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LHC experiments reporting to RRB/LHCC




TOTEM physics at LHC
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Elastic and diffractive scattering: colorless exchange
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TOTEM - Experimental Setup

T1:3.1<|n| <4.7, p; > 100 MeV
T2:5.3<|n|<6.5, py >40 MeV

TAN RP D2 Q4 Q5RP RPQ6

R TCL  VAB |[]
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in Run l aonlv 21
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T1, T2: CSC and GEM Inelastic telescopes; RP: Roman Pots
[Details: JINST 3 (2008) SO8007]
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RP stations for elastic scattering

Sector 56 (220m)

Top

!
| L ol I L ;
S'MT  Horizontal

U Bottom

Near(214 m) and Far(220 m) TOTEM RP units
on both sides of IP5

Three RP-s in each unit:
(top, horizontal, bottom)
Each RP:
Stack of 10 silicon strips (pitch 66 um)
,edgeless” (active in few x 10 um)
Trigger capable electronics

Elastic scattering: two anti-parallel protons
- two topologies, analyzed independently:
- 45 bottom-56 top, 45 top-56 bottom




RP stations in Run 2

RP stations:

e 2 units (Near, Far) at about 5 m (RP220)
and 10 m (RP210) distance

* 1 unit: 3 moveable RPs to approach the
beam and detect very small
proton scattering angles (few urad)

 BPM: precise position relative to beam

Overlapping detectors: relative alignment

(10 um inside unit among 3 RPs)

> Pl

Horizontal RP, Vertical RPs, Horizontal RP, BPM
RP unit = 2 vertical + 1 horizontal pot + BPM
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TOTEM data taking

| I | I | I I T I I I I

RP approach t range Elastic
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LHC Optics for Elastic pp Scattering

top far top near

proton transport (optics)

Yhit = Ly 0y + 0y iy~

11

bottom far bottom near

RP station at —220 m (sector 45)

= beam axis
momentum transfer: {
scattering angle: 0% ~ /t /p

azimuthal angle: ¢*
horizontal angle: 95 = * cos ¢*
vertical angle: 8y = 9" sin ¢* RP station at +220 m (sector 56)

s = beam axis
-
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RP station

Precise o, and do/dt
determination by TOTEM
needs excellent controll of

LHC optics from data
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LHC Optics Determination, *= 90 m
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Figure 12. (color online) The MC error distribution of * = 90 m optical functions
L, and dL,/ds for Beam 1 at E = 4 TeV, before and after optics estimation.

Precise control of LHC imperfections with perturbed LHC optics
and recalibration from data at IP5: factors of 2 - 10
arXiv:1406.0546



http://arxiv.org/abs/arXiv:1406.0546

LHC Optics Determination, p*= 3.5 m

Machine imperfections alter the optics:

: ;’ggg:‘ F‘ertl%lrbed aﬁpﬂcs

. _ r i 5 |
Strength conversion error, 6(B)/B = 103 N | [ 0.39 %
RAMS  4.2%

il reconstructed
Mean 0.083 9%

Magnet rotations, o(d) = 1 mrad Mean 0.083”

Relative err or dis
" before and

Magnetic field harmonics, o(B)/B = 10*

Beam momentum offset, o(p)/p = 1073 2 F E N Perturbed oplics
%
.

:. "
Power converter errors, o(l)/l = 10 - after optics estimy

Magnet positions Ax, Ay = 100 pm

~/

(v, p)=—p*-(©7+ @j’-’)

E;g; Perturbed oplics
} EE’% nominal
| Mean -0.97 % 1

- Precise model of the LHC optics is indispensable! AMS 1.6 %

Machine m:i l[lL r.:a

5

SEEEER Perturbed optics;

reconstructed
Mean -0.13%
AMS 017 %

Use measured proton data from RPs

2588

Based on kinematics of elastic candidates

Y
[=]

Published in New Journal of Physics
http://iopscience.iop.org/1367-2630/16/10/103041/




TOTEM results at Vs = 2.76 TeV
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TOTEM results at Vs = 2.76 TeV

RP can resolve uniquely single tracks

If cannot be resolved: array of multitrack
candidates per RP

Elastic cuts defined with unique tracks

Every combination of the 4 RPs of a diagonal
One combination is selected with elastic cuts (+physics oriented topology studies)

Unique tracks to define cuts .. to select elastic candidates from multitracks
= ] TEE "]”_ ;
T e

=T

Step by step
progressive selection of cuts
to find elastic events
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Alignment, LHC Optics at Vs = 2.76 TeV

Horizontal RPs were not inserted:
No track based top - bottom RP alignment
Horizontal and relative near-far alignment is done
New methods to find absolute y-alignment of the 2 diagonals
2 diagonals: 2 constraints from elastic scattering symmetries

st - . : *
1%* constraint: alignment of El}, barycenter to 0 2d constraint: alignment of El;, to 07,

[hagonal L. TRB

t

II.I....I.IIII..I......'10]
0.1 0.2 0.3 0.4

fi,* [rad]

Optics calibration done in the usual way (alighment independent procedure)

Careful measurement of optics estimators:




Vs = 2.76 TeV preliminary results:

cross-sections

pp (FDG)
pp (PDG)

Auger (+ Glauber) : 5 R

ALICE 278 TeV
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Vs = 2.76 TeV preliminary results:
slope parameter B and c.,/c, ratio

PP
—vV—FP
—e— TOTEM
—i— ATLAS-ALFA

B=17.1+0.26 GeV?2 j’

7 =

——pp., PDG
—— pp, PDG
—a— TOTEM
—— ATLAS-ALFA

— — — —fit from EPL 101 (2013) 21004

0y /0y =25.7 £ 1.1%

—
=
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TOTEM results at Vs = 7 TeV
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TOTEM do/dt results at Vs = 7 TeV

extrapolation to t =0

“(RP@ 6.5, 5
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Inelastic cross-section at Vs = 7 TeV

Trigger: at least one track in T2

» 95 % of inelastic events

Raw rate: event counting with T2

Experimental corrections: trigger and reconstruction inefficiencies,
beam-gas event suppression, pile-up

Visible rate: visible with T2 in perfect conditions

Estimation of events with no tracks in T2: T1-only events, events with

gap over T2, low-mass diffraction EPL 101 (2013) 21003

Physics rate: true rate of inelastic events

— Only one major Monte-Carlo-based correction: low-mass diffraction (which
can be constrained from data, 6.31 mb upper limit for M, < 3.4 GeV)

Cross-section: uses CMS luminosity measurement

O, = 73.7 £ 3.4 mb
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TOTEM o, at Vs = 7 TeV

Low luminosity (CMS) + Elastic do/dt + Optical th. ( EPL 96(2011) 21002 )

. depends on CMS luminosity for low-L bunches, elastic efficiencies and on p

, _l6z(ac) doy| G,, =98.3+2.8mb
1+ pt dt |,

P o~y A g g

High luminosity (CMS) + Elastic + Optical theorem (EPL 101 (2013) 21002
C,, =98.6 2.2 mb

tot

High luminosity (CMS) + Elastic + Inelastic (EPL, 101 (2013) 21004)
. minimizes dependence on elastic efficiencies and no dependence on p

=0, +0, o, =99.1=4.3mb

inel tot

D-tot

Elastic ratios + Inelastic ratios (T1, T2) + Optical theorem (EPL, 101 (2013) 21004)

. Eliminates dependence on luminosity
dN 4
16x(hey  dr |
1 + ‘,[)2 'ﬁvrfl + 'ﬁvriﬂﬁ'l

Four different methods yield self-consistent results

c,, =98.0+2.5mb

o tot

fot
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TOTEM results at Vs = 8 TeV
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Earlier results on elastic scattering

Earlier hints on
non-exponential do/d|t|:

at ISR: 21.5 to 52.8 GeV,
change of slope
and better fits with
exp(-B |t]|- C t2)

at SppS.:
Change of slope only, at
|t|~ 0.14 GeV?2

At Tevatron,
non-exponential not seen

first LHC data @7 TeV ~ exponential,
satisfactory fits with exp(-B |t|),
but Vs =8 TeV TOTEM data at low |t|: non-exponential @ 7 o
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Differential cross-section @ 8 TeV

¢ data, statistical uncertainty

full systematic uncertainty band

[mb/Ge V2]

syst. unc. band without normalisation

do /dt

0.05

t=-p20.% ,optimized binning”; almost exponential but if one looks in detail, NOT




Differential cross-section @ 8 TeV
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N, = 1 fits excluded. Relative to best exponential, a significant (7o) deviation found
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TOTEM pp cross-sections @ 8 TeV

Read more: Oyot
« EPL101(2013)21004
- Phvs. Rev. Lett. 111, 012001 (2013 [mb]

Evidence for non-exponentiality 101.7 2.9 27.1+1.4 747+ 1.7

The observed differential cross-section w.r.t. reference exponential:

» Fits with different assumptions on hadronic component
c,., [mb]

‘*4-'*" =a-exp(bt) map ‘4‘ =a-exp(b+by1” +byr) 2 101.5+2.1

* Pure exponential excluded with more than 7o significance | 3 101.9 + 2.1
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Coulomb-Nuclear Interference @ 8 TeV

Basic properties of the data:

» RP detectors at about 3 x o, \(
* |t],;, =6 x 10* GeV? }}-H;.
Analysis aims: B

* Measure do_/dt at the smallest
possible |t|

A data fit at /s = 8 TeV
TOTEM data

Coulomb standalone

Acsy= Coulomb + Hadronic +
Interference terms

—_
A

Interference: the phase of hadronic

: . hadronic standalone
amplitude appears in

Coulomb and hadronic combined

—
N
=
U
o
Te—
E
il
s
=
l-'-u.
el
=

Determination of p became possible:

Re 47
£ =

H .
Im A o Coulomb-hadronic interference

0.005 0.01 0.015 0.
t (GeV?)

Further improve the total cross-section
o, measurement




First measurement of p @ 8 TeV

Purely exponential hadronic amplitude:
Publication Eur. Phys. J. C (2016) 76: 661 *  (Constant phase: excluded

*  Peripheral phase: disfavored
B* = 1000 m: B* = 90m: Non- tial hadroni litude:
on-exponential hadronic amplitude:

4 data with stat. unc w data with stat. unc — — SWY, constant
full sysi. unc. full syst. unc. — Cahn/KL. constant . BUth penpher'al and constant phase an]panble
74 SYEL une. Wit norm. v SysLoune, wio norm.  —— Cahn/KL. peripheral .
with data
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N N S T e 005
0.04 .04
0.03 003

0.02 H& 0.02 HakL
0.01 0.01

L1} '
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002 = 3

r .02
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0.04 [~ -
[ -0.04

—0.05
0.1 . —(,05
0.12 £ 0.03

Il [GeV?]

Hadronic phase

pp (P 3
pp (PDG)
COMPETE r|n_'1urnu| mde] (ppl = ' CE nt ra |

TOTEM indirect at 45 =7 TeV

this article, 45 = 8 TeV - PEI“I ph era |



https://link.springer.com/article/10.1140/epjc/s10052-016-4399-8

TOTEM preliminary at Vs = 13 TeV
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TOTEM preliminary at Vs = 13 TeV

» Large amount of data (trigger rate 50x w.r.t. Run |}

~ 101
- ‘elastic scattering /s = 13 TeV

“all 10 ¢ fills from October 2015

- O(100 %) statistics

reconstruction frc-}m 220N and 220F -
tagging cuts at4 ¢

conservative acceptance correction | .’

'no other corrections
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TOTEM preliminary at Vs = 13 TeV

elastic scattering, /s = 13 TeV
data:
+ TOTEM preliminary
B* = 2500 m

: all fills merged
|..Jotem Preliminary | diagonals combined
‘ | statistical uncertainties only
example decomposition:
Coulomb only
hadronic only

Coulomb @& hadronic




TOTEM preliminary at Vs = 13 TeV

N :}-} 1 | I T TTrrI I | I | IIrI: GrOWth Of B:
PF 7 : .
A Universal properties

—V— PP
| —e— TOTEM of Pomeron

—— ATLAS-ALFA

Acceleration of B:
Opening of an
additional physics
channel
from
TOTEM preliminary
2.76 and 13 TeV

threshold < 3-4 TeV
followed by
very sharp growth

A Change of low-|t]|

4TeV 104

~ trend at LHC
Vs (GeV)




TOTEM preliminary at Vs = 13 TeV

(mb)

15* measurement of
elastic, melastic, total
cross-section at

Vs =13 TeV

o) (green), 0inel (blue) and cior (red)

Ot = 110.6 mb

AGTG‘[ ~+3 mb [preliminary]

[p = UIU}

First measurement of cross-sections at 13 TeV at LHC

32
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pp (PDG 2010)
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Auger (+ Glauber)
ALICE

ATLAS, ATLAS-ALFA
CMS

LHCb

TOTEM

best COMPETE oy fits

® & v A ®2 O 49 B

~—--11.84 — 1.617Ins + 0.13591n%s |

T T

1@ 276 TeV
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TOTEM preliminary at Vs = 13 TeV

It measurement of p at Vs = 13 TeV p= 0.10 £ 0.01 [preliminary]

1) Theoretical framework :
current models [COMPETE] cannot describe measured total cross-section and p simultaneously at Vs 13 TeV :
dispersion relation requires derivative of total cross-section to decrease in next decade(s) of Vs :
extrapolations to high-E LHC and/or FCC .

{'E 130 T Opp 0.2 — T — T — T T ®— TOTEM measurements
— L i COMPETE wiadels:
- B Model RPAPL220
o120 )
£ L ] —  Model RPAPL2u.17
L i ———— Model RPAPL2u_19
1Mo 0.15 - - - - — Model RPdPqcl2u s
- ’ L Model_RqcRel2qe12
100 L Model_RqcRelge 12
| Model_RqcRLge 14
Model RRedPL2u 15
90 r Model_RRedPqel 2u.14
r 01 Model RRel2qe_15
I
8“ = Model RRcLge.15
- - Model RRePL.19
——— Maedel.RRL.18
70 -
- ——— Model RRL_19
i 0.05 Model RRL2.18
60 — L Model RR12qe_17
L Model RRLqe.17
. Model RRPEu_19
50
| Model RRPL_21
Model RRFL2.20
40 1 il R Lol 1 0 el Lol Lo vl ! e
Mexdel .RRFL2ge. 18
a2 . i
10! 10° 10° 1/94 10! 10? 10° 1?4 — Model RRPL2u.19
y N " AT
v (GeV) Vs (GeY) — Model RRPL2u.21

First measurement of p at 13 TeV at LHC - Odderon

Indication of the weak version of Pomeranchuk’s theorem!




TOTEM preliminary at Vs = 13 TeV

It measurement of p at Vs = 13 TeV p= 0.10 £ 0.01 [preliminary]
0_2\5 | I T 1 T T || T I I L || T I I T ||| ]
¢ C : g - {PDG:
0.2 — PP
- 1 v pp
0.15 [ ~ 3 TOTEM:
<3 4 o s =7 TeV
0.1 = vess-€
N : ] @ -\/5 = 8‘ TEV
0.05 1 e s5=13TeV
| 1 COMPETE model [B.Nicolescu et al. ]
0 ;— _: pp no odderon pp odderon
—0.05 [ 44— pp
0.1 1 2) Theoretical framework:
N Regge [Nicolescu, Gauron, Avila] :
—0.15F - QCD [Lipatov, Vacca, Ewerz] :
i U i ] t-channel :
_0'210'1 102 10° 104 experimental evidence of 3g |- state .

Vs (GeV)

First measurement of p at 13 TeV at LHC - evidence for Odderon
Indication of the weak version of Pomeranchuk’s theorem!
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TOTEM has measured very precisely
Pp Cross sections
from 2.76 to 13 TeV

High precision of these measurements
impossible without the recalibration of LHC
optics from TOTEM RP data.

The results change our understanding
of elastic scattering:

New physics trends seen
at LHC energies:

threshold < 3-4 TeV
followed by
very sharp growth of B
Value of p = 0.10 : evidence for Odderon.
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Thank you!
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Backup slides — Questions?
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TOTEM preliminary at Vs = 13 TeV

IRRREL Growth of B:
Universal properties
of Pomeron

—~—Pp

—v— PP

—eo— TOTEM

—— ATLAS-ALFA

Acceleration of B:
Opening of an
additional physics
channel

18

17

|4

[Donnachie-Landshoff] confirmed and retuned the effect of the hard-Pomeron:
[Ryskin (and Durham group)] deduced the threshold onset of the multi-Pomeron exchange:
[Ewerz (and QCD authors)] apply BFKL multi-ladder diagrams in non-perturbative domain.
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LHC optics and proton acceptance

t = -p2 0.%2: four-momentum transfer squared; & = Ap/p: fractional momentum loss

B* =90 m (special development for RP runs)

3
E

30

cm

Lx =0, L-\ =260 m, Vy= 0. D.‘: =4

diffractive protons: mainly i vertical RP

elastic protons: in narrow band at x = 0.
SIS S S R O YT Diffraction: all §if |[t| 2102 GeV?,
B* =90 m MC simulation shown soft & semi-hard diffr.
Parallel to point focussing, v, ~ 0 Elastic: low to mid |t|
Large effective lenght L, Total cross-section
Elastic scattering events: in vertical RPs

EP unit I, Vi L, Vy
near 245m =217 239m 0.040
far —03Tm -1.87 26dm 0.021




Differential cross-section @ 8 TeV

Table 4: Details of the fits in Figure 11 using parametrisation Eq. (15). The matrices give the correlation factors
between the fit parameters.

N, do/dt] g b, b, b ¥Z/ndf p-value significance
[mb/GeV?] [GeV~2] [GeV~4] [GeV 0]
1 531 +22 —19.35 £ 0.06 - - 117.5/28 =420 6.2-10718 7200
+1.00 —0.1 ])

—-0.11 +1.00

537 + 22 -19.89 £ 0.08 2.61 £0.30 29.3/27 = 1.09 0.35
+1.00 +0.19 —034]

+0.19 +1.00 —-0.76

—-0.34 —-0.76 +1.00

541+£22 -20.14+£0.15 595175 -120+6.2 25.5/26 =098 0.49
+1.00 +0.08 —-0.04 —-0.02

+0.08 +1.00 —-0.90 +0.85

—-0.04 —-0.90 +1.00 -0.99

—-0.02 +0.85 —-0.99

do ] £(r)de
dt loini At Jpin i "

N, = 1 fits excluded. Relative to best exponential, a significant (7o) deviation found

FemtoDay 2017, Gy6ngyds, 2017/11/02 40 Csbrgd, T. for TOTEM



TOTEM for double diffraction

Aim: Measurement of soft double diffractive cross section with particle n_._ Vvisible
to TOTEM T2 (4.7<|n_. | <6.5). — o (n_ |)for3.4 <M__ < 8GeV

Event selection: Trigger with T2, at least one track in both T2 hemispheres , no tracks in T1
“(0T1+2T2) topology™.

® ND background estimated scaling the MC prediction using a control
sample from data dominated by ND (2T1+2T2 events)

® SD background estimated completely from data using a SD-dominated
control sample (0T1+1T2) with protons in the RP




TOTEM results on double diffraction

Phys. Rev. Lett. 111, 262001

S a72T24+0T1 . Af2T7T240T 1
_ . E(N data N bekg )
JpDp —

E: experimental correction
includes
acceptance,
] . | _ tracking,
et " e Comean e reconstruction efficiencies (T2)

same side opposite

side and for only neutrals in T2

FIG. | (color online). Validation of background estimates for

the full selection /4 - Each plot shows the corrected number of E=09+0.1
events in data (black squares) and the combined estimate with I

b round uncertainties. The combined estimate is the sum of

onents, from bottom to top: the ND estimate ( B L =40.1 + 1.6 Hb_l

estimate (green), SD estimate (blue), and DD estimate (red).

TOTEM result:
opp = 116 = 25 ub
4.7 < Mlmin < 6.5
for both diffractive systems




TOTEM for double diffraction

TABLE III. Double diffractive cross-section measurements
(ub) in the forward region. Both visible and 7, corrected
cross sections are given. The latter 1s compared to PYTHIA and
PHOJET predictions. PYTHIA estimate for total opp = 8.1 mb and I |n |min corrected
PHOIJET estimate opp = 3.9 mb.

Event cathegories:

D11:

jln‘tt‘k Dl llmck Djjlmck Dljlrack Djlln‘wk

+
Visible 31 +22 58+ 14 20+8 31+5 34+5 4.7 < In* |min < 5.9

I D11 D22 DI2 D21
M omin [16+25 65+20 12+5 26+5 27+5 D22:
- - - - - Sl . 6.5
PYTHIA Ny 159 70 17 36 36 5.9 < In* [min < 6.
PHOJET 71, 101 44 12 23 23

SD & DD results combined
seems to indicate
factorisation breaking:
Opp (47 < |nmin| = 65) >>
Gsp (4.7 = Ny, =2 —6.9) x
EjEé[} (47 < T‘]min = 65)! Gelastic

TABLE 1IV. Summary of statistical and systematic uncertain-
ties (ub).

1 D11 D22 D12 D21

Statistical 1.5 1.1 0.7 0.9
Background estimate 9.0 6.0 3.5 2.7
Trigger efficiency 2.1 1.2 1.0 0.9
Pileup correction 24 2.1 0.4 1.1
T'l multiplicity 7.0 3.9 0.7 1.6
Luminosity 4.7 2.6 0.5 1.1
Experimental correction 147  14.1 2.6 2.0
M min 154 11.0 1.5 29
Total uncertainty 248  19.6 4.8 5.1

S oo
— o ot v

Note: |n |, correction:
the dominant source of the
uncertaintly

S R i e
o o o
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TOTEM for single diffraction

Rapidity gap (An = —In ¢) determines diffractive mass (M
f;" + Rapidity Gap b{ Rapidity Gap

Event classification based on tracks in T1 & T2, proton in RP

SD class Configuration My [GeV] E=Ap/p

Low mass 1RP + opp. T2 34- 8 2x 107-10°
Medium mass 1 RP + opp. T2 + opp. T1 8 —350 10° - 0.0025
High mass 1RP +opp. T2 +same T1 350-1100 0.0025 - 0.025

Very high mass 1 RP + both T2 1100 — ... 0.025 — ...




TOTEM on single diffraction, 7 TeV

4 - 7 GeV

Tl TL TZ
-\‘:\-\.__H:h rF'-]

D[—_“ﬂm

.

D A ]
| ,..-"_f"' ‘H.\_

&

Medium Mass
M=T - 350 GeV

i

B=10.1 GeVv*

TOTEM PRELIMINARY

"
|

B=B.5 GeV*
TOTEM PRELIMINARY

FemtoDay 2017, Gybngyds, 2017/11/02

Corrections included:

- Trigger efficiency
- Proton acceptance &

reconstruction efficiency
- Background subtraction

- Extrapolation tot =0

Missing corrections:
_ Class migration

_ £ resolution & beam
divergence effects

Estimated uncertainties:
B~15% o~ 20%

TOTEM preliminary:

Ogp — 6.5+ 1.3 mb
3.4 GeV < My < 1.1 TeV

Csorgo, T. for TOTEM



