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Motivation

 Measurements of the total and inelastic cross sections and their energy
evolution probe the non-perturbative regime of QCD

* Measurements help to tune the generators

 Important for projections of the pile-up conditions at the HL-LHC

* Provides constraints on forward particle production in cosmic air showers
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http://www.nature.com/ncomms/journal/v2/n9/full/ncomms1472.html

ATLAS  New measurements at

8 TeV and 13 TeV

ATLAS has performed a first series of measurements at 7 TeV where the basic

methods were developed. Here the emphasis is on the new measurements
recently released for publication:

Measurement of the total cross section at Vs= 8 TeV Phys. Lett. B (2016) 158

Using the ALFA Roman Pot detector system to derive from elastic scattering
and the optical theorem the total and inelastic cross section.

Special run with B*=90m at low pu=0.1 collecting 500 /ub.

Measurement of the inelastic cross section at Vvs= 13 TeV arXiv:1606.02625
Using the MBTS forward scintillator to determine directly from the

inelastic rate the cross section in the fiducial volume and extrapolated to
full phase space.

Special run with at very low p=2.3 103 collecting 60 /ub.



http://www.sciencedirect.com/science/article/pii/S0370269316304403
http://arxiv.org/abs/1606.02625

ATLAS  |nelastic measurement
with the MBTS at 13 TeV

This measurement uses the Minimum Bias Trigger Scintillator located in front of
the endcap calorimeters to detect inelastic interactions. A new detector was built
for run 2 with slightly larger acceptance.

Two counters of the MBTS are requested with hits above threshold to select
inelastic events.

25m \K,_/

Tile calorimeters

! \ LAr hadronic end-cap and M BTS at Z=i3 ) 6 m
Pixel detector \ forward calorimeters 2 . 07 < | n < 3 ] 8 6

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker
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The fiducial volume of the measurement is determined from MC and accounts

The diffractive component

for diffractive events with a low mass of the dissociated system escaping

undetected the detector.
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fiducial cross section

N — Ngg o I = fec10-0
Etrig X L €sel

mel ('5 > 107 )

N: Number of observed events
Ngs: Number of background events (beam-gas, beam halo, activation)
tr,g : Trigger efficiency, determined using other detectors
. - Selection efficiency from MC, requiring two MBTS hits
1'f£ : Migration of small ¢-events in the fiducial region
L: Luminosity

Two selections are applied which enable tuning of the simulation:

1. Inclusive sample: at least 2 MBTS hits (4.2M events)
2. Single-sided sample: at least 2 MBTS hits on one side, veto on the other side
(440K events)
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EXPERIMENT

Model tuning

N . .
The measured value of |Ry = —r¥e=%d _10.4% +0.4% | is used to constrain in the

MC the composition of elusive diffractive and non-
diffractive processes fy=(0¢p+ 0pp)/ O

inel
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@ﬁlkﬁé Tuned models compared to
data

Background-corrected MBTS hit distributions are compared to different tuned
model predictions.
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ATLAS fiducial cross section
results

o (13TeV)=68.1+0.6 (exp.) £1.3 (lumi) mb

inel
Factor Value | Rel. uncertainty
Number of events passing the inclusive selection (N) | 4159074 —
Number of background events (Npg) 51187 +50%
Integrated luminosity [pb™1] (£) 60.1 +1.9%
Trigger efficiency (€grig) 99.7% +0.3%
MC correction factor (Cyic) 99.3% +0.5%
I B B B B
ATLAS Vs =13 TeV, 60.1ub™
Dominant uncertainty for the
. o pata o+
fiducial cross section is the I .
lumi nOSity. Pythia8 DL £=0.085 .
Good agreement is observed Pythiag DL. £=0.10 .
with the PYTHIA DL models. )
EPOS LHC [ ]
QGSJET-II [ ]
. (N £

6, (E>10°) [mb]
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Total inelastic cross section

The extrapolation to full phase space combines previous measurements at 7
TeV with a MC-based correction:

(TMC(;E < 107%)

Tinel = od o7 Tev(;‘f < 5% 10_6) X

inel ol TV.MC(¢ < 5 x 1079)

7 Tev -6y _ 2 © e ATLAS(MBTS) — Pythia8 A
where o (¢ <5%x1077) =11.0+2.3 = 1000 . ATLAS (ALFA) --- EPOS LHC g
is the difference between the total © go— 7 197 --- QGSJET-I g
inelastic measurement from ALFA 80_ ° Auger E
and fiducial measurement with the 70 ® PP (non-LHC) =
- o pp -
MBTS at 7 TeV. 60= E
0,.,(13TeV)=79.3+0.6 (exp.) "3 -
+ )E= 2 E
— 1.3 (Iuml) — 2.5 (eXtr.) mb 30; ATLAS TU‘UU EU‘UU QOJ(TD 1UUIUU HUIUU 12(;00 130‘00 E
T AN | | R | ]

10 10° 10*

Vs [GeV]
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ATLAS  Total cross section with
ALFA at 8 TeV

Measurement using the ALFA Roman Pot detector system to record elastic
scattering data in a special run with high B* optics, exploiting the optical

theorem : _
Ot = Ar - Im(fel )t—>0

4 RP stations with
vertical SciFi
trackers at ~ 240m
from IP 1.
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@E/;,\I!Tﬁé The measurement principle

Measure elastic track positions at ALFA to get the
scattering angle and thereby the t-spectrum do/dt

t=—(po'f

p=beam momentum, B*=scattering angle

To calculate the scattering angle from the measured tracks

0

y

I\/|21 M22

~\ we need the beam optics, i.e. the
y My My ¢ :
= o ransport matrix elements.

y

*

y

In the simplest case (high B*,

6, = Y phase advance 90°,

M12

parallel-to-point focusing)
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EventSelection

T

.1,-'.| I

first level elastic trigger

data quality cuts

apply geometrical acceptance cuts
apply elastic selection based on
back-to-back topology and
background rejection cuts

x(237 m) C-Side [mm]

R 7 T T = T R 7 N T
TTTT[T TTTTEIT T

L8]

- -_S:{B TeV.ISUO ulb' Ly e "4'- s
4 -3 -2 414 0 1 2 3 4 5
X(237 m) A-side [mm]

571U

=

A7L1V

T,

A/R1U B7R1

~~~~

A

Beam pipe

3.8 M elastics selected, background level at 0.12%, mostly DPE,
subtracted.
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Acceptance & unfolding

Using PYTHIAS8 as elastic scattering generator
Matrix beam transport IP = RP (+MadX)
Fast detector response parameterization tuned to data
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% D§ .‘A.......\.““N\\\\\\\\\\\\\\\\\\\\\\x—i 2
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[GeV] Transition matrix used as input for IDS unfolding.
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Analysis of elastic data

Data-driven method to calculate the reconstruction efficiency
~90%

Tuning of the beam optics model with ALFA constraints = effective
optics

Trigger efficiency very high ~99.9% determined from data stream
with looser conditions o
Dedicated luminosity determination
resulting in a small uncertainty of
only 1.5%

T
ATLAS

Vs=8 TeV ]
6 -

A
OJWW”MM##WM?M il

_6f- £
- e LUCID EventOR ]
—8:— v VTX5 E
07 1 l 1 1 l 1 1 l 1 L l 1 L ] L 1 l L 1 l T
19:00 19:30 20:00 20:30 21:00 21:30 22:00

UCT Time on 12/13-07-2012
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RAILAS  elastic cross section

—10°¢

ATLAS

s=8 TeV, 500 pb”’

do) _1 M~[N; - B}
dt Aﬁ . greco . gtrig . gDAQ . I—int

A: acceptance(t)
M: unfolding procedure (symbolic)
N T N: selected events

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

do,

/dt [mb/GeV?
=
T 1T / TT H

—_
o

T
(3

]
JII\H‘ | IIHIH‘ 1 Il\HI\l B EEEEI

T IWIIHW
t
‘ ] \+

—_

g 5 [Jotal .
N B: estimated backeround
% ,g; S statistical \\\\\\\\\\\ g

o —ses 0T o 0z o o5 0% greo: raconstruction efficiency
-t [GeV?] . . . .
e'"e: trigger efficiency

Relative shift

-------

015 atias = EDAQ' dead-time correction
01 eeaTev, 500u0" = L, luminosity

o
S —_f

TTTTTTTITTT

Main systematics:
t-independent: luminosity £ 1.5%
t-dependent: beam energy: +0.65%

—— Beam energy

Crossing angle
-0.1F = = = MC resolution

L == kQ5Q6 (beam optics)
0.15F Qscan (beam optics)

F Lo by v by by s gy Ly

0 005 01 015 02 025 03 035
-t [GeV?
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ATLAS  Theoretical prediction

The theoretical prediction used to fit the elastic data consists of the Coulomb term,
the Coulomb-Nuclear-Interference term and the dominant Nuclear term.

2 2
ﬁ — ana (EC) . GJ'(;) Coulomb
dt | 1 ]2
aG*(t) . . —B| 1]
CNI — Ot ° [sin (@¢(1)) + p cos (ad(1))] - exp 2
- e + p? exp(B|1]) p 0.1362
fot 4 67(hic)? P | ' A 0.71 GeVz
be 0.577
Gty - ( A )
A+ i Proton dipole form factor
-
¢ = - L=~ bc Coulomb phase
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do,, /dt [mb/GeV?]

(Fit-data)/data

ATLAS

EXPERIMENT

Fit results

o, (8TeV) = 96.07+0.18(stat.) + 0.85(exp.) + 0.31(extr.) mb
B(8TeV) = 19.74+0.05(stat.) +0.16(exp.) = 0.15(extr.) GeV
103§ 400 J[ | | |
B ATLAS 350 _+ 3
- s=BTeV, 500u6" o ! \\ | The fit includes experimental systematic
102 200 | { uncertainties in the x? (profile method).
— % 150 . . *\_..,;
N %o, 0.02 004 0.06
- ®s, The fit range is set to —t[0.014,0.1] GeV?,
R
0 * 2012data e, where possible deviations from
L 2 . L 2
- — FElasticfit * . exponential form of the nuclear
&
- .- amplitude are expected to be small.
1 -
- ——
- ——| The extrapolation uncertainty is
NI I R IR T I BRI B
Ugg . e . \\\& evaluated by a variation of the fit range
ogs Y oTetlerer e e s e oo NN
0 005 01 015 02 025 0.3 035
-t [GeV?]
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6 [mb]

ATLAS

Energy evolution

250 f4 T E
e ATLAS 3 '
TOTEM 100 J//’I’
200 4 Lower energy pp Z: - ]
A Lower energy pp o + E

O Cosmicrays

150 ..... 12.7 - 1.75 In(s) + 0.14 In*(s)

100

I\Illlllllllll‘llll

50

gr b
—— COMPETE HPR1R2 7000 7200 7400 7600 7800 8000

Comparison with COMPETE model
Chin. Phys. C, 38, 090001 (2014)
for the evolution of the total cross
section.

DIFFRACTION 2016
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26:_ 202 F
C 20 |
24; 198 F |l
L 19.6 |
22; e ATLAS 194 |
C IOTEM 7000 7200 7400 7600 7800 8000
= ° evatron s
20 L v SppS
C o RHIC
18— 4 ISR
16
14
C 44
1 2: i — B(s)=12-0.22In( _fo) +0,037 InZ(:u)
1 0_ 1 1 Lol 1 L L1 1 |

1 10° \'s [Ge\l’?4
Comparison with a model from
Schegelsky and Ryskin

Phys. Rev. D 85, 094024 (2012)

for the evolution of the nuclear slope.
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ATLAS Derived quantities

EXPERIMENT

Elastic cross section from the o ol 1+ p°
integrated fit-function “ B 16x(icy

o, (8 TeV)=24.33+0.04(stat) £ 0.39(syst) mb

and inealstic cross section by subtraction Oinet = Ot — Oy

o, (8TeV)=71.73+0.15(stat )+ 0.69(syst) mb

ATLAS \s=8TeV The difference
between
ATLAS and

y — —=— T TOTEM is at
the level of 1.9
—— - . ATLAS o, assuming
uncorrelated
uncertainties.

IIIIIIIIIlIIIlIIIlIII IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII III|III|III|III|III|III
96 98 100 102 104 2 23 24 25 26 27 28 29 30 70 72 74 76 78 80 82

o-tol [mb] O-el [mb] Ginel [mb]
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ATLAS Conclusion

EXPERIMENT

ATLAS has performed new measurements of inelastic cross
section at 13 TeV with MBTS and of the total and inelastic cross
section at 8 TeV with ALFA.

0,,(13TeV)=79.3+0.6 (exp.) £1.3 (lumi) + 2.5 (extr.) mb

o, (8TeV) = 96.07+0.18(stat.) = 0.85(exp.) + 0.31(extr.) mb
B(8TeV) = 19.74+0.05(stat.)+0.16(exp.) = 0.15(extr.) GeV >

Further measurements on elastics and diffractive physics is to
come with the ALFA and AFP detectors (see Mateusz and
Marek’s talks).
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Back-up
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Background

S = B B BN BN BN ELELEL N I

:é; 7L mo. ¢ Dataarm1 |

910 E?o "._. [ Antigolden background EE

5 - "’*,._' ——— DPE background .

210° ATLAS Tees, E

- s=8TeV, 500 ub™ o 3

-

10°F . 3

: ~ ]

10° = —— =

10° 2

, - ]

10 E 1_1 1 ] 1 L1 1 l 1 11 1 | 1 11 1 I 1 | 1 1 | 1 1 H_I a

0 005 01 015 02 0.25 0 3 0. 35

-t [GeV?]
B7L1U A7L1U A7R1U B7R1U
A A g7 - g7

; >

o+ . C > . .
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@ﬁﬂ:ﬁé t-reconstruction methods

. R u,—u
* subtraction method: |6, = AL u=x,y
I\/IJ.Z,A 4_|\41213
o | | | hod: 9* _ HX,A_QX,C -
ocal angle methoa: x = y as for subtraction
thZZJ\_+ hAZELC

241 237
x Miis * Xogrs — Mg - Xou g

X,S 241 237 237 241
Mll,S ) MlZ,S _ Mll,S ) MlZ,S

local subtraction:

lattice method: 0 =M -x+M,, -0

X
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ATLAS t-resolution

| I l I 1 I I I I 1 I I | I I | I | I I I 1 _
351 ATLAS Simulation E
30F =8 TeV -
0 — Subtraction method  —
25 ---+ Local angle method
- Lattice method ]
o0l et T T e infinite det. resolution ]
L =
o~ T =
5
_I 1| | | I | 11 1 I I I I | | 111 | 11 1 | 11 |

005 01 015 02 025 03 0.35
-t [GeV?]
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Subtraction method has
by far best resolution,
dominated by beam
divergence.

All other methods suffer

from a poor local angle
resolution.
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Migration

Y .<F ATLAS Simulation EO 10°
© 0.35F imulation 10° @ 0.35F
O, - O, -
g oo T I L 10°
0.25F 0.25F
- 3 . i = 10°
0.2F 10 0.2F 3
0.15F 102 0.15F -4 =210?
0.1k 0.1F -
0-055_ Subtraction arm 1 10 0.055 10
" - Local angle arm 1
R T I T TR TR T NEERE R T T T T T
% 0050101502 02503 035 | %9"0.05 0.1 015 02 025 03 03 1
Tie [GGVE] e [GeVz]

DIFFRACTION 2016 Hasko Stenzel 26



Ratio after/before unfolding

ATLAS

EXPERIMENT

1.4
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TTTT[TTT T TIT T[T I [T T T [ TI T T IT T T TIT T T[T TTI [ TITTT
L A R RLARN RN AN RN RN

ATLAS

—— Subtraction

----- Local angle

- Unfolding

s=8 TeV, 500ub™

lHI‘IIIIlHJI‘JIIIIH\\IJIIIl HI\IJIlIIHlHI

o

P
0.05 0.1

TR IR T B SRR
0.15 0.2 025 03 035

0.03
0.02

relative error

0.01
0
-0.01
-0.02
-0.03
-0.04
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0.06p—

0.05

-0.01F
-0.02f
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A8, [urad]
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Beam optics

- T L ] —_ 4 .
L _ =1 L 2
C ATLAS J‘. . 3
6 = - 4kQ,Q (B ) =0.221 [%]
. - 's=8 TeV, 500 pb’’ . o[ 4kQ,Q,(B,) = 0.289 [%]
2 f— — iE
0 = ok
-2F = -
_45_ r e Design optics _f -1 E—
- f— 4 o Effective optics _f 2 ;—
8 E_ # — Linear fit _f 3F
Ee oo o by by b b b b by :
-200 -150 -100 -50 0 50 100 150 200 7 l I |
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ATLAS

s=8 TeV, 500 ub™
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" agpk2ay e}éa? @ye
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m, iy, ’?m, Rty ., Bigy, B
8? ?/M 2 Q*Zd‘?ng??yg/é
7m) <Hm) <S7m) <41m)

My
m,
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EXPERIMENT

@ATLAS Reconstruction efficiency
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ATLAS
profiling method

(D(:’) — (l + Z(u) X T(E) — Zi‘g X (jk(f)) X I"T_l(é".j)
l k
2
(oo (1) i s
o I l!

l

D: data, T: theoretical prediction
V: statistical covariance matrix
&: systematic shift k in t spectrum

B: nuisance parameter for syst. shift k
e: t-independent normalization uncertainty (luminosity, reco efficiency)

a: nuisance parameter for normalization uncertainties
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SPATLAS

EXPERIMENT

1.5

Nuisance parameter

fitted nuisance parameters

1T
Y
a
b 3

¢ Subtractio
= Local angle

| ] |

l ] | ] l | I I ] | | ] | L —

i dif S

I I l
. A an B [~ .U e ny ., Xif /7T
Cong; QS?anmadx Q2 QSQSQ-’??;SQ?? Qapoet O OFF g 8G.p, rg'shggﬂe*es hJ’Sﬁg?d*f:‘ang;O-’m ag%,né‘ng "ecog M Ebea,h

f

Systematic uncertainty

Expect nuisance parameters with mean of zero and sigma of one
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ATLAS

EXPERIMENT

Results for 4

different methods

Otot [mb]

Subtraction | Local angle Lattice Local subtraction
Total cross section 96.07 96.52 96.56 96.58
Statistical error 0.18 0.15 0.16 0.15
Experimental error 0.85 0.94 0.88 0.89
Extrapolation error 0.31 0.42 0.23 0.23
Total error 0.92 0.98 0.93 0.93

B [GeV ™7

Subtraction Local angle Lattice Local subtraction
Nuclear slope 19.74 19.83 19.87 19.88
Statistical error 0.05 0.05 0.05 0.04
Experimental error 0.16 0.18 0.16 0.17
Extrapolation error 0.15 0.17 0.14 0.15
Total error 0.23 0.26 0.22 0.23
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@ﬁﬂrﬁé Extrapolation uncertainty

 rho uncertainty p=0.1362+0.0034

e electric form factor: replace standard dipole by double dipole
e Coulomb phase: different parameterizations

e include also magnetic form factor in fit

e fit range variation by +/- 6 bins = main uncertainty

I A I R I I IR IR B Nominal fit range 0.014-0.1
ATLAS s =8 TeV, 500 b selected on the basis of
theoretical arguments +
acceptance> 10%

—— Subtraction method
—— Local angle

Lattice

Local subtraction

o o
¢ ~

N
ARRRERRE IRERRERRRES

Variation up to 0.15 also
theory-inspired.

I_l_l

l|
]
‘\_j

Variation

Walk is typically 0.5mb

| iNom'Wa' l l | | | : i ;
5008 01 012 044 016 618 05 055 sizeable difference between
methods.

Fit range end -t [GeV?]
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ATLAS

EXPERIMENT

Alternative models

e j%{\ DIFFRACTION 2016
B -.E} L8
g

Ttot [mb] Model
Nominal  96.07 £0.86 fx(t) = (p + 1) Zete B2
Ct? 96.16 £ 0.80  fx(t) = (p + i) Geate = BL/2-C1/2
e/=F 9640080 f(t) = (p + i) Qute B/ 2—e 2P —t=20) 1y —
SVM 96.16 + 0.80  fn(t) = pFte” Bie/2 + § ot e Bit/2
BP 96.81 £0.95 f.(t) =i |G(t )\/ﬁe—Bt/z + i /Ce—Dt/2
BSW 06.67 £ 0.99 Refu(t) = ci(t + t)e 212 | Imfu(t) = calts + t)eb1t/?

RMS from models: 0.28 mb
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ATLAS Stability checks

F"Oag T T T g
E f ATLAS E
Consistency between arms  z .. Tk
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N R 1 )
time stability o © Bunch stability
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971 - = ]
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% —— E 961 E
95.5F 3 - .
~ —Subtraction method . 95.5 '_ ]
95 :_ —Local angle _: r —Subtraction method ]
r Lattice . C —Local angle ]
945 - —Local subtraction = 95— Lattice ]
c ‘Le lLs JL 5 ‘lB ILB lL.s' !'-B ILe ‘LB II,.E’ C —Local subtraction ]
13 15, 17 19 27 23 25, 27 29 37 - -
2\’57 * 7 : @ 2\2” 2‘231 ‘?“25, 2\2?7 2?97 2‘3” 2\334 945 BCID|2307 BCID|2509 BCID|2929
LB group
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