines that accelerate them to increasingly higher energies

THE FIRST STEP | BOOSTER RING | PROTON SYNCHROTRON O | SUPER PROTON SYNCHROTRON O | LARGE HADRON COLLIDER (LHC)

staits above ground and Accelerates the protons Almost 50 years old, this machine Located 40 metres underground, the Designed Lo accelerate protons to

involves stripping electrons 10 91.6% of the speed accelerates protons 1o 99.93% of the SPS accelerates protans to 99.9998% of 99.9999991% of the speed of light

from atoms of hydrogen gas of light and feeds them speed of light (25 GeV in energy). the speed of light (450 GeV in energy). (7 TeV in energy). The beams will be

1o make protons. These are into the 200-metre- for several weeks, starting in late It feeds protons bath clockwise and made 1o collide in four experimental areas
sped up to 31.4% of the diameter Proton 2009, it will also accelerate lead ions anticlockwise into the LHC

speed of light in a linear Synchrotron machine for the ALICE experiment

accelerator and then enter deDEa\/

the acceleratos chain. =
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COMPACT MUON SOLENOID
Number of scientists: More than 2000
Countrees involved: 38

Wesght: 12,500 tonnes
Size: 21m long, 15m high, 15m wide

~100 m

TRANSFER
TUNNEL

A LARGE ION
COLLIDER EXPERIMENT
Number of scientists: More than 1500

LHCb [
LHC BEAUTY

Countries imobved: 31 -""A“AS . Numnber of scientists: Mose than 630
Weight: 10,000 tonnes | Countries involved: 14
Size: 26am long, 16m high, 16m wide A TOROIDAL LHC APPARATUS Weight: $600 toanes
Number of scientists: More than 1900 Size: 21m long, 10m high, 13m wide 4

Counlries ewolved: 335



CMS

ATLAS

-~ CMS and ATLAS

® (General purpose design to detect all particles.
Wide reaches of physics potential

e ATLAS -
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ﬁ:"lg:&f;h\’l)b'(’l'l.\’(; — [~} ) \ "N Tile calorimeters
= —— \ ! LAr hadronic end-cap and
= \_::: FORWARD Bl detsetor forward calorimeters
- CALORIMETER o LAr electromagnetic calorimeters
HCAL Muon chambers Solenoid magnet Transition radiation tracker
MUON CHAMBERS Semiconductor tracker
ECAL 3x3 matrix energy resolution ECAL energy resolution

o(E)  28% 12% © 0.3% o(F) 10% 0.2

E  JBGe)  B(GeV) E  JBGe)  B(GeV)

ATL-LARG-PROC-2013-002
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CMS /|

Total Integrated Luminosity (fb ')

ATLAS

EXPERIMENT

| HC luminosity

e CMS and ATLAS recorded data @/ TeV
and 8TeV at Run1 and @13 TeV at RunZ2.

CMS Integrated Luminosity Delivered,

pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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All results at: http://cern.ch/go/pNj7

E

LAS '
“rrSummary of CMS cross section

Measurements
March 2019 CMS Preliminary

= B Tov oS messwemen (L £ 190 1) e ~102 pb: Inclusive QCD
.n,-e:ﬂg: m jrﬁe'l;)er;/grg/ldsicwsnasurement (L <137 b’ S PO. INC U.S|Ve o
: L Z Z CMS 95%CL limits at 7, 8 and 13 Te\we=" dlbOSOh prOdUCtIOh. PrOblng .
® higher order QCD (and
QED) perturbative corrections

oL I N O O ® SM gauge structure: triple
TT“' gauge couplings (TGC)

2 ® ~10-2 pb : Inclusive QCD
é i # triboson production. Probing:

® higher order QCD (and
QED) perturbative corrections

I IIIIIII| I IIIIIII|
L. I

T ® SM gauge structure: quartic
A gauge couplings (QGC)

T T T Tew lew Ti—Ew Ew Tew Ev Ew Il T 1
w 'z 'wy'zy Ww'wz' zz Tew Tew Tr=Ew ew Tew Ew ew Lvwwy' 2y 'w

voa qqW qgZ WW qqWyssWWqqZy qaWZ qqzZ roen
EW: W—sly, Z—Il, =6,
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®

Di-boson cross section ratio b
comparison to theory ’

® [heory predictions updated to latest NNLO
calculations where available compared to

predictions in the CMS papers and

preliminary physics analysis summaries.

g
March 2019 CMS Preliminary
| ; ; ; ; | ; ; ; ; | ; ; ; |
CMS measurements 7 TeV CMS measurement (stat,stat+sys) ——0——
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys)  +—+—e—
13 TeV CMS measurement (stat,stat+sys) ++eo—+
\ L . -1
arXiv.1504.01330 | YY — Ot - 1.06 +0.01+0.12 5.0 fb1
In agreement with || Wy, (NLO th)) ’ o D 1.16 £ 0.03 £ 0.13 5.0fb
NNLO QCD calculation Zv, (NLO th) -, 098 + 0.01+0.05 5.0 fb-1
Zy, (NLO th.) ——si 0.98 +0.01+0.05 19.5fb
| L L L L | L L L L | L L L L |
Al 0.5 s at 1 . 1.5 . 2
results at: .
http:/lcerm chiooipNi7 Production Cross Section Ratio: Oexp/ Oiheo

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 8
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Standard Model Production Cross Section Measurements Status: March 2019 Fo e
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Photon Selection =

® The Vy(y) analyses use simple cut based photon
identification, not multivariate methods as the inclusive

photon or Higgs analyses

%,
&
Z

® |D requirements typically include
® shower shape (longitudinal and/or transverse)

® isolation energy (track, photon, hadron)
®* ecnergy leakage to the hadronic calorimeter

® |t leaves freedom to flip a requirement, e.g. asking for
failing an isolation energy cut, to obtain a control sample

to study jets fake photons scenario.

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 10



Cs, |

ATLAS :
Photon Selection

Cells in Layer 3
CMS ! ApxAN = 0.0245x0.05

ATLAS .
2Xo an = 0.1

JINST 10 (2015) PO8010 EXPERIMENT
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¢
Strip cellsin Layer 1

T=—Cellsin PS

AnxA¢p =0.025x%0.1

! Eur. Phys. J. C 79 (2019) 205

= -1 S| S
fl ~ Eot E71*E ! ):E"r].2 SE:n;: 2 N S
— 3 — i 1. AE = — .
"y fside = 25 W, =\ SE ( zé,-l) Eipax 2 ) Emms
3 1 1
E —E
e ax,1 ax,2
5, uawsmms 5, mam| Widthina3xs(AnxAg) - E'aio = rg‘l‘”‘ ‘;1‘”‘
E;%; uamamms Ey%;  dmm region of cells in S, E a1 TEmax 2
R, = =X, usuumsEs ¢ = 5 m=m
17 g Saaam 2, s — &/
Tx7 1

x7 SEEEEEE 3x7 o= : A
— ZEi(i*imax)2
W Ehad Wy = EE,'
. Er wy3 uses 3x2 strips (1 X ¢)
— ”| Wyot 18 defined similarly
1 l-.l||||| |I|||

Hadronic but uses 20x2 strips
Second layer S

Strips Sy

« Shower width in v direction Giyin  Longitudinal and transverse energy spread
« Construct template for a fitting « Tight and Loose ID

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 11



CMS

$ATLAS

Background Estimation +-

® Most of the photon backgrounds are jets
faking photons.

® Analyses estimate this contribution from
data directly.

® Template fit with a variable (CMS) or
ABCD method (ATLAS) to obtain statistical
results on signal and background
contribution or purity (S/S+B) for the signal
region.

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 12



ignal Extraction(CMS) =

% YATLAS
E X g
CMS
CMS uuy channel, 19.5 fb™ (8 TeV)
L9 1600
S = + Bin: EB, 20 < pl. < 25 GeV
g 1400 — Data
C Fit: p-value: 50.0%
& 1200 A | Signal: 3775 = 80
GC) 1000 :_ ERIETERY Background: 943 + 39
= -
W 800
600
400
200
0,: Tiea ertioeioeooioolocooioses
0.005 0.01 0.015 0.02 0.025 0.03
Omn
CMS uuy channel, 19.5 fb™ (8 TeV)
> E
8 800 Bin: EB, 20 < p! <25 GeV
v 700 - Data
o - Fit: p-value: 46.0%
-~ 600F K 0 ee--- Signal: 4327 = 92
§2] - SUe Background: 1485 =+ 75
c 500F
G>-) -
il 400 ;—
300
200
100 f;
O - 1 r-ll.-.. PR B4y 4 )4 0i0-0i0:0.0-010-0-0-0 oion
0 5 10 15 20 25
|, oo (GEV)
Photon 2019
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-Templates

y,nfp

o,,;- 1emplates/|

® Signal template from MC
e Bkg template from data sideband.

® Systematics correlate with
sideband statistics

MS 19.5fb™" (8 TeV)

¢ Data uuy

1.8
1.6
1.4
1.2

*  Data eey

0.8
0.6
0.4
0.2

O I I T T S SR R I I I

20 30 4050 10° 2%x10?
p!. (GeV)

june s3-7, V17 13
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Signal Extraction(ATLAS) =

ATLAS

EXPERIMENT

Q
o

® |f ID and Isolation are
independent, the ratio of  aieas| C D
background between (A,B)
and (C,D) are the same

® Assume B,C,D tO be pass tight cuts A B
background only

e Correct this hypothesis 5 0 5 10 15 20 25 30 3
with MC =[GV

e Systematic uncertainties from: MC inputs; bkg control
regions

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 14
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Vy measurements
and aTGC

cMS KATLAS  ATLAS

CMS

8TeV 13TeV = 8Tev 13 TeV

.........................................................................................................................................................................................................................................

JHEP 04 (2015) 164

Zy — 00y . Cross section and aTGC |
""""""""""""""""""""""""" S5 760 (p06) agp e Cross seclion, and aTGC i s

i . _PAS- 16- i measurement ,

ZY —> vvy i Cross section and aTGC CMSCF;'CA)‘SSSSSI\GA(E)H;? o4 : . Cross section and aTGC
i measurement measurement

7 TeV 7 TeV
Wy — 0 Phys. Rev. D 89 (2014) 092005 Phys. Rev. D 87, 112003 (2013)
) VY Cross section and aTGC measurement g Cross section and aTGC measurement

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 15



Chas, @A

ATLAS
/vy — 00y Measurements

Cis,

® Standard model (SM) predicts self-interactions of gauge
bosons: U(1)yx SU(2)L gauge group — no ZZy and Zyy
coupling.

® Photons couple on charged particles: incoming quarks (ISR) or
leptons (u or e) in the final state (FSR).

® aTGCs lead to an excess of photons with high transverse
momentum (pT).

q Y

N a Y

Z/y* Z/y*

TGC
/ q |+ q |+
q |+

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 16




CMs,

ATLAS

| EXPERIMENT

v — Q0

CMS ys=8TeV
A RERRE RN RRRRE R

> 600;""""""" R 1 2 &
G - . =
- - = —] =
= SD{): = - =
s L = ] &
® 400 40 £
an event : N
R _ (2
30’0__— i—_ B
Signatures o |
100 = —
5060708000 100110120 130" 140150
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7
3 10k cMs © Data 3 O CMS * Da
o & B . W S qe° o v
cv\) 10 Bl wz i zz = 5 ol zz T wz
®o 108 I DY-BKG W signal a 10 B Dv-BKG I signal
= FSR 2
o 10* 0
e ISR -
10°
10
]
10"
10

1.4

% 2F + QEJ = +
= ; E% L et onatan Fisit i W SESEIEE S 12¢ ——— —l—+ i
-+~ - o - &Y ) 1E - g * T
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0 ofF o 08p
60 80 100 120 140 160 180 200 220 240 0 T T 30 40 50 60 708090107 o 310 a1
M., (GeV) JHEP 04 (2015) 164 p! (GeV)
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CMS /|

Cis,

doj, /dp_. (fb/GeV)

10°

10

107"

AR(2,v)> 0.7, My>50 GeV.

Zy — 00y Measurements o

® Cross section phase space: [n(y)| < 2.5, [n(2)| < 2.5, pt(£) > 20 GeV,

¢ Additional uncertainties. : di-lepton(2%) and photon(2%) reconstruction,
photon energy scale and resolution (2.3%), luminosity (2.6%).

e Consistent with MCFM (NLO) and SHERPA (LO) calculations.

CMS UHEP 04 (2015) 164 19.5 b (8 TeV)
-
;_ _i
- -,
==

i+

e Data combined: uuy, eey —*=
I MCFM (NLO)

[ INNLO
I SHERPA (LO) up to 2 partons, stat. unc. only

20 30 4050 102 2%10?

p; (GeV)
Rong-Shyang Lu / NTU

Photon 2019

, CMS 19.5fb™" (8 TeV)

Al— [
>_8_ - * Data combined: uuy, eey
) 1.8~ NNLO

%E 1.6~ [l MCcEM (NLO)

E 1 4 - SHERPA (LO) up to 2 partons, stat. unc. only
S~ * -
o 1.2F

O B

~.

2
o)
©

C

2
2x10 pz/r (GeV)

June 3-7,2019
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18



CMS

FATLAS

){a% ;g’

7y — 00y Measurements -

ATLAS

EXPERIMENT

® Qverall consistent except for MCFM
underestimates the cross section when NJet >0

PRD 93, 112002 (2016)

PRD 93, 112002 (2016

)
> = = ' L ' ' ]
[ = e Data = = - ]
0] - ATLAS 1 Z )y 1 S - ® Data -

3 :.’- H | = B ’ . I
E, 1008 |, Vs=8TeV,20.31fb" EIth+JetS Ty g e XL Sherpa (CT10)
- — Y — 9, = ) =
B . pZa — Y =
o oL W2 1 £ - 7% MCFM (CT10) S
L = [ Z(tt)y 5 = - ]
B stat. @ syst. 1 - peccessocss fsseeseess -
10 = % 5
= 2 102k _
] o - Py -
1E = =~ ATLAS :
- ] - Vs=8TeV, 20.3fb" ¢
-1 |
10 = B e e = 10 =
102 = Ng=0 [Ty channel -
C1 0_3 — 1 | | |
O 11";;_ E 1.4 . .
< '“E = > 1.2 -
e tgen? ;;«;’%%%4%%%4%%%%%%%%%%ﬁ%%%%%%22% S| 1;,W%%W ) l
Olg 08c 1 £|Qosk ) 3
X 0.6 , L 3 - 060 , ,
w 20 30 40 102 2x10° 10° | 0 1 5 o3
Y
E. [GeV] Ness
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CMS

Cis,

vg)%fa@l@%‘“ﬁ
/vy — 00y alGC s

® 77y or Zyy aTGC are formulated in the framework of an effective field
theory (EFT) considering dimension 6 and 8 operators, fulfiling the
requirement of Lorentz invariance and IocaI U(1 ) gauge symmetry and

unitarity.
y ,C z (6) J (8)
sM + Z e (9 + Z (9 +.

® The alGC models are parametnzed at NLO with MCFM .

® [he weighted events are corrected for detector acceptance and
efficiency of the leptons and the photon.

e Added a description of the no+fake background

® Theoretical uncertainties of 6~12% from PDF and scale variations.
Data with 2% systematics on di-lepton and photon efficiency and
depends on photon pT, up to 8% in the background estimation with
onmn method.

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 20



5 FarLAS
CMS
® The CP-conserving parameters
hy and h; are considered.
e 2-D Limits on aTGC are set
CMS JHEP 04 (2015) 164 WWY channel, 19.5 fo’ (8 TeV)
% —e— Data
G 102 A\SMp-value: 0.37 Il Standard Model
A W hZ = 0, hZ = 0.001
2 b Bl h;=003h =0
0 10 hs = 0.06, hZ = 0.0016
L -
1 = °
S
10 g,,,|,,,,|,,,,|,,',| |ﬂ|ll...~
100 150 200 250 300 350 400 450 500
p. (GeV)
Photon 2019

Rong-Shyang Lu / NTU

N 0.1
L

0.08
0.06
0.04
0.02
0
-0.02
-0.04
-0.06
-0.08

-0.08
-0.1

/vy — 00y alGC

uuy and eey channels, 19.5 fb (8 TeV)

x107

- ZZy Afpp=
Data best fit

—— Data CL = 95%
Expected CL = 68%
Expected CL = 95%

— - Expected CL=99% _~
V

CMS

T
-0.005

0

L
0.01
V4
h3

T B
0.005

uuy and eey channels, 19.5 fb (8 TeV)

x107

C Zyy A|:|:=oo
Data best fit

—— Data CL = 95%
Expected CL = 68%
Expected CL = 95%

— - Expected CL = 99% =

CMS

-0.01 -0.005

0

JHEP 04 (2015) 164
June 3-7,2019

L
0.01
Y
h3

T
0.005




CRAS, RN
YATLAS &)
ATLAS

/vy — 00y alGC s

® Uses exclusive O-jet events which has
reduced SM contribution at high Er.

Channel Measurement [fb] Prediction [fb]
¢t~ (B3 > 250 GeV)  0.427 5 3(stat.)Tgoi (syst.)  0.660 & 0.015(stat.) £ 0.018(syst.)
vy (E7 > 400 GeV) 0.067010(stat.) T oa(syst.)  0.466 4 0.021(stat.) & 0.020(syst.)

. x10™° | _ PRD 93, 112002 (2016) = ,px1 0° | _ PRD 93, 112002 (2016,
c B - — 1 = - - = ]
1ol Pp =Ty andpp — Wy ATLAS 7 - pp—Tlyandpp =Wy  ATLAS -
~ (s=8TeV,203fb" e . - 10 Vs=8TeV,203f" ... -
gl AFE= - - A= T :
5:_ U/ N -5 -
B ) - Observed 95% C.L. contour ] e Observed 95% C.L. contour ]
B Mo T e Expected 95% C.L. contour ] -10 :— """"""""""""" Expected 95% C.L. contour —:
10 X Observed best-fit value —] - X Observed best-fit value .
L | | | i _15L | | | ]
-0.002 0 0.002 -0.002 0 0.002
Z Y
h3 hy

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 22
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161610V
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/y—=vwvw@13TeV =

® 7Zv — vvy channel has an advantage for aTGC
measurement than Zy — qqy (large multijet

background) or Zy — 282y (FSR and smaller
branching ratio).

® The contribution from aTGCs increases with the Et

of the photon and the Zy channel is found to have
the highest sensitivity by restricting the search to the

fiducial region with Er > 600 GeV.

® Event signature: mono-photon with large MET

® Non-collision background from the beam

Photon 2019 Rong-Shyang Lu / NTU June 3-7,2019 23



CMS /|

PATLAS
ATLAS

/y—vvwy@13TeV

® Again, Njets=0 has good agreement with MCFM, but not Njet)0
® Needs more statistics exploring Er ) 600 GeV bin.

JHEP 12 (2018) 010

| JHEP 12 (2018) 010

.E 104 S L L L L L L B LN B IO LI MBI = ;I 10 § L I S N §
2 = ATLAS . gatf E g = ATLAS e Data with full unc. 3
— L vV ] - _
E e s=13TeV, 361167 g &N s [ B Data stat. unc.
S 10° & N . =0 —pi E — PN —— Sherpa (NNPDF3. O)_:
L jets .Y = = - NNLO MCFM 7]
Y+ 1 & - = _
o mwy, Zly | N|po e — -
[]stat® syst. = "W E -
— Q _ —
g ] o B St ]
’ 5l ok :
t ‘ ~ (s =13 TeV, 36.1 fb” I
107° = _ =
5 IAARSARARARSRAAARARIR RIS ATRA ARSI N =
m 1.4 _4 | | | | | | | | | | |
S T R _ 10
o : > n ' - -
2 EpEimnnnnnnaaaey  glE e —r X
8 0.8 ¥ ................................................................................. _ .|E )] 1; & ¢ & —+'— ;
] 0.5 -

200 300 400 500 600 700 800 900 1000 1100 150 200 550 350 450 600 1100

E. [GeV] E! [GeV]
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CMS/ !

PATLAS

Cis,

Zy—=vwy@13TeV

® CMS measured cross section but no aTGC interpretation yet.

® (Consistent with SM expectation.

CMS Pre//mmary C|\/|S PAS SI\/IP 16 0042 3 fb (13 TeV)

o —

CMS Preliminary CMS-PAS-SMP-16-004 2.3 fb™ (1 3 TeV
T T T | T T T | T T T | T

> FE = > [
) — _ 3 [ |:| y+Jet W—>uv Zy—>|ly W—>rv tty |:| Beam halo
o [ vHet, W=uv, Zy=ly, W=rv, tty L] Beam halo 7 (O 10 = [ Spurious ECAL signal [ Jjet=yMisiID =
) 10 [ Spurious ECAL signal [ ]jet—=y MisID ) - [ electron—y MisID I Wy—hy -
c = [ electron—y MisID I Wy—lvy = c ~ s : , n
g [ Zy—=vwy 777 bg uncertainty - c|>) - éYataWY (/7] bg uncertainty - 7
LLI - —¢— Data . W qL —
1 = =
107" i - 107€ E
; | : - + .
(R Wy S R I E
= = - ]
3l | 3| [— )
10 =H I : | "(/ = 103:-_!--'--I--'----'--I--'--!--'----/f-’(- 2 }4’_:
>  2¢ * - > 3 + -
R o S S S h 38 2f ]
8 osf 1 5 :
0500 "300 400 500 600 700 800 ~ 900 100( 0500 "300 400 500 600 700 800 . 900 1000

E. [GeV] ET' [GeV]
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: Ty,
¢x %
= QaTLAS (o)
(- éﬂ )
EXPERIMENT L8 fﬁl\ /55
xS

Y VVY a G C ¥ et
EXPERIMENT |

® No excess is observed relative to the SM

expectation.
- 1% 1%
® | imits on 2d hg and h; of alGC parameters are
evaluated.
x10™° JHEP 12 (2018) 010 x10™° JHEP 12 (2018) 010
N< 1.97 I i : =t 1.57 I i ]
< - pp — Z(W) ATLAS - pp — Z(W ATLAS -
1 Vs=13 TeV, 36.1 fb" - 1 Vs=13 TeV, 36.1 fb" -
0.5 — 0.5 —
O = O =
_0.5F — 05 ¢ (L " -
- RECE —— Observed ellipses of 95% CL i I Observed ellipses of 95% CL i
-1 L e Expected ellipses of 95% CL i -1 L eeeaeees Expected ellipses of 95% CL i
E X Observed best-fit value E E X Observed best-fit value E
4L | | | 1x10™ —1.50 | | | 1x10™
1.5 -0.5 0 0.5 1.5 -0.5 0 0.5

1
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= QaTLAS

Vyy and aQGC

CMS /|

CMS

ATLAS  ATLAS

EXPERIMENT

.....................................

Cross sections and aTGC measurement

JHEP 10 (2017) 072

.........................................................................................................................................

Zyy — vvyy

Photon 2019

PLB 760 (2016) 448

Cross section and aTGC measurement

Rong-Shyang Lu / NTU

PRL 115, 031802 (2015)
Cross section and aQGC measurement

PRD 93, 112002 (2016)
Cross sections and aTGC measurement

June 3-7,2019
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CMS

W@gl%@%g
ATLAS
¥lss

EXPERIMEN %:@@

g
\

Vyy measurement

® First time measured in a hadron collider (ATLAS Wyy @8TeV)

® Theory predicts large NLO/LO k-factors (Wyy) of cross
sections.

® Data is compared with NLO calculation of
MadGraph5 aMC@NLO (CMS) or SHERPA (ATLAS)

® \Wyy sensitive to TGC and QGC. QGC most interesting (TGC

better studied in higher rate processes). Set limits on aQGC with
dimension- 8 Effective Field Theory

/ - Y g =y v 7 ”
z Y 7 - e ! w I+ W !
1+ I+ v y e gl
q g q gl q gl q v o4 v
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CMS /|

YATLAS
Jets fake photons in Vyy

® Define tight/loose ID for photons. Solve the
combination of pairs to estimate signal/fake

® CMS has systematics dominated by g %,
template method estimating jet faking ©
photon. Fake template obtained in Z+jet S
sample in data. E
® 7y subtraction (~15%) % Q
e Loosening procedure correction factor @ S
(~10%) Q - sublead
® Conservative approach, compatible with @« fake
Stat. uncertainty :
e ATLAS has estimated ~5% syst. on cross Loose Tight
section measurement Lead Photon sinin
Nrr €1€2 €1f2 fi€e fif2 NW
Nt | e1(1 —e) e (1= f2) fi(1—e) 11 = f2) N yjet
Ner | (1-¢€1)e, (1—€1)f> (1=r11)e (1=f1)f2 Njety
Nyy (I-e)(1-e) (I-e)d=fa) A=fi)l-€) (A-=fi)1-/,2) Njetjet
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cms |

Events / 20 GeV

ATLAS

EXPERIMENT

Vyy measurement

® |rreducible background estimated by MC.

® Measured cross section consistent with
theoretical expectation.

CMS JUHEP 10 (2017) 072 19.4 b (8 TeV) CMS JHEP 10 (2017) 072 19.4 b (8 TeV)
Wil > 1201 Z(=I
sol. WMy ¢ Data 2 120~ Z(—=Iyy ¢ Data
B Wy o A L2
[_] Prompt diphoton N 100 \ I Misidentified jets
50 [ Misidentified electrons 0 Total uncertainty
I Misidentified jets 5 80
40 Total uncertainty AT
30—e— | | ] | 60
20 \\\\\ 40
" 20
@
O O | |
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
p. [GeV] p. [GeV]
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Cis,

ATLAS

EXPERIMENT

® Measurements include
W(ev, uv)yy and Z(uu, ee,

Vyy measurement

VV)YY
® [he measurements

were statistically limited.

Data and SM prediction
agree within the

uncertainties.
- e~ PRD93. 112002 (2016)
8 - ATLAS o Data ]
o 10°E ye_ -1 I Z(vvvy =
3 S Vs=8TeV, 20.3fb B ictor ) E
@ - CIW(ev)y ]
S 102 E Wyy _
g 10 = Bl Z(vv)y+jets E
N Wz ;
10 ¢ stat.® syst. |
Lot
: S ;
e ]
107E g Ry IL"’““““I 3
C ' i T =
O 25F ° 3
gE 20 $ } =
| O OE 3
D o 15 //////////// 9 Y ¢ . 000 900 /////////////’ ///////////////////////c
< 0.52—7+ | ¥ + | ’ | + | | c
L 0 100 200 300 400 500 600
m,, [GeV]

Events / 50 GeV

PRL 115, 031802 (2015)

E T | ]
70F ° Data -
: ATLAS ] Wy ]
- B 2 B
60 [ W + Wi :
C vy +jets ]
50 [ Other backgrounds
N < .
401 \ /s =8TeV, 20.3 fb" -
B muon channel (Njets =0)
30%& =
20 N 5
A\ |
10 N =
I | \ ]
0 | (S A o]
0 100 200 300 400 500
m,, [GeV]
PRD 93, 112002 (2016
% 18_I TrorTTrTrrTTTTr T e e
c r ATLAS Data
& o Vs =8 TeV, 20.3 fb! Zlury
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212 2 Il other BKG
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Events / 50 GeV

PRL 115, 031802 (2015)
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cms, |

ATLAS

~ Vyyand aQGC

® No excess in Wyy observed in either experiment.

® Set limit on field strength 1o 15 ToMm2M3 /A% Of
aQGC with lowest-dimension (Dim-8) operators.

PRD 93, 112002 (2016)
W*W* CMS, \s=8 TeV, 19.4 fb™

CMS JHEP 10 (2017) 072 19.4 fb™ (8 TeV J— : <
= 160_W(*|V) . (D : 1 B8 TeV) {(—— Wyy ATLAS, \s=8 TeV, 20.3 for' )
~ i aa v \- Zyy ATLAS, \s=8 TeV, 20.3 fb"
9 140 E Prompt diphoton Misidentified electrons WVY CMS, Ug=8 TeV, 19.3-fb-'
S I Misidentified jets [\ Total uncertainty S
Lﬁ 120 - Expected,%’i:SO Tev™ ATLAS ' 95% C.L.
100_ AFF = OO
fro/ A*
fre/ A*
frof A* S S
IIII|IIII|IIII:IIII|IIII|IIII
0730 40 50 60 70 80 90 100 -30 20 -10 O 10 20 30
P [GeV]

ATLAS Coupling strength [TeV™]
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CMS

Summary

® Both CMS and ATLAS have utilized the photon
object to measure cross sections of Wy/Zy and Wyy/

/vy processes with different collision energies. Results
are consistent with Standard Model expectation.

® Both experiments use conservative approaches to
select photons (ID) and extract signals.

® Vy(y) measurements not only provide a test with
Standard Model and also searches of anomalous
triple/ quartic gauge coupling which is expected to be
O in Standard Model.
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cms, |

ATL

”"”'“p]“_|m|ts on neutral aTGC Zyy and ZZy
couplings

Oct 2018 CMS —
AIEAS ' I Channel Limits [ Ldt s

. —q Zy(lly,vvy) [-9.5e-04, 9.9e-04] 20.3 fb™ 8 TeV
h3 — Zyivwy) [-3.7e-04, 3.7e-04] 36.1fb" 13 TeV

} ! Zy(ly,vwy) [-2.9e-03, 2.9e-03] 5.0 fb™ 7 TeV

} ! Zy(ly) [-4.6e-03, 4.6e-03] 19.5 fb™ 8 TeV

— Zy(vwy) [-1.1e-03, 9.0e-04] 19.6 fb” 8 TeV

. | Zy(ly,vwy) [-7.8e-04, 8.6e-04] 20.3 fb 8 TeV
h3 — Zy(vwvy) [-3.2e-04, 3.3e-04] 36.1 fb" 13 TeV

} ! Zy(ly,vwy) [-2.7e-03, 2.7e-03] 5.0 fb™ 7 TeV

} | Zy(ly) [-3.8e-03, 3.7e-03] 19.5 b 8 TeV

} ! Zyivwy) [-1.5e-03, 1.6e-03] 19.6 fb 8 TeV

y — Zy(Iky,vvy) [-3.2e-06, 3.2e-06] 20.3 b’ 8 TeV
h4 H Zyiwy) [-4.4e-07, 4.3e-07) 36.1 fb" 13 TeV

} ! Zy(ly,vwy) [-1.5e-05, 1.5e-05] 5.0 fb 7 TeV

} ! Zy(ly) [-3.6e-05, 3.5e-05] 19.5 fb 8 TeV

— Zyivwy) [-3.8e-06, 4.3e-06] 19.6 fb™ 8 TeV

. — Zy(ly,vwy) [-3.0e-06, 2.9e-06] 20.3 fb™ 8 TeV
h4 H Zy(wwy) [-4.5e-07, 4.4e-07] 36.1 fb 13 TeV

} ! Zy(ly,vwy) [-1.3e-05, 1.3e-05] 5.0 fb’' 7 TeV

} ! Zy(lly) [-3.1e-05, 3.0e-05] 19.5 fb™ 8 TeV

— Zyiwy) [-3.9e-06, 4.5e-06] 19.6 fb 8 TeV

| | I | | | | | | | | | | | | | | I | | | | I | | | |
_Ol5 O 005 1 1 35 X10-2(h3)’

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC aTGC Limits @95% C.L. X10-4(h4)
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CMS

AT

S. . . .
””’!ﬁ?‘ﬁlts on dimension 8 mixed transverse
and longitudinal parameters fu,

CcMS —
May 2019 ATLAS — Channel Limits [ Lat fs
£ } | WVy [-1.3e+02, 1.3e+02] 20.2 fb" 8 TeV
M,0 | | WVy [-7.7e+01, 8.1e+01] 19.3 b 8 TeV
b | Zy [-7.1e+01, 7.5e+01] 19.7 fb” 8 TeV
} | Zy [-7.6e+01, 6.9e+01] 20.2 fb™ 8 TeV
} ! Wy [-7.7e+01, 7.4e+01] 19.7 fb 8 TeV
H ss WW [-6.0e+00, 5.9e+00] 35.9 fb 13 TeV
H W2z [-9.1e+00, 9.1e+00] 35.9fb" 13 TeV
— W-WW [-2.8e+01, 2.8e+01] 20.2 fb 8 TeV
H W-WW [-4.2e+00, 4.2e+00] 24.7 fb’ 7,8 TeV
| WV zV [-6.9e-01, 7.0e-01] 359 fb" 13 TeV
X } i WVy [-2.1e+02, 2.1e+02] 20.2fb" 8 TeV
ol } | Wvy [-1.3e+02, 1.2e+02) 19.3 fb” 8 TeV
| ! Zy [-1.9e+02, 1.8e+02) 19.7 fb” 8 TeV
| ! Zy [-1.5e+02, 1.5e+02) 20.2 fb" 8 TeV
} | Wy [-1.2e+02, 1.3e+02] 19.7 fb" 8 TeV
— ss WW [-8.7e+00, 9.1e+00] 35.9 fb 13 TeV
[ Wz [-9.1e+00, 9.4e+00] 35.9 fb” 13 TeV
} | —-WW [-1.1e+02, 1.0e+02) 20.2 fb™ 8 TeV
—] Y—->WW [-1.6e+01, 1.6e+01] 24.7 b 7,8 TeV
i WV zv [-2.0e+00, 2.1e+00] 35.9 fb’ 13 TeV
£ } i WVy [-5.7e+01, 5.7e+01] 20.2 fo 8 TeV
M2 — Zy [-3.2e+01, 3.1e+01] 19.7 fo’! 8 TeV
— Zy [-2.7e+01, 2.7e+01] 20.2 fb 8 TeV
— Wy [-2.6e+01, 2.6e+01] 19.7 fo’ 8 TeV
fIA } | WVy [-9.5e+01, 9.8e+01] 20.2 fb’ 8 TeV
M3 } : Zy [-5.8e+01, 5.9e+01] 19.7 fb” 8 TeV
—_ Zy [-5.2e+01, 5.2e+01] 20.2 fb 8 TeV
— Wy [-4.3e+01, 4.4e+01) 19.7 fb” 8 TeV
£ A ! i WVy [-1.3e+02, 1.3e+02] 20.2 fb 8 TeV
M.4 —_ Wy [-4.0e+01, 4.0e+01] 19.7 fb’ 8 TeV
A ! | WVy [-2.0e+02, 2.0e+02) 20.2 fo' 8 TeV
M.5 } | Wy [-6.5e+01, 6.5e+01] 19.7 fo’ 8 TeV
X I i Wy [-1.3e+02, 1.3e+02] 19.7 b’ 8 TeV
M.6 — ss WW [-1.2e+01, 1.2e+01] 35.9 fo 13 TeV
i WV ZV [-1.3e+00, 1.3e+00] 35.9 fb 13 TeV
A | | Wy [-1.6e+02, 1.6e+02] 19.7 fb’ 8 TeV
M7 ] ss WW [-1.3e+01, 1.3e+01] 3591’ 13 TeV
. -1
oo o oy o, o, o wvzv |[34e400,34e400) | 359fb" 13V
—-200 0] 200 400 600 800

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC aQGC Limits @95% C.L. [TeV4]
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CMS

ATLAS

T limits on dimension 8 transverse
parameters fr;

CMS
May 2019 ATLAS Channel Limits | Ldt Vs

A I | Wyy [-1.6e+01, 1.6e+01] 20.3 fb™ 8 TeV
T.0 | | Zyy [-1.6e+01, 1.9e+01] 20.3 b’ 8 TeV
} ] WVy [-1.8e+01, 1.8e+01] 20.2 fb™ 8 TeV

H WWW [-1.2e+00, 1.2e+00] 35.91fb"’ 13 TeV
— Zy [-3.8e+00, 3.4e+00] 19.7 b 8 TeV
— Zy [-3.4e+00, 2.9e+00] 29.2 fb" 8 TeV
— Wy [-5.4e+00, 5.6e+00] 19.7 fb” 8 TeV
— ss WW [-4.2e+00, 4.6e+00] 19.4 fb' 8 TeV

H ss WW [-6.2e-01, 6.5e-01] 35.9 fb’ 13 TeV

H WZ [-7.5e-01, 8.1e-01] 359 fb"’ 13 TeV

i Y4 [-4.6e-01, 4.4e-01] 35.9 fb 13 TeV

| WV ZV [-1.2e-01, 1.1e-01] 35.9 b’ 13 TeV

£ IAY H WWW [-3.3e+00, 3.3e+00] 3591fb" 13 TeV
T — Zy [-4.4€+00, 4.4e+00] 19.7 o’ 8 TeV
— Wy [-3.7e+00, 4.0e+00] 19.7 fb! 8 TeV
H ss WW [-2.1e+00, 2.4e+00] 19.4 fb 8 TeV

| ss WW [-2.8e-01, 3.1e-01] 35.9 fb" 13 TeV

H WZ [-4.9e-01, 5.5e-01] 35.9 fb" 13 TeV

H zZZ [-6.1e-01, 6.1e-01] 35.9 fb” 13 TeV

| WV ZV [-1.2e-01, 1.3e-01] 35.9 fb" 13 TeV

£ IAY H WWW [-2.7e+00, 2.6e+00] 359fb" 13 TeV
T2 — Zy [-9.9e+00, 9.0e+00] 19.7 b’ 8 TeV
P Wy [-1.1e+01, 1.2e+01] 19.7 fb” 8 TeV
— ss WW [-5.9e+00, 7.1e+00] 19.4 fb” 8 TeV

H ss WW [-8.9e-01, 1.0e+00] 35.9 fb" 13 TeV

H wz [-1.5e+00, 1.9e+00] 35.9 fb" 13 TeV

H zZ [-1.2e+00, 1.2e+00] 35.9 fb”’ 13 TeV

| WV ZV [-2.8e-01, 2.8e-01] 35.9 fb’ 13 TeV
£ IA } ! WVy [-2.0e+01, 2.1e+01] 20.2 fb” 8 TeV
TS5 — Zyy [-9.3e+00, 9.1e+00] 20.3 b’ 8 TeV
| Wy [-3.8e+00, 3.8e+00] 19.7 fb 8 TeV
£ IA } ! WVy [-2.5e+01, 2.5e+01] 20.2 fb" 8 TeV
T6 — Wy [-2.8e+00, 3.0e+00] 19.7 o 8 TeV
£ IAY - | WVy [-5.8e+01, 5.8e+01] 20.2 fb' 8 TeV
T.7 — Wy [-7.3e+00, 7.7e+00] 19.7 o’ 8 TeV
A H Zy [-1.8e+00, 1.8e+00] 19.7 b’ 8 TeV
T8 H Zy [-1.8e+00, 1.8e+00] 20.2 fo 8 TeV

H Y4 [-8.4e-01, 8.4e-01] 35.9 fb’ 13 TeV
£ A — Zyy [-7.4e+00, 7.4e+00] 20.3 fb” 8 TeV
T9 — Zy [-4.0e+00, 4.0e+00] 19.7 fb” 8 TeV
— Zy [-3.9e+00, 3.9e+00] 20.2 fb! 8 TeV

-1
1 1 1 1 |-|-| 1 , 1 2z | | [-1.8¢+00, 1.8¢+00] gs9f’ | 13 TeV J

aQGC Limits @95% C.L. [TeV*]
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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CMS

ATLAS
ATLAS photon ID

Category

Description

Name

loose

tight

Acceptance

Hadronic leakage

EM middle layer

EM strip layer

Eur. Phys. J. C 79 (2019) 205

In| < 2.37, with 1.37 < |n| < 1.52 excluded

Ratio of Et in the first sampling layer of the hadronic
calorimeter to Et of the EM cluster (used over the range
In| < 0.8 or |n| > 1.52)

Ratio of Et in the hadronic calorimeter to E1 of the EM clus-
ter (used over the range 0.8 < |n| < 1.37)

Ratio of the energy in 3 X 7 X ¢ cells over the energy in 7 X 7
cells centered around the photon cluster position
Lateral shower width, \/(ZEml.z) I(SE) - (SEm)/(SE))?,

where E; is the energy and 7; is the pseudorapidity of cell i
and the sum is calculated within a window of 3 x 5 cells

Ratio of the energy in 3 X 3 11X ¢ cells over the energy of 3 X 7
cells centered around the photon cluster position

Lateral shower width, \/ (ZE;(i — imax)?)/(ZE;), where i runs
over all strips in a window of 3 X 2 1 X ¢ strips, and i,y is the
index of the highest-energy strip calculated from three strips
around the strip with maximum energy deposit

Total lateral shower width \(2E; (i — imax)?)/(ZE;), where i
runs over all strips in a window of 20 X 2 i X ¢ strips, and ijax
is the index of the highest-energy strip measured in the strip
layer

Energy outside the core of the three central strips but within
seven strips divided by energy within the three central strips

Difference between the energy associated with the second
maximum in the strip layer and the energy reconstructed in
the strip with the minimum value found between the first and
second maxima

Ratio of the energy difference between the maximum energy
deposit and the energy deposit in the secondary maximum in
the cluster to the sum of these energies

Ratio of the energy in the first layer to the to the total energy
of the EM cluster

Rhad,

Rhad

Ry

Ws3

Ws tot

fside

AE;

Eratio

h

v
v

v
v

Photon 2019
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CMS

frs/A* [TeV?]

ATLAS

Ly aQGC limit

VVYY, upyy and eeyy channels

x10° vvyy upyy and eeyy channels x10°
+~ 100 A R R — L A8 L
> —— Data observed . >
é 80 —— MC expected B é 100
<« 60 [ Jt2 3 «
5 o 1 5
= 40 — Unitarity bounds = 50
20 —
OF Allowed OF Allowed
-20¢
-40 -50
-60 ATLAS
=8 TeV, 20.3 fb
80 \s=8 TeV, 20.3 fb 100/
_ Z 1 . N PR BT BT R NP BT PR
10073 4 5 6 7 8 R
A [TeV]
x10° wyy upw and eeyy channels x10° vvyy ppyy and eew channels
100 g (RARRELRAR IR LR ‘S 3000 LI AL T T
S Data observed B % - e Data observed 1
—— MC expected . - —— MC expected -
[C+2 e .,t‘ 2000 [CJ+2 7]
o 1 3 o .
— Unitarity bounds _E o 1000F — Unitarity bounds _:
Allowed : 0F Allowed
E -1000f .
ATLAS = 2000 ATLAS .
\s=8 TeV, 20.3 fb™" 3 i - \s=8 TeV, 20.3 fb" 1
4 P PP Y PP RS PR Y P 1 _ :...I....l....I....l....l....l...Al:
1005 45™0.50.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 300053504 045 05 055 0.6 065
FF [TeV] AFF UeV]

Photon 2019

T rrrrrs

— T T
—— Data observed

—— MC expected

[ J+2

B t 1o

—— Unitarity bounds

[N N A

ATLAS
\s=8 TeV, 20.3 fb™

'lllllllll

P BT S BTE R B
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"7 8 9 10
Age [TeV]
VWYY, unyy and eeyy channels

& L LA L L L UL I B B
?> 6000 —— Data observed -
é —— MC expected ]
- [ J+2 -
§:4000 e .
o —— Unitarity bounds N

ATLAS
\s=8 TeV, 20.3 fb™
| IR T T T SN A NN NN SN RN RN U A A
0.9 1 1.1
Age [TeV]
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cms, |

ATLAS

ECAL Energy Resolution

e The energy resolution of a calorimeter is usually parametrized as:
oc/E =aWNE@®b/E®c (where @ denotes a quadratic sum)

* The first term, with coefficient a, is the stochastic term arising from
contribution of shower containment, fluctuations in the number of signal
generating (gain) processes (and any further limiting process, such as
photo-electron statistics in a photodetector)

* The second term, with coefficient b, is the noise term and includes:
- noise in the readout electronics
- fluctuations in ‘pile-up” (simultaneous energy deposition by uncorrelated
particles)

e The third term with coefficient c, is the constant term and includes:
- imperfections in calorimeter construction (dimensional variations, etc.)
- non-uniformities in signal collection
- channel to channel inter-calibration errors
- fluctuations in longitudinal energy containment
- fluctuations in energy lost in dead material before or within the calorimeter

e The goal of calorimeter design is to find, for a given application, the best
compromise between the contributions from the three terms

e For EM calorimeters, energy resolution at high energy is usually dominated
by C
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