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Photon-photon fusion and tau g-2
measurement
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e Setting the stage: Heavy lon collisions
as Photon Collider

e | ight-by-Light scattering and ALPs
e Photon-Photon production of di-lepton pairs :

e Measurement of (g-2)tau
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Ultra Peripheral Heavy lon Collisions - LHC as photon collider

b —

e Relativistic nuclei are intense source of (quasi-real) photons

e Equivalent photon tlux scales with Z4
e Pb beams at LHC are a superb source of high energy photons!

e Maximum photons energy:
¢ Emax <= }//R ~80 GeV

e | orentz factor y up to 2700 @ LHC

Pb Pb

e First proposal to measure LbyL scattering at LHC in 2013:;
[D. d’Enterria, G. G. da Silveira Phys. Rev. Lett. 111, 080405]

Kristof Schmieden DISCRETE22

[Fermi, Nuovo Cim. 2 (1925) 143]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.080405

}Heavy lon beams at the LHC

. Proton operation:
!

e Bunch crossings every 25ns (40 MHz)

e Usually operates with proton @,
6.5 TeV beam energy - * ~60 simultaneous pp collision per

~ bunch crossing
- e Pileup’

"3 | * Heavy ion operation:
|

e ~1 month / per year:
e Lead ions instead of protons
@ 2.76 TeV / nucleon

e Bunch crossings every 75ns (13 MHz) |

e ~0.004 simultaneous PbPb collision
per bunch crossing
e Essentially no pileup at all

e Only EM interaction in most bunch
crossings! (UPC events)

Kristof Schmieden DISCRETE22
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Heavy lon beams at the LHC

»

e Usually operates with proton @_~" "

6.5 TeV beam energy

e ~1 month / per year:
e Lead ions instead of protons
@ 2.76 TeV / nucleon ‘

Kristof Schmieden

"3 | e Heavy ion operation:

|

e Bunch crossings every 25ns (40 MHz) | | e yy fusion studies in pp collision

e ~60 simultaneous pp collision per

u bunch crossing

\ e 'Pileup’

e Bunch crossings every 75ns (13 M

e ~0.004 simultaneous PbPb collision
per bunch crossing
e Essentially no pileup at all

e Only EM interaction in most bunch
crossings! (UPC events)

o ‘Used for photon physics

DISCRETE22

e Require tagging of scattered beam
protons

* Pileup, larger background

e |[nvariant mass range of final state di-
lepton system:

e m > 20 GeV, up to several 100 GeV

[Phys. Rev. Lett. 125 (2020) 261801 ]

[Phys. Lett. B 816 (2021) 136190]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
https://www.sciencedirect.com/science/article/pii/S0370269321001301

4

e pp collision

e | ight-by-Light scattering candidate event

ATLAS

EXPERIMENT

Run: 331742
Event: 1873900334

2017-08-04 21:48:42 CEST

v

e PHPb
collision

ATLAS

EXPERIMENT

Run: 367321
Event: 755541675
2018-12-01 08:30:26 CEST

EXPERIMENT

Run: 365512
Event: 110420355
2018-11-09 06:27:05 CEST
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Current Limits on ALPs from HI (and also pp) collisions ATLAS: JHEP 03 (2021) 243 JG|u
y — - — — ey

e 97 candidate events,
e Expected background: 27 + 5

e Cross section:
e Measured: 120 = 17 (stat) £ 13 (sys) = 4 (lumi) nb
e SM expectations: 78 = 8 nb (from SuperChic3.0)

e Ratio data/MC: 1.5

%) 30_ | | | | | | | | | | | | | | | | | | | | | | | | | | |
- ATLAS Prelimi .
(\5 - Signal region S Preliminary 2
2 250 Pb+Pb |[s, =5.02 TeV —
= -
Lu — ]
20— | —e— Data, 2.2 nb™’ -
i $ Signal (yy — vv) -
- CEP gg — vy -
157 vy —ee -
i Syst. uncertainty Z
10" :
L . —]
5 * :
O: i l+. + +!=t4=n_4i1_:
) 10 15 20 25 30
K M, [GeV DISCRETE2? 5


https://link.springer.com/article/10.1007/JHEP03(2021)243

»Current Limits on ALPs from HI (and also pp) collisio S -

e 97 candidate events,
e Expected background: 27 + 5

ATLAS: JHEP 03 (2021) 243

Existing constraints from JHEP 12 (2017) 044

e Cross section: o ' ' ' ' ) -
e Measured: 120 = 17 (stat) + 13 (sys) = 4 (lumi) nb >
e SM expectations: 78 + 8 nb (from SuperChic3.0) = .
< 10 ‘;
e Ratio data/MC: 1.5 > | LHC -
Y- y+inv. (pp)
% 30_ | | | | | | | | | | | | | | | | | | I. I. | | | | | | |
(2 E Signal region ATLAS Preliminary E 109 ete- sy 4iny. 1 _
£ 251 Pb+Pb \s\, =5.02 TeV — | PrimEx
> T -
Ll i y -
ZY ~¢Data, 2.2 nb = CMS yy - (2019) 134826]
- . Signal (yy — vy) - »
15l CEPgg = vy - 107" £ Beam-dump ATLAS ATLA (this paper) E
- [ vy—ee i i
i Syst. uncertainty _ Y B o EE T R R S
10 - 1073 1072 107" 10° 10’ 10° 10°
53 - Lower Er threshold  §
- * - 1 More statistics
O: T l+. + +!_}=4=1_4i4_: v
5 10 15 20 25 30
K m,, [GeV] DISCRETE22


https://link.springer.com/article/10.1007/JHEP03(2021)243

Lepton Final States

4

Pb Pb
Pb Pb
\%'/ en e/t
ks
A Y
k1 \
et/ut/rt ot /et

P
P

b - e b Pb
Signal (LO) Signal (FSR)
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Lepton Final States - Electrons arxiv: 2207.12781

b Sa—— R e e N e ————— — —————— S e e s e e e = = = —-

e |[nvariant Di-Electron mass,

e [ransverse momentum distribution .
ansverse momentum distributio compared to theory calculations

%104:— B —= — _
(5 E A TLAS E > E’.:Z.’l..:.'l.".‘ l l l l l l l l §
> - s =5-02 TeV, 1.72nb™" 7 o i T ATLAS -
40‘3, 107 e Data 2018 = g 10g i E
S - B STARIlight+Py8 yy— ete” 3 S = =
LLI B ?? ASC4+Py8 dissociative e'e” - o - —. |
4 77 STARIight+Py8 Y (nS) — e'e _8 = ]
102 = ;/ B STARIlight+Py8 yy— t*t — S 1 = =
;% MC stat. @ syst. unc. = C e -
L | - -
_1 — 16004 6207094 —
105//; - 107 PosPb 5,=5.02 Tev
o = - yy— e'e L=1.72 nb” N
- A-II* 7 5[ Inclusive ZDC N
107 e Data2018 oo STLLRL=
B / 297 g0 0o = STARIight =
o % - ~ ---- SuperChic _
¢ . o ///? il L p| | L
01_4:_'I""I"'I""I""I""‘"|"I" = %125""I ' ' ' ' L
= 1.28 - ef =
S Then? ettt 4 RO BT ~ B 2
o o.s;ir t | AR |4 - SogE T e e =
cD‘S0.6:—..|....|....|....|....|.|...|....|....—- A  E | .
5 10 15 20 25 30 35 40 10 50 30 40
e
<p%> [GeV] m,. [GeV]
e Selection: -
e Selection:

e Photon initial state tag
e Electrons: pr > 2.5 GeV, [n| < 2.47
e Exactly 2 electrons, exactly 2 tracks, no muon hits —

* Dlee < 2 GeV
® Mee > 5 G@VJ

Kristof Schmieden DISCRETE22 /


https://arxiv.org/abs/2207.12781

Lepton Final States - Muons

 Muon selection:
e Photon initial state tag:
e exclusively 2 muons
e No additional tracks with pt > 0.1 GeV

epT>4GeV, |n<24
e Exactly 2 muons, oppositely charged

e Di-u selection:
e Ty <2 GeV
e My, > 10 GeV

Kristof Schmieden

dofdly, | [ub]

Ratio (Data/STARlIight)
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10
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e Di-Muon Rapidity distribution in bins of invariant mass
compared to theory calculation
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dofdly | [ub]

Ratio (Data/STARlIight)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

Lepton Final States - Muons Suppressmn of dlSSOClatlve baokground Phys. Rev. C 104 (2021) 024906  MEE
y —— - — —— -l

ATLAS

PbPb(yy) — w'w(Pb' Pb)
Pb Pb p, >4GeV,nl<24
m.. > 10 GeV, p <2GeV

(L
12
§ 10°
. o 10
H 1
0 0
. \
p (in Pb) Pb* + X
ALFA AFP ZDC LUCIDATLASLUCID ZDC AFP ALFA
-<;I - 4,';1 5?» i, ——
T — -~ -~
‘ -~ Beam1 o |, S —_— | “Beam 2 o
Q7 Q6 Q5 Q4D2 D1 Q3Q2Q1 |nteract|on Q1Q2Q3 D1 D2Q4 Q5 Q6 Q7
point
< 140 m > 140 m >
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906

Lepton Final States - Taus

>

Signal Regions (SRs)

ATLAS .

==

EXPERIMENT 201611

ue-SR

+ 1 track

\f

4

ATLAS .. ...

EXPERIMENT 2318 L 10 00046551 crsT

Kristof Schmieden

ATLAS

EXPERIMENT

Run: 366268
Event: 3305670439

+ 3 track
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https://arxiv.org/abs/2204.13478

Anomalous magnetic moment of tau

b S—

arxiv: 2204.13478

e e e —— — = —

eClear observation of di-tau production

80
70

Events / GeV

60
50
40
30
20
10
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N Y
B\

ATLAS

Pb+Pb |/s,,=5.02 TeV

¢ Data, 1.44 nb”

ulT-SR [ Jyy—w
N yy—uu

photonuclear
7, Pred. stat. uncertainty

15 20 o5 30
M., 1k [GeV]
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https://arxiv.org/abs/2204.13478

Anomalous magnetic moment of tau arxiv: 2204.13478

b- == — e e e — = —

*Clear observation of di-tau production e Muon pT Spectrum sensitive to a, distribution
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Anomalous magnetic moment of tau

b e ——————— — I

e First [Imits on a, since 2004

e First Measurement of a, in heavy ion collisions
e Competitive with DELPHI
e 5% precision on a,

e Statistical uncertainty dominates

e Similar analysis also from CMS

arxiv: 2204.134/8

= e e —————— e e ——— ————— — = —

Kristof Schmieden

OPAL 1998 :
13 1998 °
_+-:—
DELPHI 2004 : ATLAS
. Pb+Pb \s,,=5.02 TeV, 1.44 nb”’

ulT-SR e — ———— @ Best-fit value
MST'SR : m— (8% CL

. : —— 95% CL
Combined S -
Expected e ———
! I ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! I !
0.1 -0.05 0 0.05 0.1

a"l?

[DELPHI result: Eur. Phys. J. C 35 (2004) 159]

DISCRETE22
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https://arxiv.org/abs/2204.13478
https://link.springer.com/article/10.1140/epjc/s2004-01852-y

4

Anomalous magnetic moment of tau

— — == P — p————_ - == ==

e First limits on a, since 2004

e First Measurement of a, in heavy ion collisions
e Competitive with DELPHI
e 5% precision on a,

e Statistical uncertainty dominates

e Similar analysis also from CMS

e a,probes 1-loop quantum fluctuations

e I[ndirectly sensitivity to BSM physics
e SUSY predicts quadratic scaling with lepton mass

e Schwinger prediction: a/2m=0.001

Kristof Schmieden

arxiv: 2204.13478

= e e —————— e e ——— ————— — = —

OPAL 1998
13 1998 °
_+-:—
DELPHI 2004 : ATLAS
Pb+Pb \s,,=5.02 TeV, 1.44 nb”
u1T-SR ——p———— @ Bestit value
— 95% CL
Combined |
Expected e ———
R R T T TR T NN TN TN TN SR N T R SN SR S SR S TR SR R
-0.1 -0.05 0 0.05 0.1

a"l?

[DELPHI result: Eur. Phys. J. C 35 (2004) 159]
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https://arxiv.org/abs/2204.13478
https://link.springer.com/article/10.1140/epjc/s2004-01852-y

Conclusion

b —— e —— — = e = e

e | HC is a superb photon collider considering Hl UPC events
EXPERIMENT

Run: 366268
: 3305670439

e \Well suited environment to photon / lepton production

e Sensitive to standard model precision parameters like g-2
e Sensitive to physics beyond the standard model: e.g: ALPs

Existing constraints from JHEP 12 (2017) 044

3
=
3 101 . -]
§ | LHC |
Yo y+inv. (pp) |
)
O What's left to do”
10 ete” sy +inv. | E
Primex  Refined analyses & more Data:
CMS yy - (2019) 134826] | e | ower pl thresholds
107 - Beam-dump ATLAS ATLA (this paper) ] ¢ mproved trlggers |
| ; e Refined object ID (tau’s)
102 102 10~ 100 10 102 103
m, [GeV]

13
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The ATLAS Detector am -1

p-——— _— o~ =X
e Size of a 6 story building -

e 100M readout channels

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

e 100 kHz readout
e 1kHz1to disk
(~1.5 MB/event)

e /ero-Degree-Calorimeters (ZDC): . \—

e capture neutral particles in forward
direction

<%, Tile calorimeters

. LAr hadronic end-cap and |

s\ fOrward calorimeters
| Pixel detector AR

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

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiation tracker

Semiconductor tracker

Kristof Schmieden DISCRETE22 15



> e e o . L
e Size of a 6 story building - =
* 100M readout channels
e 100 kHz readout
e 1 kHztodisk
(~1.5 MB/event)
e /ero-Degree-Calorimeters (ZDC): . \
e capture neutral particles in forward
direction & _
- Tile calorimeters
LAr hadronic end-cap and |
s\ fOrward calorimeters
__________________ | Pixel detector &
-------- Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transifion radiation tracker
Semiconductor fracker
ALFA AFP ZDC LUCIDATLASLUCID ZDC AFP ALFA
| A | o
Q7 Q6 Q5 Q4D2 D1 Q3Q2Q1 interaction Q1Q2Q3 D1 D2Q4 Q5 Q6 Q7
point
< 140 m > 140 m >
Kristof Schmieden DISCRETE22 15
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The ATLAS Detector

e ~100M readout channels

e 100kHz readout (~1.5 MB/event)
e 1 kHz to disk

e ‘Textbook' like multi purpose detector

e ATLAS coordinate system:
e n =-Intan(6/2), ¢

r-d-z cylindrical coordinates and © - visualization
n=0

hone /n=0.88

§=45°
0=10q/—»]’]=2.44
0=0%—> n:oo

Kristof Schmieden

Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet
Transition

Radiation

Tracking Tracker

Pixel/SCT
detector

DISCRETE22

The dashed tracks
are invisible to
the detector
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-
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bHow to measure the yy - yy process

e [rigger

e Exactly 2 photons with Er > 2.5 GeV && || < 2.37
Excluding 1.37 < || < 1.52

EXPERIMENT

Run: 367321
Event: 755541675

e [nvariant di-photon mass M,, > 5 GeV

e \eto any extra particle activity within |y| < 2.5

e No reconstructed tracks (pt > 100 MeV)
e No reconstructed pixel tracks (pr > 50 MeV, |4 (y,track)| < 0.5)

nn - ete- = ey ey candidate event:

e Back-to-Back topology
e P1(yy) < 2 GeV (rejects cosmic muons)

e Reduced acoplanarity < 0.01 (A, = 1- |4¢| / 1)

Kristof Schmieden DISCRETE22 17



Background estimation & systematics on LbyL




Background to photon photon scattering

>How to measure the yy - yy process

e What else has a similar sighature? Pb Pb®

e Central Exclusive Production of 2 photons (CEP): gg - yy

e Coloured initial state: significant intrinsic transverse momentum!!
e Broader shape of A, distribution

e Control region defined to study CEP: aco > 0.01

Kristof Schmieden DISCRETE22 19



Background to photon photon scattering

>How to measure the yy - yy process

e What else has a similar sighature? Pb Pb®

e Central Exclusive Production of 2 photons (CEP): gg - yy

e Coloured initial state: significant intrinsic transverse momentum!!
e Broader shape of A, distribution

e Control region defined to study CEP: aco > 0.01

e Exclusive production of ete- electron pairs
e Both electrons misidentified as photons

e Electrons bent in magnetic field
e Broader A, distribution compared to signal
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Background to photon photon scattering

>How to measure the yy - yy process

e What else has a similar sighature? Pb Pb®

e Central Exclusive Production of 2 photons (CEP): gg - yy

e Coloured initial state: significant intrinsic transverse momentum!!
e Broader shape of A, distribution

e Control region defined to study CEP: aco > 0.01

e Exclusive production of ete- electron pairs
e Both electrons misidentified as photons

Lo 80_ I I I I I I I I | I I I | I I I | I I I |

e Electrons bent in magnetic field § - ATLAS Preliminary -
e Broader A, distribution compared to signal = O Pb+Pb S = 5.02 TeV -

c P -

z E

: C 3 —o— Data, 2.2 nb-1 _

* Other potential backgrounds found to be negligible: Signal (yy — vv) -
*yr — Qg - CEP g9 — vv -
e Exclusive di-meson production (pi0, eta, eta’) 40— Bl vy — ee —
* Also charged mesons considered - | ? Syst. uncertainty :

e Bottomonia: yy = no = yy (6 ~1 pb) 30— —
e Fake photons: Cosmic rays, calorimeter noise - ke ]
= -

10 —

O- tiae ? 1@ :

0 0.02 004 0.06 0.08 0.1 0.12
vy acoplanarity
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Background to photon photon scattering

>How to measure the yy - yy process

e What else has a similar sighature? Pb Pb®

e Central Exclusive Production of 2 photons (CEP): gg - yy

e Coloured initial state: significant intrinsic transverse momentum!!
e Broader shape of A, distribution

e Control region defined to study CEP: aco > 0.01

e Exclusive production of ete- electron pairs
e Both electrons misidentified as photons

Lo 80_ I I I I I I I I | I I I | I I I | I I F

e Electrons bent in magnetic field § - ATLAS Preliminary -
= = = . = 70__ —

e Broader A, distribution compared to signal > : Pb+Pb |5, = 5.02 TeV -

- @ -

z E

: C 3 —o— Data, 2.2 nb-1 _

* Other potential backgrounds found to be negligible: Signal (yy — vy) -
*yr 2 QQ - CEP gg — vy -
e Exclusive di-meson production (pi0, eta, eta’) 40 By — ee —
* Also charged mesons considered - | ? Syst. uncertainty .

e Bottomonia: yy = no = yy (6 ~1 pb) 30— —
e Fake photons: Cosmic rays, calorimeter noise - ke ]
No background produces ZO;% + E

peak in mass distribution! 10D -

O- tiae ? 1 :

0 0.02 004 0.06 0.08 0.1 0.12
vy acoplanarity
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, Triggering

e |1 requirements
e Dedicated trigger for 2018 run (OR):

e > 1 EM cluster with Et(y) > 1 GeV && 4 GeV < total Et < 200 GeV
e > 2 EM clusters with E1(y) > 1 GeV && total Er < 50 GeV

(Note: Cluster Noise just below 1 GeV)

e HLT Requirements (AND):
e no forward activity: >E7 (FCal) < 3 GeV on both sides
e No tracks: < 15 hits in pixel detector

e Tagging of exclusive photon final state

Kristof Schmieden DISCRETE22
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, Triggering

e |1 requirements
e Dedicated trigger for 2018 run (OR):

e > 1 EM cluster with Er(y) > 1 GeV && 4 GeV < total Er < 200 GeV S [ ATLAS Preliminary ’ -

e > 2 EM clusters with Ex(y) > 1 GeV && total Er < 50 GeV % - ]

<) 0.8— _

(Note: Cluster Noise just below 1 GeV) = i : -

T 06 : Pb+Pb \s,=5.02 TeV —]

> = ! e Data?2018,1.7 nb .

B 5 Fit to 2018 data 7

- i 2018 Stat @ syst _ .

 HLT Requirements (AND): 0ol o L Pooinam =

* no forward activity: 2E7 (FCal) < 3 GeV on both sides : l 2015 Stat @ syst -
e No tracks: < 15 hits in pixel detector o-—l-ﬁ-g—t--; S S

4 6 8 10 12 14

| | | E_cl;_luster1+E_cI:_Iuster2 [GeV]
e Tagging of exclusive photon final state

e Trigger efficiency determined using et+e- final states
e [riggered by independent support triggers

Kristof Schmieden DISCRETE22 20



Photon reconstruction and identification

4 — — -

e Photon reconstruction:

e Using default photon reconstruction algorithm
e Entries in calorimeter cells are grouped to clusters
e Track matching performed
= Electrons / Photons
e Some overlap allowed

I — > \
EM shower for ¥ EM shower for 17°

e Photon identification:

e Uses neural net (Keras), trained for low Et photons

e Combination of EM calorimeter shower shape variables
e Discrimination between photons, pions, electrons,
noise

Kristof Schmieden
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Photon reconstruction and identification

b ee— — e

e Photon reconstruction:

e Using default photon reconstruction algorithm
e Entries in calorimeter cells are grouped to clusters
e Track matching performed
= Electrons / Photons
e Some overlap allowed

EM shower for ¥ EM shower for 77°

e Photon identification:

e Uses neural net (Keras), trained for low Et photons

e Combination of EM calorimeter shower shape variables
e Discrimination between photons, pions, electrons,
noise

Kristof Schmieden

A
A
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I\)-I—I|IIII|IIII|IIII|IIII|IIII|III

0.9

0.8

0.7

Photon reconstruction efficiency

0.6

0.5

=

Il

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIJI

ATLAS Preliminary
Pb+Pb s, =5.02 TeV

?

+
4

{}+¢+

—e— Data 201542018, 2.2 nb™

—=— yy—ee MC

-

eey (hard-brem) selection

—— ——

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:“

4 6 8 10 12 14 16 18 20
E - ptTrk2 [GeV]

e Efficiency measurement:

e Using ete- events where a hard bremsstrahlung photon
was radiated

e cey final state selection:

e Exactly 1 electron pr > 4 GeV && 1 additional track
e Track ptr < 1.5 GeV
e Photon with Et > 2.5 GeV must be present in Event!

DISCRETE22
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, How to measure the yy - yy process Background processes

p— — m— — ———

* What else has a similar signature?

Pb Pb(*)
e Central Exclusive Production of 2 photons (CEP): gg - yy ‘

e Coloured initial state: significant intrinsic transverse momentum!! = ; 5 Y
e Broader shape of A, distribution = g —

e Control region defined to study CEP: aco > 0.01 = Y

e Shape of A, distribution taken from simulation (SuperChic v3.0) - N

= > g Y
e Uncertainty estimated using simulation without secondary particle (O
emission (absorptive eftects) Ph PL®

e Normalisation measured in control region
e Dominating uncertainty form limited statistics (17%)

e Overall uncertainty of CEP background in signal region: 25%

e Expected events in signal region: 12 + 3

Kristof Schmieden DISCRETE22
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, How to measure the yy - yy process Background processes

p— p— m— — ———

* What else has a similar signature?

Pb Pb(*)
e Central Exclusive Production of 2 photons (CEP): gg - yy ‘

e Coloured initial state: significant intrinsic transverse momentum!! - I 5 \f
e Broader shape of A, distribution = A

e Control region defined to study CEP: aco > 0.01 g S !

e Shape of A, distribution taken from simulation (SuperChic v3.0) = W

= > g Y
e Uncertainty estimated using simulation without secondary particle (O -
emission (absorptive effects) Ph PLH®

e Normalisation measured in control region
e Dominating uncertainty form limited statistics (17%)

e Overall uncertainty of CEP background in signal region: 25%

e Expected events in signal region: 12 + 3

e Pb* dissociates, releasing neutrons detectable in the Zero Degree
Calorimeter

e Cross check of ZDC information for events in CEP control region:
e Good agreement with expectations :)

e + 140m from ATLAS IP
e 8.3 < |y| < inf
Kristof Schmieden DISCRETE22 22



ZDC cross check on CEP background

———— —_— e = = = - ==

»

e /DC energy deposits e More quantitatively

* Single neutron peaks clearly visible e Expected that all CEP events have a signal in ZDC
e 20% of yy and ee final states
e Can calculated expected ratio of events with / without ZDC activity

pred  CEP + 0.2 * (signal + ee)
ZDC/noZDC 0.8 x (signal + ee)

ATLAS Preliminary
Pb+Pb |s,,=5.02 TeV

0.8 ub™

Arbﬂra(g units
(@)
()
(@)
(@)

20000

e For Er > 3 GeV.
e r(pred.) = 1.5(0.5), r(meas) = 0.8

10000

o
Wl—lllllllllllllllT

e [0 compensate difference:

e Raise in the ee background yield of 20% needed
= = e \Well covered by uncertainty of 40%

ZDc:_c:/< )
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Bkrond processes

- = ——— = = = —

}How to measure the yy - yy process

* What else has a similar signature?

e Exclusive production of ete- electron pairs
e Both electrons misidentified as photons :

e Electrons bent in magnetic field
e Broader A, distribution compared to signal

e Background rate estimated from data
e 2 control regions:
e Signal region + requiring 1 or 2 associated pixel tracks
e Event yield from control regions extrapolated to signal region
e Needed: probability to miss pixel track it full track is not

reconstructed pPemistag & B0 e
g - —e-Data, 480 ub” ATLAS 1o B0 -
L . - I vy —ete MC 1 = - —e-Data, 480 ub” ATLAS .
* Demistag Measured requiring 1 full track and exactly 2 signal £ 25 py—=yy MG x 10 P¥PD [S=5.02TeV4 = £ B w MO o b (502 To
1 e - —yy MC x 10 . .
phO’[OﬂS: (47 + 9)% Ij>j o R L% - VYT :
Ny = 1 control region 2 20 N, = 2 control region —
e Events in signal region: 15 + 5 R E

RTINS A N AU S A N AT S N |-+-| L 10 |:
T T e . 0.2 0.3 0.4 0.5 0.6
0.2 0.3 0.4 0.5 0.6 Yy acoplanarity

vy acoplanarity

Kristof Schmieden DISCRETE22 24



Bkron processes

pl— e e ——— E— = == == -"— e — = =

>How to measure the yy - yy process

* What else has a similar signature? * Total background + signal:

e Other potential backgrounds found to be negligible:

*yy — QQ
e Exclusive di-meson production (piO, eta, eta’) o 80—
* Also charged mesons considered = - ATLAS Preliminary -
e Bottomonia: yy = no = vy (6 ~1 pb) S  70F -
e Fake photons: Cosmic rays, calorimeter noise 2 5| Pb+Pb sy =5.02 TeV -
i :
S —e— Data, 2.2 nb™ .
= Signal (yy — vv) B
B CEP gg — vy ]
hoton ) N hadrons 403_ )| Eyy —ee _:
P /\/\/\/ /( R - 2% Syst. uncertainty :
"1 301 -
Y B " _
20_—% —
hadrons B T | 2 B
photon ~JN ¢ >_’_; 10C 9 iy -
0 0.02 0.04 0.06 0.0 0.1 0.12

vy acoplanarity
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4

Systematic Uncertainties

e Reco & PID SFs:

e SFs derived in dependence of eta instead of pr

e 4% (Reco) 2% (PID)

- ——

e Photon energy scale & resolution

e Taken from EGamma-group recommendations
* 1% and 2 % impact on MC yields, for scale & resolution

e Angular resolution (in phi)

—

e Alternative LbyL signal sample

__ E— — =SS

| e Starlight instead of SuperChic
e Impact on measured C-factor taken as systematic unc. e 1% impact on C

e Signal MC stats:

* 1%

e Uncertainty on total background: 28%

e Uncertainty on detector correction factor C: 8%

e Comparing electron tracks to cluster in yy->ee events

e Additional single cluster smearing in MC: o4 ~ 0.006

e Impact on CEP background: 1%

e Impact on SFs: 2% (taken as systematic)

N (l ¢cluster1 . ¢trk1| . | ¢cluster2 _ ¢trk2|)

g ¢cluster ~

e [rigger

V2

Source of uncertainty

Detector correction (C)

e Three ee event selection criteria defined: loose, nominal, tight

e Difference between those taken as systematic unc.

e Max. Uncertainty: +10% -4% @ E+(cluster sum) 5 GeV

e Overall: 5%

Kristof Schmieden

ETAP Seminar - 22/06/2020

0.2063 = 0.021
Trigger efficiency 5%
Photon reco. efficiency 4%
Photon PID efficiency 2%
Photon energy scale 1%
Photon energy resolution 2%
Photon angular resolution 2%
Alternative signal MC 1%
Signal MC statistics 1%
Total 8%
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Interpretations




Interpretatlon Search for AX|on L|I<e Partlcles

y — _— - _—_

e ALP signal simulated using Starlight MC Expected ALP S|gnal 1/Na=1TeV!

O
W

> - A A
3 - ATLAS Slmulatlon Prellml_nary_
e SM background: LbyL + CEP + ee = 30005 Pb+Pb \/s, = 5.02 TeV NN
N | T 2500 % * =
e Extracting limit on the coupling to ALPs 1/A; 1] : R -,q % | 1 ]
oo PRI D4 -
> 30 [ rr o1 rr o[ o1 1 T T T T T B - : B
O i . _ 1500— | + z z 1 | ]
- ATLAS Prel - - ' ; ; 1 .
O - Signal region S Preliminary 7 . - .
% 25— Pb+Pb \s,, =5.02 TeV — 1000:— + + B
i : 5001 bJ ‘ ¢ 1| —
20— —e— Data, 2.2 nb” — 7 2 Jp o .‘\j 1WL N
- ! Signal (yy — yv) . 0—Femmam i ant et A Q* P
B ! CEP gg — vy ] 5 6 7 8910 20 30 40 50 10
15/~ B —cc — m, [GeV]
B SySt Uncertainty i B B T T
B 7 O 0.8— ]
101~ ~ S - -
u ¢ i O 0.7 —
@ _ - ATLAS Simulation Prellmmary:
i + i 0.6/ Pb+Pb |, = 5.02 TeV
: 3% 44 ¢ 0.5E
) 10 15 20 25 30 04:_
m,. [GeV] ' -

N . oM background

O
N

1 1 1 1 1 1 1 1 1 1 1 1 |
20 40 60 80 100

CDIII

3
[0
o)
S

a
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Interpretation - Search for AX|on L|I<e Partlcles )
b____m e ——————— e _ _ —

Expected ALP S|gnal 1/Na=1TeV-1

e ALP signal simulated using Starlight MC

f

nulation Preliminary
- 71 y=9.02TeV

> - T A R N
3 - ATLAS Slmulatlon Prellml_nary_
e SM background: LbyL + CEP + ee = 30005 Po+PD (s, =5.02TeV. =~
. . e SRR S SRR R
e Extracting limit on the coupling to ALPs 1/A; 1] E IR A % .
2000 ﬁ 1 | b I -
> 30_| | | | | | | | | | | | | | | | | | | | | | | | | I_ | . | | _:
8 ! Signal region ATLAS Preliminary - ; - ATLAS | | - |1l | -
2 onf - S -
2 o5 Pb+Pb s,y =5.02 TeV — S T Pb+Pb sy = 5.02TeV, 220" - t T E
o - - < - s Expected Limit | % + + 11 E d ] S
L i y : = B —— Observed _ A L L
20— | —e— Data, 2.2 nb — S 25 unc. uu* sdigny s
- l Signal (vy — vv) - £ i I 1o unc. | SEei&ssSe
191~ ] yy—ee - & M, [GeV]

- Syst. uncertainty i 3 | |

— _ @ 10

20 30 40 50 6070 102

_.._
o—
—_.—

‘i
o
\]_
oo
O
—h
o

10 15 20 25 30 m. [GeV]

5 m,, [GeV] ! —
0.3 -
.. SM background 02F E
S S [ 'I
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Interpretation - Search for New Physics
}m — e ——

e Being interesting in it's own right, there’'s more to learn from this result:
e Model independent interpretation using the eftective field theory formalism (to be done)

e Transformed into limits on specific models beyond the standard model
e WO examples:

Kristof Schmieden DISCRETE22 29



Interpretation - Search for New Physics

e Being interesting in it's own right, there’'s more to learn from this result:

| 1

’ﬂ

|

|
&

e Model independent interpretation using the eftective field theory formalism (to be done) ~ PRL 118, 261802 (2017)

Y
e Transformed into limits on specific models beyond the standard model Reinterpretation of ATLAS 2016 result:
e Two examples: Ellis et al, PRL 118, 261802 (2017)
105 m.,>6 GeV , Pb+Pb (y7)—Pb(*) +Pb(*) 4y

e Born - Infeld theory 10*

e Nonlinear extension to QED 10°
e Imposing an upper limit of the EM field strength

[Born and Infeld, Proc. R. Soc. A 144, 425 (1934)] 9 107
e More recently: connection to string theory — | ; ;
[Fradkin and Tseytlin, Infeld, Phys. Lett. 163B, 123 (1985)] 6 107 | ;
o a
e Differential Light-by-Light scattering cross section can be turned 10"%‘ : :
into limit on mass scale appearing in B-1 theory | : :
1055 100 150 200 250 300 350
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»

e ALP signal simulated using Starlight MC

) ATLAS i
) Pb+Pb s, =5.02 TeV, 2.2 nb™ i

————— Expected Limit
n —— Observed i

e SM background: LbyL + CEP + ee

e Extracting limit on the coupling to ALPs 1/A;

1074 [~ .
% 30_ | | | | | | | | | | | | | | | | | | | | | | | | | | | : :
- . . ATLAS Preliminar - - :
O - Signal region Y i : i
o . . . oy 4
% 29[~ Pb+PDb s\ =5.02 TeV — 6 7 8 910 20 30 40 50 6070 107
g) u - m, [GeV]
o i i
B -1 _ \ L
or ¢ i gft;f('z " o \.Extracted Limit
: ? SotPag vy
15— = 99 = v _| Existing constraints frem JHEP 1712 (2017) 044
i yy—ee - — — e —————
i Syst. uncertainty _ | | \
- - E  ATLAS Preliminary |gp
10 - — 10'¢ ' -
— ® i S I
* _ - | Y- y+inv. LEP \\
s "’°- |
) 10 15 20 25 30 |
m, [GeV] i
CMS yy ‘*  vy [PLB 797 (2019) 134826] |
) SM baCkg I’OUﬂd 107" _ Beam-dump ATLAS yy - vy (this work)

Kristof Schmieden

20 unc.

I 1o unc.

102 102 10"  10° 10"

102 10°
m,; [GeV]
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»

e ALP signal simulated using Starlight MC

e SM background: LbyL + CEP + ee

e Extracting limit on the coupling to ALPs 1/A;

% 30_ | | | | | | | | | | | | | | | | | | | | | | | | | | |
- ATLAS Preliminar -
O - Signal region reliminary 2
2 25 Pb+Pb \s,, =5.02 TeV —
> T X
Lu — —
20 | —e— Data, 2.2 nb” -
- | Signal (vy — vv) -
1sb [CJCEP gg — vy -
- vy —ee -
i Syst. uncertainty Z
10— —
- . —
6il - R N N

S 10 15 20 25 30

A ~. oM background

Kristof Schmieden

| o« CMS result:

* Similar analysis |
e Uses only 0.37nb-1

95% CLs limit on 1/A, [GeV]

1074

ATLAS i
Pb+Pb s, =5.02 TeV, 2.2 nb™ i

————— Expected Limit
—— Observed i
20 unc.

I 1o unc.

6 7 8 910

Existing constraints

. Extracted Limit

20 30 40 50 6070 107
m, [GeV] /

) 044

10" F

1/N\; [TeV™1]

| Y- y+inv.

- ATLAS Preliminary ‘;\

tom JHEP 1712 (2017

)
\

~1
10 - Beam-dump

ATLAS yy = vy (this work)

102 102 10" 10° 10" 102 10°

Mg [GeV] 30



Interpretation - Search for new Axion Like Particles: CMS

bm —
¢ 0.39Nb", ET>2GeV, m>5GeV

e pT (YY) < 1 GeV, |etal < 2.4 => similar to ATLAS selection

e 14 events observed, 4 background events expected

e ALP limits statistically limited
e Factor 4 difference in statistics

e Expect ~2 times lower limits from ATLAS soon

PbPb 390 ub™' (5.02 TeV)

/>'\25_
D - —i— Data CMS
O [ B LbyLyy—yyMC)
Cu\l)' 201~ CEP (gg — v ) + other bkg
= | QED y y — e*e” (MC)
@2 151
C -
q) -
O I
10_—
51
0_11|111|1 ------------------------ e L.l
12 14 16 18 20

0 2 4 6 8 10
Diphoton Invariant Mass (GeV)

Kristof Schmieden

Events / GeV

18
16
14
12

10

5

ATLAS
Pb+Pb |5 = 5.02 TeV

) —e— Data 2018, 1.7 nb™

Signal (yy — yy)
CEP gg — vy

vy —ee

Sys. unc.

1/N\; [TeV™1]

Phys.Lett. B797 (2019)

PbPb 390 ub™ (5.02 TeV)
g | | | | | | | | | | | |
— 10° —— Observed CMS -
= - 5
> A Expected -
m R [ 68% expected .
0 i 95% expected |
_ i _
=
o)
c 10°p E
o - N
£ - -
a i _
o
> | _
_
O | | | | | | | | | | | | |
>
O 5 6 78 10 20 30 40 5060
@ m, (GeV)
Existing constraints from JHEP 1712 (2017) 044
- ATLAS Preliminary [gp
101k .
Yoyt iny. LEP
1005_e+e'—>Y+inv. E
CMS yy - yy [PLB 797 (2019) 134826]
107" - Beam-dump ATLAS yy = yy (this work) E
10° 102 10" 10° 10" 102  10°
m,; [GeV] 31
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More on Taus




pTau anomalous magnetic momﬁent Cyy 7T - o

Pb - 7 e Pbi e Electromagnetic interaction - yr
-
T 0 B
Y -7 L =357t
Ur
T U+
! da, - e
Pb € Pb

e yy = 77 Sensitive to electric & magnetic moments of tau!
e 2, : anomalous magnetic moment
e d,: electric diplome moment

e Usage of UPC PbPb collisions suggest in 1991
Phys.Lett. B271 (1991) 256-260

e Sensitivity estimation at LHC brand new (Beresford & Liu)
e 3x smaller uncertainties compared to LEP measurement

arxiv:1908.05180

Kristof Schmieden

—0.018 (17)
0.001 17721 (5)
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bTau anomalous magnetic moment:yy = 7tz

Pb Pb
- ze +
N T _ 0
Vr
T U+
! oar W
— /
Pb Ze Pb

e yy = 77 Sensitive to electric & magnetic moments of tau!
e 2, : anomalous magnetic moment
e d,: electric diplome moment

e Usage of UPC PbPb collisions suggest in 1991
Phys.Lett. B271 (1991) 256-260

e Sensitivity estimation at LHC brand new (Beresford & Liu)
e 3x smaller uncertainties compared to LEP measurement

arxiv:1908.05180

Kristof Schmieden

e Electromagnetic interaction - yr

1 = 1% e .
L= sm0" (aT T 1d775> TRL

a. Harvard06 (error bar x 10%)

a, BNLOG6 (error bar x 10°)

. DELPHI04

a. 2 bt 10% syst

a, 2 nb "t 5% syst

a. 20 nb 1, 5% syst
SM aPd (error bar x 10%)

SMEFT aPd, C,p = —1

exp

—0.018 (17)
"¢y = 0.001 17721 (5)

I 1T 1T 1 | I 1T 1T 1 | I 1 1T 1 | I T 1T 1 I 1T 1T 1 I 1 1T 1 | I T 1T 1 | I 1T 1T 1
— —f———— Beresford & Liu |

lo 20

== Existing measurement

Theoretical prediction

== PbPb — Pb(yy — 77)Pb (this work)
LHC /sny = 5.02 TeV

(= —

A: 140 GeV A= 200 GeV

lllllllll|llll|llllllllllllllllllllllll

—0.06 —=0.05 —=0.04 —0.03 —0.02 —=0.01 0.00 0.01 0.02

ar = (90— 2)/2
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bTau anomalous magnetic moment :yy = 7t

Pb Je Pb
= m*  B(r* — 7% v, 4 neutral pions)
N T _ 0 = 45.6%
Vr
T U+
! Oar - Ve B(tT = yvr) = 35%
Pb : Pb

e Challenges:
e [rigger:
e Similar triggers as used in Light-by-Light scattering analysis

e Reconstruction:
e Rely on lepton and tracks reconstruction
e Track reach down to 0.5 GeV is standard

e Selection
e 2 l[eptons with different flavour (very clean)
e 1 lepton + 1 or 3 tracks

e Difficult to tag photon initial state without requirement on A¢

Kristof Schmieden
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»Tau anomalous magnetic moment:yy > 7z

Pb Je Pb
= m*  B(r* — 7% v, 4 neutral pions)
N T _ 0 = 45.6%
Vr
T U+
! Oar - Ve B(tT = yvr) = 35%
Pb : Pb

e Challenges:
e [rigger:
e Similar triggers as used in Light-by-Light scattering analysis

e Reconstruction:
e Rely on lepton and tracks reconstruction
e Track reach down to 0.5 GeV is standard

e Selection
e 2 l[eptons with different flavour (very clean)
e 1 lepton + 1 or 3 tracks

e Difficult to tag photon initial state without requirement on A¢

Kristof Schmieden

S—

_—

e \Why are the tau-EM moments interesting”?
e 2, poorly measured

e Sensitive to BSM physics:
e [ests lepton compositeness

e SUSY at scale Ms => éaj ~ mi2 / Ms?
e 7 Way more sensitive than

e Impact of BSM effects modelled in EFT vial 2
dim-6 operators:

700000

650000

600000

ot [

550000

500000

450000

arXiv:1908.05180

+

log

MadGraph + SMEFTsim

LB JL
SM + BSM interference
LEP 95% CL limit

A/ SNN — 5.02 TeV

—— linear +— log

—0.1 —0.01 —

0.001 0 0.001 0.01 0.1
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