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Possibility that new states exist (just) beyond the energy
reach of the LHC

We may still observe effects of such particles in the kinematic tails
of distributions, e.g., LEP limits on ~ TeV Z

Intrinsically that require precise theoretical control on signal
and background predictions

Framework: SM effective field theory (SMEFT)

Theoretically consistent, ‘model independent’ approach to of
interactions between SM fields



- ¢; O} fields
Operator expansion:  Leg = » Ap-i Mmore:

Heavy states integrated out

Leaving only local operators built from SM fields

We are sensitive to these via through effective

vertices (i.e. tails of energy distributions)

Truncated at (leading B & L preserving interactions)
M=A
p2 < A2

2
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SU(3)c x SU(2)L x U(1)y gauge invariant operator set

realisation of EW symmetry breaking
Higgs field is an SU(2)L

Non-linear realisations also possible — different EFT

Complete, non-redundant set of operators: Basis

Relations via SM EoM, field redefinitions, Fierz identities,...

Dimension 6: 59 (76 real) - 2499 operators

Depends on CP/flavour assumptions  8uchmuller & Wyler: Nucl.Phys. B268 (1986) 621]
[Grzadkowski et al.; JHEP 1010 (2010) 085]

Dimension 8 now known ~ 895 - 369/ 1 operators...

[Lehman et al.; PRD 91 (2015) 105014]
[Henning et al.; Commun.Math.Phys. 347 (2016) no.2, 363-388 & arXiv:1512.03433 |
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SMEFT - 0/2 fermions  warsaw basi
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[Grzadkowski et al.; JHEP 1010 (2010) 085]
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SM EFT 4 f ' Flavor _ Most of
- erl | IlOﬂS indices  the 2499
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[Grzadkowski et al.; JHEP 1010 (2010) 085]
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SMEFT at the LHC: key players

K. Mimasu, 30/05/2018

FCNC

BRH

VH/VBE

VBS
t+H/Z

single
{e]e
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Q

E
LHC has much to contribute towards global picture of

SMEFT constraints

Many SM measurements & a few dedicated EFT interpretations

>

Important to ensure the EFT interpretation is possible

Precise MC tools for signal generation
Well designed analyses/measurements with control over energy scale

Awareness of correlations between different processes in SMEFT picture
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General strategy

* Process that gets contributions from SMEFT operator(s)

« Step 1: sensitivity
* Process — sensitive observable(s)

* Determine functional dependence of observable on Wilson coefficients

e v & 4
o(ho) = osu + 305 Ly Ciluo)ailuo) + D XY Ci(10)C (o) (10)

* One at atime — all together

« Step 2: LHC study

« Observable in fiducial detector volume
« Unfolded detector effects but not to full phase space (model dependent)

* Never sensitive to deviations outside the fiducial region

K. Mimasu, 30/05/2018 9 EFT in Top



Step 3: LHC

Unfolded to fiducial volume = reinterpretation without full/fast-sim
event selection & background rejection
It MVA used: more complicated but not a showstopper

Easy to include in global fit
Dedicated EFT interpretation possible here

Control energy scale, binned observables or variable upper cuts

Step 4: Input to

Combine many such observables & perform statistical interpretation
Validity (energy scale vs cut-off) assessment

Compare to

10



Global likelihood in SMEFT parameter space
& confidence intervals

Individual limits are useful to quantify degree of sensitivity to given coeft.

Marginalised intervals reveal degeneracies/blind directions

Impact of including or not squared EFT terms

Constraints as a function of cuts

Allow a wider range of model interpretations (different NP mass scales)

Perturbativity in Wilson coefficients

Matching to UV models
Correlated Wilson coefficients = better limits
Validity & perturbativity in NP couplings

11



EFT validity

ANP > E

Q: How well does my EFT
approximate full theory?
A: Depends on the theory!
Q: But | thought EFT was
model independent....

>

* Two “expansions” occur

» Lagrangian level, (=//\np), truncated at operator dimension

» Golden rule: cannot probe energies beyond Anp

(6) (8)

[ — lzf;hl _F':E:: 1 (Z)(6) /;4:(2)(8) 4+

« Observable level, (c E//\NP) truncated at..

(6) (6)

(6) (8)
(6) J (6) (8)
U_USM+ZA2 +Z A4 Tij +ZA4

1<
K. Mimasu, 30/05/2018 12 EFT in Top



EFT expansion

.
© Practically:  L=Lew+) 507+

* Observable:
(6) (6) .(6)

C. C:. C
(6) T ) (6)
O = Ogn + —0, + ———0.) +
A2 A4 T
2 2

1<J

» To square or not to square...

* Formally, D=6 sguared part is of the same order as D=8 interference

» D=8 part, in general, is unknown and/or not feasible

* Isthe EFT invalid if (D=6 squared) > (D=6 Interference)?

* Depends on c®);, ¢, c®); and o), o), 08 = model dependence

* At most, the o scale with energy as: o) ~E2, 06);~E4, o) ~E4

K. Mimasu, 30/05/2018 13 EFT in Top



IfCis e.g. Wilson coefficient is poorly constrained

(D=6)2 terms be important without invalidating EFT

E? E? B4
(6) (6) (6)
—A2 <1<ci —A2 <c, C, —A4

Truncating L at D=6, o I1s not really a series expansion

(6) (6) ,(6)
C. C. C. )
7

1<J

Dropping the squared terms — ¢ not positive-definite

It (D=6)? are relevant, UV interpretations lean towards
strongly coupled models (large c’s)

Most model independent approach: assume nothing about the size of C’'s
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Non-interference

- Alternatively, one may have 0©);, < o(©);

* Non-interference by e.g. helicity selection rules in the high energy limit

| [Cheung & Shen; PRL 115 (2015) 071601]
* High energy theorem [Azatov, Contino & Riva: PRD 95 (2017) 065014]

* Many 2 = 2 amplitudes involving at least one transverse gauge boson
mediated by D=6 operators do not interfere with the SM

Total Helicity = 'ra”SYe;S,e VleCtor .
: : = Longitudinal vector or r1ggs
Interference?| Aa  ||A(AT||[R(AT)]| ) _ :err?qion >
vvvv| o 4,2
VVd)d) 0 2 p p — ZH, WH, WW, WZ
X VVew| 0 2
Interference can be recovered
Vgype| O 2 considering finite mass effects or
y Yy | 2.0 20 higher order corrections (2 — 3,4)
Yop | O D [Panico, Riva & Wulzer: CERN-TH-2017-85]
bddd | 0 0 [Azatov, et al. LHEP 1710 (2017) 027]

K. Mimasu, 30/05/2018 15 EFT in Top



To square or not to square...

& dependent

Better and check the effect of including or not the square

Relation to the validity question

Depends on the sensitivity of each measurement/process

We can only constrain (c/A\) & A an arbitrary scale w.r.t to unknown Anp

Validity assessment is an check at
Interpretation stage on a process-by-process basis

Publish limits as a function of experimental energy
[Contino et al.; JHEP 1607 (2016) 144]

Realistically can’t include D=8 without sufficient motivation
If c®=0 e.qg. for neutral triple gauge boson couplings

16



# 42 59 76
N —

U@3)> CP

SM fermion sector ¢, u , d", [, €
5 SU(3) x SU(2) x U(1) representations —

Only broken by Yukawa interactions

Some SMEFT operators also break it
Chirality flipping FLfr structures (Yukawa-like)

Flavor violating (off diagonal/non-universal) entries

Staring point:

No chirality flipping & diagonal, universal structure

Controlled departures
Minimal for top physics: , single out g3, u3

Similarly MFV: expansion in Yukawa couplings

17



is a crucial ingredient of the EW sector

Top-Higgs-W/Z couplings/masses are related in SM:
May reveal hints about the underlying nature of EWSB

Coloured sector, strongly coupled to the Higgs

Large corrections to inclusive rates ( )
Non-trivial at differential level
Non-trivial from QCD

Active research topic in SMEFT

Global fits, higher order corrections

Many measurements at the LHC

Total, differential, boosted & processes e.g. tt+Z/W/y, tZj
18



EFT interpretation of top quark data

Measurement of deviations from SM interactions of the top

SMEFT
SU(3) x SU(2) x U(1) gauge invariant construction

between interactions

SU(2) multiplets: tL < bL
Non Abelian gauge field strengths: V & VV « VVV
Higgs field insertions: ffV < ffVh

Important to exploit this

Global approach
19



Gluon Iinteractions

_A\? 1w0tq,

‘C’gtt = |—gst 7/}/”1 GZ — gsf)\a - (dg, + Zdﬂl’)’s) t Gz
SM Dipole
Fixed by SU(3) O =1 (Qo" Tut) 9G4, + hc
gauge symmetlry
3 g [ h ;
t g t g t

tt, ttH, A, HH, ...

K. Mimasu, 30/05/2018 20 EFT in Top



W Interactions

Lww =

SM

RHCC

7

7 l_)’)’“ (VLPL

_|_

VaPr)t W

g

- za“”q,,

\/_

My

(9rPr + grPr)t W, + H.c.

Dipole

No gauge symmetry,
after EWSB

EL,R BL,R
W— ~w< W— w<

lL.R

tr.L

tr.L

bR.L

KX /<

tr.r W—

K. Mimasu, 30/05/2018

tL,r W—

o _
Os(ogc)z — i(SOTDu o' p)(QY" o, Q)

0,0, = i($ Dup)(F4" b) + hoc.

O,y =1 (Q oiaid aIt) © W/ﬁ,/ + h.c

O, =1 (Q ket aIb) @W/ﬁy + h.c

t-decay, single-t, tZj, tHj,...

EFT in Top



/ Interactions

Lzu

g

QCw

ty* (X5 PL+ X PR — 2s3,Q¢) t Z,,

)

—iohvg,

B 26W

tMZ

(d‘Z/ + Zdﬁ’)’5) t Zﬂ .

No gauge symmetry,
after EWSB

K. Mimasu, 30/05/2018
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SM

Dipole

‘O@t:i(T

MSO)(E”YM t)

i k)

2
08 =i(e'

MSD)(Q 7 Q)

0;329 — i(SOTDu UISO)(Q Yo, Q)

tzZ, ttw, tZj,...
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Photon Interactions

_joh
Ly = —eQit vyt A, et wm dv (di, +id}ys)t A,
t
SM Dipole
Fixed by QED O,y =i (Q oMY alt) % wa 1 hee
gauge symmetlry

O =i (Qo™ t) 3 By + hic

K. Mimasu, 30/05/2018 53 EFT in Top



HIQQs Interaction

T ¢ &) —
Lo = ——NrihlHI—=hh)(t5 t h.
tth ” + ” * L tr + h.c)

SM

O,, =i(¢'p) (QtP) +h.c

t h t
N\
N\
N\
N\
N\
/7
/7
/7
/7
¢ h t

ttH, tHj, H, HH. ..

K. Mimasu, 30/05/2018 o4 EFT in Top



BN

Four fermion X

<&
183 o
“
fz. S f},
fu
8 B =
7 /
fi ) fi fi T ﬁ
13
is
g
f i

X

i

BN
s
%
j
¢

» Pandora’s box of SMEFT

* Huge number of flavor indices

* Mostly flavor violating

* ~30 operators in minimal flavor symmetry assumption

+ Decompose into QQQQ, QQgg & QQII
U(3)3xU(2)2

tt, tt+W/Z/H/y, single-t, t+X, 4t, ttbb, ttjj,...

K. Mimasu, 30/05/2018 o5 EFT in Top



[Buckley et al; PRD 92 (2015) 9, 091501 & JHEP 1604 (2016) 015]

Status: global fits

» TopkFitter collaboration: global SMEFT analysis of Top data

* 195 measurements (of which 174 differential)

Dataset V5 (TeV) Measurements arXiv ref. | Datasct V3 (TeV) Measurements arXiv ref. LHC 7 & 8 Tev
Top pair production

Total cross-sections: Differential cross-sections:

ATLAS T lepton+iets 14065375 || ATLAS 7 prlt), Mus, Il wron levatron
ATLAS 7 dilepton 1202.4892 | CDF 1.96 My 0903.2850
ATLAS 7 lepton+tau 12053067 | CMS 7 pr(t), My, ve, wu 1211.2220
ATLAS 7 lepton w/o b jets 1201.1889 | CMS 8 pr(t), My, e, yui 1505.04480
ATLAS 7 lepton w/ b jets 14065375 | D@ 1.96 Mg, pr(t), el 1401.5785
ATLAS 7 tau+tjets 1211.7205

ATLAS T .2y, WW 1407.0573 | Charge asymmetries:

ATLAS 8 dilepton 1202.4892 ATLAS 7 Ag (inclusive+ My, yi)  1311.6742
CMS 7 all hadronic 1302.0508 | CMS 7 Ag (inclusive t My, y)  1402.3803
CMS 7 dilepton 1208.2761 | CDF 1.96 Apg (inclusive+ My, yy) 1211.1003
CMS 7 lepton+jets 12126682 | D@ 1.96 Apg (inclusive+ My, yy) 1405.0421
CMS 7 lepton+-tan 1203.6810

CMS 7 tau+jets 1301.5756 | Top widths:

CMS 8 dilepton 1312.7582 D@ 1.96 Ty, 13084050
CDF + D¢ 1.96 Combined world average 1309.7570 | CDF 196 Iy 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 7 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 |

Associated production Run IT data

ATLAS 7 tiy 1502.00586 | CMS 13 ti (dilepton) 1510.05302
ATLAS 8 tiz 1509.05276

CMS 8 ttZ 1406.7830 |

K. Mimasu, 30/05/2018
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[Buckley et al: PRD 92 (2015) 9, 091501 & JHEP 1604 (2016) 015]

Toptritter

» Constrained a set of 12 operators at LO

» Helicity fractions, Ars & Ac

* Selected operators that

tt, single-top & tt+Z/y

interfere with SM

ttg, tobW, ttZ, ggg + linear

combinations of 4F operators

EFT2 dependence included in

observables

Impact is significant

Valldity assessment necessary

A =1TeV] -16.5

K. Mimasu, 30/05/2018

M=1 TeV, g=1

C==1[TeV2]

individual ~—e—

Ca o4 8 marginalized —e—
CJ? »:.2’_‘:.

C. =

C? e

¢l o 1

C—,g : | |

o e

Ci o

égq - - —

Cub HE

Cou —

—1 | |

C¢"I . .

1 -0.5 0 0.5 1
-8.3 Ci=Cw?/A* § 3 16.5
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SM
NLO+PS predictions standard

FO EW corrections available

Automated tools abound

SMEFT interpretations

Require their own MC tools

‘Global’ implementation including all operators

EFT effects on signal & background

Higher order QCD predictions (see Marco’s talk on Monday)

Useful for sensitivity studies & experimental interpretations
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[Aqguilar-Saavedra et al.; arXiv:1802.07237]

Interpreting top-quark LHC measurements

d | m 6tO p in the standard-model effective field theory

J. A. Aguilar Saavedra,' C. Degrande,? G. Durieux,®
F.Maltoni,* E. Vryonidou,? C. Zhang® (editors),
D. Barducci,® 1. Brivio,” V. Cirigliano,® W. Dekens,®? J. de Vries,'° C. Englert,!!
M. Fabbrichesi,'? C. Grojean,*'* U. Haisch,>'* Y. Jiang,” J. Kamenik,'®'®
M. Mangano,? D. Marzocca,'* E. Mereghetti,® K. Mimasu,! L. Moore,* G. Perez,'”
T. Plehn,'® F. Riva,? M. Russell,'® J. Santiago,'? M. Schulze,"® Y. Soreq,?"
A. Tonero,?* M. Trott,” S. Westhoff,'® C. White,?? A. Wulzer,??*?* J. Zupan.?®

» Consensus from the LHC top WG on SMEFT description
for top physics

» Classification of the relevant degrees of freedom (independent operators)

* Prescription for staged implementation of flavor assumptions

* Very nice overview & bigger picture discussion All operators

. , previously

» dim6top: FeynRules/UFO model provided described
» Useful to have a ‘unified’” & community validated tool (including 4F)

* Avoid confusion of results presented in different bases, normalisations etc.

« LO predictions only http://feynrules.irmp.ucl.ac.be/wiki/dim6top

K. Mimasu, 30/05/2018 29 EFT in Top


http://feynrules.irmp.ucl.ac.be/wiki/dim6top

State-of-the-art in MC event generation is well beyond LO

Software like FeynRules+NLOCT+MG5_aMC@NLO provides automated
event generation at NLO in QCD

Some codes permit the inclusion of

SMEFT implementation is well motivated and a valuable
addition to the NLO toolbox

Great performance of the LHC for top processes
Complex/rare processes: differential tt, 4top, ttbb

EW induced: single-top, tt+Z/W/y/H, t+Z/H, tHW, ...

Starting to probe full top/Higgs/EW sector

30



Going NLO

» Ultimate goal: a precision global fit of SMEFT to LHC
observables at HL-LHC

« Step 1: NLO QCD(+PS) predictions

» K-factors/shapes & control over PDF + scale uncertainties

o corrections

» Potentially important but much harder
* Automation on the way with SHERPA, Madgraph5_aMC@NLO

» RG-Improved predictions & operator mixing
* Very helpful for cross checking NLO implementations

« Compare to full NLO calculations, assess the importance of finite terms
[Alonso*, Jenkins, Manohar & Trott; JHEP 1310 (2013) 087,

JHEP 1401 (2014) 035 & JHEP 1404 (2014) 1597]
K. Mimasu, 30/05/2018 31 EFT in Top



[Maltoni, Viryonidou & Zhang; JHEP 1610 (2016) 123] (016, Osc, Orc)
Oty = (') (QL §tr)

_9 16 &
dCi(p) oy o 2 168
d log pt 5 % C5 (1) y=1| 0 =7/21/2
(0 0 ],{
— (AT A v
OSOG e (90 90) G,LLI/GA

Oia = (QLO'/M/ T4 tR) % foly
Operators involving the top/Higgs/
gg—H & tt production partly constrain the Wilson coefficient space

ttH is the only direct probe of the Top-Higgs interaction

In principle 3-gluon Og and 4 fermion operators also contribute but turn out
to be better constrained by tt and multi-jet measurements

among SM/dim-6 operators

INn both shape & normalisation

Scenarios where “EFT-squared” terms are large but energy is below cutoff

E2 E2 E4
(6) (6) (6)
Nz <1l<g Az < C, "
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[Maltoni, Vryonidou & Zhang, JHEP 1610 (2016) 123]

Update from
signal streng

ttH in SMEFT

tH ¢, C [—6.5,1.3]
ths TeV-2

* Full NLO stable under scale variation 1_83\ 0 NLO.
_ 18] Lo]
= | I
- Large finite terms: RG improved 1. |
; T 14 Lo ]
underestimates NLO 5“5 S a0
g l'zf--Qu_l;Q ~~~~~~~~~~~~~~~~~ )
« EFT scale uncertainty estimate I
r Og LO J
- Take ci defined at scales 2uo & po/2 and run 1557300300300 700 1000 1300 3000
back to the central scale #err{GeV]
60 (,V | pp-H LHCI3 0.06 pp—HH LHCI3
oo, 0.04 c
N 0.0 R OUEFT:

o(pb]

100 200
uerr[GeV]

20 50 100 200

Mepr[GeV]
K. Mimasu, 30/05/2018

500 1000 2000

Does not cancel In
e.g. cross section
ratios

500 1000 2000

EFT in Top



[Degrande, Durieux, Maltoni, KM, Vryonidou, Zhang; in preparation]

SMEFT@NLO

* MC tool for top/EVW/Higgs sector of SMEF

* Use Warsaw basis for definiteness

* Tools for translation between bases

[Falkowski et al.: EPJC 75 (12) 1-14]

rosetta.hepforge.org

Gauge/Higgs
Higgs vev & Op | (#'0)° - |-
kinetic term O,n | (¢'e)O(¢Te) - |-
mz (cust. sym.) | Opp | (¢"Dup) (0 Dygp) | = | =
Ouoa | plo G’X/G;‘V O_a goG“VGA
Gauge/Higgs & Vo ’ ,
ge/ J9¢ w | oW, O | eleW! W,
gauge kinetic o "
terms/mixing on | ¢ 95 Bf” Oop | #08 B,’fi
Ouwp | ¢lotoW!' B, O,wi | wlo'eW}"B,,
Osw | €T5W; W WPWE | Ogr | €95W; (n WPWE

K. Mimasu, 30/05/2018
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CP violation
In v2
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http://rosetta.hepforge.org

[Degrande, Durieux, Maltoni, KM, Vryonidou, Zhang; in preparation]

SMEFT@NLO

Based on:

[Degrande et al; EPJC 77 (2017) 4, 262]

[Maltoni et al: JHEP 1610 (2016) 123]

[Bylund et al.: JHEP 1605 (2016) 052]

[Zhang: PRL 116 (2016) 162002]

« Work in U(3)° x U(2)? hypothesis, keeping only ytnon-zero

» Validate with existing implementations where available

3rd generation

Flavor universal 1st & 2nd

Top Light
— e TV
Yukawa | o, | (¢'0) Q1) ¢ 05 | et D) (Iyta; 1)
_ o s _
O | (QouT*0)0CY | 0y | ie! D) (y")
D|p0|e Ow | (Qout"t) oW Opu SOT(E)MSO) (evte)
O | (Qouvt)p B 08) | ie" D)@ oiq)
0B 1D o) (Oto, (1) T o)(q
oq | iy HM)(QV oi@) | 08) | i(e" D o) @y q)
1 . )
Currents | o | i(e!'D .0)(@1Q) Opu | ("D uo) (T u)
(ot D ) (Fyt) T o\d
Ot | 0" D )ty Opa | i(" D up)(dytd)
RHCC | Ogp | i(@Duep)(by*1)

K. Mimasu, 30/05/2018 35

+ 4F operators from dim6top

EFT in Top




Processes involving top+Higgs/W/Z

Interesting set of LHC-accessible processes to study EW sector + top

< top mechanism

Previous tt+X EFT studies considered QCD contributions

In the SM, pure EW contributions 2 orders of magnitude smaller

EFT effects can strongly enhance these due to behaviour

9 t !
h w
W t

SMEFT interpretation different from anomalous couplings

Quantitative power counting/expansion for high energy behaviour

36



Alternative to tt+X: require a guark

Eliminates dominant QCD contribution

Single top rate at 13 TeV LHC ~ 200 pb (1/4 of QCD tt)

Sensitive to 2 four-fermion and operators that modity tbW vertex

Require the presence of an additional / or
Unique possibility of probing large set of top/Higgs/EW operators at once

Processes at the heart of EWSB sector

Higher thresholds may enhance EFT effects

Recent LHC measurement of tZ] cross section at 4.20

Timely moment to perform EFT sensitivity study in this pair of
challenging processes & showcase model implementation
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Operators

tHJ Ow E11x W,ﬁ,,ZWJ"’p W"’f,f 0% i((pfz)ﬂ T,go)_(Q yH T’Q) + h.c.
°O,w (qo'fcp — "7) Wi W, 00 i(¢'D, o) (Q¥* Q) + h.c.
{ ZJ *O,ws  (p'110) BWW], 0, z’(«,o'fB,, @) (ty*t) + h.c.
*O,p  (¢'D*o) (o' Dyp) *Oup i(@Dpep)(tv*b) +hec.
both 0,0  (Plo)O(ep) 00 i(pt Dy ) (G g:) + hec.

°O,, (go"cp - %) Qtg+he. |OF i((pTB,, 719) (G 7" 77 ¢i) + h.c.
Ow  i(Qo™ 1,t) WL, +he. 0O,  i(ptDye) (@i us) +hec.
O i(Qo™t) @By, +he. 205" (Gv.m%) (@Y T'Q)

O i(Qu™ Tat) @G, +hc. 005, (GivuTiTagi) (QY* T'T4Q)

Constrained by electroweak precision tests (LEP) RGE
Two blind directions in Warsaw basis:

-2 0 0

Ouw = (D”(P)TTl(DV(P)W,iu Z?i(p) = ZqiiCiw), v=1| 0 2/3 0

gp 7 0 0 2/3

Onp = (D" <P)T(DV90)BW-

Consider these two instead to assess orthogonal sensitivity of tZj/tH]
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INnterplay

tH 75

Otcb qut OtB Ogblc)g
- "VH,VBF VY
: quvv O

+ ttW/Z/H/y

K. Mimasu, 30/05/2018 39 EFT in Top



Anatomy of tH|/tZ]

tHj (tZj = h—2)

b t b t
O Pl W W, \ 0.,
VWV L >~ top Yukawa
1GC ttZ coupling
Ow = TWe i WWE, 0,
0%+ i(pt D) (Qr i Q) 0¥

Witb vertex Contact terms

Opus - 1(¢ Dyp) (b74t)

* Accessing the bW —1H & bW =1/ sub-amplitudes

* Rich interplay between EFT operators from different sectors

* Different energy growth and interference with the SM
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[Mantani, Maltoni, KM in preparation] [Dror et al.; JHEP 01 (2016) 07 1]

Anatomy of tH|

* LO helicity amplitudes bW — tH (bW — tZ in backup)

« High energy limit: s ~ -t » v2 Xy Aw, A | SM | O, o%) Oow O,w Ouw
. ,0, s0 O |\/s(s+1t) s0 s0 ‘\/s(s +t) \
« Maximum energy growth 1 1 . 1
0,4+ | 75 || mv=t me/t 7 /et 7
« SU(2) triplet current B 71,; 71; —— TERWE mwf:-t
* Interferes with leading SM - = ! sY s? - Vs(s+t) !
« RH Charged Current =t ﬁ B ﬁ %ftjl ﬁ M\Vf—i:jz
_ 0 _ 0 0 1
. Weak dipole Tt | S ’ ’ ’ :
* Fields strengths source transverse O, Ao = + . .
- Consistent with
gauge bosons A ¥ 0 + .
‘+ V=S non-interference
- Not captured by Goldstone equiv. ) V“’(\‘:*_"t) ""“;0 - ss/g theorem in 2 = 2
_ [Cheung & Shen;
* Subleading energy growth PRL 115 (2015) 071601]
[Azatov, Contino & Riva;,
* « m: & interferes with sub-leading SM amplitude — PRD 95 (2017) 065014]
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| HC sensitivity

Compare to single top which has a much larger rate

| tj tj tZj tZj tHj PO
r=0i/OsM : t Increased sensitivity
(p% > 350 GeV) (p% > 250 GeV) for weak dipO|eS
OSM 224 pb 880 fb 839 fb 69 fb 75.9 fb
Tew. e w 0.0162 0.35 0.095 0.67 0.940 SUbamp”tUde analySiS
PNE) 0.121 0.121 0.192 0.172 -0.132
Foo® wo® | |0.0037 0.0037 0.029 0.114 021 |\ (o energy growths

Totb,pth |0.00090 0.0008 0.0050 0.027 0.050 :
—_— w.r.t single top

T 0.0003 -0.01 0.00053 -0.0048 -0.0055

':G.tG 0.00062 0.045 0.0027 0.022 0.025 ,

T 0q(3:1) -0.353 -4.4 -0.59 -2.22 -0.39 Slnglte tcl)lp Sh?U|df
‘I‘Qq(s.x)‘qq(a.x) 0.126 11.5 0.65 5.1 1.21 elillenzufa yfou Ff)er Orm
Toa@®) gqe | 0-0308 2.73 0.133 1.01 1.08 tHj/tZj for four fermion

operators
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Non-universal K-factors

Reduction In scale+PDF uncertainties

EFT scale uncertainty subdominant

Room for O(1) deviations within existing limits

Relative impact of EFT contributions larger in tHj than tZ]

tZ] has much larger rate: measurements possible

Future projections: high pr tZ] vs inclusive tH]
Competitive/improved sensitivity w.r.t existing limits (e.g. helicity fractions)

Weak dipole operators, RHCC, SU(2) triplet current

igh pr single top measurements best tor 4F operators
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Global top/HIggs/EW

* Several interesting 2 = 2 sub-amplitudes ohoton final
bW — tH ’[Hj OW — 7 'ZZj states: tyj,...
tW = tW : ttW (EW)  tZ = tH : ttH (EW)

t/ =14 ttL tH = tH : ttHH?

* Possibly access higher energies by e.g. ttW+]

/ :g :}: \ Even more rare:

ttWW, ttZZ,

\ . H / ttZH, ttHH, ..

[Dror et al.; JHEP 01 (2016) 071]
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Clear that a must be undertaken

Individual measurements of these processes may not
easlly lend themselves to EFT interpretation

e.g. CMS measurement of ttW/ttZ cross section ratio
. ttH, tgZ, tHq,...
Considerable statistical overlap between different top+EW measurements

Abundant use of multivariate methods
SMEFT interpretation = going beyond individual processes

Global fits to top & EW observables exist separately
Unifying top/Higgs/EW sector a valuable exercise

SMEFTatNLO model implementation a necessary ingredient
45



Obo = (Q 7. Q) (Q ¥* Q),

Generated by heavy, new Obho = (Q 7. T Q) (Q " T Q),
physics coupling to 3rd O = (Eyut) (v, t),
generation O = Evut) (D b),

Top mass generation 0%, = (Ev,T* t) (b, T D),

Manageable set of operators

0% = (Q 1 T Q) (E4" T4 1),
Contain tttt, ttbb and bbbb Oy = (Q 7. Q) (b 4" D),
interactions O, = (Q v, T* Q) (b T b),

Colour singlet & triplet Ooqp

8 _
Vector & scalar currents OQth — (
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Four top production

* Very rare process at the LHC ~ 9 b

- Best effort at the LHC about 4.6 times the SM [ATLAS-CONF-2016-104]
[Zhang; Chin. Phys. C42 (2018) 023104]
* Not a precision measurement

» Sensitive to four heavy quark & 2 heavy + 2 light quark operators
» High threshold ~ 700 GeV

» Sensitivity dominated by quadratic terms & beyond = validity issue?

Chy [—4.97,4.90] (Ecys = 3 TeV)
TeV?] cgy [-10.3,9.33] (Ecut = 3TeV)

ct, [—2.92,2.80] (Eeyr = 3TeV)

[Aguilar-Saavedra et al.; arXiv:1802.07237]
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[D’Honat, Mariotti, KM, Moortgat, Zhang; in preparation] |

Less rare process at the LHC ~ 3
Measured at the LHC with ~ 30% accuracy [CMS; PLB 776 (2018) 355-3/8]
Background for ttH(bb)

Affected by all but one of the previous list of operators

Some of which have never been bounded before
[Degrande et al.; JHEP 03 (2011) 125]

Sensitivity of ttbb to four heavy operators
Future projections of dedicated analyses optimised to EFT kinematics
Sensitivity may exceed that of 4 top for common operators
Modulo a resolution of the large theory uncertainties in the SM

Once again, dominated by quadratic terms
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[D’Hondlt, Mariotti, KM, Moortgat, Zhang; in preparation]

ttblb proauction

Preliminary

Cut on discriminant

VS.
14 . ) . . .
o .
High energy” kinematic variable Map template fi
* Bulk of sensitivity to 4F operators
* Sensitivity comes from events below 1.5 TeV = Mcut = 2 TeV
* Multi class NN discriminant v
Am b i b ]TII’IITIfV]’II’II‘[ITIF]TTF?I?‘III[IITI—
» SM vs tL operators vs tr Operators :_,5-" |y SM+EFT SM+EFT ]
ol [ .SM .Ieﬂ-handed top right-handed top
= 0.8 . -
—— SM only 10 ] | 1
i 5 L |- --«SR1
SM + EFT ¢ 06f I - 11—
» Y 2 é . s ENEEEEEEEEEE N~ il i, s s
Ca=10TeVZ | & :oENESE=EEZZiiiiisiiy
H SM + EFT g | it uEmmm=s=sasaadEsa:
Qb ~ 0.2 s mEENEENEEEREDEEED
i ) IRttt (-1
J N A TIPS & Wk
——05" ] - 5 55 b~"04 02 03 04 05 06 07 08 09 1
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[D’Hondt, Mariotti, KM, Moortgat, Zhang; in preparation] Pre”minary

. ——— Template Fit
(tblb proauction | e
p — M, selection
——— CMS @ 300 fb™
. Caa —
* SM observation . '
+ Template fit to NN similar to Map 1 .
Co e
* EFT signal injection C3, S
* NN focuses in on preferred parameters Céb N
, Y o ——
| — SMVSEFT + (c;,c;)=(o,o) — SMVSEFT - gzn?:esdaz Qb .
: Ss:; ;:::::::m s oAz — template fit ¢ (C .C))=(5.03.0) C:b ——
& 1
y Co =
& 4 1
% 2: CQth ——
E o o z
-2 9o
4 QtQb
-5’ : . .
‘41., ™ » » ‘ N -8 IllllllllllllllllilllIllllllllllill
4 -3-2-10 12 3 4 -15 10 56 0 5 10 15
Cq, [TeV?

95% CL limits [TeV™]
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SMEFT: consistent framework to siress-test the SM

Theory consensus for global description & MC implementation
Extended to top/Higgs/EW sector & NLO in QCD

Towards a global likelihooa

view of top/Higgs/EW measurements
Blurring the line between & background
Different approach needed?

Ensure measurements can be interpreted by a global SMEFT fit

Many unexplored processes

New sensitivity studies ripe for the picking!

Single MC tool available for all top/Higgs/EW processes at the LHC
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[Mantani, Maltoni, KM in preparation] [Dror et al.; JHEP 01 (2016) 071]

Anatomy of tZ]

oW — t/

Aoy Aws Ay Az | SM 0% 0&2 ow O Ow Ow Ouw Ous
-,0,-,0 | s’ | Vs(s+t) - - - g’ Y Vs(s+t) s’
—0,+,0 || L | mvTt mvmt mevmE omgym TG0 - m=E me/
=0 || & | mwv - - - - ’%’_;:—2‘1 M /= &
—y—y+,0 ! s° 0 0 s° V(s+t) s’ 3‘: %
-0,—— || & [ mwv - = .= mferd)  meRgi

1 mw (s+t mw (s+¢ myy (s+t
-,0,—,+ 7 - - - - - = .4 g _%‘—-t_)
—,0,4,— Y s° 0 - - P s? s? P
—,0,+,+ % s° 0 g0 V8(s+t) Vs(s+t) - s° 0

1 mw (s+t 1 1
-4, —,0 7 - - - -— - _)9__‘_) 7 7
—— = || &0 50 0 _ S0 &0 50 §0 &0
Ty Ty T % - - - - - \/8(8_-14) 80 80

? ? b} x \/-_t 7; 7;

-y =y, + - - - - mw/—t mz/—t me/—t mey/—t me/—t
-+== ||| - - - - - V(D) s s°
T +,+’— %8 - - - - - mt\/-—t m‘J__t ng—_t

1 my (84t 1 1
—bcht G- = = - = - v v
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ngtba Ab’At =+, +
w0 + -
Vs(s+t) mwv-t —

0
+ | myv=t g0 —
- - - s

Az

Ogotb’ Ab: At =+, —

Az [0 + -
0 - - &
+ | - -
_ s — —

Consistent with
non-interference
theoremin 2 — 2

[Cheung & Shen;,

PRL 115 (2015) 071601]
[Azatov, Contino & Riva;
PRD 95 (2017) 065014]
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pp — t(t) Hj
c/\ =1 [TeV-~2]

Inclusive results: thH]

o [fb] LO NLO K-factor
osM 57.56(4)T1L2% £10.2%  75.87(4)*22% £1.2% 1.32
Oow 8.12(2) 5357 +9.3% 7.76(2) T 1% +1.0% 0.96
O wow 5.212(7) 13557 £10.2%  6.263(7) 125 4 1.3% 1.20
o ~1.203(6)*128% £8.9%  —0.246(6) 157 5110 0fox = 2.1% | 0.20
ot 0.6682(9)*3%77° £ 9.6%  0.7306(8) 7 50 oter £ 1.0% | 1.09
Tow 19.38(6)F3%0° £9.4%  22.18(6) 75 5i0 glor £ 1.0% 1.14
T o, ew 46.40(8)*93% £111%  71.248) 1[N0, £1.9% | 1.54
O o ~3.03(3)99% £ 15.4%  —10.04(4) 143" + 1.8% 3.31
Opo ow | 11.23(2)FT23% £11.2%  15.28(2) 73 °%, +1.8% 1.36
O ptn 0 0 —

T ot 2.752(4)124% £ 11.3%  3.768(4)*30%. + 1.8% 1.54
Ouw ~3.526(4)75:8% +£10.9% —5.27(1)*55% + 1.5% 1.50
 S—— 0.9356(4)F79% +12.3%  1.058(1)F45%, +2.3% 1.13
i —0.418(5)F2%3% +1.1% -
Oicec 1.413(1)*213% + 2.5% ~

O g y31) —22.50(5)*8.0% +9.7% —20.10(5)1135% +1.1% 0.89
Tousm ousn | 69.78(3)T89% +£121%  62.20(3)T11-0% + 2.3% 0.89
0 q(3.8) - 0.25(3)234% £ 4.7% -
Tous® gqsm | 15.53(2)189% +£12.1%  14.07(2)F119% £ 2.1% 0.91
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LHC@13 TeV

K-factors not universal

Reduction of
QCD scale/PDF
uncertainties

EFT scale uncertainty
subdominant

Some very strong
dependence on EFT
operators

O(>1) deviations within
current bounds

EFT in Top



pp = t(t) Z j

Inclusive results: tZ]

o [fb] LO NLO K-factor
osMm 660.8(4) T 3%5° +9.7% 839.1(5)F 1 1% + 1.0% 1.27
O ~7.87(7) 8.1 +£9.7% ~8.77(8)153% +1.1% 1.12
Oy 34.58(3)152% + 13.0% 43.80(4) 557, +2.8% 1.27
s 2.23(2) 0T 0 £94% 29423 00% £11%  1.32
o 2.833(2) T ui i £ 111%  4.155(3) 1\ he, £ 1.7% 147
T 2.66(4)" 15 3l o £ 11.4%  13.0(1) 5500 £1.2%  4.90
Tovvaw 48.16(4) "% g0 £11.3%  80.00(4) 7T NG £1.9% 1.6
O oser 4.20(1)*189% + 9.3% 4.94(2)F34% +1.0% 1.18
 — 0.3326(3)*3%57 + 9.6% 0.4402(5) 3 7% + 1.0% 1.32
.q 14.98(2)1145% + 9.4% 18.07(3)*23% + 1.0% 1.21
oava 0.7442(7)H140% + 9.5% 1.028(1)*25% + 1.0% 1.38
e 130.04(8)72%5% +9.5%  161.4(1)799% + 1.0% 1.24
T wqm | 17.82(2)FILTF £10.5% 23.98(2)F57% £ 1.4% 1.35
T, 0 0 -

) S 2.949(2)F105% +11.1% 4.154(4) 5% +1.8% 1.41
T ~5.16(6)*7.5% +105%  —6.88(8) 5 4% +1.4% 1.33
Onw,nw 0.912(2)*93% + 12.0% 1.048(2)3.2% +2.1% 1.15
Ouin ~3.015(9)*% £9.5%  —3.76(1) 2% + 1.0% 1.25
Oun,us 0.02324(6)F1%7% £9.9%  0.02893(6)*23% £11%  1.24
O 0.45(2) H920%  + 4.9% -
I 2.251(4)*209% + 2.5% -
050 —393.5(5) 5%, £10.0%  —498(1)*5 3% + 1.2% 1.26
Oogs) quen | 462.25(3)184% £12.7%  545.50(5)*T:4% +£2.9%  1.18
0 () 0 —0.9(3)*23%% +19.2% -
Oogs9) quem | 102.73(5)484% £127%  111.18(5)*93%, +2.8%  1.08
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LHC@13 TeV

tZ] ~ 10 times bigger
than tH]

NLO corrections:
similar features to tH]

EFT contributions
smaller relative to SM

lggs always radiated
from top/EW gauge
boson

/ boson can also
come from light quark

leg
EFT in Top



Differential tZJ

10" - W i pp — tZj,LHC @ 13 TeV i oy pp > tZj,LHC @ 13 TeV
< <
0.) Q
O O
‘g 102 g 10724
si§ SM 7 Si§ SM
< C,o/\’ = £5[TeV ?] 7. Ce/N2 = —7 [TeV—2)
LO - LO
= NLO = NLO
£ 20 - £ 20-
w 104 w 10
Reduced 5 % 5 o
2 -10 1 L ~10 1
uncert. 8 201 8 _20-
2.0 1 31
% %
1.5 = 2
Large effects % 2
1.0 1 1
2.0 1 20
o o]
= =
g 1.5 . S g 151 O S S T
1-0 L) Al Ll ¥ ¥ L] L] 1.0 Ll Al Ll Ll L Ll Al
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
top pr [GeV] top pr [GeV]

Potentially large deviations in the tails (saturating current limits)
tH| process is very rare, differential results not likely at LHC
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Current sensitivity

tZ]
TGC

Dipoles

RHCC

Currents

LEP
orthogonal

4-fermion

CERN-EP-2017-188 & CERN-EP-2017-296
- Existing individual limit
LO sensitivity
== NLO sensitivity
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Chw

3.1)
Coq

3.8)

CMS-PAS-HIG-17-005
- Existing individual limit
LO sensitivity
== NLO sensitivity
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-uture sensitivity

tZ]
TGC

Dipoles

RHCC

Currents

LEP
orthogonal

4-fermion

3.1)
Car

cg:)

oz, Py’ > 250 GeV

~ Existing individual limit

LO sensitivity

- NLO sensitivity
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/A2 [TeV-2]

High pr tZj: end of run II/HL-LHC

tHj: HL-LHC ?
Spny Same as current dpuz
- Existing individual limit
LO sensitivity
=~ NLO sensitivity
:
o -+
=
C.o :
wQ _?_
—
Ci, :
Cuw f
31) *
Coq'|(%5) :
i
38)
Coq|(x5) ;
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Currents
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[D’Hondlt, Mariotti, KM, Moortgat, Zhang; in preparation]

Dimension 8 In ttbb

» Sensitivity dominated by EFT squared (1/A%) terms

* Non-interference due to colour

(6) 2
CE>

A? ~ 1

* Large Wilson coefticients ~ strong coupling regime
* Are higher dimension operators relevant?

* Aslongask <A

- 6 fermion operators: at least dim-10 ~ (E/A\)°

» Dim-8 four fermion operators ~ (E/A)*

schematically: ffffD,D, & [ffffGu

one coupling & one scale power counting:

LEFT — AL}VPE Du g*H g*fL,R gFuV
2 Anp  Anp’ A2 7 A%p

x
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[D’Hondlt, Mariotti, KM, Moortgat, Zhang; in preparation]

Power counting
—>

g p? < A?
p2_M2 —9—2[1+£4}ﬁ+...
dim-6 interference: 9%\923 B A? A% | A4
i ; Zing‘i o6 pes G G g
dim-6 quadratic term: j\ i v e T

(g*/gs)2E2/A?vp ~1 — SQ ~ |NT

(8) 2 (8) 2
ffffDuDV ijizNj\gjz fffqul/ %QN%S
: : 6 2E4
ttbb operator + 2 derivatives dim-8 interference: 229
gttbb contact term Ayp
ggttbb contact term No g* enhancement
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FeynRules/NLOCT/UFO

[Christensen & Duhr; Comp. Phys. Comm. 180 (2009) 1614]
* FeynRules [Alloul et al.; Comp. Phys. Comm. 185 (2014) 2250]

* Framework: Lagrangian = Feynman rules = UFO model = MC events

[Degrande et al.; Comp.
Phys. Comm. 183 (2012) 1201]

* Model file with particle content, internal/external parameters, Feynman
rules, Lorentz structures, counter-terms,...

o Universal FeynRules Output (UFO)

« Compatible with many MC event generators (MG5, Sherpa, Whizard,...)

[Degrande;, Comp. Phys. Comm. 197 (2015) 239]
’ NLOCT [Hahn; Comp. Phys. Comm. 140 (2001) 415]

» Automatic calculation of UV and Rz counter-terms from FeynRules model
* Implemented as additional Feynman rules in the UFO format

» UV: on-shell renormalisation procedure for masses/wavefunction, MSbar
for higher point functions

* Ro: numerical artefacts of dimensional regularisation
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