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1 Focus on ATLAS!
Introduction e [T

« Top quark is the heaviest fundamental particle discovered : m, =172.52+0.33 GeV (LHC runi combination)

» Precision measurements of top quark productions is important for the SM

» Top-quark pair production (p+pb, arXiv:2405.05078 ; run3: Phys. Let. B 848 (2024) 138376 )

» Single top production in t-channel (arXiv:2405.05078)

» Associated production of top quarks (ttW: JHEP05(2024)131; ttZ: JHEP07(2024)163; tty:

arXiv:2403.09452)

« Any observation of deviations would indicate physics beyond the SM

» Quantum entanglement in top-quark pairs (arXiv:2311.07288)

» Charged Lepton Flavor Violation (Phys.Rev.D 110, 012014 (2024) )

» Test of Lepton-flavour universality in W decay (arXiv:2403.02133)

» Search for flavour changing neutral currents (EPJC:84, 757 (2024)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.261902
https://arxiv.org/abs/2405.05078
https://doi.org/10.1016/j.physletb.2023.138376
https://arxiv.org/abs/2405.05078
https://link.springer.com/article/10.1007/JHEP07(2024)163
https://arxiv.org/abs/2403.09452
https://arxiv.org/abs/2311.07288
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.012014
https://arxiv.org/abs/2403.02133
https://link.springer.com/article/10.1140/epjc/s10052-024-12994-1
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Top quark production Cross section measurement

« Dominant production modes at LHC: tt, then
electroweak single top

» Highly sensitive to EFT operators

« Important backgrounds for SM/BSM processes

» Multiple rare ttX processes accessible at the LHC

« Window into top-quark yukawa couplings

» Increasingly precise measurements with growing

LHC datasets

ATL-PHYS-PUB-2024-006

Top Quark Production Cross Section Measurements Status: April 2024
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-006/

arxiv:2405.05078 Submitted to: JHEP

tt production in p+Pb collisions I e [

> p+PDb data collected in 2016 by ATLAS ,/Syy = 8.16TeV, 165 nb!

» Important probe for:
 properties of the strongly interacting quark-gluon plasma (QGP)
» nuclear parton distribution functions (nPDFs) in the kinematic region of high Bjorken-x

I=/d,c,b

» Measure tt cross section in single-lepton and dilepton channels separately w-
7/, 5

then combine:

» {+jets channel

» dilepton channel (firstly measured) I*+/d, b

Wt

vifu, s


https://arxiv.org/abs/2405.05078
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tt production in p+Pb collisions 11 R

« The inclusive cross section is: « The nuclear modification factor is
> o(tt) = 58.1%% (stat.)*38(syst. )nb = 58.1%3:3 nb. defined as: PP

« Significance is above 5 ¢ in both individual and inclusive Rpa = AP; ohP

channels(9% total uncertainty)
) > R = 1.090F5:033 (stat. ) ¥ o-0a=(syst.)
> First observation of tt

I T T T I T T T I T | T T T | T T T I T T T I T T T T l T T T ' T T T | T T
p+Pb |s, =8.16 TeV p+Pb |s, = 8.16 TeV

MCFM nCTEQ15HQ

]
production on in p+Pb collisions ATLAS 165 nb" ATEAS : 165 nb”
| Data total unc. : |" Data total unc.
Wlth ATLAS I l.; | Data stat. unc. : | Data stat. unc.
» Most precise tt cross-section emREore : MCFMTUIUZ: !

measurement in nuclear collisions. MEFM nPDFS0 -
MCFM EPPS21
g MCFM nCTEQ15HQ
> R,, measurement has been done CMS 8.16TeV pePb O PRL 119 (2017) 242001
MCFM EPPS21
: ¥+ ATLAS+CMS 8TeV pp (extrap.) o JHEP 07 (2023) 213
first time for tt at the LHC. et | e | o o
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Phys. Let. B 848 (2024) 138376

Rung3: tt and tt/Z cross-section ratio at 13.6 TeVI

« Dataset: Rung, 13.6 TeV, 29fb™
« First Run 3 measurements of tt are shown

> Measured o(tt) = 850 *3(stat.)+18(syst.)+20(lumi.) pb agree with SM prediction of 924132 pb
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https://doi.org/10.1016/j.physletb.2023.138376
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Run3: tt and tt/Z cross-section ratio at 13.6 TeV.II _

* First Run 3 measurements of t¢/Z are shown

» Total uncertainty of about 1.9%

ATLAS Internal
Vs=13.6TeV,29fb

IW data + stat. + syst. + lumi. ———e——— combined result
I data + stat. uncertainty o I theory prediction

» Measured R, ;= 1.145 £ 0.003(stat.) * 0.021(syst.) + e |

0.002(lumi.) agree with SM prediction of PDFALHCE! e

PDF4LHC21 I he————— 4
1.23873-963 (scale+PDF+a,) e (—

CT18 o ——— Y S |
CT18A 1 — I .
MSHT20 o |
NNPDF4.0 e

ATLASpdf21 — I .

ABMP16 m——— et

0.8 0.9 1.0 11 1.0 1.3 1.4 1.5
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Single top cross section in t-channel I

Fraction of events / 0.1

0.4fF

0.3f

0.2

» Precision measurement provides SM test and energy-dependent non-SM couplings search

» Choose tq signal process and require final state has a charged lepton

> 1e/|, 1 b-jet, 1 forward jet

> Main background from tf and Wbb

» Use artificial neural network to separate 81gnal and background

0.1F

ATLAS Simulation
L SR plus — g
---ff

— WsbD

5= 13TE"u"

Fraction of events / 0.1

JHEP 05 (2024) 305

SN F ]
 t-channel is the dominant single-top production in LHC [full run2 13TeV]

0. 4 L ATLAS Slmulatlon

0.3
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Events /0.1

Data / Pred.
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https://link.springer.com/content/pdf/10.1007/JHEP05(2024)305.pdf
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« An EFT interpretation finds new limits on a four-quark point interaction: cTis | [ ———
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.. ) co
* New limits on anomalous tH coupling: —0.87 <%< 1.42 T M T

« Assuming CKM unitarity, from total cross section measurements : R

U.?||||||| L L L =5
ATLAS 68% CL

fL‘v’ ’ H/;tbl = 1.015 £ 0.031 0.6 is=13TeV, 140 fb” —— 95% CL

4 Best fit

o

» The new results are in good agreement with predictions made at NNLO

fylV

in perturbation theory.

» The most precise measurements of o(tq) and o(tq)

fl.‘u"lv]dl
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ttW production JHEPO5(2024)131 =

« ATLAS and CMS measure 20-50% larger inclusive cross section than SM NLO prediction.
« ttW can be the dominant background for ttH, tttt

« Rare top quark production is sensitive to BSM physics: like ttH and tttt production processes
Differential ttW Cross Sections

« First differential measurement of ttW for 6 observables using profile likelihood unfolding

« All MC generators agree with unfolded data within uncertainties

Absolute Cross-section Normalised Cross-section
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https://link.springer.com/article/10.1007/JHEP05(2024)131
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Inclusive ttW Cross-Section

yaaN——l
« o(ttW) =880 t50(stat.)£70(syst.) tb. is consistent at 1.4 o of the SM NNLO cross section

745+50(scale) £13(2-loop approx.)+ 19 (PDF, as) fb.
Leptonic Charge Asymmetry

« Ratio of o(ttW+) and o(ttW~-) production rate is consistent with the MC prediction 0.322 + 0.003(scale)
+ 0.007(PDF) from Sherpa. o o(TWT) — 6(1TW")
© T 6(tTWH) + o(tTW-)
A,_ff' = (.33 £ 0.05 (stat.) £ 0.02 (syst.)
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ttZ production including EFT and spin correlations
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The coupling of the top and Z is not yet well constrained and the value is
significant altered by BSM
Main background for ttH, ttW, tZq, etc.

Probes the top-electroweak coupling (complementary to tty)

ttZ. cross section

Inclusive measurement 6 z= 0.86+0.04 (stat) T 00T
. . . ﬁm N | V{s=13TeV, 140 ™ :-Mezs_amc:@w_owymia 8
+0.04 (syst)pb. agrees with SM prediction (6.5% = *™** Shepa22 1 (i) ]
B Stat. uncertain ]
o o 0.006 L W Total uncertain?; H
precision) 3 ]
: : : : oons] ] E
17 differential cross section variables at parton and ; ?|_L ]
0.002— —
particle level e
:g% 1.21 _ “J L-:'1 I I I I I I
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https://link.springer.com/article/10.1007/JHEP07(2024)163
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Helicity basis

ttZ spin correlation

[ . o e g e e P - .).v,- -
» First measurement of spin correlation at detector-level P~ A
P
using template method #?
O = fsm- Ospin-on + (1 = fsm) - Ospin—c:ff- i
o fOPS =1.20+0.63(stat.)+0.25(syst.) = 1.20+0.68(tot.)
. . . . . Distribution Channel  Expected values  Observed values

 Spin correlations observed with 1.80 significance —y Y
cosy +al 1705 —0.097; %

« Still need more statistics cos b} - cos b 344l 1Y L1725
sest 14 ElE
cos 8, - cos b, 3e+4r 118 ~1.0578
cos ff - cos 6, +coséd, - CG’SHI 30+ 4L lfllgi [I.Sﬁf'I:%
cos 67 3c+4r 1718 1.56+1-80
cos 3+46 175 1.817163
st 1 200}
cos 3c+4c 17168 2314168




tf‘y prOduCti()n arXiv:2403.09452 submit to JHEP ﬁ

Direct probe of ty electroweak coupling

Sensitive to EFT operators related to top to anomalous dipole (complementary to ttZ)

» Measurement in the single lepton and dilepton tt

decay channels
» Single-lepton: 4-class NN to separate: tty production,
tty decay, fake-photon, and prompt-photon backgrounds

« Dilepton: 2-class NN to separate signal from

background



https://arxiv.org/abs/2403.09452
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tty production cross section

Paae——u o

» Fiducial cross section at particle level from a combined fit to the signal and control regions in both channels

« Dominant systematics uncertainties are modeling of tty production and the normalization of tty decay

e oid(tty production) = 322 1+ 5 (stat) + 15 (syst) fb
o oYLO(tty production) = 299" 3 (scalejfz (PDF) b

e The inclusive cross section measurement is

EARARE AR RN AR IS IR R A LN I LM IS I LN IR I
e Data ATLAS e Data

T1T7

e
ATLAS

agreement with MC prediction within uncertainties. % s ]
O 0% Vs=13TeV, 140 fb” — MG5_aMC+P8 S E (s=13TeV, 140 b —MG5_aMC+P8 3
. e £ Single lepton + Dilepton gtgtsﬁilz‘;gﬂw §| %'— [ Single lepton + Dilepton gg?ﬁi@ecr:aﬁgw
« Up to 11 variables are measured and the shape of g5 Ok ot mearanyd T° 10°F i Totsl Ucerianly 3
: : : e g :
measured cross sections are compatible with MC 10 E
10 .
generators b ) j o E
 The total tty (production and decay) cross sections are " =m0 R AN
6B . i 88
measured & e 50700150 200" 250" 300" 350 400" 450" 500 & oo 56700 150 300 350 300" 350" 400 450" 500

P () [GeV] P (1) [GeV]
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tty + ttZ EFT interpretation e [T

m

« Relevant dim-6 Wilson coefficients: C,; and Cyyy Ciz =y Cow — sy~ Cig
* Rotate basis to extract C,, and Cy Ciy =Sy Cw+cy - Cip
« Combined limits obtained from simultaneous unfolding of the p; of photon and Z

» ttZ shows degenerated structure in combination

L ‘ 1 1 1T ‘ T 11 T T T T 1T ‘ T 1T 1 nIJ> 125__ ATLAS 68% Cl(COmb) __
ATLAS iy only e - Vs=13TeV, 140fb™ B 95% Cl (comb.) 1]
Vs =13TeV, 140fb™ S ~ 10,0 SMEFT A=1TeV ¢ Globalmode -
SMEFT A=1TeV ity +ttZ s b + Standard Model -
e Global mode ) - 68% Cl (1) ]
Global quadratic fit, marginalised 68% ClI = 7.5 — = 95% Cl ( Z) -
........ 95% Cl C I 68% Cl (ity) ]
RiCul |- — . S 5.0F- = 95% CI (ffy) E
.................................. 2.5 —
S[th] — e P ot —] C 7
0.0 R
%[CtB] | .. > — e _ E E
251 —
S[CtB] 1 i .—._‘ .......... . | : :
I —— { L1 1 1 { | I — I [ — I I —— l I S — =L | | | | | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | IS
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CIN2 [TeV-? S[CizV [TeV?]
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arXiv:2311.07288

Accepted by nature

Entanglement Measurements I P

Observation of quantum entanglement in top-quark pairs!

« the top quantum numbers (spin) are transferred to the decay products via the maximally parity-violating
Witb vertex

* By measuring decay angles of decay products, can determine top polarization and spin-correlation

between top quarks 0.0

 Split the phase space in bins of M, -, and expect that entanglement %

can only be observed near threshold —odf |
. . Q .

* 340<M,-<380 GeV: entanglement signal region codl

« 380«< M, -<500 GeV: validation region /
-0.8}

* 500 GeV < M, -: no entanglement validation region I

t p - - MadGraph +MadSpin

105 ‘ ‘

400 560 660 760 800 900 1000
signal Mg[GeV]



https://arxiv.org/abs/2311.07288

Entanglement Measurements II
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top rest frames)

D < -1/3 is the existence of entangled state

D = -3.<cos@p> (¢ angle between the lepton directions in each one of the parent top and anti-

« Observed: +0.002 (stat.)*+ 0.019 (syst.) o Ty

for 340 <m (< 380 GeV oaf

§ol

140 fi'

« Measured D greater than 50 away from scenario with
no entanglement
- First observation of entanglement in top quark ©

pairs ! ¢

Particle-level D

§I

—.— Limit (Powheg + Herwig7)]
———- Limit (Powheg + Pythia8)
I Theory Uncertainty

@® Data

@ Powheg + Pythiad (hva)

[ Fowheg + Herwig7 {hva)

-0
e| 340 = mg = 380

380 =< my =< 500 my = 500

Particle-evel Invariant Mass Range [GeV]
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Pys.Rev.D 110, 012014 (2024)

Charged Lepton Flavor Violation (cLFV)

« Direct probe of the existence of many BSM models

paes— Al

hatched circle represents the cLFV vertex Scalar LFV leptoquarks
The SM prediction is found to agree with the data to within 1.60
The limit of Br(t— ptq) < 8.7 x 10~ 7at 95% CL are set

. Leptoquark couphng strengths between 1.3 < AR < 3.7 are excluded for masses between 0.5 and 2.0 TeV

_‘ Frrrr 1T I I I I 7]
C35'ATLAS QData LO(1DOOGeV LQ_z) b L L < 6— _
& Ts =13 TeV, 140 fo! WFake © EFake T+HNP ' 2 10, ATLAS 95% CL limits 2 T ATLAS 5;{: cL ":"ts ]
%00 eLFV et P =gt’r‘1 %} [ V5=13 TeV, 140 b Scalar 1 E Sb | 15=13 Tev, 140 fis' _E Eer:'ed o | 2
Signal Region + er r Obs. Exptio | o) =l D N R xpected + —
25} ) ' = 8[—cLFV urqt — O - R
Post-Fit HNP u “~Uncertainty % - o VectorE . | F cLFVvutet | | Expected+ 26
= = a s.,'.en;)r el ] 4| ScalarLQs, [J Excluded region| _]
@ 6._ — Obs. - Exp.+ 1o ] E
af b = e
’ 5 L e ]
5 0 2r f [t
25} ks i e
?!fo?s“ e *( A ,+// 7 // N oL 1 el L 1:7 L E
a 6,50 o0 T 0 200 500 50 760 300 0 0.1 0.2 0.3 0.4 0.5 600 800 1000 1200 1400 1600 1800 2000

H, [GeV] B(t >ut u)x 10° ms [GeV]
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Test of lepton flavor universality in W decays
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arXiv:2403.02133 Accepted by EPJC

 Most precise measurement of R\‘,‘\{ ®, achieve 0.45% precision

Data / Fit

Fundamental axiom of the SM that the couplings of W and Z-bosons to the charged leptons are

independent of their mass

Consistent with the assumption of lepton flavor universality

0.95

REIC = REEL R = 0.9995 +0.0022 (stat) + 0.0036 (syst) + 0.0014 (ext)

ATLAS ® Data
'.l'§=13 TeV 140 fb" — Fit prediction
’ Systematic unc.

1b

1028

098
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40 60 80 100 120 140 160 180 200
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3
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=1
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1.056

0.95

Data / Fit
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ATLAS : e
pp—W, V5=7 TeV, 4.6 b
LHCb . N
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https://arxiv.org/abs/2403.02133

EPJC:84, 757 (2024)

FCNC interactions with the top quark I

SN mmd ]
Flavour-Changing Neutral-Current interactions (FCNC) t u/c
* Tree-level FCNC couplings forbidden in SM b
« Higher-order interactions suppressed due to GIM 2w
mechanism
H

» Observing FCNC interactions at the LHC would be a
clear sign of physics beyond the SM

» Consider tH and tt(t->Hq) processes
* Focus on 2ISS and 3l channels final states
» Several previous searches are combined



https://link.springer.com/article/10.1140/epjc/s10052-024-12994-1

N SE X X A B

SHANGHAI JTAO TONG UNIVERSITY

FCNC interactions with the top quark 11

Paae——u o

Improvements w.r.t. previous analysis mainly coming from improved techniques(MVA) and inclusion of
single top quark production signal
The results are compatible with the SM and no evidence of FCNC couplings is observed

The observed upper limits on the branching ratio are B(t — Hu) < 2.8x1074and B(t — Hc¢)<3.3%x1074,

ATLAS VS =13 TeV, 140 b ATLAS VS =13 TeV, 140 fb~'
H- bb - H-bb - ‘
H-vyy H-ovyy
H-TT ‘ H-TT
Bt—Hc)=0 i B B{t—Hu)=0 il
H-awW* —— QObserved H-aw* —— Observed
E=== Expected £10 | i E=== Expected £10 |
---- Expected =20 ---- Expected £20
Combination Combination
I 1 1 | I | 1 1 I | | 1 | | | | I | | 1 I | 1 | 1 | | 1 I 1 | | 1 |
0 5 10 15 20 0 5 10 15 20

95% CL limit on B(t — Hu) x 10*

95% CL limit on B(t — Hc) x 10*
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Summary R

 The full Run 2 Highlights:

» Precision Cross Sections: Achieved more precise measurements of the top quark
production cross section.
» Quantum Entanglement: Observed quantum entanglement in top quarks for the first
time!
« Qutlook for Run 3:
» Increased Precision: Expect further refinement in measurements with higher data statistics.
> Potential for New Discoveries: Improved technologies and analysis methods may reveal new

insights of top quark




Thanks for your attention!
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Other latest measurements R

* tt +b-jets: [arXiv:2407.13473]

« The measured fiducial cross-sections are compared with various theoretical predictions with best precision
« Variety of observables are measured for differential cross section

» Single top Wt: [arXiv:2407.15594]

. . . . . theor
» Inclusive cross section is in good agreement with o,,,,,"” = 79717 (scale)+2.2(PDF)pb.
» Constrains on CKM matrix element V,;: | f1vV,,| = 0.97 + 0.10.
* Lund Jet Plane for tops (LJP): [arXiv:2407.10879] REROAA aias et
_ & PowhegsPyihias ot terwior (i55 - . unfolded data, top jets 16 ﬁ
* First measurement 1n tt N B S ure Tus .-
« Lack of overall compatibility between the ) B : L&
h . . eu+ =3bf : L — — r ’ e <
measurement and the MC predictions, e A 35 s
particularly in the W jets. s =302 U gu s IR - s 1
* N 25 =z
eu+ =4bt -: : .rl— 0 z;;
" ; s 0.4 =
eu+ =4b=1lfct ’: ATLAS t . —-l.— 1 0.2
yeaTel. o w 0 05 1 15 2 25 3 35 4 45

0 20 40 60 80 100 120 140 160 0.6 0.8 1.0 1.2 |
n(R/AR
Ofid [fb] MC/Data ( )



https://arxiv.org/abs/2407.13473
https://arxiv.org/abs/2407.15594
https://arxiv.org/abs/2407.10879
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Single to
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Entanglement Measurements

» the CMS collaboration has already measured D = -0.237 £0.011 inclusively, showing no signal
of entanglement Phys. Rev. D 100 (2019) 072002

Source of uncertainty ADgpservea(D = =0.537)  AD [%D]  ADexpectea(D = —0.470)  AD [%]
Signal modeling 0.017 3.2 0.015 3.2
Electrons 0.002 0.4 0.002 0.4
Muons 0.001 0.2 0.001 0.1
Jets 0.004 0.7 0.004 0.8
b-tagging 0.002 0.4 0.002 0.4
Pile-up < 0.001 < 0.1 < 0.001 < 0.1
E%‘i“ 0.002 0.4 0.002 0.4
Backgrounds 0.005 0.9 0.005 1.1
Total statistical uncertainty 0.002 0.3 0.002 0.4
Total systematic uncertainty 0.019 3.5 0.017 3.6
Total uncertainty 0.019 3.5 0.017 3.6




FCNC combination

H-VWV*

Combination

ATLAS Vs =13 TeV, 140 b~
I I | | 1 I I I ] I I | |
H-vyy
H-TT ‘
- B(t — HC) =0
H-VvV"* —— Observed
i ==== Expected x10
---- Expected 20
Combination
0 I ] ] 1 1 1I0 ] I ] ] 1I5 1 ] ] ] 20

95% CL limit on B(t — Hu) x 10*

Vs =13 TeV, 140 fb!

B(t—> HU) =0

—— Observed

==== Expected £10 _
---- Expected 20

1 | |
10
95% CL limit on B(t — Hc) x 10*

! | 1
15

20
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Test of lepton flavour universality in W decays from tt

 Final states: 2LLOS, 1 or 2 b-jets
« Measurement would be limited by electron and muon efficiency uncertainties:

. . e .
> normalize to precise RY/¢ measurement via a Z — i events

Rﬁ,/e _B(W - uv) |B(Z - ee)

R,u'/e . Uncertainty [%] o Trpr R::,/ZE R;"‘f“
Data statistics 0.13 001 | 022 0.02

wz ‘u‘u/ee B (W - BV) B (Z - ﬂﬂ) 77 modelling 168 003 | 0.0 000
R Top-quark pt modelling 142 0.00 0.06 0.00

Z Parton distribution functions 0.67 0.68 0.15 0.03
Single-top modelling 0.65 000 | 005 000

Single-top/tf interference 054 0.00 0.09 0.00

" - : : _ Z(+jets) modelling 006 073 | 013 020
H g . ° = Diboson modelling 005 004 | 001 000
® B I£I gi::emu ] Electron energy scale/resolution 0.05  0.06 0.10 0.11
T 0L ATLAS ; = Dibason ~ Electron identification 010 007 | 004 013
b= E s=13Tev, 1401 .z E Electron charge misidentification | 0.06  0.06 | 0.01  0.13
2 [ — ] Electron isolation 009 002 | 008 004
= 105 — mm Mis-ID lepton —= Muon momentum scale/resolution | 0.04  0.02 0.06 0.04
g Systematicunc. Muon identification 018 012 | 011 023

£ : Muon isolation 0.09 001 | 007 0.0l

10° E = Lepton trigger 0.09 012 0.01 0.23

= E Jet energy scale/resolution 0.08  0.00 0.03 0.00
_ b-tagging efficiency/mistag 0.14 000 | 000  0.00

10* Misidentified leptons 0.17 002 | 015  0.05
Simulation statistics 0.04  0.00 0.06 0.00

i€ 1.005 - E Integrated luminosity 093 0.83 | 000  0.00
[ | - LAt T 3 Beam energy 023 009 | 000 000
§ 0.995E 3 Total uncertainty 266 132 | 042 045

Z—ee Z-pp
Z-channel




Universality

Measurement would be limited by electron and muon efficiency uncertainties
Instead, normalise using ratio R,=B(Z—pu)/B(Z—ee) measured from Z—ll sel"

ple
R{:,%': Ry, _ B(W — puv) \jB(Z—:»ee) Azz(ng/ee_l)/(Rgp/ee_l_l)

[eruiee  BOW — ev) \B(Z — pp)
Z

Determine R¥e,, from ttbar selection
Determine auxillary parameter R; in parallel Z—ll analysis with similar selections

Take R*e,,, as output from analysis — reduced lepton efficiency uncertanties
Convert to R¥e,, using R¥¥ee, = 1,0009+0.0028 from LEP/SLD as external input
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