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Introduction to tttt

m Rare processes with distinctive signatures
m Firstly computed at NLO in QCD in [1206.3064]

m Available in event generators [1405.0301] [1507.05640]
[2110.15159]

m Complete NLO including EW were computed in [1711.02116] —
o ~ 12 fb £20% at /s = 13 TeV

m Experiment; ATLAS: 2477 fb, CMS: 12.6725 fb, with evidence of
4.70 by ATLAS

see also talks by Jan van der Linden and Melissa van Beekveld
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Introduction to tttt

[1602.01934][1711.02116][2008.11743][2010.05915]

In the SM, the EW scattering is important, however, there are large
cancellations in interfering with purely-QCD ones
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Introduction to tttt

[1602.01934][1711.02116][2008.11743][2010.05915]

In the SM, the EW scattering is important, however, there are large
cancellations in interfering with purely-QCD ones

t
g 7 q—>—0 ZL M th

$Z/y
g t g ——0 <<\— %’ g%f
t

In SMEFT, the EFT interference with the SM EW amplitudes can not
be neglected, e.qg.

t
g t Q\Mt g t
tH
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What did we do?

Considered all QCD and EW-induced, splitting to « and &, e.g.

30,0 2,1,0 2,0,1
dalnt7gg [4F] = Qs dal(nt gg) + O‘? (a dal(nt gg) fdal(nt gg))
dUmtqq,[4F:|—0( +()/ —|—0651"'+(Y5---

the total interference cross-section reads
OINCL = 03 + 0y + 01+ 0y

and then systematically ...

m obtain differential and inclusive predictions for all relevant
SMEFT operators

m toy fit to illustrate potential bounds on the effective coefficients
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An example: 4H LHC inclusive predictions

ofH(LO) =6.46fb @ VS =13TeV  4-heavy Ojt. [fb]

O3

02

o1

Oo

cQQ8  cQQl
m 0, is dominant in all 4-heavy — ‘non-naive’
m Sub-leading terms dictate the sign of the interference

cQtl cttl cQt8
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The big picture

| | 4H 2L2H 2F | OF |
as =4 X X GG Ce
835 8 8 8 8 8 8l
=3 - €0q> Cqu» Ctg» Coa» Ctur Cta> Cq ;
Qs = 11 1 11 1 1 Cttp7 Ctz, Cew
C C Ci,, C C;,, C
0g° Cou: Ctq> C0a Ctu> Cta
as =2 | B, Chos Cos Cors Cie cé}, Cots c(g -
as=1 - - - Co6
as =0 - - - -
The set of non-naive operators are
Il 4-h d O3 O, 046, 0, 0, O
a €avy an { Qg “tes tGs pQ et 4,06}
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4H LHC differential predictions

107!
Four tops production at the LHG, 13 TeV oM —
swaio —
= s SM+INT210 —
SM+INT201 —
% 103k SM4INT1XX
8 SM+INTOXX
r SM+INT —
& SM+INT+SQ.
= 10
£
®
8 (g
o 10
1076 L
197 . . . . . . . . .
{2
0.8
0.4
0
-04
-0.8
03
0.2 F INTXXX/SM 210 —1xx
ik 300 — 201 —oxx
i b
02 F
93 . . . . . . . . .
gf [ SMEFT/SM 80 — INT -
02F
0
-02

Myy[GeV]

£ . L L L L L L L .
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

MadGraph5_aMCENLO

o per bin [pb/GeV]

107!

102k

10°F

107

107°

10°F

Four tops production at the LHC, 13 TeV
¢QQ8 in SMEFTaINLO
¢=1.0, A=1TeV

sM
SM+INT300
SM+INT210
SM+INT201
SM+INT1XX
SM+INTOXX
SMINT
SM+INT+SQ.

.
2

0.8

uncertaia

scal
A

E INTXXX/SM 210 — 1
1 E 300 — 201 —0xx.

£ L L L L L L L L L

[ SMEFT/SM 50 — INT —

= L L L L L L L L L
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Myl GeV]

MadGraph5_aMCENLO

m Z/~ contributions are dominant — expected from the inclusive

study

m Mild interference growth with my ~ /s
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Toy fit
Goal — provide illustrative constraints on WCs

AlL fit results are shown in two cases: when including only QCD
contributions, and when including all terms

m LHC

m Available measurements are ATLAS: 247 fb, CMS: 12.6735 fb
m Theory prediction of 12 +20% fb 11711.0211¢]

m HL-LHC

m We assume the measurement sits on the SM rate, within an
expected total experimental uncertainty of 28% [1902.04070]
m Assume 20% total theoretical uncertainty

m FCC-hh
m Same as HL-LHC but we keep 5% total experimental uncertainty
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Toy fit
Goal — provide illustrative constraints on WCs

AlL fit results are shown in two cases: when including only QCD
contributions, and when including all terms

m LHC

m Available measurements are ATLAS: 247 fb, CMS: 12.6735 fb
m Theory prediction of 12 +20% fb [1711.0211¢]

m HL-LHC

m We assume the measurement sits on the SM rate, within an
expected total experimental uncertainty of 28% [1902.04070]
m Assume 20% total theoretical uncertainty

m FCC-hh
m Same as HL-LHC but we keep 5% total experimental uncertainty

We show three different fit results assessing different aspects of
four-top production ...
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Toy fit: impact of subleading terms

Linear

—e— FCC-hh - 95% C.L. Individual (QCD only) - Incl. O
151 FCC-hh - 95% C.L. Individual - Incl. ot

(NITeV)?
o

—154

At the linear interference level, the inclusion of subleading terms in
4H predictions is crucial
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Toy fit: impact of differential information

We add information from my in three bins ...

Linear+quadratic

8
—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Incl. g
6 —e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Diff. Mg
—s— HL-LHC 3ab~! - 95% C.L. Individual - Incl. Oy
HL-LHC 3ab~! - 95% C.L. Individual - Diff. My
4
24
=
>
g o }
2
—2
—4
—6
-8

o o % a
differential information improves sensitivity
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Toy fit: the big picture

Linear+quadratic

(NTevy
—_—

FH

—— LHC-95% C.L. Individual (QCD only) - Incl. o

+— LHC - 95% C.L. Individual - Incl. e

—— FCC-hh - 95% C.L. Individual HQCDon\y) Incl. O
FCC-hh - 95% C.L. Individual

' ‘\: ik

w2 10 10 w10 €520 G2

m The effect of subleading terms in 4H is diluted by including the
quadratic contributions — 4H amplitudes are QCD-induced

m /s = 100 TeV will have a strong handle on all of the operators
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tttt summary

m The EW scattering in four-top amplitudes is crucial element of
its predictions

m Computed four-top SMEFT predictions considering all QCD and
EW-induced amplitudes

m We defined a set of ‘non-naive’ operators for which formal
subleading terms can not be neglected

all 4-heavy  and {Oé’ql, Otp, O, Ofp_o), Out; Oy}

m Performed a toy fit to assess the impact of subleading terms and
differential information in constraining relevant effective
coefficients
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Backup
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Operators’ definitions: 4F in Warsaw basis

1(ijkt)
Q‘lq

1(ijkt)
Qqu”

Ukl
I]kl

l(ukl _
quqd -

=(q
=(q
= (
= (4
(@

ain"a;) (Gkvuar),
qiv" ;) (i),
QI’YMQJ)(dk'YudI)

Y up) (divud),

iu;)e(qedr),

QX = (g7 q)) Gyt q),
QXM = (Giy" TAqy) (v, T uy),
QU = (@ TAg))(diy, TAdy),
QN = (" T uy) (diy, TAd)),
TQN) = (@i T u))e(q@T dy),
QU = (Gry" up) (diyptir)
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Operators’ definitions: 2F and OF in top-basis

4 ~ 2 -
Qi = /( Qrt ) ¢Buw +hc, O, = (SDT - Vz) tg + h.c,,
Ow = i(0T" 7,t) W), + hc,,
Oy = _QtB/Sin0W7 I( TD“ (‘0) (f,-yﬂt)’
OtG = lgs (QTHV 7-A t) @ Gﬁy + h.C., /( TD,U, TISO) (Q’Y“ TIQ)’

<~ -
55 i(¢'Due) (21" Q)

Q. introduced in the Warsaw basis to show the SMEFTatNLO
rotation of the O, operator; the coefficients of O,, and O,, reads

~ ,Ov
H

cew = G, Gz = —sin Oy G + cos Oy Gy

¢; —, C; — Warsaw basis.
Purely bosonic operators are defined as follows:

O = (‘PTso - z) Gy Gl Os = sfasc G, GGy
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Decomposition of the SM cross-section

Vi 0(ad) O(oda) O(odar) ,0(ckal) 3.,0(as0h) 5, 6(ak) [ Inclusive

13Tev  6.15 -1.44 -0.58 2.33 X X 6.46
100 Tev 2570 -313 -197 753 X X 2812

In orders of as and ay = a + oy

m EW contributions, i.e. 0(a2ad), are significant, yet the
interference of the corresponding amplitudes with QCD ones, i.e.
O(ad o), dilutes their effect

m Same cancellations, yet even larger, are observed at NLO in
[1711.02116]
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tttt in SMEFT: operators’s insertions

Relevant two-fermion (2F) and purely-bosonic (OF);

{Oty, Oz, O, 01, 03, O, 06, 0,56}
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LO expansion

In the presence of dim-6 SMEFT operators, the scattering amplitude
reads

1 1
A= Asm + ﬁA(dﬁ) t (Agasy2 + Ags))

leading to the partonic differential cross-section

1 1
do = dogy + A2 + Q (quuad + dogp + dadg).

Lets just focus on the ,

= dUint, g + dUint,qq

~2R (ASM,gg A}EFT,gg) + 2R (ASMW ATEFT,qq) :
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LO expansion
Write down the SM amplitudes (skipping gg-mode for simplicity),

(i k) (2,0 0) (1,1,0) (1,0,1)
Ashgg = o5 Ay, g9 T s < @ Agnrgg 0t ASM,gg) ’

and the EFT ones,

(i-j.k) B (1,0,0)
AEIJ?T,gg,[4F] = aSAEFT,gg [4F]°

Do some work and then write the cross-section,

,0,0 2 2 2,0,1
Aoing,gg,[4F] = O dal(nt gg) + ag <a dal(nt gg) + ke do 1(nt,gg)> ,

The total interference (including gg—mode) cross-section reads
OINCL = 03 + 03 + 01+ 00,

where o3 is the cross-section induced from all terms with o2, etc.
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gqg-initiated o, in 4F

(3,0,0)
d0int gq,4F] = O3 Aoy o

+ a2 (0o + o ol220)

int,qq int,qq
o (02820 o2l ) doB + od 0o 0D)
0,3,0 1/2 0,5/2,1/2
+(03) dolrad) + (a°/ 0f?) dolrs Y
0,2,1 3 2 0,3/2,3/2 0,1,2
+ (o’ ay) dUl(nt qq) +(a*?0;/?) do l(nt q/q 2t (aa )dal(nt qq)
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2H2L at /s = 13 TeV

oti#(LO) = 6.46fb @ VS = 13TeV' 2-heavy 2-light g, [fb]

cQq83 cQqg81 cQu8 ctq8 cQd8 ctus ctds cQql3 cQqgll cQul ctql cQd1 ctul ctdl

m dominant o3 — almost all 2H2L are naive’ operators

m All enter in gg-induced production — EW scattering effects are
less critical in interference with gg-initiated amplitudes?
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Relevant 2F and OF at /s = 13 TeV

o#(LO) = 6.46fb @ VS = 13TeV 2F/OF oy, [fb]

EE
g | ]
g | [
g | L]

Non-four-fermion operators can also be ‘non-naive’
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Rest of 4-heavy at /s = 13 TeV

 per bin [pb/GeV]
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2F and OF differential predictions /s = 13 TeV
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Different EFT structure than contact-term insertions (4F) — can be
inferred from the amplitudes scaling with ~ E
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2F and OF differential predictions /s = 13 TeV

coefficients approximate values extracted from [2105.00006]

@ per bin [pb/GeV]

Hesham EL Faham « Four top quark production in SMEFT . TOP2022, Durham, Sep 61, 2022

Four lops production althe LHG, 13 TeV. o
clpin SMEFTaINLO ot
6035, A=1TeV SMAINT[SI[5] —
SwenTat0 —
SwoNTI0!
SheNT2XX
SHANTIX —
SHaNTOX
ST —
SwNT.sQ

10

10

T

@ per bin [pb/GeV]

Fourtops producton at the LHC, 13 TeV/
G in SMEFTAINLO
=04, A=t ST

SMAINTI[ 58] —

e

Taarare.

@ per bin [pb/GeV]

102 Fourtops production at the LHG, 13 Tev o
pQMin SMEFTatNLO -
=10, A=t Te) SMLINTIL 515 —

Taarame.

10°° .,f,
.
:
:
:
:
:
§§é§ R
T ———
o

00 1000 1500 2000 2500 3000 3500 4000 4500 5000
My(GeV]

004 M
002

o
88

000
003 Pyr—
009 F suerrom §88 E suerrsu
88 003
001 8
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

k00 1000 1500 2000 2500 3000 3500 4000 4500 5000
My(GeV]

My(GeV]

12/17
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FCC-hh 4H

of#(LO) =2.8pb @ VS =100TeV 4-heavy Ot [fb]

20

o3

02

01

-60
Oo

cQQs8 cQQ1 cQtl cQt8
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FCC-hh 2H2L

cQd1 ctul ctdl

cQd8 ctu8 ctd8 cQgl3 cQqll cQul ctql

cQq83 cQqg8l  cQus ctq8

Hesham EL Faham « Four top quark production in SMEFT . TOP2022, Durham, Sep 61, 2022 14 /17



FCC-hh relevant 2F and OF

ott(LO) = 2.8pb @ VS = 100TeV 2F/QF gyt [fb]

200
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FCC 4H differential predictions
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FCC 2F and OF differential predictions
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