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The Standard Model Effective Field Theory

Lack of direct evidence for BSM physics at the LHC
| Standard Model Effective Field Theory (SMEFT):

modelindependent interpretation

New physics at high energy scales

Heightenedenergy dependence and modified
kinematics

Extend SMLagrangianup to dim. 6: L=Lsw + | — O

(! Leading B & L conserving contributions) i

or R Y,
021 M2 i!?—!li+,§{+%+ ai
1| ! | ,

50+6" 7\ _______ ,



1 14598 (
)+, -.1012 -3+0,4#*5/,06%,7

1##is sensitive to a set of fouquark dim. 6 operators.
MFV-inspired approach to sparate4-Heavy, 2Heavy-2-Light and4-Light operators

We focus on 4Heavy operators
2H2L are constrained much more by "and ## production via%8initial state

Operator ttbb

8
/ . ()(12(2_ 5((2 Y (\,)) ((_2 Y (2) v
’ 8 1 = o
s O%o :E(Q T Q) (Q A+ T4 Q) ,
b Q)\N/\/\/

(),1,, (t 5 Vu t) (1) Yu b) ,
t O}, = (f j.l,']"" f) (13 Vi TA b) .

b Oh=@Ert)Eyt),
< g Ztll (([ . b) ()b ; f))t)
Qt — ,
T’\;’!\’\,\\ . 0% = (Q 7. T ‘Q) (F4" T 1) .
) L
(

8 ‘
Q@
N o ()(12 _2 (h 0 b) :
\ Iﬂ ()?2‘ - 2 T (2) (i) 0 T“l b) )
()Q,Q, = (Q I) (Q b).
b (

Obyop = (Q T 1) (Q T D).

IR NN

NN NN R
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)*+,-.+. 0L 2#*#3*A1#/* #54016#,1*748/1*"

Some operators can be constrained by four top as well
ex: C.Zhang Chin. Phys.C42(2018), no. 2 023104
Operator tthb

1 _
Oge =5 (@1 Q) (@ Q) v 01 N 1 o8
s 1 u A QQ - QR T 5QQ
Oga =5 (@1 T Q) (Q A T Q). v
O = () (B b) y Degeneracy in foutop, lifted for | 4 1
08 = (£,T* 1) (b~, T*b), v/
Oy = (1 Y t) (E Y t) v
Oy = (b7 b) (b7, b)
Op = (Q 7 Q) (EA" 1), v/ v
Ot = (Q v T* Q) (E4* T 1), v v
Op, = (Q 7. Q) (b~ b), v
Oty = (Q 7. T Q) (b4 T b), v
()(l)rcgl = ( Q ) € (Q b) v
Oty = (Q T4 1) e (Q T b). v
Pre-requisite:

%8 has a sufficiently large production cross section (pB) to exploit differential

kinematical information with 300 fd (after Run IlI)!
(for comparison. (( ~ 9 10) 5



The name of the game:
Increasing sensitivity to SMEFT operators

interference quadratic (pure EFT)
Ci Ci C .
| = | B, ] o
! 'SM+E|2"+E:|4 1]
. ] '
Ci C?
1 operator: ' =1lguw+pq a— P> a—

small sensitivity
larger sensitivity




"HEY&HS() S H+&'H,
“%6./#&01%+$0#%01*121*3$*($4567!$(8#/8

interference quadratic (pure EFT)
ISR ST el
=t ) Bt T
C2
1 operator: I = Tgm +p1a— P> a—
1 A
sy : ' Measurement
' : — limits on WilsonCoeff.
1 0 +1 ]

C
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123)&,3#00(%"2$#3(%")5.$6(,3#008&

Combine all available kinematics in a (shallow) neural network (NN) to select EFT
enriched phase space.

Instead of a binary classifier (SM vs EFT), we exphaitlti-classstructure to also
distinguish amongst EFT operatorwith left-handed top quark currentst() and with
right-handed top quark currentstg)!

18 kinematic input 50 nodes (10% dropout) 3 output classes
observables
" 0
‘ AR ‘ Minw ‘ Pr | I #$ /0
AR(ly,05) Minw (01,02) pr(fy)
AR(by,bs) Minw(b1,02) pr(ls) -
Al{(bl{l) TH,',”.([)|.(2) [)’]‘([)|) ! &%
AR(by,t,) Mino (b2,1) pr(b)
AR(add, ,addy) | min,(add,,add,) pr(addy)
Minw (b1,b2,addy ,add,) pr(add,) !" &%
Meino(£1,02,b1,ba,add, ,addy) \ )
| 3
Pi =1
i=1



"HS%&06' () (") &-"(/"$#).$0

Desired Combined NN Output

Discrimination used for limits
38 P(tr)
=i SM vs 1, P(tp)+P(SM)
SANCY
© 3
g5 | SMyvstg P(tg)+P(SM)
SERC)

including both t,

and tp operators

EFT vs SM

tr vs tR

P(ty) + P(tr)

P(tr)
P(tr)+P(tr)

J\

. 128%8%'(33(.4)/4)0

One operator at a time: dedicated
SM vst, /tg outputs

Multiple operators: SM vs EFT and
t, vstg outputs



"4 $96&(&"()"*")+,-&'./0,$'0%
1/(%"$"*"$28%$+

Summary of the obtained (projected) 95% CL
constraints on all relevant operators (oAgy-one).

Template Fit
—— Neural Network
M, selection
—— CMS @ 300 fb™*
C(ng ‘ ‘ :'_—
8 j—
Co | ————7— .
o | == Factor ~2 improvement from
Qt D T : : L
| == fiducial phase space definitioto
Qt : : : : : : 3 ; .
ol = EFT-enriched NN selectioh
Qb —
C(83b ::
= =
Ctsb :.':
Ctlthb E—_
| ==
\\i\\\\i\\\\i\\\\;\\\\i\\\\i\\\\i\\

15 110 '5s 0 5 10 15

95% CL limits [TeV™]
10



"HEY6& (B&"H)*+%" * (-$&.-/*".1%0$"%)
"H#I*12*0H3*"#/*42*$" . 56(0%7*"./9%0%"%

Operator ttbb

Oho =5 (@ Q) (@7 Q). d case studyoperators with
Oqq = 1) Q. T"Q) (@ T"Q), 4 right-handed top currentstg) or
Oly = (E 7 t) (b7 b) v left-handed top currentst()
0y, = (f~ T t) (b, T D), v

O =Ev t)[Eyt),

Oy = by, b) (b b),

Ob = (Q 7. Q) (E4" 1), v

Oty = (Q 7. T Q) (E4* T 1) v

Ogp = (Q 7 Q) (01" b), v

Oty = (Q 7. T Q) (by" T 1), v

Oun = (Q ) € (Q D), v

Ofion = (Q T4 1) e (Q T ). v

11



)+ P

P(t)

discriminator Pl

"HEY6& (B&"H)*+%" * (-$&.-/*".1%0$"%)
"H#*12*0H#3*"#/*42*F". 56(0%7*"./%0%"%

2-dim phase space of NN outputs
x-axis: SM vs EFTt( andtg)
y-axis:t, vsty

£ -
— .SM SM+EFT SM+EFT .
i left-handed top right-handed top
0.8— —
06 . e e e e e
— = = B B B EE EEEEEEENEENE®N
- s m EHEEEEEEEEEEENEENENEN-.
u eI E ..
0.4— Xl | I T IR RER NIy
L WY I T TR R R R R N
S A1 I T T 11 R R RE NI LD
B pam N T T T T 1T 1T 0 RN g
— oD EEEEEEEEEDEEENS
0.2 - - s N NN EEEEENEEEEEEE
_SM - = e EEEEEEBEEE
B = = = = = @ @3 B3 B B B @3 B B
O_IIII|IIII|IIII|IIII|IIIllllllllllltliliIIIITITI

¥
0O 01 02 03 04 05 06 0.7 08 09 1

discriminator P(tL) + P(tR)
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"HEY6& (B&"H)*+%" * (-$&.-/*".1%0$"%)

12 345."$4/)8)*6*-&,&$)

Case-study: Consider two noizero Wilson coefficientst ¥, and! &,
| Assume an observation of the SMt %' 1 $.() & " (

P(t)
PE) + P(L)

o
o)

discriminator

=

0.4

0.

N

L "B SM+EFT SM+EFT i
B left-handed top right-handed top |

(@)

0 01 02 03 04 05 06 07 08 09 1

discriminator P(tL) + P(tR)

— SMVvsEFT  + (C_.C))=(00)
AE
SF
vis
SIR:
3
= O
H..'g!l_
| 2F
130
!4;|_||III||IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

14 131211 0 1 2 3 4
Cop [TEV?]
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"HEY6& (B&"H)*+%" * (-$&.-/*".1%0$"%)

12 345."$4/)8)*6*-&,&$)

Case-study: Consider two noizero Wilson coefficientst ¥, and! &,
| Assume an observation of the SMt %' 1 $.() & " (

P(t)
Y+ P)

discriminator P

_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
1_ —]
- .SM SM+EFT SM+EFT =
B left-handed top right-handed top |
0.8= ' —
| ]
|- - -
0.6 -
-
0.4
0.2
0 7

0 01 02 03 04 05 06 07 08 09 1

discriminator P(tL) + P(tR)

SR1

SR 2

— SMVvsEFT  + (C_ .C))=(00)
— SR1
4
3
2
S f
> 1
©
E O
<211
1 2F
13F
!4;|_I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

14 131211 0 1 2 3 4
Cop [TEV?]
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B8 (S&"H)*+%0" *,(-$&.-1*".1%0$"%)
12 45."$4/)&)*6*-&,&$)

Case-study: Consider two noizero Wilson coefficientst ¥, and! &,
| Assume an observation of the SMt %' 1 $.() & " (

P(t)

—~ L L L B I L I I UL I
S - — SMVvsEFT  + (C_ .C))=(00)
o1 SM+EFT SM+EFT -
i B .SM left-handed top right-handed top |
= sl ] — SR1 — SR 2
o 7
S SR 1 AF
g o6
g 1T 3__
5 o4 =2i: i
o EHEE = 2
===:SR2 I -
02 - C S
-y - -] q)
0 | I_ O_
0 01 02 03 04 05 06 07 08 09 1 '—_é
discriminator P(t ) + P(t_) <& 1-
| 2F
130
| AE
.4:|||||||||||||||||||||||||||||||||||||||||||||

14 131211 0 1 2 3 4
Cop [TEV?]
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B8 (S&"H)*+%0" *,(-$&.-1*".1%0$"%)
12 45."$4/)&)*6*-&,&$)

Case-study: Consider two noizero Wilson coefficientst ¥, and! &,
I Assume an observation of the S\ -%' | %#( ) & (

"""" R I R I R I IS I 1 1y _
i — SMVSEFT + (C.C})=(0,0)

SM+EFT SM+EFT QR 1 eeeens i
.SM left-handed top right-handed top SR1 combined SR 1 & SR 2

P(t)
Y+ P)

— SR 2

o
m

SR 1

0.4

0. SR 2

0 010203040506070809 1
discriminator P(tL) + P(tR)

(@)

discriminator P
o
N o
i
lllllllll Il'
-lllllllllll'
coDDDEENEmYEE -
cppEmEsEEehEEs - | |
|
|

:|I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

14 131211 0 1 2 3 4
Cop [TEV?]

16



B8 (S&"H)*+%0" *,(-$&.-1*".1%0$"%)
12 45."$4/)&)*6*-&,&$)

Case-study: Consider two non-zero Wilson coefficients: ! % and ! (ﬁ#

I Assume an observation of the SM: & %' ! (%#( ) &' (

;m 1 |||||||||||| Ill||I||||I|||||||||I||||I||||I||||_ SMVSEFT + (Céb’ctlb):(o’o)
—~ 0. ]
—— SM+EFT SM+EFT —_—CR 1 eeeee- i
o i .SM Dleft-handed top right-handed top- SR1 combined SR 1 & SR 2
- B .
= 081 o — SR 2 — template fit
S B -] AF
© 0.6 e e i i e e s s mEmEEEE B
= - T ENENENERREER R R RN C
e - = o O O NN W 3_
= B o O O O BN N C
(&) 0.4 -I-H-III-I---------! C
N2 L w ([ O O O O C
o cnpEEE NN 2__
B s NN R w e [— -
- - n D NEEEEEEEEEEEEEBE N B
0.2 s NN ENEEEEEDES@HEB ! 1_
| s s mEEE EEEEDEE@EEEB > C
B - = = = = m @ B @@ @ o @ HH q) -
. . . . .. s emmaanm o @ B
ol b Lo b Lo b b b i 15 $a B L4 I_ O__
0 01 02 03 04 05 06 07 08 09 1 B Z
Q -
discriminator P(t ) + P(t_) <& 1-
Cop=5Tev?  Cy=3Tev? ! 23‘
é postfit é 1800 postfit r
@ 1o00f MM t;template ¢ pseudo-data 5 1600 [t template ¢ pseudo-data | 3‘_
[t template %% fit uncertainty [t template %% fit uncertainty T
I sM template Il sM template ' 4 C
CoBa b b b b b b brna b L

14 1312 11 0 1 2 3 4
1 2
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 C b [TeV ]
P(t)

P(tL) + P(tR) WLP“R) 17

0.1 0.2 0.3 04 05 0.6 0.7 08 09 1 1
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12345 678."$7/)&)*9*"")/%:0$&."#;

Case-study: Consider two noizero Wilson coefficientst}, and Céb
| Assume an observation of EFT signalC;p, Cjp) = (5,3)

P(t)
PE) + P(L)

o
o)

discriminator

=

0.4

0.

N

I
L SM+EFT SM+EFT i
B . SM |:| left-handed top right-handed top |

(@)

cODEDDEEEEEEEE -
CORNEEEEESENEE

0 01 02 03 04 05 06 07 08 09 1

discriminator P(tL) + P(tR)

— SMvsEFT  # (C_,,Cy)=(5.03.0)

| 6F
!8__I|III|III|III|III|III|III|III|III|I

18 16 14 12 0 2 4 6 8
Cop [TEV?]
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12345 678."$7/)&)*9*"")/%:0$&."#;

Case-study: Consider two noizero Wilson coefficientst ¥, and! &,
| Assume an observation of EFT signalt &'1 $.( ) & '+(

"""""" R I R AN IR RN AR combined

P SM VS EFT .......
.SM |:|SM+EFT SM+EFT SR1&SR?2
left-handed top right-handed top

J+P()
[

¢ o
OO
LTI

P(t )

+ (clb C.)=(5.0,3.0)

SRl

0.

0. SR 2

discriminator P
o
N SN (o)}
L.
lllllllll (]
lll.lllllt
N

0 010203040506070809 1
discriminator P(tL) + P(tR)

(@)

18 16 14 12 0 2 4 6 8
Cop [TEV?]
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12345 678."$7/)&)*9*"")/%:0$&."#;

Case-study: Consider two noizero Wilson coefficientst ¥, and! &,

Assume an observation of EFT signat

Am IIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
. & 1 SM+EFT SM+EFT B
E’ ;_"\ B .SM Dleft-handed top right-handed top:

< 08 —

o L ]

S - ]

5] 0.6 e e i d e e m e s mmmEEEE

g ~ - =T m o HEH BN NENEENENENDE NN NN NN -
e - = = o [ N BN O O W N W
= L « o ([ O OO OO N W
(&) 0.4 -I-.I-III-I---------!
w0 i o [ O O W |
o cp NN NN
B N R T T NIRRT e iagE

- - e n EEEEEEEEEEEEEEBD

0.2H - s s pEEENEEEEENENEEEBN

L » = mEE E BN DD EDEDEEEE

| = = = = = @m @B EH @ @ @ =3 @3 B B

. .+ 4 < a ammammn --_

O ||||||||||||||||||||||||||||||||||||||| !

0 01 02 03 04 05 06 07 08 09 1

Cop=5Tev?  Cy=3Tev?

postfit
Il t. template ¢ pseudo-data

[t template %% fit uncertainty
Il sM template

0.1 02 03 04 05 06 0.7 08 09 1
P(t) +P(t)

discriminator P(tL) + P(tR)

postfit
I t. template ¢ pseudo-data

[t template %% fit uncertainty
Il sM template

0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9
P(t)
PE) + P(L)

1

$. 1 $

8
6
4

(\IIJ—I
% 2
= 0
<812
1 4
6
1 8

B Lol ) & '+(

— SM VS EFT .......

combined
SR1&SR?2

. 1 1y —
—— template fit + (CQb,Ctb) = (5.0,3.0)

18 16 14 12 0 2 4 6 8
C,, [TeV?]
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"H#H#S% &

##is an indispensable component in a global fit of the tgpark interactions in the
SMEFT at the LHC!

Large enough cross section to exploit differential information

First direct constraints on a specific set of operators

Multi-class machine learning algorithms are a suitable tool for interpreting LHC data in this
framework!

Intrinsically large SMEFT parameter space

High-multiplicity final states with intecorrelated information

Probing multiple SMEFT couplings simultaneously —— SMVSEFT - SOMbinEd

SR1&SR2

allow to pinpoint (or constrain) more efficiently the — template it + (CL,Ch)= (5.0,38
origin (absence) of a possible excess! |

7\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\
18 '16 1412 0 2 4 6 8

cgb [TeV? 21
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Introduction: !'## production

| associate ttbb to:

~ Hives boson %08 1118 %& %) +,-.,-012+*3.4'5++ 11" 6 ( #$78
-~ Ti8s 9:0:.,'4%&0% -+ <"5' =%6&'>%228')+*430,%*.'(*4:
measurements HP@A Y’ (Vo8 (++%&, -.&/-.,012834*35683789)6,:,,%: <-,

)& NEB*NEEH 7'=-&' =+:5%+:: ' (:-&3+:4'/<'
#?@'-.4'BC'@'6DE'F'G'HI' BJ7
#P2@A " HPINE* (++%E&=8&>:<&/-.,;1&,?-2&!"#$%&* (++%&=&>><&/-.,
Phys. Rev. D 89, 072012 (2014), @A7%!"#$&B><&/-.,<12&DE%,2§

SM measurements

#) Theory calculations
(simulations) #8 $%55%03K,'(*4:K%.2'64%55:+:.,'(-&&'&0-K:&E'0*KK%.:-+'
&)K %, %.2BL7K-+2:"55%+ 'B+*(" =+ <'0%((3.%,<
M-0OK:A'BE'N:O*:, -KE'@ATY!"#5%B>0&/-.,012&DE%<2&; .-

¢) BSM searches

" HHHE %&'()*+&),-.+$/01*0&+&2$(8$3.0-,.$4(2$04$
20%567,89$(&2+8,/2(0&):

23



"#$%&' () %) *+& *H&+$*S-,."-&
["0.1,-$&H#S$.,) %/

f Dimension-6 four -fermion EFT operators
. Feynrules model provided by LHC TOP WG
\

[§

X LO matrix element calculation
! MadGraph
\

Visible phase space
at particle level

f Parton showering
! Pythia 8
\

Detector simulation and event reconstruction

[§

i Phase space after event
! Delphes

\

reconstruction and selection

24



EFT validity

. [Tev?]

1
Q

Cey [Tev?]

1 50F

501

[
— 95% CL @:2.3 it [ ]IC, M /@Y >1

------- 95% CL @J300 fb [J 1Cq, IM2,/(4" )" > 0.16

________

|
|
1
1 15 % 25 3 35 4 45
|
1

— 95w cL @23t [ | ICHIM /(4" >1
I n
------- 95% CL @300 fb* [T IC, M2, /(4" > 029

.
N2

E?! GE?<C;M¢,

| (41)°

Fix! =17 TeV and express limits in [Tel/?]

All energy scales associated to the final
state are imposed to be below M.

I Hy (scalar sum of all visible final state
objects) is a good example.

a.u.

|
— SN only
|
a SI\{I + EFT
— il _ -2
Cqp = 10 TeV
i SN + EFT
o — Cy, =20TeVv?
|
|
E. | ) ._!_'_'—— : |
0 0.5 1.5 P 25
[ H. [TeV]
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F&,"*)*BY%&JI& () 28%o#>&" (#"$C Yl # ,, , ,,
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$(,(8&%0)*(#%+,".)* &Y 1&,"*)*BYo(#H# /)0-),1%0&(& (#"%2#1-+&
| 4&1&(%?@;%&*")'.&0%>.,$&%$ I 1349%(556((7B%9:%<

"#$9%6&"())%&*&++,&-./0128344
I H)$()*B-)$.%,+#*B$(%?@;%#>8&",

4&18&' (VHYott]%=)*&+,()'%>., $8&Y%$>,"
&*"Y'. %) %2 @;%'#*(")5-()#* $Y6A-SPB
| EHS("-'(&0%>., $&Y$>, &%+ &&O4




"H#$$%$E& () #+%)*%(+8&%,)-.")/0%
-&(&'(#'%1#0.2&

I"#$5196&&' (%) *+98#-'./)-0-,*.$%1$ !1'2)%..$.-2*+%,.$+,$ 3*(&4"/(&-%0.2)*#$)(5%6%789%, .

L9002+ +%6,$3+*45($5-*.5',6$+,2&/ . +7-$5-".F',65*4-+)$) *+%3-)$):0896>+/$&%6$>/'8%6-&, ) ¥) ) #*?
[.+,856+&-9*%,$1+,'€&$.**-. $+,39952% & §# H 5538 l @acms = 88 * 12(stat.) + 29(syst.) fb
(*#+ $--+'./0'123456'788 '

L @"HA&()#*$%,#"%IBB%B%  $/08&-%$(/(8% 8%/*-%,)C&-%$5$(8880#, %<BD
28/$."8-% C$&' 6%>"&-) (V#* Yot B-F"/>+

" [pb] = 0.078 (1 + 0.0011 C + 0.0049 C?) " [pb] = 0.078 (1 + 0.0041 C + 0.0012 C?)
= ¢ sample points ’ - ) sample points
= 0'35;_ fitted cross section = 0'35;_ fitted cross section
o 03F CMS result 95% CL (2.3 fb™) o 03F CMS result 95% CL (2.3 fb™)
‘E' 0.25E- g CMS prospect 95% CL (300 fb™) ‘E' 0.25E- g CMS prospect 95% CL (300 fb™)
o = () =
= 0.2 = 0.2p
(&] - (&] -
Q 015/ Q 015/
0w O 1 wn 0.1
g 0.05[ g 0.05[
© 0; o 0;
10.05E- L0055, L 1Lt
12f- ; 12
10— ; 10{—
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4-top (300 fb' 1) | 4-top (35.8 fb' 1) | global bt | ttbb (300 fb' 1)
(M cut = 4 TeV) (nO Mcut) (nO Mcut) (M cut = 2 TeV)
Cho 1 2.8,2.5 [l 2.2,2.0 [! 5.4,5.7 121,23
Coo 1 8.4,7.4 n.a. [l 21,14 1 4.5,3.1]
Ch 122,23 [! 3.5,3.5 [l 4.9,4.9 121,23
Coy 1 5.1,4.1] [l 7.9,6.9 [l 11,8.7 1 3.9,3.9
o " ORI
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