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1. Energy growth/unitarity violating behaviour in EW top
scattering

Helicity amplitude study

Anomalous couplings vs SMEFT interpretation

2. Connect to high energy collider processes

Case study: single In association with a Z or Higgs
High energy behaviour from2 ! 2to2! 3/4

Survey of interesting processes and SMEFT sensitivity



From bumps to talls

2010 OUVO'! §c‘>uvc’> ? 2018

direct searches » : Precision
measurements
SM
> >
E

E E > ELnc

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

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

¥ Deviations from SM-like interactions & new Lorentz structures

Unitarity-violating ‘ ’
behaviour
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Energy growth

EW interactions in high-energy top quarks



Scattering unitarity

v WL WL WL WL SM unitarity cancellations

A= g g |+ + (el LMo =f) g
gz
| E4 | E4 | EZ
gauge EWSB

¥ Deviations from SM interactions = energy growth

¥ Theory has limited validity range ! heavy new physics

¥ Cancellations a feature of gauge invariance & SM EWSB mechanism

Diboson (TGC) VBS (TGC, QGC) EW Higgs prod./decay
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ah

¥ One of the great hopes is that it may give us hints on the nature of EWSB

Unitarity and tops

¥ Top quark: other key player in EWSB

¥ Coloured & strongly coupled to the Higgs

¥ Relatively poorly measured, especially its EW interactions

Al E?" EV gauge

A! miE" E'! EwsB

Modibed SM couplings in EWSB generically lead to energy growth

_Iimited validity range

==l Effective Field Theory

Heavy new physics
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Heavy BSM states are integrated out

Leaving only local operators built from SM Pelds

l D
- GO, belds
Operator expansion: Le = —577 more:
-
Truncated at (leading B & L preserving interactions)

We are sensitive to these via through effective
vertices (I.e. tails of energy distributions)

M1 |

p2!|\/|2 .!21+!2+!4+aaz



Energy growth & precision

¥ SMEFT Is a natural framework to extend the LHC reach

¥ Parametrises modibed SM interactions & new Lorentz structures

¥ Dim-6 fully captures energy growth up to E 2

V2 vE E-°
AI ASM 1+Ci|_2+Cj|_2+Ck|_2

Inclusive measurements High-energy measurements
Signal-strength modibers Differential distributions
I-framework SMEFT

OEnergy helps accuracyO
c=1, =1TevV,E ! 500GeV" !; 1 006 !; I 012 ! ! 0.25
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[Mantani, Maltoni, KM; arXiv:1901. XXXXX]

Probe for new interactions (SMEFT) in EWSB sector

Top quark 2! 2 scattering amplitudes with energy growth
High-energy limit: s ~ | t| ! V2
Unitarity non-cancellations incl. mass effects? SMEFT interpretation

Interfering with the SM or not? Compute helicity amplitudes

What collider processes can be sensitive?

g f =tb & B=W,Zh,!

bW! th bw! tZ bw! tI tW! tW
¢ tZz! th tZ! tZ2 tZ ! t!
th! th th! tZ th ! t!




Collider processes embedding 2 ! 2 EW-top scattering

; b t b W
W/Z[v/h 114 Z[v/h Z[v/h
_ —— —— —
t q q g t
(a) ttX (b) tXj (c) tWX
g t g t
—— —— —— ——
i W/Z[v/h ;
W/Z/~v/h W/Z/v/h T
—— e ——
q q q t —P— ——




[Grzadkowski et al.; JHEP 1010 (2010) 085]
[Aguilar-Saavedra et al.; arXiv:1802.07237] “

"'more constrained" " less constrained"

BOSONIC | Oy &1y WL WP WEE | O, (gafga - ;) Oté+he | Yukawa
Ouw (¢l =5 )W Wiy | Ouw i(Qo™ 1it) W, +he. | \eak
Ous  (¢lo= %) B Bu | O i(Qo™t) By +he. | dipoles
O.we  (p'110) BWW/, Ogo  i(¢'Dutip) (QY7'Q)
0,0  (¢'DH) (pIDup) | 0L i(¢'D, ) (@7 Q) currents
O (plo)0(eTe) O, i(¢tDu) (1)
("=1TeV) O, 1(@Dup)(ty"b) + hec. RHCC

¥ Relevant dim-6 SMEFT d.o.f. for EW-top scattering

¥ Warsaw basis with U(2)o x U(2), x U(3)a x U(3). x U(3)e Bavor symmetry

¥ Bosonic + top operators

http://feynrules.irmp.ucl.ac.be/wiki/'SMEFTatNLO
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g 7 w/wqy

V2 My

(gLPL + gRPR)t WM_ + H.c.

bLR Z/’y gR,L

Otw :Z"QO'“! ot SZW/L' —|‘hC “< K

trL py_ tr W~ tL,R
Cw  — ZgR gauge

SMEFT construction predicts additional interactions
EFT! AC map is one-way

Potentially from anomalous couplings
AC generally violate SU(2)

May have different high energy behaviour

Contact interactions responsible for energy growth
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Max growth?

¥ 21 2amplitude is dimensionless

¥ Guess E-growth <—anonical dimension of contact interaction

|
¥ In unitary gauge: [Lcontact ] = N —- A EN' 4

¥ Goldstone equivalence: Vp ! ! "/M

¥ Longitudinal modes <—additional powers of growth

¥ Nalve formula:

| ym E2+n! m n: # of VL
Adim-6 | 2 M m: # of vev
' Insertions

Dim-6 expectation: Amax ~ E2
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)”+ h W+ t

e B W

In the SM, fully left-handed & longitudinal conbguration ~ E©

Energy growth from anomalous SM interactions
bW vertex present in all diagrams ! overall rescaling

Interaction « mb ~0

and Interaction participate in unitarity cancellation
2
A(br, Wr,tr) o< vV —=t(2my,gin |— lgwims)
Setting SM values sends it to ~1/E
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bW! th

SMEFT:. many more sources of energy growth

Mo s M| SM 0. 0., O Oy O
—,0,— | s &Y — sV s! Vs(s+1)
—.0,+ % Vv —tv — - S—m_“‘f Vv —tmy
+,0,— | — - V—tmy - - -
+,0,+ | — = s(s+t) - - -
S % — — S\T/n_ﬂ; V—tmy  /—tmy
— =+ | = sV — — Vs(s+t) sV
R N G _ mw (s+1) _ _

o Vs V-t
— 4, + | &Y _ — sV s0 sV
+, =, — — — sY — — —
=t | = - — = — -
+,+,—- | - - s! -~ —~ -~
ot | - = Vetmw o - - -
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bW !

Helicity conbgurations

th
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Helicity conbPgurations

_,0,_
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_)\b7 Aw, )\t SM Otcp O(ptb Och OtW Oc(p3Q)
s s — sV s! Vs(s+1)
% vV —tv — — S—m_“f VvV —tmy
— — N/ — tmt — — —

— — \/ s(s+t — — —
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1

S sV — — Vs(s+1t) sV
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bW !
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Schematic SM E-dependence down to E -2

)\ba Aw, )\t SM Otcp O(ptb ngW OtW Oc(pSQ)
—0,— | Y| & — sV s V/s(s +t)
—,0,+ ﬁ V—tv — - L v —tmy
+,0, — — — Vv —tmy — - —
+0,+ | = | = Vs(s+t) - - -

Ty T % o o S\T/n—L‘; “ —imy —th
— =+ | 3 sV — — Vs(s+1t) sV
4 — 1 _ _ mw (s+t) . .
y Ty Vs V-t
R +7 + 30 - - 80 80 80
+7 Ty T T SO T T T
+7 R + T T o o _ T
+,+—- |- | - s — — —
o = | = Vmw - — -
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bW! th

All operators with some degree of growth

)\b’ Aw, )\t SM Otcp O(ptb OLPW OtW Oc(pSC)Q
—,0,— | ¥ & — s? s V(s +1)
—,0,+ ﬁ vV —tv — — L vV —tmy
+,0,— | — — vV —tmy - - -
+,0,+ | — = s(s+t) - - -

Ty Ty T % o B S\T/n—L‘; ' _tmt —th
— =+ | = sV — — Vs(s+t) sV
4 — 1 _ _ mw (s+t) . .
y Ty Vs V-t
—, 1+, + 80 — — 80 80 SO
T, =y _ o s o o a
-+ | - - - - - -
+,+- | = - s — — —
+, 4+, + — — Vv —tmyy — - -
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bW! th

Max growth
)\ba Aw, )\t SM Otcp O¢tb ngW OtW Oc(pSC)Q
—,0,— | s &Y — sV s! ‘ s(s+1)
—,0,+ ﬁ Vv —tv - — S—m_“f v —tmy
+,0,— | — — vV —tmy - - -
+,0,+ | = = ss+t)| - = =
IR % o o S\T/n—L‘; ' _tmt —th
—, = T % 80 N B ‘\/8(8+t)‘ 80
L | B B mw (s+t) _ _
y Ty Vs V-t

R +7 + 30 - - 80 80 SO

T, =y _ o s o o a
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bW !

)\ba )‘Wa )‘t

th

Interfering E-growth: SU(2) current operator

—.0,—
—,0,+
+,0, —
+,0, +

+, 4, —
+o
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bW! th

Non-interfering / no E growth In interference

)\ba Aw, )\t SM Otcp O(ptb ngW OtW Oc(pSQ)
—,0,— | s & — s s Vs(s +1)
—,0,+ ﬁ —tv — - L v —tmy
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bW !

th

Sub-leading growth «

EW scale (m, mw, V)

Mo s M| SM 0. 0., O Oy O
Oih ——r2s A — 5" 0 /s(s+)
o [EVR] - - [ e
+,0,— | — = |V—tmy - - -
+,0,+ | — — s(s+1) — — —
—, =, — % — — % ‘ V—tmy |\/jtmw‘
— =+ | = sV — — s(s+1t) sV
- - | - S e o -
— 4, + gV _ — g0 sY sV
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bW! th

No E-growing interference

)\b, Aw, /\t ‘ SM Otcp Ocptb Och OtW Oc(P:g
—,0,— | s & — sV s! V/s(s+1)
1 sm
=0+ |5 vt ‘ — - Ve ‘ ‘V_tmt‘
+a Oa - _ o \/_tmt o o o
+,0,+ | — — s(s+t) — — —
1 sm
--= & - _ s | —tmy | /=t
—, = T - SO — — S(S+t) 80
_ _ ‘ 1 _ _ ‘mW(Sth)\ _ _
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ot S o L SO 80 80
4+ — = o o 80 _ _ _
+, —, + — — — - - -
+ 4, — o o 80 _ _ _
+,+, + “ — — ‘\/ —th‘ — - -
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Only one source of energy growth from modibped SM-like
Interactions

All other sources in the SMEFT are from contact terms

E.g. max growths in (-,0,-) & (+,0,+)
O = L(ngD 710) QY T'Q)  —  hOGifty b + h.c.
O, = i(PD,o)(ty"b) + h.c.  — kO, G4|ty"b + h.c.
Lower energy dependences

OPayO a mass factor (E m) to Rip fermion helicity/gauge boson polarisation

)\b7 )\W’ )\t SM Otcp O¢tb quW OtW OL(,DJC\)?
— 0= [ s & — sV sV V/s(s +t)
1 SMyy
—, O, + ? v —tv — — vt v —tmy
—, = — % — — \/_ﬂ; \/ —tmt \/ —th
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bW! tZ

¥ tbw'!  overall rescaling

¥ /\WWWand ttZ, bbZ interaction !

A(b ,Wp,tr,Zo) !

zZ W+t

P 2L X

¥ Similarto b W! th: longitudinal & left-handed ~ E©

#

zZ W+

more unitarity cancellations

s(s+ t) (g5, " o, |+ [gw: )

T (2m2 (

Ob | " [0+ [Gwz ) " [Gwz M3) .

¥ Gauge boson self interactions <—ermion interactions

¥ Doublet nature of (b, t), EWSB (mw & mz), gauge structure

K. Mimasu, 10/01/2019
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Max growth

3 1
Iy, 'w, !, 'z | SM Op O w O ws O Ouw Ow , OF O o

I b O’ ! ) O SO " So ! SO mn ! SO SO I n S(S + t) I n | n '
1,0,+,0 I'EI = Ttmy | | Ttmy — Mwisd | tm tmy  Ttmy
+,0,1,0 ! ! .! ! ! ! ! ! !
+,0,+,0 m ! I s(s+t)| | ! ! ! ! ! !

2 "

my, (s+t) —
1,110 L ! ! ! ! Miy (521 It w ! !
1,1 ,+,0 s0 ! s0 s0 I s(s+ t) I s0 s0 s0 s0

m ||_ " m2 (S+t) "_

1 0,1 .1 1L | ! M W I tm ¢ I tm ¢ My 157 1) T tm | |
1Yy s S ' "t 2" tv
I 01 + 1L | | my (s+t) | | My (s+1) | | |
T S ) ) "t ’ " v
1,0,+,! 0 s0 ! s0 _— 50 s0 s0 ! s0
1,0, +,+ s0 ! ! I s(s+t)|| s(s+t)| ! s s0 s0

2
I +1 0 1 | | | | | My (s+1) | | |
L < ! ! ! ! —
+,0,+,+ ! ! Ttm ! ! ! ! ! ! !
+,+,1.0 ! ! .l ! ! ! ! ! !
+,+,+,0 ! ! T ! ! ! ! ! ! !
L, s0 s0 ! s0 s0 s0 uS s0 ! s0
L1+ | | S0 | | I w S(S”)‘ | | |
o S ! ! ! ! . !
1+ 1 e | | | | my (s+1t) I : | | |
! ! ! S ) ) ||. l.l n "t l_. )
I ! ! ! T'tmy¢ Ttmy Ttmy M w ! ! !
I+ 11 | | g0 | | w_ S(s+t) 1 | |
’ y - . . 1 v
I+ 1+ s0 [ g0 I [ I | s0 [ g0
' L - " 1

1 T CTIm o my

|4+ o ! ! tm ! ! s ! ! !
|+ + + 11 | | | | my (s+1t) | | | |
L+, 0+, < ! ! . ! =

K. Mimasu, 10/01/2019

26

EW interactions in high-energy top quarks



bW'

t Z Many subleading growths (non-interfering)
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Naive E formula for contact term
Ow =i(QoM T t) Wy, +he. = guigg"tp WSW, ", gubro™tp Z,W,

Longitudinal conbguration: n=2 & m=1"! E3!

Larger than dim-6 expectationsE

!b1 !W1 !t1 !Z SM OtB OtW
1,0,!,0 sV o s0
1 s myy (s+1)
1 0,+,0 ;§ I tm W —
Not present in SMEFT prediction, by gauge invariance ~ E

Not the case for general (AC) dipole modibcation of toW vertex ~ E 3!

Different high energy behaviour for AC vs.

Cannot naively map constraints on e.g. g r from single-top production/decay to
predictions for e.g high-p +tZj in SMEFT g ot

——b Pr,+grPr)t W, + H.c.
/2 My (9.Pr + grPr) I
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[Mantani, Maltoni, KM; arXiv:1901.XXXXX][Dror et al.; JHEP 01 (2016) 071]

Top/EW scattering

Max. energy growth of SMEFT amplitude (s ~-t! v)

Oup | Ops | Ous | Opw | Opws | Ow | Oup | Ows | O | OS2 1 OF) 1 Oy | Ops
bW —-th | — | — | — E — - | E| - | E*| — | E* | — | E?
VW »tZ | E | — | — — E |E*| - |E* | E*| E |E* | E | E?
bW sty | — | — | — — E |E*| — | E?| E* | — — | - | -
tW -tW | E | E | — E E |E*’| E | E | E? | E* | E* |E* | —
tZ—~th | E | — | E | E E -~ | E | E* | E* |E* | E* |E* | —
tZ—~tZ | E | E | E | E E - | E|E* | E*| E | E | E | —
tZ >ty | — | — | E | E E - | - |E*|E*| - | E | — | —
th—th | E | E | — — — - |E| - | = | = -=1-1 -
th—ty | — | — | E | E E — | - |E* | E*| — | — | — | —
ty =ty — — E E E — — E E — — — —
photon interactions protected by U(1)Q *Interferes with SM
Only dipole & TGC operators In longitudinal conpg.

K. Mimasu, 10/01/2019 29 EW interactions in high-energy top quarks



Interesting processes to study top/Higgs/EW sector

LHC-accessible processes that top-EW 2! 2 sub amplitudes

How much does unitarity violating behaviour translate to collider process?

Candidate: tt + (W/H/Z)

Large QCD-induced contribution, less sensitive to EW operators
In the SM, pure EW contributions ~

Involve highly off-shell, s-channel gauge bosons

t
9

W

Difbcult to see SMEFT effects in EW interactions In tt+X
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[Degrande, Maltoni, KM, Vryonidou, Zhang; JHEP 1810 (2018) 005]

Alternative to tt+X: require a quark

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 modify tbW vertex

Require the presence of an additional Z or
Possibility of probing large set of top/Higgs/EW operators at once
Contain top-EW 2! 2

Higher kinematic thresholds may enhance EFT effects

Recent LHC measurement of tZj cross section at 4.2#
[ATLAS; arXiv:1710.03659], [CMS-PAS-TOP-16-020 & arXiv:1712.02825]

Timely moment to study energy growth & EFT sensitivity of
these challenging processes
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Anatomy of tH}/tZ]

tH] (tZJ
b t
Ouw ! 1 WH WL O,,
HWW h >~ top Yukawa
TGC ttZ coupling
Ow : #K Wi W " W, 0.,
0%): it DL )@ Q) o)

“~ Contact terms
O

W1tb vertex
Oun  1(5Dy ! )(BHL)

¥ Accessing the b\W! tH & bW! 1Z sub-amplitudes

¥ VBF meets single-top

¥ Different energy growth and interference with the SM
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LHC sensitivity

Energy growth: looking at tails to increase sensitivity
Compare to single top which has a much larger rate

r=tilttsm | ¥ 4 t43 143 tHi  Increased sensitivity
(1 > 350 GeV) (P > 250 GeV) for certain operators

Y 224 pb 880 b 839 fb 69 fb 75.9 fb
Tew 0.0275 0.024 0.016 0.010 0292 New energy growths
Tow. o 0.0162 0.35 0.095 ‘ 0.67 0.940 | W.rI.t single top
roo® 0.121 0.121 0.192 0.172 -0.132
Foo® wo@ | |0.0037 0.0037 0.029 0.114 021 | Consistent with 2! 2
T et 0.00090 0.0008 0.0050 0.027 0.050 | subamplitude analysis

¥ Except SU(2) current operator

¥ Expected energy-growing interference absent
¥ ConbPrmed presence in tHj (not shown)

¥ Energy growing Z,. swamped by energy constant Z+ at high pT
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[Degrande, Maltoni, KM, Vryonidou, Zhang; JHEP 1810 (2018) 005]

Differential sensitivity

Fixed NLOQCD (mg5 aMC)
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bW ! tZ: th vs tZW [Mantani, Maltoni, KM; arXiv:1901. XXXXX]

XS ratio:

Interference/SM square/SM
[goco:s-n 3 fb] (9% log(ri) p p - th og’lc!og(ri’ i) : :thlr’::; |
* max lim

(3)
Op0

' (‘)cptb (9¢ptb
o Cdncellations O
O Ots
Expected growth in O G4 Iinterference term Ci=1
absent (b W, I 7)) Inclusive
Rate dominated by transverse Z pnal state pT(t,Z2)> 500 GeV
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bW | tZ : tZj vs tZW

XS ratio:
Interference/SM
[Uoco_=- ] Ofplo) Iog(ri) p p - tZ W

(‘)tptb

Growth from interference in
Access to fully longitudinal Pnal state
tZW > tZ] to probe high-energy scattering
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square/SM

0(1/Og(ri, i) ® Jog(riot) V
oQ ¢ log(rye)
* max lim

Inclusive
pt(W,Z)> 500 GeV

EW interactions in high-energy top quarks



ttX for EW-top scattering
l ocp ~ 400 X ! ew

log(r;) I log(ri,i) o 10g(reor)
Oocp =587 fb o'y >ttZ o ' 9(reot
: Z : =

oOt

SN bb! tt+7(H)

o/ 1 | ~90(70)% of
/7 T EW tt+/(H)!
Almost no

Owy

energy growth

+— L .
on o EW coupling
log(r,) w1 MmodibPcations

* log(rie)

. mom  affect overall
| ocp rate

(1)
Ogo

Need O(50)
enhancements of

l eEwto compete

Limited sensitivity

Otg Ots

| pT(t,t)> 500 GeV | -
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Strong tW Scattering [Dror et al.; JHEP 01 (2016) O71]

log(r;) W log(ri,i) < rogire | | D~ 5 x|l EW
_ (1) |4/ (1) ’ 09(Ttot - -
ZZ;D=_426‘.‘.‘? :g %0 pp- tt J %90 * log(rye) QC
* max lim

pT(t]|t$X) > 500 GeV

0(3) - .
Y Cancellations in
______ P o Interference
A | Also ttZ] & ttH]
| Oew=6.8fb | | ogy =3.0 fb
otB otB
o7 pp-tEWW (27 Tev) o9 sen) 11370y ~8.1 fb

* max lim

| 27 1ev ~53 b
pT(W) > 500 GeV

Better growth for
Interference

Ow\ " O X Also ttZZ, ttZH & ttHH
.\‘\ 7 ’-/‘/' \“\.‘ Sl -/‘"_’.

O O
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VBF tt @ CLIC

log(r;) + o - .. = log(rii) o 10g(rer)
et e” »ttveVe (1.5 TeV e
o) o Ve (LTS Peel |Me>1 TeV

0O(0.1-1) effects
for c=1

Mild energy
growth Iin
Interference

Ot, Otg

* max lim

log(ri) - SFEU. D log(ri) « Iog(r
" 0%e+ e~ >ttvee (3 TeV) " o My > 1.5 TeV
y Also tte*e- for neutral
scatterings

Pheno analysis
requiredE

tw-tw |\ . - ~
tZoty | N ox T :
tZ-tZ
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High-energy EW top scattering Is a rich playground for
Pngerprinting EWSB

Many interesting sources of energy growth & potential SMEFT sensitivity

ransferred in some cases to LHC accessible processes

tt+X not the right place to search

Gauge boson Pnal states promising e.g. tZW for accessing V.

Many interesting processes could be accessed at future
machines (ttXY, ttX|, tHj, E)

Larger pp cross sections & L int good for differential measurements

VBF tt at e+e- potentially interesting

Concrete pheno studies required
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UCL
Université

catholique
de Louvain

Thank you
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Constraints

Bosonic

¥ Hierarchy of constraints between bosonic & top

"'more constrained"

"less constrained"”

Operator Limit on ¢; :TeV_2] Operator Limit on ¢; [TeV_2]
Individual Marginalised Individual Marginalised
Oyp -0.021,0.0055] [15] | [-0.45,0.50] [15] O, -6.5,1.3] [6] |[-153,16.5] [15]
Oyo -0.78,1.44] [15] -1.24,16.2] [15) O:s -7.09,4.68] [16] -
OyB -0.0033,0.0031] [15] | [-0.13,0.21] [15] Ow -1.31,1.80] [16] | [-4.0,3.4] [16]
O,.w -0.0093,0.011] [15] |[-0.50,0.40] [15] | O | [-3.10,3.10] [16] —
O.we | [-0.0051,0.0020] [15] | [-0.17,0.33] [15] | OL) | [-2.59,1.50] [16] | [-4.2,2.0] [16]
Ow -0.18,0.18] [17] - O, -9.78,8.18] [16 -
O, -5.28,5.28] [18 -

¥ EWPO, TGC has a better level of precision

[Butter et al; JHEP 1607 (2016) 152]
[Ellis et al; JHEP 1806 (2018) 146]

K. Mimasu, 10/01/2019
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Yukawa

weak
dipoles

currents

RHCC

[Degrande, Maltoni, KM, Vryonidou, Zhang; JHEP 1810 (2018) 005]
[Buckley et al; PRD 92 (2015) 9, 091501 & JHEP 1604 (2016) 015]

EW interactions in high-energy top quarks



Wilsonian approach: our world is a low energy EF
SM: all possible & operators (D $ 4)

+ EFT: tower of irrelevant operators (D > 4)

Manifest SU(3)c x SU(2)L x U(1)y gauge invariance
realisation of EW symmetry breaking: Higgs Peld is an SU(2)

Order-by-order: self-consistent, renormalisable QFT

Unlike an approach

It Is a theory, applicable within a Pnite energy range <"

Can be to UV theories of new physics

Each theory predicts specibc Wilson coefbcients

Patterns/correlations among them
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SMEFT operators OWarsawd basis

|Grzadkowski et al.; JHEP 1010 (2010) 085]

X3 0% and *D? P23 (LL)(LL) (RR)(RR) (LL)(RR)
Qe | fABCGLGPGSH | Q, (pfp)3 Qeyp (oto)(lerp) Qu L yule) Ts7#1e) Qee (Epvuer) (€ er) Qe (lpYulr) (€5 er)
~ (1) - - _ _

& | FABCGAGEGSE | Qun | (slo)D(ple) Quo (0T0) (@urd) " (@769:) (@57 q) | Qua (%pvuur)(ffsv"ut) Qu | (pyule)(Tsy ur)
QW EIJKWJVWJPWI;K“ Qch ((,OTD“QO)* ((PTD,;,(P) Qdcp ((PT(P) (ijdrﬁp) qq (Qp’YuTIq'r)( ’7“7’ Qt) Qdd (d )(ds’)’“dt) Qld ( p’)’,ulr)( s7Y dt)
Q= SI‘]KWI”W‘]”WK L Ql(;) (lp'Yul )(@s7" ) Qeu (Epyuer) (Usy us) Qqe (Tpyuar)(Es er)

W AL AR 3) - (1) .

QY | ') (@ 'a) | Qe (&pvuer) (dsy™dy) qu (T Yuar) (Usy us)
X2<p2 ¢2X(,0 ¢2(,02D
A T 0 ® Qui | (@pma)(derdy) | Q) | (@GmTa:) (@ T4u)
Quc ¥ ‘PG,WG Qew (lpa er)T ‘quu Q<pl (¢ LDN ©)(lpy*lr) QSZ) (Up’YuTAUT)( ’Y”TAdt) Qt(;i) ((jp’)’u(Jr)( yidy)
~ v 7 A uv 3 ; 7
Qi | ¢eGLEM | Q| (o™e)pBu | QF | (¢1D, @) v1r) Q%) | (GT4a)(dr" T dy)
>
Quw | PloWLW 1 Quo | (@™ T un)F G, | Qe | (#1iDue)(&7"er) (LR)(RL) and (LR)(LR) B-violating
wl wiww = I>wl (1) : U :
Qi Pl W, Wi Quw | (Gpo" ur)T OW,, vq ((PT:DM ) (@7 ar) Qiedg (Ger) (dsgi) Qauq e*Pe . [(d2)TCuf] [(qF9)TClf]
14 — v ~ 3 . — .
Qps ' By, B* QuB (@0 ur)@ By 9(0‘1) (‘PT'LDé ©) (@' v"a,) Q((]Bqd (@ur)en(qsdy) Qqqu eMejr [(g57)" Caf*] [(ud) T Cel]
Qu5 ' By B" Quc | (@o* T )p G, | Qeu | (P'iDu@) (@ ur) || | Q%) | (@T4u,)esn(@TAd:) | Qb e jkemn [(g59)TCqP¥] [(g7™)TCly]
g — _. .
Quws | PTOoWLB"™ | Quw | (@o"d) oWy, | Qe | (P'iD,0)dpy"dy) | | Qs | (Beresn(@w) ar | €P(re)u(Te)mn [(a57)T O] ()T CL]
Q¢WB <PT7'I‘P W;{VBW QaB (‘jpawdr)w B, Qopud i(SZTD <P)(Up’)’ dy) Ql(jgu (l_gau,,e,.)ejk(q o us) || Qauu P [(dg)TC“f] [(UZ)Toet]

¥ Complete, non-redundant set of operators: Basis

SILH
¥ Dimension 6: 59 (76 real) - 2499 operators HISZ

¥ Depends on CP/Ravour assumptions Higgs
E

¥ New parameters to be measured at the LHC & beyond
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[Degrande, Durieux, Maltoni, KM, Vryonidou, Zhang; in preparation]

SMEFT@NLO

¥ FeynRules/NLOCT/UFO implementation of Warsaw basis

¥ Tools for translation between bases [Falkowski et al.; EPJC 75 (12) 1-14]
rosetta.hepforge.org

v U2)ox U2)ux U3B)s x U3). x U(3)e Bavor symmetry
[Aguilar-Saavedra et al.; arXiv:1802.07237]

¥ Flavor diagonal fermionic operators
¥ Single out those involving the top quark

¥ Independent 3rd gen. + universal 1st & 2nd gen.
¥ + all bosonic operators (Higgs & gauge bosons)

¥ Validated with existing implementations where available

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]
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http://rosetta.hepforge.org

EFT validity

" NPI E

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

—>

¥ Two @xpansionsO occur

¥ Lagrangian level, (E/" np), truncated at operator dimension

¥ Golden rule: cannot probe energies beyond " np
(6) (8)

L=1Lg, + Z_O(G) Z_O(S) 4 &

¥ Observable level, (c; E/" \p) truncated atE ?

| =1 + l CEB) | © 4 I CEG) CJ@ 1 © 4 I C(S) 1 ® 4 4[4
© T T T2 NEE Tali Tac
i I<] ' i
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EFT expansion

¥ Practically: =

¥ QObservable:

BV L O c® |
| = 1 + 1 e 4 ] 16 4
M M SM I 2 " I I 4 M IJ

i i<j ' i

¥ To sguare or not to squareE
¥ Formally, D=6 sguared partis of the same order as D=8 interference

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

¥ Is the EFT invalid if (D=6 squared) > (D=6 interference) ?
¥ Depends on c ©), c®);, c®; and #6), #6);, #8); !  model dependence

¥ At most, the # scale with energy as: #0);~E2, #6);~E4, #@8);~E4
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If cIs e.g. Wilson coefbcient is poorly constrained

(D=6)2 terms be important without invalidating EFT
E* (6>E2 (6) <6>E4

F< 1<c; F<C‘ G G

Truncating L at D=6, # Is not really a series expansion

| | ® ®
oc=o0s + 50 + ———of +nothing

i I<]

Dropping the squared terms ! # not positive-depnite

If (D=6)2 are relevant, UV interpretations lean towards
strongly coupled models (large cOs)

Most model independent approach: assume nothing about the size of cOs
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Non-interference

¥ Alternatively, one may have #©); < #(6);

¥ 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

V = Transverse vector

Total Helicity Sl ’
# = Longitudinal vector or Higgs
Interference?| As [|R(AZM)|||h(AZM)] 0 = Ferg}ion J9¢
VVVV| 0 4,2
C [vveel 0 | 3 pp! ZH, WH, WW, WZ
‘;VW 0 Z Interference can be recovered
vvol O considering Pnite mass effectsor
0/ vovy | 20 20 higher order corrections (2 ! 3,4)
0 YYoP 0 0 [Panico, Riva & Wulzer; CERN-TH-2017-85]
PPPP 0 0 [Azatov, et al. LHEP 1710 (2017) 027]
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O square or not to squareE
& 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/") & " an arbitrary scale w.r.t to unknown " np

Validity assessment Iis 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 canOt include D=8 without suflcient motivation

If c®)=0 e.q. for neutral triple gauge boson couplings
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Global In SMEFT parameter space
& conbdence intervals

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

Marginalised intervals reveal degeneracies/blind directions

Constraints as a function of energy (cuts)

Allow a of model interpretations (different NP mass scales)

Check perturbativity in Wilson coefbcients

Matching to UV models

Correlated Wilson coefbcients !
Validity & perturbativity in

Marginalisation over operator subsets generated by target model
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# 42 59 76 E 2499
B e e e S S
U@)s CP U(3)3 x U(2)2

[Aguilar-Saavedra et al.; arXiv:1802.07237] _ _ _

: I ] I I I

SM fermionsector ¢, U, d, |, e
5 SU(3) x SU(2) x U(1) representations !

Only broken by Yukawa interactions

Some SMEFT operators also break it
Chirality Bipping F.fr structures (Yukawa-like)

Flavor violating (off diagonal/non-universal) entries

Staring point:

No chirality RBipping & diagonal, universal structure

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

Similar to MFV: expansion in Yukawa couplings

52



Interplay

tH] _
tZ]
0
Oc(g?;’l) qu’S) (OtG)
O., Os O/
-V H,VBF Y
-~ O Ow
+ ttW/Z/H/"
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SMEFT at the LHC: key players

BRH

VH/VBF

VBS
t+H/Z

single
(e]0

FcNe VA g6
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[Buckley et al; PRD 92 (2015) 9, 091501 & JHEP 1604 (2016) 015]

M=1 TeV, g=1
¥ Global SMEFT analysis of top quark data
¥ LO constraints on 12 operators C=+1[TeV-]
¥ 195 (174 differential) observables &, _L ol
¥ tt, single-top & tt+2/" c%, S |
~1 o 1
¥ Helicity fractions, Arg & Ac “ — i1
a o
¥ Selected those that o St
interfere with SM C3, —
_ Cy ey
¥ ttg, tbW, ttZ, ggg + linear &8 Al
combinations of 4F operators o T
Cos LR
¥ Probes energy scales of order Cou - :
"~0.3Db1TeV cl, ———
¥ Validity assessment necessary 1 _()i_5 | 0 ()i_5 1
-16.5 -8.3 Ci=Cw?/A* 33 16.5
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[Ellis et al; JHEP 1806 (2018) 146]

Gauge/Higgs sector bt

¥ Very recent global bt to LEP + LHC Run | & Il data

¥ Flavor universal assumption

¥ New differential information
¥ Simplibed Template Cross Sections (STXS) for Higgs production

¥ High-p+ WW measurements 95% CL limits LEP + LHC Run 1+2
Marginalised 18¢ I [ Individual
1.+ - . .
I | 16} Bl Marginalised| |
0.8 . 14}
I r—
[ , > 12}
0.6 - |(|_)
| ] — 101
B . Q
041 : IB gl
~—
0.2 ] < 6f
I 4
0. | | | | | | | | | | | | | | | | | | |
T oz 8 0 F R g U zSxmxeseEs = R .S v T = i
SSSISSSETETHFSS E5d 30 2
52 & - Vo gg=
’ ' 0 . ¢ oD B R B < -
Improvement when adding Run Il data 08 03 00PN ST eSSt s, FOose e
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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

1 H ) H ) H 1 H 1 H )

(x 10) +

A

—

o

}--4+---l+---

(% 10)

(x 10) I

- -

-30 -20 -10 0 10 20 30
c/A2 [TeV—2
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Recent tZ] measurement
CMS ttH+tH analysis

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

l
|
i
|
i
&
)
:
i
|
!

(% 5) 1
i
|
i
|

(x3)

1 N L N 1 . ] "

—-40 -30 -20 —-10 O 10 20
C/A2 [TeV-2]

30

40

tH]

Gauge-Higgs
Dipole

RHCC

Currents

LEP
orthogonal

4-fermion
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Future sensitivity

tZ]
TGC

Dipoles

RHCC

Currents

LEP
orthogonal

4-fermion

oz, P > 250 GeV
- EXxisting individual limit
LO sensitivity
== NLO sensitivity
H ] - L N 1 B L\l - || H L) H L I 1
Cy | (x10) ':'
i
1
1
CIB —?—
1
—_—
Con ——
1
1
(3) +
C.o |9 .
1
c it
wQ +
|
1
+
C. o
1
J
CHW T
i
—_——
CHB f
1
1
Coy'| (x10) =
|
1
1
(3.8) —_—
Coq | (x10) _?_.

-25-20-15-10 -5 0 5 10 15 20 25
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/A2 [TeV-2]

High p tZj: end of run Il/HL-LHC

tHj: HL-LHC ?

SpH; Same as current 6z
- EXxisting individual limit
LO sensitivity
== NLO sensitivity
l'l'|'|':~|-,.
c +
oW _._'
|
4
C M
" T
|
;
C.v .
|
i
C(S) S ———_—
wQ —+—
|
|
,—
Ci. 3
|
—
C
HW *
|
i
(3.1)
Caq '|(x5) .
i
Coy|(x5)
- !

-8

L N 1 N L M

-6 -4 -2 0 2 4
c/A2 [TeV-2]

T T T T T

tH]

Gauge-Higgs
Dipole
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Currents

LEP
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4-fermion
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