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Top-philic NP particles: the origin

* Why would a New Physics (NP) boson prefers the top quarks over its
lighter siblings ?

— This question has of course everything to do with why does the top quark is
actually the heaviest one ...

Because the quark mass enters
into the coupling (e.g. SU(2)
breaking required)

N=2 SUSY constructions (sgluon)
Generic ALP models

\_ See Taylor’s talk Y,
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* Why would a New Physics (NP) boson prefers the top quarks over its
lighter siblings ?

— This question has of course everything to do with why does the top quark is
actually the heaviest one ...

< Because the top quark is made \

Because the quark mass enters (partially) of NP { \
into the coupling (e.g. SU(2)

Because it is a third generation

breaking required) Partial top compositeness quark
N=2 SUSY constructions (sgluon) See Giacomo’s talk Flavour constructions
Generic ALP models
K See Taulor’s talk />‘ \/ (Can generate top-philic
ee Taylor’s ta
Y Because the NP helps in Qactors, leptoquarks, etc...&
generating the top quark mass
Extended Higgs sectors
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The top quark and LHC

* In this talk, we look at new physics which has dominant interaction of
the form Xtt (or leading to an EFT with tttt).

— Caution: this is different from a “top-partner”, no EW interaction expected

e LHC is a top-quark factory with expectedly a very rich top-quark program
unfolding...
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The top quark and LHC

* In this talk, we look at new physics which has dominant interaction of
the form Xtt (or leading to an EFT with tttt ).

— Caution: this is different from a “top-partner”, no EW interaction expected

* LHC is a top-quark factory with expected
unfolding...

* The first observation of 4top:
of 4top reaches 6.1 (4.3) o ‘

—

Therefore, we are & -

currently probing

Lttt at the 10 fb t )
level g

|

\ -

y a very rich top-quark program

SM is observed ! Now it’s finally
time to shine for NP searches ?

The key point will be
that NP topologie
predicting four tops
(or more...) are most
of the time really
different from the 5M
background



Simplitfied models

Include EWSB contributions

e We consider singlet top-philic particles... /

1 1 _
Lg D =0,50"5 — —m%lSIQ + 1 [yls + ylpi"yﬂ Sit - contained for instance in
2 2 2HDM type-| or type-Il

1 1 _
[-:V D) ——Vl‘“’Vl y — —m2 Vlﬁm + t’)f glLPL + glRPR let — Via mixing with new VL
1 M Wi M H
4 2 guarks, etc...

* And color octets top-philic particles

1 1 _
[:58 D, §DMS§DMSSG — ém%rSSSSga + 1 [?JSS + ygp?:’j/g)] Sgt —> Composite models, N=2
SUSY ...

1 1 _
£V8 D) _E‘/S#V‘/S;w — —m%/S Vgﬂ‘/g# + t’)/” [ggLPL + ggRPR] Vé,p’t - Composite models...

\

[ Include direct QCD interactions




EFT vs simplified models




From resonant searches to EFT

* The NP is completely decoupled, the

SMEFT approach is relevant
Multi-TeV = Ttit When should we move from
pp one description to the
. . ?
TeV * The “high-pT” region, one or two NP other :

particles produced on-shell
pp - ttX, XX, X - tt

2m;

Zmb




From resonant searches to EFT

* The NP is completely decoupled, the
SMEFT approach is relevant

Multi-TeV When should we move from

pp — tttt one description to the
. . ?
TeV * The “high-pT” region, one or two NP other :
particles produced on-shell
pp - ttX, XX, X - tt
2 m, . Rgsoqance easily produced, but decay Large signal rate / Large
with little pT background region
pp - ttX, XX, X - tt

* Resonance easily produced, but decay

cannot proceed in tops o
pp — EtX* > Etit But also tt (bb), tt (yy), etc ..

Zmb




Cross-section estimates

* The amplitude for the pp — tt tt with a NP simplified model can be
(artificially) decomposed in 3 main pieces

Mgz ~ Mgy + Myrx X BRy_ ¢ + MOM—shell Contrary to the “usual”
case, we just started to
measure dg)y...

L 2 NP2
Oftit ~ Osy + Oeex X BRy ¢4 + Ojpe + 0

* For the EFT, the on-shell piece is assumed to be subdominant

1
Mgz ~ Mgy + FMEFT + (...) Given the current sensitivity, LHC (and
HL-LHC) are in a regime with:

1 1 1 NP2 1

- NP? Ospy ~—O0 = — O
Ottt ~ Osm +F0-int +PU SM A4 A2 ot



How to look for a heavy top-philic state ?

* The key requirement is that is decays mostly to tops, so we have the
main requirements that couplings to g, q... are much smaller than yy .

£60000) N 0'0'0/0/0) el

S = Z%<
T D000 x\<

t X
Final state: tttt Final state: ttX, X — tt Final state: XX, X — tt Final state: X
4 4.2
S 2 oXg 9sVxt
o X I 0 X Yx¢ > o X S7T4

Works only if the top-  Loop-induced, but no PDF suppression
philic state is an octet + only one X to produce



A minimal EFT basis

* Simplified models often include EWSB

- Using SU(3), X U(1),,, basis is
important and leads to additional operators

* Typical SMEFT approach is redundant
for top-only operators

- No need to keep track of b-quark



A m | ﬂ | m a | E FT ba S I S EW-breaking part (P-conserving)
Og = 1t it

* Simplified models often include EWSB O — FPAL T
- Using SU(3),. X U(1) gy, basis is o A

important and leads to additional operators _
EW-preserving part

* Typical SMEFT approach is redundant

for top-only operators Orr = trY*tr trYutr
—> No need to keep track of b-quark 01, = tiy'ts tryute
X _ _

| Ou=(mwte? Or =071 trule
Otg = (trVutr)(TLY"qr) 8) OLR — tLTa’Y’utL tRTa’YutR

I _OES)_ _ _(tﬁj/‘itilt_R) (_quuffiq})_ ] qu - qu/3 Also two further P-breaking operators...

Ogq = (LVuqr)?
O = (@yut’ar)”

Four-top operators used in 2010.05915
\ -



Simplified models matching (1.0.1)

* Integrating out the to match EFT 1 1

and simplified models (particularly s, p? — Mg, A2
easy in this case) - <

Clearly, the EFT

- Followed by Fierz transformations to approach requires
fall back to our minimal basis ... heavy top-philic
mediator

e The EFT basis is

compact enough that, (92}9 Os OLr Ok

e.g. pseudo-scalar top- Sy | 2 / / /

philic particles do not ) 2%51 y

need a dedicated S1 | =532 / / / - 2

operator v / : / _ i _ Jir 98LYs8R
; 6M2 | G6MZ




Importance of EW interference effect (LO)

* Interferences become important for CS around the fb, and EW-contributions
are dominant!

—> Similar to the full SM result
where aZagy,, terms were found i;eldleg;'l Fl’gga”" Zaro
much larger than expected '

Aoude et al. 2208.04962

- For the “heavy quark” operators, aZaiy, tend

to dominate the interference contribution Acudeetal
2208.04962

int
O-incl ~ O3 + (o)) + 01 + Oy

2 1 12
As asqAgw ASAEw  agy,

For the c/A ~ 1, the NP2 terms are of the same
order as the interferences



Importance of EW interference effect (LO)

* |nterferences become important for CS around the fb, and EW-contributions

are dominant!
Aoude et al. 2208.04962

- Similar to the full SM result 5(L0) = 6,461 © V5

where aéaZ,, terms were found Frederix, Pagani, Zaro

1711.02116
much larger than expected INCL

=13Tev 4-heavy O [fb]

05

- For the “heavy quark” operators, aéagy, tend
to dominate the interference contribution Acudeetal.

0o

2208.04962
O-i?tlgl ~ O3 + %) + 0{1 + O-O\ g2 -05
as asagy a3qby ad
EwW

For the c/A ~ 1, the NP2 terms are of the same -_ “
order as the interferences ...
* Conclusion: always include EW interference |

. . . cQQ8 cQQ1 cQtl cttl cQt8
\ in your simulations  see also Jezo and Kraus (2110.15159)
\ -



https://arxiv.org/search/hep-ph?searchtype=author&query=Je%C5%BEo%2C+T
https://arxiv.org/search/hep-ph?searchtype=author&query=Kraus%2C+M

EFT viability

* The projected constraints, even at HL-LHC points to g/A at the TeV level
= In the low mass regime, on-shell production dommates

LD, Fuks, Maltoni-- 2104.09512

- Either single or pair production 102 k. ‘ Paird mm—
L 8 production___ Octet
/ 1 & 8!
/m Ss < .\\\ _\‘\‘;\‘ q ..‘.‘ SM &t Slnglet EFT
| ‘SE < p :5 101 _\‘\\.\\\‘\\\ ................ s “.' .......................... oCtet EFT .
O < = ' Vs o — Octet pair
T
* For perturbative values of the S Associated
coupling, EFT approach is relevant & 10-1 production
only for X masses above 2 TeV (at
the 0.1 fb level) _
’?h V\Slﬁ/lnbeedkto fino(ljzi\cwayttfhbeat L0 g1u= g0 = g1 =£15= 1.0 :
e ackground to get there i
at HL-LHC 500 1000 2000 5000

Mx [GEV]



Going NLO

 We define the K-factor as the ratio between LO and NLO cross-section

—> Can we estimate the size of NLO corrections from the SM estimate?

LO
~-C—NLO __ _C—NLO ONP \ _ L.O
OsMm

* No...only a partial knowledge of NLO effects ...

Frederix, Pagani, Zaro

— In the SM, NLO-correction in QCD dominates > Ksy ~ 2.3 501 00116

= In the SMEFT, much smaller effects,

Depends on the operator, typically Kyocp £ 1  Degrande et al. 2008.11743

. . e LD, Fuks, Goodsell
= In simplified model: case of pseudo-scalar octet led to Kocp ~ 2 1505 10335

- In ttX-only process, Kocp ~ 1.5 Cacciapaglia, LD, Darricau 23xx.xxxx

* Altogether, pretty uncertain situation: we will present limits varying the
K-factor between 1 and 2



Limits and going

differential




o per bin [pb/GeV]

Differential measurements — EFT tails

1 Aoude et al. 2208.04962
107"
t  Four tops production at the LHC, 13 TeV SM —
L ettt in SMEFTatNLO
102F c=1.0, A=1TeV SM+INT300 —
E SM+INT210 —
— SM+INT201 —
1027 B SM+INT1XX
SM+INTOXX
i . SM+INT —
104k l SM+INT+SQ.
107°F
107°

Rel. scale uncertaini

gy INTXOOUSM 210 —1XX
02 300 — 201 —0XX

04—

1.2 I SMEFT/SM 5Q - INT —
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4509 1000 1500 2000 2500 3000 3500 4000 4500 5000
My[GeV]

MadGraph5_aMCENLO

HL-LHC will give access to the differential
informations
- Allow for a « tail » strategy in searching for SMEFT effect



o per bin [pb/GeV]

Differential measurements — EFT tails

Aoude et al. 2208.04962
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L ettt in SMEFTatNLO
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HL-LHC will give access to the differential
informations
- Allow for a « tail » strategy in searching for SMEFT effect

HL-LHC projected limit on EFT couplings

Aoude et al. 2208.04962
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“
Colorful vs colorless

* Note that the simplified approach quickly breaks down at large masses

* Three main NP regimes to be tested: (1) Intermediate for color singlet < TeV,
(2) EFT-like at large couplings above 2 TeV and (3) High-mass resonance > TeV

LD, Fuks, Maltoni -- 2104.09512

Simpl. Mod. (HL-LHC) 3 ab™!

Intermediate

mass regime: 05y L. EFT (CMS) 137 fb~!
harderto e EFT (HL-LHC) 3 ab™’
distinguish 0.0 - - : : i

SHNBHIS 04 06 08 10 12 14 1.6

from the SM

\ Ms, [TeV]
\ -
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Colorful vs colorless

* Note that the simplified approach quickly breaks down at large masses

* Three main NP regimes to be tested: (1) Intermediate for color singlet < TeV,
(2) EFT-like at large couplings above 2 TeV and (3) High-mass resonance > TeV

Large mass regime, resonance
. search should bypass most SM
LD, Fuks, Maltoni -- 2104.09512 )
LD, Fuks, Maltoni -- 2104.09512 background

P
=
1. —— Simpl. Mod. (CMS) 137 fb™'
Intermediate Simpl. Mod. (HL-LHC) 3 ab™" Simpl. Mod. (HL-LHC) 3 ab™!
mass regime: 05y L. EFT (CMS) 137 fb* (| | [ [ . EFT (CMS) 137 fb™!
harderto  { e EFT (HL-LHC) 3ab | 1 | |+ e EFT (HL-LHC) 3 ab™!
distinguish 0.0 - - . - - 0.5 - - - - - - . :
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.001.251.501.75 2.00 2.25 2.50 2.75 3.00

from the SM

Ms, [TEV] Ms, [TeV]
\h.




Above the di-top threshold: TeV-scale

* In general, for TeV-scale new particles, we should be able to
do much better by reconstructing the tops invariant mass
and searching for the resonance

* Proposed strategy: <
- First reconstruct completely the four-top final states, o <

either leptonic or hadronic (hhhh, hhhl and hhll)

- Then determine the resonances from the tttt final states

Good preliminary results, the distinct topology of heavy resonance decay makes it
relatively easy to identify the proper pairs of tops

Work in progress with O.
Mattelaer, and B. Fuks
and collaborators
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Above the di-top threshold: TeV-scale

* Ingeneral, for TeV-scale new particles, we should be able to Y .
. . . ork in progress with O.
do much better by reconstructing the tops invariant mass Mattelaer, and B. Fuks
and searching for the resonance and collaborators

* Proposed strategy: <
- First reconstruct completely the four-top final states, o <

either leptonic or hadronic (hhhh, hhhl and hhll) _
- Then determine the resonances from the tttt final states . /‘ s
2
ty

Good preliminary results, the distinct topology of heavy resonance decay makes it
relatively easy to identify the proper pairs of tops

* At intermediate masses, various machine learning techniques are being

Atkinson et al.

investigated by theory (and experimental?) groups 209 08981
- Reconstruct properly the tops from the final states particles via GNN

—2 Distinguish ttW from tttt (Demixer algorithm, Bayesian probabilistic
modelling) Alvarez et al. 1911.09699, 2107.00668

\ -



Comments on the “low masses” range

LD, Fuks, Maltoni -- 2104.09512

* When the top-philic particle is 1.2 1959 C.L Timits, Vector Singlet
lighter than two top masses: no
on-shell decay (to tops) available

* Situation closely mimics the
existing SM processes

- Interference plays an important role

i" *
- "
-
Lt
‘F' _II
!“ I.'.
e
/

- Measurement gets close to the SM /. ETF[H??:[}
precision prediction (NP will become /e EFT (CMS) 137 fb™'
“systematics”-dominated at HL-LHC 5 0' | EFT(HLLHC) 3 ab™
if no advance on theory side) 0.1 0.2 0.3 0.4 0.5 0.6

My, [TeV
oM = 11.97721° fb v [TeV]

 Use another decay channel in ttX configuration ?

= With reconstruction of the X — yy, bb, uu, 1t etc...



Loop processes at small masses

With top-couplings only, loop-induced
contribution can be important

- Similarly to the Higgs ggX and yyX are loop-induced
= Running of ag, ygp, important



Loop processes at small masses

With top-couplings only, loop-induced
contribution can be important

t S8

- Similarly to the Higgs ggX and yy X are loop-induced
- Running of ag, Vg, important Workin

2.00 85% C.L. limits, Scalar Singlet B 'FA)‘FODgFES.S with d

. . . parricau an
In this regime, We can re-use a 1.751 - 6. Cacciapaglia
large range of Higgs-like NP 150
searches L o5
21.00] e
Main open question: would a ttS 0.751 \
final study be relevant in that 0.50 -
' vy, CMS 2023
0.00

MS1 [ TeV ]



Conclusion




Conclusion

* Fast experimental progresses on tttt searches

- Experiments are still statistically limited

* Dedicated NP searches are within reach: both on the “off-shell” EFT
approach and on an “on-shell” NP production (resonant opportunities)

< llustrated by my;;; tail for EFT

—New dedicated analysis strategies probably required (top-tagging) to
tame the SM background and explore the fb and sub-fb region at HL-
LHC

e Still a pretty active field on the theory side |
- New ideas tested to get the best out of the tttt states for NP-dedicated analysis



