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The Standard Model EFT

Why bOther Wlth EffeCtlve Fleld TheOl’yf7 ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - CMS
-»- ATLAS+CMS

* All measurements more or less consistent with SM — : _f ;0

; —x 20
» Resurgence of model-independent frameworks to uggF o

go beyond SM - :

(k framework, anomalous couplings, form factors...) Hyer

* Merits of EFT: completely general, can :
be matched to UV completions, R . —
radiative corrections calculable etc.

» |f there is new physics, looks like it decouples .
| | _ u - ]
O%(E) = O%(A)(E/A)% W e
Wilson, Rev. Mod. Phys. 55, 583 (1983) u i

Appe/qu/St&Carazzone; PhySReVD71;28565(7973) llllllll!lllllllllllllllllllllllllllll
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Parameter value
Any decoupled new physics (at high scale) = A higher-dimensional operator (at low scale)
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The Standard Model EFT

1
Lea = Lsm + 15 ) CiOi(G, W\, By, ®,qr, up, dp, Iz, ep) + O(A™)

see e.g.

Gripaios & Sutherland, 1309.7822 Hayreter & Valencia, 1304.6976 Henning, Lu & Murayama, 1412.1837
Alonso, Jenkins, Manohar & Trott 1312.2014

Buchalla, Cata & Krause 1312.5624Chiang 2 Huo 1505.06334 Gupta, Pomarol & Riva 1405.0181

Aguilar, Bouzas, Larios, 1509.06431 Ellis, Sanz & You 1410.7703 . ehman 1410.4193

Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn & Rauch 1505.05516  Englert & Spannowsky 1408.5147
Pierce, Thaler & Wang hep-ph/0609049  Djouadi 1208.3436  £frati Falkowski & Soreq 1503.07872

Wells & Zhang 1406.6070 de Blas, Chala & Santiago 1507.00757 Berthier & Trott 1508.05060

Degrande 1308.6323 Alonso, Gavela, Merlo, Rigolin & Yepes 1202.3305 pa\son. Lewis & Zeng 1409.6299
Delgado, Dobado, Herrero, Sanz-Cillero 1404.2866 Elias-Mird, Espinosa, Masso & Pomarol 1302.5661

Low, Lykken & Shaughnessy 1207.1093 Greiner, Willenbrock & Zhang 1104.3102
Contino, Ghezzi, Grojean, Muhlleitner & Spira 1303.3876 Grojean, Salvioni, Schlaffer & Weiler, 1312.3317
Azatov, Contino, Panico & Son 1502.00539 Gavela, Kanshin, Machado & Saa 1409.1571
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Why top EFT?

DIRECTLY:

Top plays a special role in most scenarios of electroweak symmetry breaking:

« SUSY: Top partners cancel UV divergences in mn (if light enough)
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 Little Higgs and friends: Spin-1/2 top partners with large T-t mixing

INDIRECTLY:

Large effects in electroweak measurements: ripe for deviations
t
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o(pp — H+X) [pb]

Why top EFT?

\s=7 TeV

LHC run 1:
457 fo-1@ 7 TeV
20.3 b1 @ 8 TeV

10

TT ||||||
L 11 IIIII|
LHC HIGGS XS WG 2014

107 E
- \ 550,000 Higgs produced (before BRs!)
107 E
E E I 1 T 1 I I I I I T T I l 1 1 I I 1 1 I I T ] I
B T @ ATLAS dilepton* \s=13TeV, L =78 pb™ ATLASP e“minary
10'38'0 '160 2(')0 3(')0 200 5(')0 — '1 000 10° — ® ATLAS dilepton \s =8 TeV, L =20.3 fb" -
M, [GeV] ~ A ATLAS dilepton \s=7TeV, L =46 fb" .

% Tevatron combined* \s = 1.96 TeV, L = 8.8 fb™
* Preliminary

I
|

Inclusive tt cross section [pb]

8 million top quarks produced! 102 = -
B g NNLO+NNLL (pp) T
£ NNLO+NNLL (pp)
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

Illll

my,, = 172.5 GeV, PDF & o4 uncertainties according to PDFALHC

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 L l 1 1 1

2 4 6 8 10 12 14
\s [TeV]

EFT: Which Lagrangian best describes the currently available data?
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Dimension six operators

Choice of basis
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Grzadkowski et al, 1008:4884

see also:

Guidice et al. [hep-ph/0703164]

Contino et al. 1303.3876

Gupta, Pomarol & Riva 1405.0181




Relevant operators
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A handful of operators

And many measurements

GLOBAL FIT!
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List of papers submitted to refereed journals
Full Title
Measurement of the correlations between the polar angles of leptons from top quark decays in the helicity basis at $\sqrt{s}=7$ TeV using the ATLAS detector
of the
of the di i cti

of a single top quark in association with a $W$ boson at 8 TeV with the ATLAS experiment
in $V's$ = 8 TeV proton--proton collisions using the ATLAS detector
Search for anomalous couplings in the $Wtb$ vertex from the measurement of double differential angular decay rates of single top quarks produced in the $t$-channel with the ATLAS detector
Search for the production of single vector-like and excited quarks in the $Wt$ final state in $pp$ collisions at $vs = 88 TeV with the ATLAS detector
Search for flavour-changing neutral current top quark decays $tito Hq$ in $pp$ collisions at $\sqrt{s}=8$ TeV with the ATLAS detector
Measurement of the St\bar{t}W$ and $t\bar{t}Z$ production cross sections in $pp$ collisions at $\sqrt{s} = 8$ TeV with the ATLAS detector

of the charge asy in the lepton-plus-jets final state in Spp$ collision data at $Vs=88 TeV with the ATLAS detector
Search for single top-quark production via flavour changing neutral currents at 8 TeV with the ATLAS detector

of fiducial for $tibar(t}$ with one or two additional $b$-jets in $pp$ collisions at $\sqrt{s}$=8 TeV using the ATLAS detector

Search for flavour-changing neutral current top-quark decays to $qZ$ in $pp$ collision data collected with the ATLAS detector at $Vs=8$ TeV

of highly boosted top quarks as a function of their

y in top-quark pair

PUBLISHED | Determination of the top-quark pole mass using $t $ +1-jet events collected with the ATLAS experiment in 7 TeV pp collisions
PUBLISHED | Measurement of colour flow with the jet pull angle in $tibar{t}$ events using the ATLAS detector at $\sqrt{s}=8S TeV/
PUBLISHED | Measurement of the top quark branching ratios into channels with leptons and quarks with the ATLAS detector

PUBLISHED] A search for Stibar{t)$

using lepton-plus-jets events in proton--proton collisions at $\sqrt{s} = 88 TeV with the ATLAS detector
PUBLISHED | Search for production of vector-like quark pairs and of four top quarks in the lepton-plus-jets final state in $pp$ collisions at $\sqrt{s}=8$ TeV with the ATLAS detector

Analysis of events with SbS-jets and a pair of leptons of the same charge in $pp$ collisions at $\sqri{s}=88 TeV with the ATLAS detector

PUBLISHED of the top pair ction in 8 TeV p proton collisions using kinematic information in the lepton+jets final state with ATLAS

PUBLISHED] Measurement of the top quark mass in the $tibar t \to {\rm lepton+jets}$ and Stibar t \to {\rm dilepton}$ channels using $\sqrt{s}=7$ TeV ATLAS data

PUBLISHED | Search for vector-like $BS quarks in events with one isolated lepton, missing

and jets at $\sqrt{s}=5 8TeV with the ATLAS detector

PUBLISHED] Differential top—antitop ti as a function of from final-state particles using pp collisions at $\sqrt{s}=7$ TeV in the ATLAS detector

PUBLISHED | Ot

of top-quark pair ion in with a photon and

of the {tho: cross section in pp collisions at $\sqrt{s}=7$ TeV using the ATLAS detector

PUBLISHED] Measurement of the tibar and lepton charge asymmetry in dilepton events in ¥s=7 TeV' data with the ATLAS detector
PUBLISHED

PUBLISHED | Search for invisible particles produced in

of spin ion in top-antitop quark events and search for stop quark pair production in proton-proton collisions at Vs = 8 TeV using the ATLAS detector

with single-top-quarks in proton-proton collisions at $\sqrt{s}$ = 8 TeV with the ATLAS detector

PUBLISHED | Search for $W" \to t\bar{b}$ in the lepton plus jets final state in proton-proton collisions at a f-

energy of S\sqrt{s}$ = 8 TeV with the ATLAS detector

PUBLISHED | Search for s-channel single top-quark

in proton-proton collisions at $\sqrt{s}$=8 TeV with the ATLAS detector
PUBLISHED | Search for pair and single production of new heavy quarks that decay to a $Z$ boson and a third-generation quark in $pp$ collisions at $\sqrt{s}=8% TeV with the ATLAS detector
PUBLISHED | Measurement of the top-quark mass in the fully hadronic decay channel from ATLAS data at sqrt(s) = 7 TeV.

PUBLISHED | Search for W' —tb —qq'bb decays in pp collisions at Vs=8 TeV with the ATLAS detector
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JHEP 10 (2019) 121,

(Submitted: 2015/07/07)

Physics Letters B (2015) 475-493

* (Submitted: 2015/06/18)

Phys. Rev. D 92, 072005 (2
(Submitted: 2015/06/16)
JHEPO8 (2015) 148,

18).

* (Submitted: 2015/05/26)

JHEP 08 2015) 105,
(Submitted: 2015/05/16)
Accepted

* (Submitted: 2015/04/17)

Eur. Phys. J. C (2015) 76:330,
(Submitted: 2015/03/18)

Phys. Rev. D 91, 112011 (2015),
(Submitted: 2015/03/18)

HEP 06 (2015) 100,

Phys. Rev. D 91, 072007 (2015),
(Submitted: 2015/02/02)

JHEP 05 (2019) 061,

(Submitted: 2015/01/29)

Phys. Rev. Lett. 114, 142001 (2015).

* (Submitted: 2014/12/15)

Physics Letters B 743 (2015) 235-255,
* (Submitted: 2014/10/15)

Phys.Lett. B740 (2015) 118,
(Submitted: 2014/10/02)
JHEP 11 (2014) 104

* (Submitted: 2014/09/19)

Eur. Phys. J. C (2015) 75:158,
(Submitted: 2014/09/02)
Eur. Phys. J. G (2015) 75:165_
(Submitted: 2014/08/05)
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Datasets

Dataset Vs (TeV) Measurements Ref. || Dataset /s (TeV) Measurements Ref.
Top pair production

Total cross-sections: Differential cross-sections:

ATLAS 7 lepton+jets 1406.5375| ATLAS 7 pr(t), My, |y 1407.0371
ATLAS 7 dilepton 1202.4892 CDF 1.96 M;; 0903.2850
ATLAS 7 lepton+tau 1205.3067 CMS 7 pr(t), Miz, ye, yii 1211.2220
ATLAS 7 lepton w/o b jets 1201.1889 CMS 8 pr(t), Mys, ye, Yiz 1505.04480
ATLAS 7 lepton w/ b jets 1406.5375 D@ 1.96 Mg, pr(t), |yl 1401.5785
ATLAS 7 tau+-jets 1211.7205

ATLAS 7 tt, Zy, WW 1407.0573 || Charge asymimetries:

ATLAS 8 dilepton 1202.4892|| ATLAS 7 Ac (inclusive+M;z, yi;) 1311.6742
CMS 7 all hadronic 1302.0508 CMS 7 Ac (inclusive+M;z, yiz) 1402.3803
CMS 7 dilepton 1208.2761 CDF 1.96 Arp (inclusive+M;z, yrz) 1211.1003
CMS 7 lepton—+jets 1212.6682 D@ 1.96 Arp (inclusive+M,z, y,;) 1405.0421
CMS 7 lepton+tau 1203.6810

CMS 7 tau+jets 1301.5755 || Top widths:

CMS 8 dilepton 1312.7582 D@ 1.96 Ctop 1308.4050
CDF + D¢ 1.96 Combined world average 1309.7570 CDF 1.96 [eop 1201.4156
Single top production W-boson helicity fractions:

ATLAS 7 t-channel (differential) 1406.7844| ATLAS 7 1205.2484
CDF 1.96 s-channel (total) 1402.0484 CDF 1.96 1211.4523
CMS 7 t-channel (total) 1406.7844 CMS 1.96 1308.3879
CMS 8 t-channel (total) 1406.7844 D¢ 1.96 1011.6549
D@ 1.96 s-channel (total) 0907.4259

D@ 1.96 t-channel (total) 1105.2788

~200 independent™ measurements

: Need a fast, reliable fitting framework!

PROFESSOR



The PROFESSOR method

Brief detour: MC tuning

* Every MC event generator comes with many free
parameters that must be tuned in order to describe
the data

Different approaches:

/ N\

Tune by hand (!?) Brute force computation (NP)
Parameterisation-based tuning: .." JJJL
Buckley et al. 0907.2973 10: |
Parameterise MC response 2 oo, P
Fit to data » Optimal ‘tune’ ~ ﬁ%%\% ﬁ
10f l%n%& {cﬁ({f

__ quadratie interpolation(e)
© © scan MCdata
""""" min(x2?/Ng) = 3.9

0 .
10 0.1 05 0.9




The PROFESSOR method

e Sample a set of points in the N-dimensional parameter space of {C

e Construct parameterising function fp({Ci}) which models change in MC w.r.t
Wilson coefficient

Mot |> = [Msu|? + 2R {MsuMEs} + M pg|>——  [({Ci}) —ao+ZﬁbC + > GG,

’L<_] T

* Construct goodness-of-fit between f({Ci}) and data should be small
20 — (fi(C) — Ei)pi;(f;(C) — Ej)
) ; % 0;03;

GOAL.: Global fit of all relevant operators
e Minimi it] in top quark production & decay to
SE i available data from Tevatron & LHC
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Top palr production

Run: 267638
Event: 193690558

2015-06-13 23:52:26 CEST

~ 90% of LHC cross-section
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Top palr production

At dimension-six

(Miot|* = [Msml* + 2R {MsuMpe} + [Mps|*

OuG — (qo_,ul/ )‘Au) QBG;XI/

Ocg=f ABCGZ?VGE/\GSM

g 0¥ t g 0%

g . No constraint here, but can probe in Higgs physics Corbett et al. 1505.05516
e g ;
_____ oG
S N 2o NP Ry o
g t h
VA

1 v
Osc = 5(¢79)G,, G 77




Top palr production

Kamenik, Shu & Zupan, 1107.5257
Zhang and Willenbrock, 1008.3869

Degrande, Gerard, Grojean,

Maltoni & Servant, 1010.6304

Oge = (@1.9)(77"q)
qu — (W,,,frlq)(cj’y“#q) Oi _ 3(20%)1331 4 Oiim) o (052)1133 4 053)1133 + 05;33)
Oui = (@ya)(@r"n) oy OF = — (OB 4 OO
8 _ (= A N\ (= A '
Oq8u — (Q%J,TAQ) (’lfﬁ’ TAU) 061)I _ 3(0513)1331 - 052)1331) 4 (053)1133 B 052)1133) 4 601(3)3311
qu — (Q'YMT Q) (d'YMT d) 02 _ (0(8)1133 4 0(8)3311)
_ l d d )
0%y = (W, Tu)(dy"Td) q

SUMMARY: 6 constrainable operators in top pair production
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Top palr production

10 L I | I 10 N | | | I 1
: SM estimate i SM estimate
C%2=5TeV 2 —— C2=5TeV 2 ——
data —e— data, —e—
L} . CF‘
- % 1 : B
0.1} ] s . |
: | s Most sensitivity in tails
Gl
0.01 } ! : X
[ ¥
0001 ] | ] ] I 001 ] I I ] ] 1 I
500 1000 1500 2000 2500 0 100 200 300 400 500 600 700 800
M,; (GeV) Py (GeV)

Small effect on shapes
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NLO corrections

Nason, Dawson & Ellis Nucl.Phys. B303 (1988) 607

Known to be large (~1.6) for top pair production

90

80
= 70
60
50
~ 40
= 30
20
10
0

(fb/20 GeV

do/d

. 15 -

=}
+

Q
$:L25
<

do/dpt. (fb/10 GeV)
1S

NLO ——
= RO
e
—L‘_“—_il_:b
:‘:==b=|=|___
400 500 600 700 800 900 1000
400 500 600 700 800 900 1000
Mtf (GGV)
NLO ——
1 F p—
’JI’HL.LL\
AN
[
100 200 300 400 500
100 200 300 400 500
Py (GeV)

e

i It

T L
i
:‘:]t
e < —
-4
A L
e Ity
i

Re-weight SM piece to
NLO estimate to model
higher-order efttects

Scale + PDF

uncertainties
added linearly
(maxim ally Butterworth et al.
arXiv:1101.0538
correlated)

NNLQO available
for total cross-
sections

(and differential on the way)



Selected correlations
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Tevatron-LHC complementarity

C\]< 1 | 1 C\]<

~— | ~—

= | =

O 0.1F I | O 0.1t
|

0.0

—0.1r

—0.2r

02 01 0.0 0.1 0.2 02 01 0.0 0.1 0.2
Crgv* /A Crgv® /2
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O'/O'SM
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Statistics
appears to be
winning over

sensitivity



Measurement

ATLAS 7 TeV pr(t)

ATLAS 7 TeV m(t, {)

ATLAS 7 TeV |y(t, )|
CDF m(t,t)
CMS 7 TeV pr(t) (dilepton)

CMS 7 TeV m(t,t) (dilepton)
CMS 7 TeV y(t) (dilepton)

CMS 7 TeV pr(t) (lepton+jets)
CMS 7 TeV m(t,t) (lepton+jets)
CMS 7 TeV y(t) (lepton+ijets)
CMS 8 TeV pr(t) (dilepton)
CMS 8 TeV m(t,t) (dilepton)
CMS 8 TeV y(t) (dilepton)

CMS 8 TeV pr(t) (lepton+jets)
CMS 8 TeV m(t,t) (lepton+jets)
CMS 8 TeV y(t) (lepton+jets)
D@ pr(t)

D@ m(t,t)

D@ y(t)

Global »2

Differential distributions

<

Total rates

19
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Measurement

ATLAS 7 TeV lepton+jets
ATLAS 7 TeV dilepton
ATLAS 7 TeV lepton+tau
ATLAS 7 TeV lepton w/o b-jets
ATLAS 7 TeV lepton w/ b-jets
ATLAS 7 TeV tau+jets
ATLAS 7 TeV tt, Zy, WW
ATLAS 8 TeV dilepton
ATLAS 8 TeV lepton+jets
CMS 7 TeV all hadronic

CMS 7 TeV dilepton

CMS 7 TeV lepton+jets

CMS 7 TeV lepton+tau

CMS 7 TeV tau+jets

CMS 8 TeV dilepton

Tevatron combined

mEm

a=s g = =B




Single-top production

Single top in simple BSM models: In low-energy limit:

0%, = (qw'9) (@ m"q)  Mpe ~ Cv*/A®

Mpg ~ Cimymy [ A*

20



Single-top production

Single top in simple BSM models: in low-energy limit:

Relation to anomalous couplings:

Oy = (g0 T u)gW,, g ; 9w _
LWtb = Eb'}/u(VLPL_FVRPR)tWM + ——bico* (gLPL—FgRPR)th +h.c.

V2

Cao, Wudka & Yuan 0704.2809
Aguiliar-Saavedra 0803.3810

O3 = i(¢' D,d) (@7 r'q)

SUMMARY: 3 constrainable operators in single top production

21



Bottom-line constraints

| individual ——e—
Ca e marginalized ——e—

(=3
——

2 i o
CH o *—

Ci e

; »

-1 -0.9 0 0.9 1

C; = C{,U2/A2
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Tevatron vs. LHC

-1 -0.5 0 0.5 1
C;, = C’i’uz/A2
03



Decay observables

m? 442033 0% my My (m? — M2)

033 O3 4 Fo= m2 + 2M3, A2V, (mi + 2My;,)?
:W’ " . 2M32, N 44/2033 02 my My, (m? — M2,)
t T m2 g 2M7; A2V, (m§ + 2M5,)?

b Fr~0

Stable against
INnSM: F_ 0=066,F L =033, F_ R=0 higher-order

corrections

Do angular observables give better bounds than total cross-sections?

1 |
Cross-sections —e—
Helicity fractions +—e—i
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Charge asymmetries

m 0.6
;:l- —e— CDF Data - Bkg, 9.4 fb™
05+ ay, =(10.9 + 2.8) x 10*(GeV/c?)"
— tt Prediction / N(Ay > 0) — N(Ay < 0)
0.4 ay, = (3.0% 0.7) x 104(GeV/c?)" | e A FB —

350 400 450 500 550 600 650 700 750 800
M, (GeV/c?)

Hewett, Shelton, Spannowsky,

19
Is there any room for {Ci} Tait, Takeuchi 1103.4618

In EFT language: Arg ~ (Cly - C2y) x A2
Zhang and Willenbrock 1008.3869

correlated with

_ N(Aly|>0) - N(Afy| < 0)
N(Aly| > 0) + N(Aly| <0)

Ac
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Ac

0.3 —
0.25 |
0.2
0.15 |
0.1 f

0.05

0.05 o, 8

-0.1 &

N(Ay > 0)+ N(Ay < 0)

Ars (more or less) explained by large NNLO QCD
Czakon, Fiedler & Mitov, 1411.3007




Summary and outlook

Global fit of dimension-six operators to top quark production and decay data
Fitting methods borrowed from Monte Carlo tuning technigues

Run 1 data: Few surprises, all results in agreement with SM, all {Ci} = 0 within 95% confidence intervals

Not shown here: Higher-order processes (ttZ, tty), and decay observables (but similar conclusions apply)

Reasons to be cheerful:

NNLO distributions in top pair production soon to be available, reduction in scale uncertainties

Plenty of room for surprises at run 2.

All non-resonant new physics is a higher-dimensional operator!
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