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Overview

pp Elastic Scattering (7 TeV, 8 TeV)

Coulomb-Nuclear Interference (CNI), p Parameter

Total pp Cross-Section (7 TeV, 8 TeV)

Diffractive Dissociation: Results and Analyses in Progress
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Experimental Setup at IP5

[Ref.: JINST 3 (2008) S08007] :
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dN_, /dn
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Forward dN_,/dn at 8 TeV with Displaced Vertex

©5)

-7<N<-6 3.7<n<4.8
run with accidentally shifted I g
collision point along beam line e
= asymmetric T2 acceptance &= o .z
T2- T2+

Inclusive pp, Vs =8 TeV
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Proton Transport and Reconstruction via Beam Optics

. ©5)

Oy XE

o I I s = beam axis

LHC magnet lattice = accelerator optics RP station

(X", y): vertex position
(6,7, 0,7): emission angle:  t~—p? (6,"2+0,*2)
& = Ap/p: momentum loss (elastic case: & = 0)

*

. 0

T v, L, 0 D, T
O, v, L', 0 0 D, o
Measured in RP Y = o 0 v L, 0 y* Values at IP5 to be reconstructed
O, 0 0 v, L, 0 o
Ap/p Jrp 0O 0 0 0 1 Ap/p /iP5
— — _/
Product of all lattice element matrices
Xop = |_x®* +V X +D 5 L., Ly effective lengths (sensitivity to scattering angle)
X X X . i L. L
— - Vy, Vi magnifications  (sensitivity to vertex position)
Yee = L,O, +V Y D, : dispersion (sensitivity to momentum loss); D, ~ 0

Reconstruction of proton kinematics = “inversion” of transport equation

Transport matrix elements depend on & =» non-linear problem (except in elastic case!)
Excellent optics understanding needed: CERN-PH-EP-2014-066
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LHC Optics and TOTEM Running Scenario

Acceptance for diffractive protons:

t ~ —p? ©* 2: four-momentum transfer squared; &= Ap/p: fractional momentum loss

B*=0.55m B*=90m B* =1000 m
M T 7T T T TTTTm] T T T T e UL L TTTT : LILELILLLL I L 11 01 0 L R
| | i e o L
101 E 107! ¢ 10~
|
10-2 — 02 10-2
103 g 10‘_3 ;_ _E 1{]—3
0 T T e S 102 100 1074 - " 0
|t (Gev?) ] (Gev?) | (Gevd
1

>103 cm?s! < L oc ,b’* ~10%" cm=2 57!

Diffraction: Diffraction: Elastic scattering: very low [t

&£ >~0.01 all §if || > ~102 GeV? Coulomb-Nuclear Interference

low Cross-section processes Elastic scattering: low to mid |t| | | Total Cross-Section

(hard_ d'ﬁraCt'?n) Total Cross-Section

Elastic scattering: large |[t|
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Elastic pp Scattering at 7 and 8 TeV: Differential Cross-Sections

Js=7Tev Js=8Tev
> , ——— with p*=3.5m > 3 ——— with f*=90m :
o 10 ¢ ——— with p*=90m o > [ with * = 1000 m -
'g 10! & —+—  statistical error 'g 10 g_ \ —+— statistical error _g
: . - |  systematic error : i h‘\,,h |  systematic error
- 107 g E T 10! ' =
~ = 7 = = E
- ] 0L _
102 E 3 10 g e
3L ] i Pir g 1
- 3 1071 = i E
10_4 %_ _é E ! ) q r : E
10_5 = | | 10_2 I | I | I | I L
0 1 2 0 02 04 06 08 1
It (GeV?) it (GeV?)
E 3* RP approach Lint t range Elastic
(TeV) | (m) (ub—1) (GeV?) events
7 90 1.8-6.50 83 | 710°-05] 1M |[EPL101(2013)21002]
90 100 1.7 0.02-04 14k | [EPL 96 (2011) 21002]
3.5 7o 0.07 0.36 - 3 66k |[EPL 95 (2011) 41001]
3.5 180 2.3 2-3.5 10k
8 90 6-90 60 0.01-1 SM |
1000 30 20 6-10-%-0.2 0.4M
2.76 11 5-130 0.05-0.6 45k .
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dog /dt [].111),’[(‘}(‘\"2]

Some Lessons on Hadronic Elastic pp Scattering

21 T T ||||||!

—— PP

20— pp ............................... ++E

19 — TOTE}J \ .................................. :

extrapolation to £ = 0

E I I I I I 13— T T T T T T T T
s =7Tev | L. ]
i TR R S r g do_el /dt — Ae—B|t| =

B (Gev™?

1 -9 - : : -
10 min = 2-107° GeV* 18 Eo SR S =
|r min D “'_': G \‘2 C H ]

J.Ul | I | | | - :

0 0.05 0.1 0.15 0.2 ]7 e . .......... 1_%_

10-2 | '
E — 2
= t|,= 0.53 GeV
1073 |—— EPL 9
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—— statistical uncertainties
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U systematic uncertainties

proton—proton ISR

RN At low [t|: nearly exponential decrease:

W i T B..., = (19.89 £ 0.27) GeV2
Wy M soscer ey Bgroy = (19.90 *+ 0.30) GeV—2

LAY l;‘.. , | s 4y

. Lt ”
1612 : 44 64 GeV x10

Old trends for increasing s are confirmed:

15 e 52.48 G‘?V x107
= A, 4 A * . . .
620GV, s o * “shrinkage of the forward peak”: minimum moves to lower |t|

16, x10 x10
« forward exponential slope B increases

P T BT PR R

| |
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1.4 GeV? i [GeV]
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Elastic Scattering in the Coulomb-Nuclear Interference Region

o N S

Y < | =2

Measure elastic scattering at |t| as low as 6 x 10~ GeV?Z:

* p* = 1000 m optics: large effective lengths L, and L,, small beam divergence

« RP approach to 3 o from the beam centre

A data fit at /s = 8 TeV
TOTEM data

Coulomb standalone

©5)

/

|.,.1'
jany
=<
v aval

hadronic standalone

Coulomb - d hadronic combined
@) ‘:\K_//j“”
| Ty 0

& t
Coulomb-hadronic interferel%ég%
1 1 1 | 1 1 1 1 I 1 1 1 04////;1?3 1 1 1 1
0 0.005 0.01 0.015 0.02

1 (GeV?)

do / dt oc |F¢*N?2 = Coulomb + interference + hadronic
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Elastic Scattering in the Coulomb-Nuclear Interference Region

©5)

FC+H — FC + FHei(Xli}

— |

e r 2(t) « Modulus constrained by measurement: do/dt = A eBO It
B(t) =b,+b, t+...
« Phase arg(F"): guidance by data difficult

Simplified West-Yennie (SWY) formula (standard in the past):
» constant slope B(t) = b,

« constant hadronic phase arg(F") = p,

« (1) acts as real interference phase: Y(t) = %ﬂ@u.er

Kundrat-Lokajicek (KL) formula:
« any slope B(t)
« any hadronic phase arg(FH)

: 0
« complex W(t): / ot —]—"2 / iy M) ) 1Y)
t dt/ FH (1) 27
tmln tmin
2T 2411
I(t,t)=/d@%, t" = t+t' +2Vtt/ cos
0
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Elastic Scattering in the Coulomb-Nuclear Interference Region

©5)

constant ,7

central

peripheral

01 02 03 04 05 06 07 08 09 1

it (GeV?)
“central phase”: constant phase: “peripheral phase”:
- cot p, t ot
arg F(t) = E—atan t arg F(t) = p, arg F(t) = p, + P, exp{z{ln t__t_+l
td m m

_RFE"(0)

SE(0) = cotarg F" (0) = cot p,

Only 1 free parameter: p, =
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Effects of Hadronic Phase on do/dt

RF" (t=0) .
low-[t| effect from p=— (for any interference formula)
SF7(t=0)
E-' 2 T ! [ ! bk 0.1 LI B B B B B T L L B B B B
g 1 - 2 :
= 5 o ]
o oF 4 i g 005 -
5 [ central phase with different p ] & v study with
= ! L ﬁ -r-J "E { | * -
o D B0 i it B* = 1000m
E —2r 1 =) /f_ T |
ot v g ; data
o ar ] % -~ I/ 7]
Y I g = 005 ]
D-|_5_ I . I . “Fd_m".. | N PRI SRR B
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| (Gev?) [t (GeV?E)

higher-|t| effect from functional form of phase(t), only compatible with KL interference formula

_ 2 [ T T Con$tant phase ] : {]1 [ L N | T T T T : T T 1 | T T 1 | T 1 T 1 ]
r‘_|_. — - = - - - _\_H:: H H H H |
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o B e, T - oy _
v ok -, _ = 9 005 7
L] [ ] T
c - AN : S v I 1 :
S 1 N - = @ [ 1 study with
H i ] — S - ]
- o 0 B* = 90m
S af - £ 2 1 pr=
— — T
= ab . i v o L 1 data
o 1 . S ] Z 8 o005t -
b B peripheral phase . ] = o - .
m —4 T —_— i 1
= i T Y= i : : : : ]
g—i _5 L | L | 1 = = _{]1 _I [ | | [ N | | L1111 | | | | | ]
0 0.1 0.2 0.3 0 0.05 0.1 0.15 0.2 0.25
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do/dt — ref

Higher-|t| Studies with f* = 90m Data

Deviation of do/dt from pure exponential:

D

do/dt — ref

_6 1_02 :I 1T mTTT T TT TTTT 1T 71T

= T T - éJ1015:
& r iagonals combine . 7] . e

N T Rt i ] Extensive study g = |
‘W ) - | statistical uncertainties * . g 1.01
i I I of systematics 5 :
T 001 g R T ) : 21.005
g 1 } 1 (alignment, optics, * :

& 0-******3*.; fffffff rt ,,.,,.,L,‘ 77777777777 1 m

i URALTYR AN ] beam momentum, ...) : :

P SR S LN il 0.9955— E

Iargelstatistics:IY M elasti{c events ] 0.985 f f‘—'_é

70‘030 ' I I J0.05J l ‘ ‘ D_‘l ‘ I L l0.‘15l I l I 02 I 0_98 :I 1 11 I L1 11 ‘ - | 1111 ‘ 1111 | 111 I-:

1 (Gev?) 0 005 01 015 02 025 03
[t (GeV?)

Fit do/dt = A eBOl  with B()=b, or B)=by+b,t or B(t)=b,+b,t+b,

— 0'05 T T T T T T T T T T T T T T T T T T
o
3 Lo, ... . ... 1 diagonals combined
lcu e ] . data (birming ob)
§ | statistical uncertainties
"E.a = systematic uncertainty band: analysis+normalisation
"‘L‘lj systematic uncertainty band: analysis only
=1 Np
fit parametrisation: a exp( Y bnt")
n=1
SO | Jits with statistical and systematic uncertainties:
Np = 1: x?/ndf = 117.5/28 = 4.198 = p-value = 6.14 x 10~ %¢ignificance =7.20 ¢
Ny =2: x?/ndf= 29.3/27 = 1.085 = p-value = 3.47 x 10—, signfi i T
A 611 5506 536 B0 5 50 563 833 00 1 31056 £ 56 5015 4 6 8683 A6 BA 68 06 e - Nb _ 3: xz/ndf _ 25'5/26 _ 0'980 = P—Va]_ue _ 4_92)( 10_1’ Si_g'ni_ﬁca_nce _ 0'69 -
_0'05 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1
0 0.05 0.1 0.15 0.2
] (Gev?)

Pure exponential form excluded at ~7 o significance.
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Preliminary Result for p

Pure exponential form ruled out

- SWY interference formula ruled out

(cannot produce non-exponentiality)

Constant B with peripheral phase unlikely
but possible (if non-exponentiality is caused
entirely by peripheral phase). Under study.

H
Ttot

m ++ *_ p from fits with different forms
DDSE 7 1 for B(t) and phase(t)
B(t)_: | 1par. 2par. 3par. 1par. 2par. 3par.
Phase: central (;; constant perigheral

Eht S I R T | e 167 1 dNg\™

ZE 104 : tot (L4 p?) L\ dt —0
103 ; * [/ - b Y S _;

(mb) 13? ‘‘‘‘‘ — < Ototal™ 101.7£2.9mb

100 ; ©y PP 8 12t et s st k84 8 1 e R B ; Ium i nosity independent
N | | | ‘ [PRL 111 (2013) 012001]
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Synopsis of p Measurements

T T T I T T T T I T Q [:l_z B 1 T LB II T T T rTt II T ¥ LILILI L] I i
COMPETE: preferred model | - © © ¢ & = & & -~ & &+ = — - - ]
and band from all models | '~ 1 _F !
‘ : : : : : : I:I_1.:| -_ .......................................... :.._..: .:. :.._...._.i..._..: :.._....j .-.-. ...... ; .__
0 o T T T T R R R N ~ 2 N - - PR 1 3
TOTEM: red = fit L = - 1 ]
uncertajnty’ Cyan — band B _‘ . i [:I_l -_ ................... +:'|:" ................................................................ __
from varying peripheral I __.__ .‘ F
phase TOTEM mean: | oy i 0.05 F—+Ht- [ S J
B 0=0.104 + 0. 027\ Stab) i 0. 010(“ st) *“ 012 (mode)) - T !
model: Block et al. F x | 0 '_'_ L et e et et s et et et e et s s st _
model: Bourrely et al. — X — -
model: Petrov et al. (3P) R :X A pp (PDG)
: \'4 . — : : : : : : : : : : : : : S —
AR pp (PDG)
model: Petrovetal. 2P) - = % - - - — - COMPETE preferred-model pp fit
L I N N T O T R A I —C— TOTEM indirect at /5 = 7 TeV
model: Tslam et al. | details at /s = 8 TeV | e ix N C —a&— TOTEM direct at /5 = B TeV
i i i i 2 L i - .
0 002 004 006 0.08 01 012 014 0.1¢ 10 10¢ 10° 10t
9 Ve (GeV)

Indirect crude measurement at 7 TeV:

From optical theorem: dN,,
dt |,_,
" (N + Nmel )2

p’ =167 L ~1 = 0.009+0.056 ->|p|=0.145+0.091
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Inelastic and Total pp Cross-Section Measurements
[ TeV
8 TeV

First measurements of the total proton-proton cross section at the LHC energy of Vs = 7TeV
[EPL 96 (2011) 21002]

Measurement of proton-proton elastic scattering and total cross-section at Vs = 7 TeV
[EPL 101 (2013) 21002]

Measurement of proton-proton inelastic scattering cross-section at \s = 7 TeV
[EPL 101 (2013) 21003]

Luminosity-independent measurements of total, elastic and inelastic cross-sections at Vs = 7 TeV
[EPL 101 (2013) 21004]

A luminosity-independent measurement of the proton-proton total cross-section at Vs =8 TeV
[Phys. Rev. Lett. 111, 012001 (2013)]

Mario Deile —
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3 Ways to the Total Cross-Section

©5)

: : 1 . ‘RF
Optical Theorem: Ot [‘5 el, had (t= O)]2 =T 2 Fel,had(t = O)(Z with p=—=2%
l+p SFehad |,
, 16z doy

Otot = 2 = 110 F
1+IO dt t=0 .i. 105 ;_ Ttot _:
lastic observables only: £ 100 f =
7 TeV elastic observables only : 100 E++++ E
2, - tom 1 dNe =0.14 [COMPETE extrapol 3 E
. =L AT dr |, (p=0.14 [ extrapol.]) oo E ]
S | —= 80 .

= E Tinel

June 2011 (EPL96): o, = (98.3 +2.8) mb 5*75§1+M+M+w+m% E
Oct. 2011 (EPL101): o, = (98.6 =2.2) mb E oL %
different beam intensities ! 05 F E

Ctot 60

— 35 3
= - 3
o independent: / \ luminosity independent: E30F =
AN 16 dNg/dt|y T 25 F =
(o = 7, Naj + Nie T = - el : © - ]
tot ( el 1m]) Ttot 1+ “_, i\"l.| N x\"rm,\\] 20 E
S N N [N I N N
%ot = (991 = 4.3) mb Ot = (98.0 = 2.5) mb 15 TEEEEEE
: : SCEEE Y
Excellent agreement between cross-section measurements at 7 TeV using PO
. . . .. e 2 2 2w wm
- runs with different bunch intensities, °°E %g <2
. . . . EE b = 5
- different methods with different external inputs. E,; 24 <=
TOTEM

8 TeV: only luminosity independent method (no external lumi. meas. available)
Oy (8 TEV) = (101.7 = 2.9) mb
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Inelastic Cross-Section: The Unseen Low-Mass Diffractive Part

Low-mass diffraction with n > 6.5 or M < 3.4 GeV (~4% of inelastic events):
outside T2 acceptance (too far forward)

[u—
|
<
N
[\

§ 3 I et 2% Correction of inelastic measurement:
S 0.9 102 2
208 ' —0.18 > based on QGSJET-I1-3 Monte Carlo:
S - undgtected s = =
0.6 oW Mass - QGSIEMI-03| V-
= contributioq .13
0.5~ Wy S B PYTHIAS | -
0.4— —pposeT |V
= —_dN/dM —0.08
0.3 T 20.06
0.2 —0.04
0. | —0.02
I B I S B B!
M, [GeV]

Estimate of unseen part from the data:

> l6r 1 dNg
o = —
I 02 L di

9 G inel o) tot — O el = 7315 + 126 mb
0 Ginel, | > 6.5 — 2.62+2.17 mb

visible part (T1, T2): Sinel, < 6.5 = /0-93 £2.93 mb <6.31 mb (95% CL)
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[mb]

oo (green), ope (blue) and oot (red)

pp Cross-Section Measurements

140 LN T T T T L
s pp (PDG) 1
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L
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110 ¥ -
> CMS +/’;_ R
1001+  ALICE T 7]
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8 - -
——=--114—1.52Ins + 0.130In’ s N 1
70 - - -
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50 -
-]:O j _j-*rlwf —FV'@O" /,’ ]
30F ~ v & s: - P - —
i et ,
20 [ Tel o -7 .
L = - Tx 4
10 _g_*_s@_.&q?g_c,__v-r;—u—)—"*_d)r __
0 1 1 L1 11 | 1 1 1 I | 1 Il 11| ‘ 1 Il | N |
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o
[%o]

Tl T (ot

Ratio elastic / total:

30 | T T T 17 |||_
25 | PP R ]

—eo— TOTEM : PR
24 ........ PRI _|

B ,-"15 i
18 -_,{,lé%ﬂ.gu*‘ ................................................. _-
16 — I |ri_;-|-|| |||||||||||||||:

10°
'\-?
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Ongoing Analyses of Diffractive Processes:
Standalone and Common Runs with CMS

- A Selection -

Single Diffraction (SD), = 10mb

Plo" " apiditygap & "
- -.=. ...

| I i | il
—10 =5 0 5 10

1

Double Diffraction (DD). - =~ Smb > Measure topologies and o (M,&t)

= ;.| AU AFARARSRRR S j
v @ » .
I‘ | I.I.I 1 | I | 111 Iﬂ [ B |
-10 -5 0 5 10
1
Central Diffraction (CD), = 1mb o
_ di-jet
'.. T | LU | L | T TRl T | L | T T | T T T | T T T | T I‘ T | T T T | T
) P rap. gap * s rap. gap P e rap. gap . e« Tap.gap
"I—." . . - . "‘—.’. N - - .
1 | L1 1 1 | L1 1] | 1 | | | 1 | L1 1] | L1 1] | L1 1 1 | 111 | | |
-10 -5 0 5 10 -10 -5 0 5 10
1 U
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Soft Single Diffraction (SD)

©5)

QITTTTT I T T[T T T R * 1 proton breaks up

rapidity gap . - . ]

-, - diffractive mass M
« 1 proton survives with momentum loss &

.|....|....|....|....'1'.
1 * rapidity gap An between proton and M

[}

—10 =5 0 5 10

An=-In& M?=¢Es

RP T2 CMS 12 RP

]
T
b =

2 ways for measuring &: resolution at f*=90m:
1. via the proton trajectory (RP):|Xq, = L ®) +V X +<DX(§ 5¢ ~0.004 —0.01
(dependent on t, &)

Trigger on T2, require 1 proton

2. viathe rapidity gap (T1, T2)

Note: N2 =6.5 < My, =3.4GeV 0 ~ §
- : : d’°o
Full differential cross-section:
dédt
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SD Topologies for Different Mass Ranges

An=—In—

M = 2x107<E<1x10° proton & opposite T2
34 . 7 Gev T2: T1 T T2
I, I Db:ég 1, I
-t 1 & .
£oT
M = 1x106<E<25x%x1073 proton & opposite T1 + T2
7 _350 Gev T2 TI1 S T1 T2
1, ! mb:%l: 1,
- = \Tgh .
C
M = 25x 103 <E<25x102 | proton & opposite T2 (+ T1) & same side T1
0.35-1.1TeV T2 T s TI T2
> la" ‘ﬁb; - H AH"
A
M>1.1TeV £>25x107? proton & opposite T2 (+ T1) & same side T2 (+ T1)

T2 Ti1 T T2

RPs b d RPs
1, I £5 - I, I

- B i
— < 0 0
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SD for Different Mass Ranges (7 TeV Data)

M =
3.4-7GeV

2x107<E<1x10°

©5)

M=
7 —350 GeV

1x10°0<§<25x103

i , Entries EE==
= — x? £ ndf T80 133
E [ Constant 274+ 002
K] 14— —B |t| Slope 10,08+ 0.21
s 4}, do/dt=A-e
= 12—
= -
2 r ~
£ 10 Sspjowm ~ 1.8 mb
@ =
§ 8 TN~
2 "r A _
s £ 10) Bsp = 10.1 GeV2
= s Sy 15, ~SD .
£ C (D)
E . Uil a e By |
5 F AU G 7
B U/
21— —+ o
~ e
07 PSR T S SN S SN T A S S S [ S S N SR NN TR SN S N Y
1] 0.05 0.1 0.15 0.2 0.25 0.3
|t] (GeW~2)
Entries ASTIE
o0 + 33 nof 368z £33
Constant 3452+ 0016
20 ‘|» Shope £43+0415

-
@

Ospmed. M ~ 3-3 Mb

Ditferential cross section (mb/GeVA2)
=

)
|||||||||\||\I\‘I\Il\l\‘l\llll\llll‘l\\HIII

wn

> O

I

ol f5e @
i o O
I ®
o

<
N

12
8
6 allPy
a Gl ‘w{
.
2
0 | - | | | |
0 0.05 0.1 0.15 0.2

Work in progress !
Missing corrections:
- class migrations

- & resolution, beam
divergence effects

0.25 0.3
[t] (GeVAz)

M=
0.35-1.1TeV

22.5 x 103 <E<25x%x 10"

s Entries 16105
E %7 £ ndf aaz3 r33
- Constant 2 0as+ 0029
[ <|> Shope 2390272

Osp,highm ~ 1.4 mb

Differential cross section (mb/GeV¥»2)
]

estimated uncertainties:
0c/c ~20 %
O0B/B ~15 %

very preliminary:

@ ~
I\II|III\|II\I|\III‘IIH|H
[ =
@
;\\4

4 6.8 GeV—2
3
) o
2 T
1 E
0 | L | | | |
0 0.05 0.1 0.15 0.2

(3.4 <My < 1100 GeV)

M>1.1TeV

£>2.5x 102

in progress

Mario Deile —

p. 23




Soft Double Diffraction

- I | T I'I | T T | T | T hl I
¢ .. rapidity gap * .  Both protons break up
. | | .‘1 l'. - 2 diffractive masses M, M,
l |'|.| 1 L L1 L1 | - ..
10 -5 0 5 10  Central rapidity gap
~Mmin,2 Mmin1 T
d°o d° o

Ultimate goal: 2-dim. cross-section

Difficulties:
* no leading protons to tag
« for large masses (= small central gap) not easy to separate from non-diffractive events

or
d Ivll d MZ d‘n‘min,l d‘n‘min,Z

First step: sub-range with particles triggering both T2 hemispheres, veto on T1:
4.7 < || min 12 < 6.5 or 3.4 GeV <My, <8 GeV

T2 T1 CMS T1 T2

RPs \\\—'/‘ = A‘F] RPs
S _6 Event selection
L =22 U, | with high DD
[ [ \ =] [ [ purity (~ 70 %)
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Double Diffraction: Results at 7 TeV

Partial 2-dim. cross-section in 2 x 2 bins:;

4T5M5-5.9 | -5.951,,3-6.5 sum:
47<T]mmf59 65+20 p.b 2615 },Lb O-DD(4_7<‘,? <65) ~116+25 llb
5.9<M 6.5 | 2745 pb 1245 ub —

[PRL 111 (2013) 262001]
Leading systematics:

» missing DD events with unseen particles at n < 1,
« backgrounds from non-diffractive, single diffractive, central diffractive events

So far, only a small part of DD measured: 116 b out of ~5 mb, but:

benchmark for Monte Carlos:

Pythia 8: o =159 pb

DD(4.7<‘:qu-n ‘<6.5)

PhOJEt UDD(4.T<‘nmin‘<6.5) =101 l,lb

Improvement expected with 8 TeV data: also CMS detector information available
(joint run).
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Central Diffraction (“Double Pomeron Exchange”)

©5)

@[T rrrrrrrrw ) e hoth protons survive with momentum
rap. gﬂp L I rap. gap
=, % «— | lossesg, ¢,
Ll ) . . -
et b 1 171 o diffractive mass M in the centre

10 -5 0 5 10 . 2rapidity gaps An,, An,
7

T T1 CMS5 T1 T2

- ——D_I_\_K_ \/ %/I_Q_ -
AT

A771,2 ==In 51,2’ M? =66, S

|

Joint data taking CMS + TOTEM:
kinematic redundancy between protons and central diffractive system

Mcms = Mrorem(PP) ?
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Central Diffraction (“Double Pomeron Exchange”)

Soft DPE: study differential cross-section with correlations: d° o
(in progress: do/dM, do dt;) d& d&, dt dt, dAD

Single arm CD event rate (integrated &, acceptance corrected)

A w“‘|"'|"w‘|w”‘|
.g -—- data ‘
§10° — —mc  fit with do/dt oc Bt
= B=-7.8+1.4 GeV* N
- ) : : .
i ) Estimate on the integral:
N E >
T
1(]2_| 1 1 || 1 1 | 1 1 1 ‘ L L L | 1 1 1 | 1 Il Il ‘ Il \_\I‘ L L \_
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
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Central Production of Particles or Di-Jets (with CMS)

Exclusive Particle Production:

P (al)
M2 =
Q X at rapidity yy X558
Yx —%ln?
P2 (éZ) :

(Exclusive) Dijet Production: jet with Er 1 and

. proton with ¢,
proton with ¢, -e

jet with E1> and 75 1

Joint analysis of special run at 8 TeV, B* =90 m, in progress:
 central-diffractive jet production

» low-mass resonances (nw, TN, ...)

* missing/escaping mass
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CMS + TOTEM 90m B*
Run/Event 1989033478279
Jets E; = 65,45,27 GeV

MM(pp) = 244 GeV: M(CMS) = 219 Ge

2p;(CMS) = 3.4 GeV
FSC empty both sides

M(pp) = 244 GeV
&=0.1, £=0.01

% Z-; sector 56

Central Diffractive 3-Jet Candrifg_gte

iC, CERN
12 22:40:03 2012 BRST
A78279

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




TOTEM Consolidation and Upgrade Programme

In 2012: successful data taking together with CMS in special runs
—> first studies of central production, diffractive dijets, other hard diffractive processes

Problems: limited statistics, pileup
—>upgrade RP system for operation at higher luminosities
—>resolve event pileup: timing measurement, multi-track resolution

TOTEM

{ YRp

»
B

Unjy. existing RP220 Long lever arm (~15m) improves angular resolution
) A

1 unit tilted 8° around beam axis to allow multitrack event
reconstruction (beam halo pileup, background)

Later: pixel detectors

1 N
&
—

f
RP147 relocated to 203-213m
274,))/'

New collimator
to protect Q6

A

Allow insertion of pots
at high beam intensity

v v

2 new horizontal pots

timing detectors

- common CMS+TOTEM programme: CT-PPS = V. Avati’s talk
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Backup
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Elastic pp Scattering: Event Topology and Hit Maps

©5)

Two diagonals analysed independently

Sector 45 (220m) Sector 56 (220m)
Far Mear Near Far
~ Top Top
' 'IIrD D_I —C Ty
- 11 sev Horizontal
— Bottom & U Bottom i
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Elastic Tagging

Selection cuts: number cut RMS
diagonal track reconstructed in all 4 diagonal RPs
xR *L - -
: 0, o —0, ) 9.2 prad } collinearity
2 6" — oy 3.5 urad
3 x*R| 200 um
4 L] 200 um
5 o RN _ (JRF _ RNy 17 m low [g|
6 o yEN — (yEF — LN 17 um
7 R 'L 9um  common vertex for both protons

Example: elastic collinearity : Scattering angle on one side versus the opposite side

Collinearity in y Collinearity in x
x10° 10°
?0.157\ T T T T \.\ h\ T T T T il % 0.3_! T T L L T T Ii!
= 0 N 30 Top Right vs. ; : -
204 &y Bottom Left 4B 0er T
s [ \ ] s [ ]
0.05- S . 0.1 =10
B \\ J =10 B 1
o Bottom Right || § o -~
- ws Top Left. | 7 ' .
-0.05 \“‘\\ , 0.1
0.1 \ -0.2f-
: S 1
L . 1 .
u 7\ L1 | I I I I | I I X10-3 -l _' Ll Ll I - Ll I - - X10
01815 04 005 0 005 01 0.15 03302 01 0 01 02 03

©, 45 [rad] ®, 45 [rad]

Width of correlation band in agreement with beam divergence (~ 2.4 urad)
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Absolute Luminosity Calibration

r— (l + PQ) (Net + L\Tinef_]z
167 (d Nez f It )t=0

7 TeV

June 2011: L= (1.65 £ 0.07) ub! [CMS: (1.65 + 0.07) ub~1]
October 2011: £;, = (83.7 £ 3.2) ub™! [CMS: (82.0 + 3.3) ub™]

Excellent agreement with CMS luminosity measurement.

Absolute luminosity calibration for T2
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Different LHC Optics

Hit maps of simulated diffractive events for 2 optics configurations
(labelled by B* = betatron function at the interaction point)

©5)

B* =0.55m (low p* = standard at LHC) B* =90 m (special development for RP runs)
=30 . RS e e L B = 30T \
20 < TOP : - i 20] , G
5 S & : 2103 : N
10} . 10[— |
N B _E 107
o 107 o ]
-10[— o 10 ! 10
LT [\.'1‘0‘ BR 2) - X[‘m‘m] 3 4
L,=1.7m,L,=14m, D,=8cm L,=0,L,=260m,v,=0,D,=4cm
diffractive protons: mainly in horizontal RP diffractive protons: mainly in vertical RP
elastic protons: in vertical RP near x ~ 0 elastic protons: in narrow band at x = 0,
sensitivity only for large scattering angles sensitivity for small vertical scattering angles
Beam width @ vertex | Angular beam divergence Min. reachable |[t|
*~0.5-35m ) = small . large nZpem_ ~0.3-1GeV?
P i o)=L )y DePamy
B"=90m Y large Py small B ~ 102 GeV?2
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svstematic effect

Systematic Errors on do/dt at B*=90m

alignment:
1 Dz LI LI LI LI LU L Sl-llrt l]] ﬂ:
L 5 alignment:
1.015 shift in &}
alignment:
1.01 xy tilt
. 1.005 optics:
#y y scaling — mode 1
1 optics:
508 & : ty y scaling — mode 2
- — 7 beam momentum offset
0.99 :_ .................................................. o -__ ............. _:
- B 3-out-of-4 efficiency correction:
.085 :_ ..................................................................... ___: - - — = SIGPE HHCEFE’Ith}-'
0.98 ST N P DR T B ____“divergence acceptance correction”:
0 005 01 015 02 0725 0.3 uncertainty of beam divergence RMS
it (GeV?) |__ __ “divergence acceptance correction™:

uncertainty due to possible left-right asymmetry

“divergence acceptance correction”™:

uncertainty due to beam divergence non-gaussianity
unfolding correction:

uncertainty of # smearing RMS

— ] o envelope

C
T




= Charged Particle Pseudorapidity Density dN / dn

©5)

dN./dn : mean number of charged particles per event and per unit of pseudorapidity:
primary particles only, i.e. lifetime > 30 ps (convention among LHC experiments)

« probes hadronisation - constrains phenomenological models used in event generators

« input for cosmic ray simulations 8 TeV
7 TeV CMS + TOTEM (T2)

TOTEM standalone (T2) analysis of same T2-triggered events (>90% of inelastic)

_g T Inclusive pp CMS-TOTEM, Ys=8TeV,L=45 ub"'
= [ <Pythia 8.108 (Default-Tune) Pythia 6.42 D6T E o B N -
"% I = - measurement ]
6" ¢ Sherpa 1.3.0 (Default-Tune) ~PhoJet 1.12 z C + with bin-to-bin
L o T uncertainty
5 E T ,--------.. T total uncenaintyz
u ] EELL g .,.TZZf::‘j‘m\__- -
3 R T -
iy 8 e e
= St - [ Data B e 'h‘-.:-:_" .. 5
3= GG 40 e Pythiab Z2* Yo, el - : _
[ ereeen Pythia8 4C -.__- ‘-.\*‘ ~_*“ -
C E o Herwig++ EE3-CTEQSL1 ., e el -
- 3 EPOS LHC T
2— e c e QGSJetll-04 '& -
L *TOTEM Data T N, >1in5.3<n<6.5 or 6.5< n<-5.3 T
T e : | | ———
C o 12T ' t —
- [EPL98(2012)31002] | & [ Iiimemeeeree :
0 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 Q —
Track | 7
| I | ek S
3 4 5 6 |

CMS FSQ -12-026, TOTEM-2014-02
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CMS 1 Central & Forward dN,,/dn @ 8 TeV (with CMS)

©5)

“Non-Single diffractive (NSD) enhanced”: “Single diffractive (SD) enhanced”:

> 1 primary charged particle in each T2 arm > 1 primary charged particle in only one T2 arm
NSD-enhanced pp CMS-TOTEM, ¥s=8TeV,L=45 pb"' SD-enhanced pp CMS-TOTEM, ¥s=8TeV,L =45 pb"
: 8 _I_ T T T T ‘ T T T T T T T T T T T T I T T T T ‘ T T T T I T T ; : _l T T T T ‘ T T T T T T T T | T T T T ‘ T T T T | T T "
2 - T 4 2 - e Data ]
= e - — . =° TR Pythia6 Z2*-LEP _
S 7 [T e e LTI L 1 = 44— e Pythiag 4C —
e +++++ + . ] - S Herwig++ EE3-CTEQBL1 .
- +++ ~ . . B e .. EPOS LHG _
6 <3 ] C . e QGSJetll-04 ]
= - - 3 el —
I oL . . [ aeemeee T ~ ]
S = + — - ~. N
— [ Data el R - = 4—&++ : —
/) S Pythiab Z2* -:‘ *ﬁ‘ 7 2t T - - i
F e Pythia8 4C T, Tl m [ e T e e e TR n
E Herwig++ EE3-CTEQ6LA '--__'*; - CoTTTTTYL T Yo, .
3 EPOSLHC el — 11— 2T —
C e QGSJetll-04 O _ e
o[F_ N,,21in5.3<1<6.5 and -6.5< n<5.3 T [ N,,=1inonly 5.3<1<6.5 or only -6.5< n<-5.3 ]
4 ! ! | | ! | . L1 ! L | | ! | _
% 12 I_--- [ [ [ [ [ [ ] % :I - .__‘ -" [ [ [ [ [ .
I} = . :_: ............ srrieemaame=tT] n o 15— |
S I s B S S o - .
= Tl 1 = = pmeny |
- — 1 L ffompecpocpenty LR i S
08— - e T o
—l 1 1 ‘ 1 L L 1 ‘ L 1 L 1 | L 1 1 L | L L 1 1 ‘ 1 1 .I-. 1 | 1 1 = | ‘ ‘ | | ‘ 1 1 1 | 1 1
0 1 2 3 4 5 6 il 0 1 2 3 4 5 6 il

CMS FSQ -12-026, TOTEM-2014-02

 Multiplicity of SD events significantly smaller than NSD (as expected)

» No MC able to describe dN_,/dn of all event samples & in the whole rapidity region
(especially SD-enhanced problematic, description of central-forward correlations?)



