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Introduction

When LHC meets CRS....

Cosmic ray connection
TOTEM measurements :

- multiplicities and energy fraction to the secondary particles
- related to the theoretical or pnenomenological interaction models

....when CRs meet LHC

Experimental methods which are specific of an experiment installed in an accelerator
beam line

TOTEM (beautiful) results related to the comprehension of proton interactions

Future prospects
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TOTEM Physics Overview
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Forward Physics : High Energy Cosmic Rays Connection
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Extensive Air Shower characteristics (~ E,;, mass)

Xmax & Ne : sensitive to cross-sections

N,: depends on N

=> Disentangle Energy, Mass, hadronic models

Measurement @LHC

of the forward energy flux including diffraction
of the total cross section are essential
(shower development, composition)
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<= The evolution of air shower models m{g‘é”
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High multiplicity muons events at LEP and LHC
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Are these excesses really explained by the post-LHC models?
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TOTEM Detectors

Cathode
Strip
Chambers

Gas Electron Multiplier

Inelastic telescopes: charged particle
& vertex reconstruction in inelastic events
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Several Roman Pots (= movable beam-pipe insertion) host different sensors

Si Strips
S \ —R

Vertical (Top, Bottom) RPs

Edgeless Si-strips
UltraFast Silicon (time measurement)

Horizontal Rps
Silicon Pixel
Diamond (time measurement)
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Cross section related measurements in Totem

* do/dt elastic : non- exponential
behaviour @ 8 TeV
NPB 899-527

* o, lumi independent @ 8 TeV

PRL 111-12001

(\\
Q?

o, lumi independent @7 TeV

* Elastic, inelastic cross section
* Elastic: full t-range
EPL 101-21004/21003/21002

* Elastic scattering @7 TeV
EPL 95-41001
- Firsto,,, @ 7 TeV

EPL 96-21002

2/11/2018

* p measurement @ 8 TeV
EPJ C76-661

Preliminary

* 0, lumi independent @ 2.76 TeV
PoS (DIS2017) 059
* o, lumi independent @ 13 TeV

CERN-EP-2017-321
* p measurement @ 13 TeV
CERN-EP-2017-335
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* do/dt elastic: DIP @ 13 TeV
* do/dt elastic: DIP @ 2.76 TeV
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Cross section measurements
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Measurement of the forward charged particle pseudorapidity density * ISAPP
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T%; Measurement of the forward charged particle pseudorapidity density fﬁ?APP
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=} Soft Single Diffraction (SD)
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One of the physics goal of TOTEM is to measure the (elastic, inelastic, total) cross sections at LHC

e

Cross sections status pre-LHC L ISAPP

Is the dip still present at high energy?
Is the position of the dip changing?

o [PRL 89 201801 (2002)] - /
= best fit with stat. error band
& incl. both TEVATRON points
© 100 .~ total error band of best fit;
total crr(;)r band from all llflodcls 2|
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COMPETE Collaboration fits all available hadronic data and predicts at
LHC: 0, =111.5+ 1.2 + 4.1/-2.1 mb [PRL 89 201801 (2002)]

Last pp data at the ISR; only ppbar at “high” energy
Difference of O, VS 057

O (8) ~(Ins)yy y =27
o,/ 0., VS energy

1 .
proton-proton ISR 10 - proton—antiproton
3n -
}i2s. bl ~ 1.7 GeV
7

dgo/dt [mb / GeV?]

Large momentum transfer region: oscillations?
Any break in the elastic slope B(t)? R We0s 1 15 2 25 3 85
~1.5 GeV [t] [GeV?]
i N 32 — lslam
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E \ a |
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L ginary p : :
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‘%; Total Cross section: analysis methods LisAPP

From Optical theorem

2 2 _ 161 dael . _ R Ael,N
totoc[‘s AelN L= O)} x ]-+P |AelN( O)| _ 1+P2 dt |t=0 with P= SAel,N |t=0
Lo =N .+N. N. . (from T1,T2 telescopes)
tot el inel (from RomanPots detectors)
L independent Otor = L0 (d:%” (H'T)t:[}
(1 + p?) (Net + Ninet)

L dependent = 16m 1 (”]*\ tf) p independent | Otot = O¢cl T Tinel
t=0

Elastic Only Ttot = 1+p2) L\ dt

p measurement : elastic scattering at very low-t (Coulomb-Nuclear Interference region)

2
(do/dt) ~ |JAS+AN (1-a G(1)|? i—fo‘ K+ +ﬁ<+>:ﬁ+m

The differential cross section is sensitive to the phase of the e e ncerference”
nuclear amplitude

In the CNI both modulus (constrained by measurement in the hadronic t-region) and

phase (t-dependent) of nuclear amplitude can be tested to dermine p
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Total Cross section measurements: methods 3 [,
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- Elastic90 (90m, exploiting non exponentiality)
r Elastics1000 (1Km, measuring p, test of

- different nuclear phases)

" Luminosity independent

\
Elastic90 Elastic1000 Lindep

8 TeV, several methods
Different beam conditions
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13 TeV
90m : lumi independent
2500m: p measurement

Different beam conditions
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B (GeV~2)

Total Cross section measurements: implications

The diffraction cone shrinkage speed up The increase of o /o, with energy Is
with the collision energy confirmed also at LHC
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The linear (In s) behaviour is compatible for Vs < 3 TeV
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%@ Measurement of Forward Protons: the principle “JSAPP
Diffractive protons : hit distribution @ RP220
Low B*~0.25-3 m High p* ~ 50 - 2500 m
g a0 E .30 : .
é Detector edges £ |
mer y~@ s> 2 /
y ' > §
o | 1o | \ :
X ~ E=Ap/p 0 100 Q _
_10 E_ *.’ -
Al =-p 6 b i AN e P
-30 -20 -10 o 10 20 . .‘?(
x(mm)
>
€ = Aplp
Detect the proton via:
its momentum loss (low f) its transverse momentum (high )
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Measurement of Forward Protons: the principle ~ISAPP

Low f*~0.25-3 m

g,~ 10-20 uym
g,~ 20-30 prad

Optimized for high
luminosity

High B* ~ 50 - 2500 m

Large B* - | P9
small beam | |
divergence ' Yoo
7y
P
0.~ 1 mm
0,<1prad

Choice: parallel to point focusing

Optimized for elastic scattering
measurement (very low angle)
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y‘i‘%x}
‘%n Measurement of Forward Protons: the principle .

SAPP
‘L{;c\;{;::it‘ycu PHysics
X
X, y)
vertex position :‘NI ‘91 If‘_lf
R rrrnss R NP
. - s = beam axis
©,,6,) — g
emission angle I I
&= Ap/p: momentum loss
LHC magnet lattice = accelerator optics RP station
Product of all lattice element matrices
A
- S
T v, L, 0O 0 D, z*
Measured in RP O, v, L, 0 0 . ©; Values at IP5
Yy = o 0 v L, 0 y* to be reconstructed
e, 0 0 w, L, O M
Ap/p RP o 0 0 0 1 Ap/p Jips
* * i _ *. o3 -
X pp :Lx®x +v.x + DX‘S L, , effective length \//3’/3’ sin (A ) Ay =T11/2
If point to parallel focusing
_ * * v, ., magnification \//5//3*' cos(Au)
— X,y
Yrp Ly® y vy

D, dispersion (sensitivity to momentum loss)
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‘%a Measurement of Forward Protons: the principle “ISAPP

x,y)
vertex position
(ex > 6y )

emission angle I

§ = beam axis
-

&= Ap/p: momentum loss

LHC magnet lattice = accelerator optics RP station
Product of all lattice element matrices
A
— -
x v, L, 0 0 D, x*
Measured in RP e, v, L, 0 0 D} S Values at IP5

] = o 0 v L, 0 y* to be reconstructed

e, 0 0 -u; LL 0 = 3

Ap/p JRrRP o o0 0 0 1 Ap/p Jips

Strategy [New J. Phys. 16 (2014) 103041]

- Magnet currents measurements - MADX optics model
- Selection of elastic protons

- Determination of the optics parameters constraints with proton tracks
o O%, = 0%, (proton pair collinearity)
* Proton position ~ angle correlations
« L,=0 determination, coupling corrections

- Matching of the optics (transport matrix) = dL%/L'x<1% and oL/L, <1%

ISAPP 2018 21
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Elastic measurement : method %{}éPP
g:gt;g;% ICLE PHYSIC
LHC sector 45 (left arm) LHC sector 56 (right arm)
220-fr 210-fr 210-fr 220-fr
top top
___!ﬂhsr_izenial__!ﬂ____l k2 'r____H! ______ -
horizontal
P : I bottom I | I orlzb%rgom
—220m 213 m 213 m +220 m
400 . —_ =20 T T T
s cut l : I E | cut 2 ,, _ |
F 10 2 _woF Beam i i
200 - - B i d 1 Clio;l{m_e%lty cut
B e i 107 -
1000 [ 107 = 60 F %_ (e rlg )
0 - - * *
r 2 2 © 107 0 x45 0 X,56
—100 F 10 -8R0 : .g"
L L
. o 8* > e*
iy | -— 3
2000 i 10! 100 { = 1o v45 y,56
—300 s -
¥, ’ x
—400 10° ~papl—t— L L 100
~120 kHC—H{l ~60 ~30
perture
H_;R [ rad]
6 . ; .
E 10 45 top - 56 bottom: | i cuts 2, 3, 4, 5: Tr'gger dou ble_arm RP
E o | —no cuts : : 45 bot — 56 bot
4 107 cuts 2 : : 45 op — 56 top
S| e | : RP tracks in opposite arm in
—cuts 2, 3,4, 5 I ! : Backgrqund diagona| topo|ogy
subtraction
Cuts: left-right correlation in
several kinematics variables
a8 — gt [urad]
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o) Elastic measurement : method

LHC sector 45 (left arm)
220-fr 210-fr

top I
hori 1
____Honzonta H____“

-
: Ibottom I
—-220 m —213 m
LHC 10
Aperture
Detector _— 10?
Edge h
10!
_]5‘-]__1|||1 PO I I TR R A I I.I|IJ__ ]D“
—150 100 50 O 50 100 150
8, [urad]
I—; B
S 10'E
I F Byyp = 2036 £ 0.05 GV
= -
z C
10" ==
-  Example: R
e B*=90 m, 13 TeV L
= g
fe 1
- 1
C it
- ! H||]
10t - iE[[H }
IIII|IIII|IIII|IIII|IIII|IlllllllllllllL
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
_r e

IP5

ISAPP 2018

LHC sector 56 (right arm)
210-fr 220-fr

top
HI -
horizontal

l bottom
+213 m +220 m

Corrections to differential rate
(mostly data-driven):

acceptance, efficiencies
(trigger, DAQ, reconstruction),
smearing in [t|

Integrated rate: differential rate
extrapolated to low |t|
(unobserved)

o(dN_/d|t]|_)) ~ 1.6 %
o(N,) ~ 2.3 %

23



do/dt (mb/GeV?)

Elastic measurements: dip and structure at high-t I

No structure seen at high-t
Dip present at all energies

\)

1,

p—t
=
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| Illllml [ |||||_
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PRI
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Vs =7TeV
- ﬁ* =35m EPL95(2011) 31002
B* =90m
/s =8 TeV (scaled 10x)
—ﬁ* = 90 m
]3* — 1000 m IPB89s27

/s =13 TeV (scaled 1000 x)
ﬁ* = 90 M NEW / cern-EP-2017:3215
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do/dr  [mb/GeV?]

Elastic measurements: dip @ 13 TeV
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https://cds.cern.ch/record/2298154
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2‘@5) Elastic Scattering : Coulomb interference and p parameter ISAPP

First LHC determination from Coulomb-hadronic interference at 8TeV : p=0.12+0.03
Uncertainty still too high (low statistics)

At 13 TeV : sample with very high statistics allows an unprecedented precision:

Modulus nuclear tlmax = 0.07 GeVZ | |t|max = 0.15 GeVZ | |t| _=0.07 GeV2
amplitude (low-|t|) ~ ) 5 max _ )
N, Ny | x</ndf o) x</ndf o) Comparison with UA4/2
aexp | 3 bnf”) 1 07 0.09+001 2.6 ~ (same t-range)
=z 2 0.6 |0.104+£0.01 1.0 |0.0940.01
3 0.6 |0.094+£0.01 09 |0.10+0.01
p 0_25 | 1 I L | 1 I 1 I;I LIl I I
E  CERN-EP-2017-335 S L ; PDG:
0.0 E T S S— 5 C
n P : : pPp
0.15 v Dp
0.1 TOTEM:
0.05 O indirect
0 @® viaCNI
COMPETE
—0.05 (pre-LHC model RRP,l.2,):
-0.1 pp
—0.15 : : : : D : — PP
_0-2 | 1 IIIIII| | 1 | IEIIIII I I | IIIIII 1 | 11 1 11
10! 102 103 104 10°

V5 [GeV]
The new measurement is clearly below the predictions
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o.,; and p parameter : possible interpretation?
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o.,; and p parameter : possible interpretation?

t-channel exchange of a colourless 3-gluon bound state (J°¢ = 1-) could decrease p in pp collisions at high energy
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Other observations:

0.04

- diffractive dip in the proton-proton elastic t-distribution
- the deviation of the elastic differential cross-section at low-|t| from a pure exponential
- no oscillations of the elastic differential cross-section at large-|t |
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? Extended Physics programme: CMS + TOTEM s

Combine central detector with forward protons measurement in Roman Pot

Joint data taking started already in Run-|
Now all RP detectors are integrated in CMS DAQ

1) Low luminosity/pileup: collected ~40/nb @8 TeV, ~5.4/pb @ 13 TeV,
Acceptance: low and moderate diffractive mass M_

Low-mass resonances in Central Exclusive Production, Diffraction with proton tag

- Measurement of dijet production with a leading proton in pp collisions at Vs = 8 TeV
[CMS-PAS-FSQ-12-033, TOTEM-NOTE-2018-001]

Ongoing analyses:
- Jet-Gap-Jet with proton tag (ongoing)
- Study of resonances in the M <4 GeV mass range.

Search for scalar (0**) and tensor (2**) glueball candidates and their decays: mimt, KK, pp, ...
Potentially wide possibility for measurements of inclusive and exclusive diffraction with proton(s) tag

2) High luminosity/pileup : since 2016, collected ~ 100/fb
Acceptance : M >400 GeV (Central Exclusive Production, 2 tagged protons)

High-mass/low cross section BSM, electroweak, and QCD & top physics with forward protons: gauge boson
pair production (WW, ZZ, Zy, yy), searches for anomalous couplings, new resonances,...

Observation of proton-tagged, central (semi)exclusive production of high-mass lepton pairs in pp collisions
at 13 TeV [JHEP 07 (2018) 153]
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Totem has made extensive measurements related to pp cross sections and elastic scattering
Some of the pre-LHC questions are nevertheless still open

The (experimental) hints of odd-state seems confined in the sensitivity in the t-channel , although several
theories predict the existence of such object (Odderon, 3g-bound state, vector glueball)

Several measurements related to the Cosmic Ray domain have been performed and more results
are expected in the future

The extended programme with CMS has excellent prospects to study exclusive production, photon-photon
physics and new physics searches
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