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The many faces of the proton

QCD bound state of quarks and gluons

Origin of mass? Origin of spin?
Gluon-dominated 2§ Sog, &S 3D imaging?

matter?

Hoavy quark content? Nuclear modifications?

From J. Rojo. DIS 2019
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From colliders to the cosmos

New elementary particles
beyond the Standard Model?

Origins and properties of
cosmic neutrinos?

Nature of Quark-Gluon Plasma
in heavy-ion collisions?

From J. Rojo. DIS 2019
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Q6P Quark-Gluon-Plasma * Hard scattering

* QCD medium: elastic and
inelastic collisions (+radiation)

Temperature

* Hadronisation

* Decoupling
Freeze-outs (chemical + kinetic)

Incoming = P— Hadroni-
el Collision QGP ation

From C. Market. DIS 2019
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~ Vacuum jet nitial conditions (+geometry)

* Initial hard and soft scatterings (9q,q9,99)
depending on: x (momentum fraction)
jon density (not well known)

* Energy dissipation by gluon radiation

or parton scattering } jet
* Modification of fragmentation ?

Energy dissipation: Where does the energy go?
—> |t changes momentum of particles ?

—> |t changes the particle angular distribution ?
—> |t changes particle species ?

xf

QF = 10 GeV*?

Questions:

What is the medium ?

How is the medium influenced by the jet ?
How is the jet influenced by the medium ?

From C. Market. DIS 2019
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Vary system size of collision

(medium size)

) A+A A+A
p+p p+A peripheral _fentral_
0> <«—0 00— « 2 2 ‘_z 2 - 4_2
40-50% 0-5%

Esure particle multiplicity (activity) at LHC energies ( e.g. in TPC |eta| < 0_5)
2 -100 2 -100 b e 20 - 2000

n_charge
N_part
centrality in %

—>measurements: AA/pp

—

From C. Market. DIS 2019
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E. Aschenauer et al, arXiv:1708.01527
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In 1/x

Y =
non-perturbative region

-
2
AQep In Q2
Og ~ 1 Og <1
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saturation -
region

Vector meson

In 1/x

=

Y
non-perturbative region

2.
F og ~ 1 og ¥ 1

The energy dependance of the cross section
Suggested as a signature of gluon saturation
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Photon-pho

] R i o

/ / \\\WW " W i powerful collider
e (T e ’ | \ P not only for pp and |
- 5 & Pb-Pb collisions,
& but also for 5
I photon-photon and \‘m
<“T‘ photon-hadron
| ol interactions

UPC physics
at LHC

oy o7
i e e ? >
«, P .Tj"-“ - g ’_

o -.ﬂ/ &
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Ultra-periphe 2

$333

Two ions (or protons) pass by each other with impact parameters
b > 2R. Hadronic interactions are strongly suppressed

Nuovo Cim.,2:143-158,1925
http://arxiv.org/abs/hep-th/0205086

Therefore, we consider that when a
charged particle passes near a point, it
produces, at that point, a variable
electric field. If we decompose this field,
via a Fourier transform, into its
harmonic components we find that it is
equivalent to the electric field at the
same point if it were struck by light with
an appropriate continuous distribution
of frequencies.

Enrico FERMI

High photon flux ~ Z°
- well described by the
Weizsdcker-Williams approximation

The electromagnetic
field surrounding
these protons/ions
can be treated as a
beam of quasi real
photons
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CMS Experiment at LHC, CERN

Data recorded: Thu Nov 26 00:39:30 2015 CET
Run/Event; 262620 / 11202709

Lumi section: 217

Orbit/Crossing: 56785710/ 3145

dimuon object
invariant mass = 3.05 GeV
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What events really look like scares me!

An example of an event where a higgs bosor
decayed to a pair of b-quarks/

From K. Kong SUSY 2019
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Hadronic CMS Hadronic

Forward (HF) Forward (HF)
(3.0 < n| < 5.0) \ (3.0 < n| < 5.0)
ZDC CASTOR %ﬂ _;& 7DC
(In| > 8.4) TOTEM T2 TOTEM 12 > 8.4
" (5.2 <|n| <6.6) (5.2 < [n| < 6.6) (Inl > 8.4)
FSC FSC
(6 <[n[<8) (6 <|n| <8)
[G.Brona] TOTEM 11
(3.1 < |n| <4.7)
+ TOTEM
L2z Yo" 812 Roman Pots
NN o

Vs = 5.02 TeV
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Only QED involved here

The process can be factorised in two parts:
» Emission of the photon.

» Interaction of the photon with the target.

QCD is in here
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Exclusive VM ph

» LO pQCD: exclusive J/y photoproduction cross 3
section is proportional to the square of the gluon \

density in the target:

V3 T 3202 5
Aoy a0/ A _ M-’/"'I e %\Y) [-r(/ 1(2, (22)}~ >

7 JIY

dt t=() 48(\'(=|I|Q3

e
*J/y mass serves as a hard scale: Ryskin: Z. Phys. C 57, 89 (1993

M2, )
j/ Y n 2.5 GeV?2

()% ~

» Bjorken x ~ 102%-10" accessible at LHC:

M+ \/
J/ LT /4
= — = — expl( =1
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Exclusive VM p

Caveats:

* J/y photoproduction probes generalized gluon distributions
(two gluons have different x values):
— Connected with collinear PDFs via Shuvaev transform: PRD 60 (1999) 014015

* Scale uncertainty (u? ~ 2.4-3 GeV? is a reasonable choice)
* Large NLO contributions
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Exclusive VM p

Eur. Phys. J. A52 (2016) no.6, 158

3| © fixedtarget
10 %X HERMES .
e D
{7:: > ~"\ k))‘)
1 10 10° 10°
W (GeV)
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e t-differential

measurements
give a gluon
tranverse mapping
of the hadron/

hucleus. Appearance and location
of diffractive dips:
signature of gluon saturation

The study of the t-distribution

a

hadron/

virtual photon
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e t-differential

Y +p—> Jhy+p

measurements ) N
. | ! 0 HIL szl(m GeV, Q™ =0.05 GeV :
give a giuon . 10 & O HIL: 40<W_<110 GeV, <Q*>=0.1GeV" |
tranverse mapping = |
of the hadron/ % o 1
nucleus. @
L
5 AF
§ [0 T e TP-Saat (Saluratlon)\\
_g = = h-CGC (Saturation) Y\ /
6F — IP-Sat (1-Pomeron) | [
m =1.27 GeV
< \
‘ virtual photon 9E. . 1 R 1 . 1 . _:.
p)
Il [GeV7]
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Here:

_ 2 __ 2 Dipole Cross-Section:
t = (pA_pA’) _(pVM-I_pe’_pe) p -
K | '
— ' sat
i f _ non-sat N _
. r V=Jhp, ¢, p.y } \
q - ]
- : 1
: Soor?
- dilute
_ linear- -
A A - regime
t al gl !
] _ _ J/ Dipole Radius
small size (J/¥): cuts off saturation region B N
large size (@,p, ...): “sees more of dipole amplitude” @
— more sensitive to saturation < > 17

From T. Ullrich, IS 2017
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V. Goncalves, et al.
Phys. Lett. B791 (2019) 299-304

1 AL B L o L W

o' Ke s”"=816Tev Pb+ p—Pb +@p ]
Y=0 — [P-Sat

PN — —— bCGC :

102 | "L S bCGC Linear 4 -

do/dYdt [ub/GeV’]

15 2 25 3 35 4
1 [GeV]

Location of the Diffractive dips:
Different for IP-Sat and bCGC

Energy dependence of the
t-distribution: onset of gluon saturation

Signature of gluon saturation

Study of o9 is very promising
since diffractive dips
expected at lower t values

do/dYdt [nb/GeV’]
o

— [P-Sat

; AN ——— bCGC
----- bCGC Linear

E 1 - 1 - 1 1 1 = 17 7J T
3 Pb+p—>Pb+.+pj

-
-
4

1 [GeV]
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arXiv:1902.01339
Submitted to EPJ C

o pPb+Pbp 16.9 ub™ (5.02 TeV)
> 700 : LI LI I I LI I I L [ | LI I I L I ' LI LI I LI L :
S [ #Data CMS -
o — —Sum of all contributions ] Data-driven approach for signal extraction
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arXiv:1902.01339

Smeitted to EPJ C — | | I | | L I | | pleTPIbpl 1I6.I9|,J'b.4I (5.02l TeV)
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Good| agreement with the HERA data and theoretical models
6 = 0.23 £ 0.14(stat) = 0.04(syst)
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do/dat [ub/GeV |

V. Goncalves, et al.
Phys. Lett. B791 (2019) 299-304
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Vector meson

Vector meson
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do(~p

- J/uvp) R?,

<A(.r.c;g‘2.5)>|2

dt f 167

......

Good Walker , PR 120 (1960) 1857

Miettinen, Pumplin, PRD18 (1978) 1696

Mantysaari, Schenke, PRL 117 (2016) 052301

Average over configurations
Pb Pb

Dissociative

Y Vector meson
> %
P Y

v
do(yp — J/UY)

dt

2
g

_ 11(?i_n (<‘A(J-.Q2.A)‘2> - |<A(.,-.Q'2.&)>|2)
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H. Mantysaari

0.16 . ' 1
0.12 1 | 1 1 1 I I
0.14 | ATLAS vp(2} e+
0.1 | |P-Glasma + round proton + MUSIC ATLAS va{2}  rad
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——
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0.04 | e 0.06 ¢
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Energy, el
of the t-distribution f

=100}
c : Phys. Lett. B766 (2017) 186-191
= 90
> 8
> |
? 80}
Q. 5 . - .
R o 70k ¢ The model predicts an striking signature for
o OT T
i saturation:
60:“ ¢ As the number of hot spot grows, the hot spots

fill up the proton.
» When saturation is reached, all configurations
# H1 data are very similar and the variance over
configurations tends to zero.

‘I]]TII

— Model

-
-
-
-
-
-

At the LHC we can measure J/J production accompanied

i 1 1 1 1 1 1 l 1 1 1 1 1 | l
20 10° : 03 by proton dissociation in this energy range!

W,, (GeV)
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Nucl. Phys. B934 (2018) 330-340

Exclusive - t ot
4 Dissociative
10 p= —
CF = Al <
. H1 m—
L —Jy (nb) A S gof —#°(b)
- =T (pb) 2 Jy H) T - —J/y (nb)
;103 . ¢ J/vy (ALICE) g 80 _ — Y (pb)
- °©
- 701
i 60}
10— -
. 50|~
“ . 40
ol ¢ T@EUS) : 5 Jy (H1)
: ¢ 1 (HY) 30 ® p°(Zeus)
. 4 T (LHCb) -
i $ 1 (CMS) 20}
1 L I . | ll | 1 L1 L1l ll 1 | L L L Llll E
1 A L lllllll | A lllllll 1 1 L L 1111
102 103 104 10 102 103 104
W, (GeV) W, (GeV)
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Pb+Pb — Pb+Pb+J/y 159 ub™' (2.76 TeV) Phys. Lett. B772 (2017) 489-511

'_g 9:""I'"'I""l'"'E'\'A'S'lc'j;tél'"'l""l""l"":

= gEOMS o AliCE data E

2 BN Impulse approximation 3 Model independent. Parametrization

5 T7F Leading twist approximation - : :

b L 1 of exclusive J/W data in gamma-protor
6k 4 I.e. No nuclear effects
5 :
3k 3 Experimental evidence of
B E nuclear gluon shadowing
o EY T FUTTY YU FUTTY FYUEY FUTTN PUTY PUTTE PN

-050 05 115 2 25 3 35
y
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15 - antishadowing  Fermi- Coherent J/iy photoproduction off Pb nuclei
ya-; ......................................... By \/ Guze)/’ et a/ US//’)Q PhyS Lett 5726 (2013) 290_295
10 froverrrerereeeeeeees RN and latest ALICE and CMS results
FE = 1.1 ———r—————————
06 — A Ve
Yo T shadowing 5 1
02 X, Xe '& 0.9
‘ e N 2 0.8
10~ 107 10" 1
. 0.7
0.6
0.5 CMS O
0.4 ALICE | -
0o | EPS09 - - - |
. HKNQ7 ===-=--
0.1 F nDS — - =
0 3l f 2 a3 s aaal f 3y 3 3 1111
1074 1073 1072 1071
X
R L f”//A ~ measured

o A f ™~  expected if no nuclear effects
i/p
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Parton Distribution Functions (PDFs)

sy

Determined from data: Global QCD analysis
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—  EPS09 . .
1.4l — pssz UPC studies provide
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S will get for the next
Qii 10 years before, the
g 06 EIC turns on
0.4 |
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ATLAS-CONF-2017-011

Zy = jets et Vjets . XA S jets e Yiets
- fixed target DIS and DY \s \s
LHC dijets L.
CLHCW & 7 Sensitive to nPDF
~ CHORUS neutrino data 5
0
0 PHENIX 7 dH dx [ ub GeV |
]()5 8 T T T T —rrrrry S 250_""' ' LN
: ] 8 | ATLAS Prellmlnary
e =’ I 2015Pb+Pb data, 0.38 nb” o2
T4 T | 5,=>502TeV,0nXn 1
O 10 £ | > N E 2001~ anti-k, R=0.4 jets
oL - ] | pF*>20 GeV, my,, > 35 GeV
~ - : | 0.0001 <2 <0.05 10
3 : ] -
107 ¢ UPC Jets A 150(— Not unfolded for
C -\- detector response
10° - E \ 1
100~
10 :— E : 10
50 =
I Aaald Lol bl A :
10” 107 0>, 10 1 i Bl 2
Xa
Figure adapted from EPPS16
1612.05741 [hep-ph]
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Planned DIS Colliders around the world

Facility Years Eeom Luminosity lons Polarization
(GeV) (10%3em—2s5-1)
EIC in US > 2028 | 20 - 100 — 140 2 - 30 p— U e, p, d, “He, Li
EIC in China > 2028 | 16 - 34 1 - 100 p = Pb e, p, light nuclei
LHeC (HE-LHeC) | > 2030 | 200 - 1300 (1800) | 10 depends on LHC e possible
PEPIC > 2025 | 530 — 1400 <1079 depends on LHC e possible
VHEeP > 2030 | 1000 - 9000 10°5% -~ 1014 depends on LHC e possible
FCC-eh > 2044 | 3500 15 depends on FCC-hh | e possible

EIC

FCC-eh

From R. Yoshida. DIS 2019

EPPSU DIS Input
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DIS Collider Plan Comparison (from EPPSU DIS document)

1035

Luminosity (cm2s1)
[y
)
b

1033

10

" VLEeP
10

1028
10 GeV 100 GeV 1 TeV 10 TeV \/ S

T CERN/HEP (e pol possible, ion depends on LHC/FCC) [ NP (e, light ions polarized, heavy ions)

o —

From R. Yoshida. DIS 2019
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DIS Collider Earliest Possible Timelines (EPPSU DIS Document)

PEPIC =
RHIC/JLAB12
EIC-US
EicC-I-China =
LHC LHC Long term A HL-LHC ‘ LHeC =)
TN ViEeP &
Civil Eng. P1-PS T\
— -

?0'?() ?()'?? ?()'?4 ?O‘?G ?()'?8 ?0'3() ?()‘3? ?()Y34 ?OYSG 90188 ?0140

\ Y | | )

|
COMPASS2, SMOG2 LHC-Spin

From R. Yoshida. DIS 2019
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National of Academy of Sciences : 2018 Assessment of US EIC
In summary, the committee finds a compelling scientific case for such a facility.

FY2020 US Budget Justification

T —
Department of Energy

FY 2020 Congressional
Budget Request

T

Science

Approval needed in FY2019 to justify budget in FY2020

Volume 4, Page 272:
“The Request for Construction and Major Items
of Equipment (MIEs) includes:”

“Other Project Costs (OPC) funding to support
high priority, critically needed accelerator R&D to
retire high risk technical challenges for the
proposed U.S.-based EIC. Subsequent to the FY
2018 National Academy of Science Report
confirming the importance of a domestic EIC to
sustain U.S. world leadership in nuclear science
and accelerator R&D core competencies. Critical
Decision-0, Approve Mission Need, is planned for
FY 2019”

From R. Yoshida. DIS 2019
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5D tomography:
Wigner distribution— the “mother distribution”

Belitsky, Ji, Yuan (2003);

W(IE EJ_,E_L)

2 z2=d°z) ;. .p+,
((i2ﬁ)t s / - 16(53 iR T —IQ(—2/2)7 q(z/2)|P + '—)
/(lb:_l l /
™D  f(z, k) GPD  f(z,b)) /
dx
/(/A L\ //(151 \

f(fl)) ' F(E_L) Form factor

PDF \% / _.
. / g G / db,

charge
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EIC: Gluon TMDs from Dijet Production

® Thus far, focus on quark TMDs while the available
studies of gluon TMDs are sparse

® Of particular interest: WW gluon distribution G(1) and its
linearly polarized partner ht{) inside unpolarized hadron

® These gluon distributions play also central role in small-x
saturation phenomena.

G() and ht(1) can be accessed through measuring

azimuthal anisotropies in processes such as
In e+p and e+A scattering.

A. Metz and J. Zhou, Phys. Rev. D84 , 051503 (2011), arXiv:1105.1991.

D. Boer, P. J. Mulders, and C. Pisano, Phys. Rev. D80 , 094017 (2009), arXiv:0909.4652

D. Boer, S. J. Brodsky, P. J. Mulders, and C. Pisano, Phys. Rev. Lett. 106 , 132001 (2011), arXiv:1011.4225.

F. Dominguez, J.-W. Qiu, B.-W. Xiao, and F. Yuan, Phys. Rev. D85 , 045003 (2012), arXiv:1109.6293.
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Kinematics: Dijets in y*A
Key observables: Pt and qr

® the difference in momenta
~ (imbalance)
Amplitude Conjugate q_'T — k 1 + k 2

amplitude

® the average transverse
momentum of the jets

ﬁT: (I—Z)El —ZEQ
® ¢ is angle between Pt and qr
® work in “correlation limit” Pt >> qr

® azimuthal asymmetry arising from
the linearly polarized gluon
distribution: v2 = (cos 2¢)

Dominauez. Marauet. Xiao. Yuan. PRD 2011 .
From T. Ullrich, IS 2017
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Elliptic Anisotropy in DidJet Production (1)

¢ Dipartons from McDijet event generator (V. Skokov) — showers via
Pythia — experimental cuts — jet-finding with ee-kt (FastJet)

. . * *
_All polarizations . Trans.y . Long.y
. A0 i
10
35 I
30 8}
5 5 2 s B
E o E E gf
° 40 All photon polarizations o 20 o |
-8 30 e+Au Vs = 90 GeV -8 15 Transversal photon polarizations 8 4.—
v, =-0.14 (-0.13) , o e
20 1.25 <q, < 1.75 GeVic 10 | Longitudinal photon polarizations
275 <Py <3.25 GeVic e Parton level 21 v2=0.16 (0.14)
10 = -1 i !
fLat=11"A SF e Reconstructed dijets - x=5x10°3
o.AA.l..AAl.AAAl.‘A‘l.AAAlA.A.l. oAA.AIAA..lA...lAA.AlA...IA..Al 0AA.,lAA..lA...lAA..lA...lA..AlL
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
¢ (rad) ¢ (rad) ¢ (rad)

¢ Dijets recover the anisotropy (v2) quite well
e NOTE: phase shift between long. and trans. y* (dominated by T)

1 1
Gluon TMDs via: L — l"i)(m’ql) o GPI ' (x,q.)
260 T PTG+ PLGN(aq)

A. Dumitru, T. Lappi, and V. Skokov, Phys. Rev. Lett. 115, 252301 (2015), arXiv:1508.04438. _ 22
From 1. Ullrich, IS 2017
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It used to be like this ...In the past

Is it possible to have a theory
model which gives signature X?

Are there any well motivated /
such models? ~.| You bet. Let me tell you about
those. Actually | have a paper...
Is there any Monte Carlo which I'm the wrong person to ask.
can simulate those models? Ask a phenomenologist.

From K. Kong SUSY 2019

— Yes.
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Nowadays the tables have turned

* The stream of LHC data has changed the picture

Experimentalist answers: The theorist asks:
‘ Yes. ‘ <+<— | Can LHC be sensitive to model X?

Notih's particular mocel in Is there any analysis which is
Pl looking for this model”

Manpower. We do not have

enough people to cover all - Why not?! It's a great model.

possible theory models.

From K. Kong SUSY 2019
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1. Machine learning

2. Quantum information
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Martens, Ralston, Tapia Takaki Eur. Phys. J. C78, 5, 2018

reecorstywts W dmensme |
TOMOGRA?"‘T o c::';t‘m g&m“&m)

LRY=<HAD > 0

d.‘“ ewal 3
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- Actual Real Simulated Data

04

Begin with
Some Results

“dijets” means
2 LHC jets, each

made of many particles T T T T S
plus everything else not measured .

histograms show a
Lorentz-invariant angular
distribution of jet1 v jet 2

measuring a density matrix

raw data processed, 00 |
. 3 2 1 0 1 2 ?é
bYPOSS,ng 600 pages FIG. 4: Top: Maximum likelihood fit, with the contributions of cos m¢ for m = 0 — 4. Bottom: Two
O{ fheory papers weighted distributions defined by f, (¢) = Re(y 2 (blue) and £ (¢) = Im(¢)? (red), coming from

the eigenstates of the rank two density matrix
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The Global QCD analysis paradigm

QCD factorisation theorems: PDF universality

6[[)—>;lX = Euy—»u ® Ll(X) » 6[7[7—>W = O-mi—>W ® lﬂl(X) ® d(X)

— u(x) /
(g

— /(x) —

—

Determine PDFs from deep- ... and use them to compute predictions

inelastic scattering... for proton-proton collisions
- From J. Rojo. DIS 2019
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mandatory diagram for collider theorists

FIG. 1: By analogy with deeply inelastic scattering, a dijet probe replaces the handle of the handbag
diagram with a shoulder strap (red) defining new elements of the probe density matrix P probe- Each

orthogonal element of p,,..;,. can extract a corresponding projection of the unknown system density

matrix py inside the dashed box. Unlike the deeply inelastic structure functions no assumptions of
perturbation theory or one-photon exchange need be made.
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EXAMPLE: Experimentally measure the
polarization density matrix
of a Z boson

dN
dcos0dp tr(pPTOber)

Pprobe = known density matrix

PX = unknown density matrix

The notation does not look Lorentz invariant,
but the quantities are
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We don’t need a theory,
sometimes less theory is better theory
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Avoided level crossing; eigenvectors swap

true QM expectation values <X>, <Y>, <Z>vPT

0.6 e ® * o , ®o . uYn .
- o * o ..“Oooooo 0.0 0
0.5 _ ® 9 o, - °
| . [ ]
04 curves: eigenvalues s
- dots: <X>, etc \
0.3 .
0.2 °;
| a
0.1 °
| o AVl
0.0 P ° X
| / ° .
0.1
l 5 10 50 100 5
new: no precedent P osz = our qr
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the entanglement entropy

S = —tr(p)log(p);

0<S <log(N)

pure unpolz
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The entanglement entropy is strange

entropy v pT"
105
1.00
G oss this has
s  never been
.. seen before
0.80
0.75
! 510 50 100

pr (same as gr) of pair in GeV units
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Unexpected discovery
in spin parameters of the Z

in rest frame of Z

z-axis out of page

NY

0..
L

Y is pseudo-vector
S, is T-odd Y

beam out of page
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3D
holography
of the
Z spin, pbeam
lab frame

(Ox, Qy. Qz )

2% of Z's are
polarized
pure state ‘
spinning -5 T
as shown arrows-are s, s-8 =1

THIS IS ENTANGLEMENT )
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beam-axis out of page xyz= lab

2% of Z's
are
polarized
pure state
spinning
as shown

THIS IS ENTANGLEMENT

A

arrows are s, s-s =1
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UPC studies at LHC- covering an unexplored energy regime & synergies with
the EIC. ATLAS and CMS studying a wide variety of physics topics in UPCs

Results in UPC VMs by CMS (and ALICE), studying UPC J/p in yPb already
found evidence of nuclear gluon shadowing at low-x and (2
Energy dependent studies of the t-distribution of UPC p° in yp promising
for determining the onset of gluon saturation

New directions using Quantum Tomography for QCD (and BSM) studies

very promising !

Research facilities such as EIC will open opportunities for fundamental
physics studies
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1OP Concise Physics A Morgan & Claypool Publcation

& | &

How to Understand Quantum Mechanics

John P. Ralston

—
o
C
-
o
x
s

-
b
-
o
O
-
I
-
-
-
_
>
-
w
“
=
> o)
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Joﬁn’ P. Ralston

SO O DIy DO ©
OPETMNte Drghocas
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Eur. Phys. J. C 79 (2019) 277

C l 5 is CMS Experiment at LHC, CERN
Data recorded: Thu Nov 26 00:39:30 2015 CET
I X Run/Event: 262620 / 11202709
Lumi section: 217
\ Orbit/Crossing: 56785710 / 3145
. "

Exclusive Upsilon photoproduction

Pb Pb

dimuon object
invariant mass = 3.05 GeV

(a)
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Eur. Phys J. C 79 (2019) 277

Events/0.08 GeV

CMS pPb 32.6 nb™ (5.02 TeV)

| —e— Data (a)
[ yp — Y(u'w) signal (STARLIGHT)

2

[ QED yy — p'u bkg(STARLIGHT)
[ ] Semiexclusive n*u bkg (data)

cms___ 'Il”llllllllll'Ipl?b?2'.6'nbl'1(l5.(l)2|Te'V)
18:_ Data _:

- Total -
16 — S Y(nS) — p*u signal —
14 - 4 mmeeeee- QED yy — p'w continuum 5
12f; =
10 + —]
8 _‘
6 | -

4:—\*

2 1) §8 4

OiL P | ﬁ

8 8.5 11 5 12

B Inclusive Y — p'u bkg (data)
[ 1 yPb— Y(u'w) bkg (STARLIGHT)

u U mass (GeV)

2

events/0.2475 GeV?
2,
L

10

0 0.1 02 03 04 0.5 06 07 08 0.9 1
pZ (GeV?)
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Eur. Phys. J. C 79 (2019) 277

CM pPb 32.6 nb™ (5.02 TeV)
104 C T T T T T T T T T =
= - —&— ZEUS 2009 (e-p) ~
a —  —&—— ZEUS 1998 (e-p) >
2 ~ —=— H12000 (e-p) i
= ———— LHCb (p-p, 7,8 TeV) [
? [ —@—— CMS (pPb, 5.02 TeV)
=
o 10°

| IIIIIII

\

10° &

A

—— flPsat

— 1IM-BG

— lIM-LCG

----bCGC-BG

JMRT-LO

| JMRT-NLO

w Fit CMS: =1.08+0.42

— Fit HERA+CMS+LHCb:
=0.77+0.14

| lllllll

] lllllll

10?

10°
W,, (GeV)
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Inclusive UPC Di

ATLAS-CONF-2017-011

ATLAS

EXPERIMENT

Run: 286717
E\L/Jent:36935568 >0 neutrons

2015-11-26 09:36:37 CEST .
Pb+Pb, VS = 5.02 TeV N ZDC

O neutrons
in ZDC

Two or more jets (anti-k;r R=0.4) with pr > 15 GeV, |n|<4.4
At least one with pr > 20 GeV, |Ad|12 > 0.2, mjers > 35 GeV
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ATLAS-CONF-2017-011

Resolved process

Direct process

R TN R Nucleus intact 94 99 R TN R Nucleus intact
. { } . No neutrons On . ( ) . No neutrons
Rapidity Gap partially
gap filled

/

Y \

/

)\

V No rapidity No rapidity
gap gap
- /’/"’ N /\/’—-—
— . — :
. \ \_/ . \
o \\ . \
66 b
Nucleus breaks up Xn Nucleus breaks up
Multiple neutrons Multiple neutrons

1/2

- 2 27
. 1. (2 Ei + 2Pz
Hr = o M = E:) =D ,Pi|| + Yes=5n ’
T Zp'l'z m_]cts (Zl: z) sz yjcts 2 (Zl Ei - Zi Pzi

L
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ATLAS-CONF-2017-011

Zy = jets et Vjets . XA S jets e Yiets
- fixed target DIS and DY \s \s
LHC dijets L.
CLHCW & 7 Sensitive to nPDF
~ CHORUS neutrino data 5
0
0 PHENIX 7 dH dx [ ub GeV |
]()5 8 T T T T —rrrrry S 250_""' ' LN
: ] 8 | ATLAS Prellmlnary
e =’ I 2015Pb+Pb data, 0.38 nb” o2
T4 T | 5,=>502TeV,0nXn 1
O 10 £ | > N E 2001~ anti-k, R=0.4 jets
oL - ] | pF*>20 GeV, my,, > 35 GeV
~ - : | 0.0001 <2 <0.05 10
3 : ] -
107 ¢ UPC Jets A 150(— Not unfolded for
C -\- detector response
10° - E \ 1
100~
10 :— E : 10
50 =
I Aaald Lol bl A :
10” 107 0>, 10 1 i Bl 2
Xa
Figure adapted from EPPS16
1612.05741 [hep-ph]
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Inclusive

ATLAS-CONF-2017-011

Differential (not

unfolded) cross sections
vs. DIS-like kinematic

variables

Not exactly same as

F2(x,Q2)

Data compared to

PYTHIA +
STARLIGHT(EPA)

ol 106 | I L I L L I | L I L I L=
> L : .

[o}) — ATLAS Preliminary anti-k, R=0.4 jets —

9 10*}— 2015 Pb+Pb data, 0.38 nb™’ p'ad>20 GeV —

a B \ENN =5.02 TeV, OnXn M > 35 GeV |

1 - -

— 10%|— —

< =+ 0.0023 < x, < 0.0049

o -é mal e Data -

ol 1. e Pythia+STARlight —

% | - scaled to data _

i ™ 0.0049 < x, <0.01 (x107?) }
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» e ]
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- - —t— 7

108 .. T e . -
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10 U -

|, s 0.048 < x,<0.1(x10) .
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~ 106 llll' T 1 llllll T 1 1 llllll 1 T T 1T ATLAS'CONF'2017'O11
% ATLAS Preliminary anti-k; R=0.4 jets
I s Tl 4wt
=z o | Data agrees with MC
ol 1% ——
e p T o<, <s900v (10 over most of acceptance
° 1 “’“m"7°?_i’.ﬁij?;l'_'_s ......
L R et SRS Next step: provide
==+=¥ 84 <H_ <100 GeV (x 10~ )=+
o oo T S measurements that are
10° T e unfolded for detector
T & L CE X response and that can be
_eeeeee Pythia+STARIight = o .
ol e rmoeg compared directly to

Not unfolded for detector response
10_12 lllll | llllllll 1 | Illllll | L Lt

1073 10 2 10" 1
X

theoretical calculations
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Nature Phys. 13 (2017) no.9, 852-858

ATLAS

| — [ 6T EXPERIMENT
h—,‘ ’ i .\| ‘-ﬂ Run: 287931

L EEEIERERE R IN) Event: 461251458
2015-12-13 09 CEST

Y"‘}’—’J’"‘}’

T 1T ™ T T I

S A 2 I e il [ ¥

Pb+Pb 5.02 TeV
(2015)
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Main backgrounds

QED

two-photon process

Daniel Tapia Takaki

Central Exclusive Productic
Pb PH® Pb Pb®
Y
Y o
Y ©
Y
Pb Pb® Pb Pb®
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ATLAS Collaboration
Nature Phys. 13 (2017)

n0.9. 852-858 4.4 o significance

m B L I I L | L I I L I L B I L i
S 14~ -e-Data, 480 ub' ATLAS — ETY >3 GeV
o B yy—vY MC i
~ 1or. EpoeeMc PP Sy =5.02TeV Inl <2.37
|5 - CEP yy MC -
> - _
L 10[- - Myy > 6 GeV,
CT Signal selection I
8 no Aco requirement
& E p1(yy) < 2 GeV
RS E Acoplanarity
o - As < 0.01
Ll_ll_l_ll_[_l—l_m A l:ll:l[::ll:;_1|_~n_—u:
0 0.01 002 003 004 0.05 0.06
YY acoplanarity
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CMS Collaboration

arXiv:1810.04602
Submitted to PLB

—_
(o)}

-
S

—_
N

A

Events / (0.005)
o

4.1 o significance

PbPb 390 ub™ (5.02 TeV)

—@— Data

LbLyy — vy (MC)
CEP (gg — v v) + other bkg

QED y y — e'e” (MC)

002 004 006 _008 0.1

CMS

Diphoton A¢

Ety>2 GeV
Inl < 2.4

Myy > 5 GeV,
pr(y) <1 GeV

Acoplanarity
As < 0.01
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CMS Collaboration
arXiv:1810.04602
Submitted to PLB

PbPb 390 pb™' (5.02 TeV)

S 257
o | = Do CMS
O [ EbLyy—yy(MC)
g 201~ | CEP (gg — v ) + other bkg
= [ QED y y — e*e” (MC)
2 151
C -
q) -
a & S
10
5
0 T ——

12 14 16 18 20
Diphoton m'" (GeV)

Evidence for light-by-light scattering
4.1 (4.4)c observed (expected)

14 LbyL events observed -
consistent with the SM prediction

Events / 3 GeV

12_ 11 I 1 1T 1 I 1T 1 I 1T T 1 I 1T 1 l T 1T 1 |
| —e-Data, 480 ub' ATLAS _
- YYy—=>yy MC -
10__ EY’Y—)e+e_ MC Pb+Pb \} SNN=5'02 TeV —_
- CEP yy MC i
8_— —
- Signal selection -
6 —e— Wwith Aco < 0.01 —
i e ’
4 ~
i . ]
0- oo PR I e o e s T } i
0 5 10 15 20 25 30
m,., [GeV’

ATLAS Collaboration
Nature Phys. 13 (2017) no.9, 852-858

Evidence for light-by-light scattering
4.4 o observed

13 LbyL events observed -
2.6 = 0.7 expected background
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Axion-Lil
Light-by-light :

CMS Collaboration
arXiv:1810.04602
Submitted to PLB

ALP coupling to photons only

CMS « log| linear scale —

ALP coupling to photons or

e'e -2y (OPAL) | pp—2y (CMS

—

e‘e —3y (OPAL) pp—2y (ATLAS) |

nypercharge
| linear scale —
e'e -2y (LEP-l) | pp—2y (CMS
- e'e—3y (OPAL) pp—2y (ATLAS) .

PbPb (5.02 TeV) — vy, observed
............... PbPb (5.02 TeV) — vy, expected

lllJllllllllllllllllIlllllllllllllllllllllllllllll

11 llllllllllllllllllllllllllIlllllllllllllllllll

b—Z(3y) (ATLAS)

N
Wt

PbPb (5.02 TeV) — vy, observed
............... PbPb (5.02 TeV) — vy, expected

10° 10"

10 20 30 40 50 60 70 80 90 100
m, (GeV)

10 20 30 40 50 60 70 80 90 100
m, (GeV)

No significant excess observed
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8.8 o observation

- - | e S s s s B B N S By B e
o o ATLAS -
2t Pb+Pb s = 5.02 TeV 3
S 14 E
(N - -
1oF- . —e-Data 2018, 1.7nb" -

- [_]Signal (yy — vv) -

10 ¢ [ CEP gg — vy B
8:— ::_. -YY_)ee ._:

- i u & Sys. unc. -

6 E

4 E

2k E

0:. | :

5 30

m,, [GeV]

ATLAS Collaboration
arXiv:1904.03536
Submitted to PRL

m 50_l LI I L L L I LI I L I L I LI
o - 7
S 45F ATLAS .
o - —
2 4of! Pb+Pb |/ = 5.02 TeV 3
c » .
& ash =
- —e-Data 2018,1.7nb" =

306 [ISignal (yy = vy)

5 i CEP gg — vy E

5F Bl yy — ee B

o0k §& Sys. unc. =
K -

15E E
10F =

5§ E

OO 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

=

59 candidates out of 12 + 3 expected background
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