tttt interpretations and future plans

Abhishek Sharma

for ATLAS and CMS
Top2023, 25th September 2023

X UBC| THE UNIVERSITY
A AS w OF BRITISH COLUMBIA

EXPERIMENT

1/18



Outline

» SM result

» Interpretations
tttt and ttt
Top Yukawa
Higgs oblique
BSM models
EFT

» Future work

e Run3
e Addressing current limitations
e HL-LHC

I'll largely be referring to (submitted to PLB) and for CMS results, and
for the ATLAS result. Other references will be inline.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/

In case you weren't paying attention...
» Both CMS & ATLAS observed tttt in the 2¢SS/3¢/4¢ channels

» Thanks to Niels for the thorough explanation of the main analyses!
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Interpretations



tttt v. ttt

b wob t

» ttt is produced with either . w ‘
an extra g or W — looks
much like tttt ' w

> Nominal U(ttt): ' o Simulation Supp/ementaryd 138 fb”' (13 TeV)
e 1.67fb (LOQCD, NLO § [Tamas 7 CMS = Otverbackgrouncs

norm_) for ATLAS, % 0sl SFsl: 13 TeV, 140 fb* :;I;:Jtal background ] 0.5+ ﬁ?zis —— ]

e and 2 fb (LO QCD, [ — i ] oal — ]

NLO QCD and LO EW oef

Fraction of events / 0.11 units

norm.) for CMS i 0.3
0.4
» Machine learning classifiers i 02
struggle to separate the two 0al
processes 0.1
» Perform simultaneous 870270304 05 06 07 08 08 1 0
GNN score 0

measurement of tttt and ttt

BDT score titt

ttt encompasses all permutations of ttt and ttt with extra g or W. Diagrams from PLB 687:70-74 (2010) 5/18


https://arxiv.org/abs/1001.0221

tttt v. ttt cont.

» Both collaborations see similar results, with ttt being Processes | 95% CL cross section interval [o]

® SM

+ Best Fit

poorly constrained e fie = 1.9
P ; ttt [4.7, 60] [0, 41]
» Strong negative correlation between the two processes ww | B 43] [0, 30]
» ATLAS result also splits ttt into +q and +W states tilg | [0, 144] [0, 100]
2 = 100 e 5
= =N [ ATLAS g &
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S S [ Obs: Exp: — ﬁ.
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Testing Higgs properties with tttt

» Some tttt production processes contain Higgs
propagator
» We can use tttt to constrain Higgs properties

» Top Yukawa coupling y;, including CP properties:
complementary to existing measurements

» Higgs oblique parameter: tttt is most sensitive
process (JHEP 09 (2019) 41)

» Care must be taken with ttH, as it is a background
process to tttt
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https://link.springer.com/article/10.1007/JHEP09(2019)041

Top Yukawa coupling

contribution in the same way as tttt

T
[ Calculated from combination
<4< Observed upper limit
— Observed cross section
== Predicted cross section

* JHEP 02 (2018) 031

i (fb)

y 138 fb-' (13 TeV)
T T i

.
0.5 1.0 15 20 25 3.0
Iy

From PLB 844 (2023) 138076

tttt combination

; ; =
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---68% CL (Exp.) ]
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+ Best Fit
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Q

ttH parametrised

N}
e

» The tttf cross section can be parametrised in terms of the Yukawa coupling strength
» ATLAS splits CP-odd and -even components, and tests effect of parametrising the ttH
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T T 0
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A higher measured cross section — a less stringent limit than expected

Obs. -2A In(L)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-005/index.html

20 In(L)

tttt can also probe the Higgs oblique
parameter H, which modifies the
Higgs propagator

H +# 0 variations included as EFT
operators

Since ttH is also affected

wegy = 1 — H is needed

CMS reported H < 0.12 at 95%

O O N W A O O N 0 ©

Higgs oblique parameter

7 ==
£ ATLAS / =
E Vs=13TeV, 140 fb" /
F — Observed =
F  ---Expected . / =
= Non-unitary regime =
5_95%C|_ i
Fe8% cL =
Eeeer=t 0 | I P S|
0 0.05 0.1 0.15

9/18



BSM models

» Many BSM models couple to top, tttt is heavy — good process to constrain new physics
» ATLAS and CMS test simple heavy scalars/vectors, to 2HDMs(+a), dark matter, etc

cMms 137 fb™' (13 TeV) 100 CcMms 137 fo~' (13 TeV)
I B e L A A B
95% CL observed exclusion regions 95% CL upper limits 2 |_ATLAS —e— Observed limit _
2z Vector Z/ 5 —— Observed B E{5=13TeV, 139" e Expected limit 3
15 - = B Median expected, =1 and 2 Oexperiment i F BSM 4tops SSML o B
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s I ]
2 < —— ofie*®P" (DM, my = 600 GeV, gsm = gom = 1) x ol Theory. peos |
s M\N z TE anio E
3 60 I F E
o x =1 L |
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S / < 2 . B
E + =
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00T T8 R0 200 250 300 %50 400 450 500 550 800 850
ol
my or mz (GeV) ma (GeV) From JHEP 07 (2023) 203

More BSM on Wednesday!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/

EFT

» Standard Model effective field theory provides a neat way to introduce new physics
without explicit models

v

Restrict to heavy fermion operators: Of;, Obg. 04, and 03,1
» Measure linear (interference between EFT and SM) and quadratic (EFT) effects on the
tttt yield

» Individual limits for each operator, assuming others are zero

ATLAS 2¢SS/3¢ full Run 2 JHEP 11 (2019) 082: CMS 1¢/2¢0S 35.8 bt
Operators | Expected C;j/A? [TeV=2] Observed C;/A? [TeV—2] Operator Expected C; /A2 (TeV™2) Observed (TeV~2)
O}ga [-2.4, 3.0] [-3.5, 4.1] O [-2.0,1.8] [-2.1,2.0]
o e 17 19 Obg [-20,18] [-22,20]
O [4.2, 4.8] [-6.2, 6.9] 0k, [-3.3,3.2] [~3.5,3.5]
0, [-7.3,6.1] [-7.9,6.6]

1- Another operator is redundant in this case: O%Q = %O}QQ
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-019/index.html

EFT cont.

e Other WCs profiled (20) 138 fb‘ (13 TeV'
» tttt is affected by more EFT operators than the four —— o Worpidii CMES’
mentioned so far S I
- . - - CKW
» Major backgrounds like ttW and ttZ are also affected ot
i
» CMS (arXiv:2307.15761) did an EFT search for new physics =
with 26 operators .
» tttt features prominently, especially in 2/SS regions o
CMS postfit 138 fb' (13 TeV) CMS postfit 138 fb' (13 TeV) %a*?2)
2 16 T I 2lss3b(+) £ T T 20ss 3b(-) Cp+2
o ‘ ‘ [ oz o
o 14 | & 12 o e
12| | 10| C':
10 | 8 03:
. | 6 o
4 ‘ 4 :‘3
2 2 o
0 0 c,;u:S
‘31.51 ST P I T %420 I— l TR I ——— I
R % 75255 075255 015255 0 1525 5 R % 75255 075255 015255 0 1525 5 B —
o Pr(l)max [100 GeV] o Pr(l ) max [100 GeV] -6 -4 -2 0 2 4 6
[charge misid. [IMisid. leptons [lDiboson [ Triboson [conv. Mwz ~ [in Wilson coefficient / A® [TeV*]
Wi [ [ [tiq Hta Wi ZTotal unc. $ Data

More EFT talks tomorrow! 12/18


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-006/index.html

The future of tttt



Prognosis for Run 3

» tttt is ~20% more abundant at 13.6 TeV while backgrounds don't scale quite so much

» Expect 300 fb~! in Run 3

» tttt observation in 2¢SS/3¢ channels, plenty of opportunity to revisit others

CMS Supplementary 138 fo-' (13 TeV)
osbL
(2017+2018) 3s.d.
Expected
Single-lepton Hl Observed

All-hadronic

Combination of above 3.9s.d.

SSDL&ML (2016-2018)
EPJC 80 (2020) 75

OSDL (2016)
JHEP 11 (2019) 082

Full combination 4.0s.d.

0 1 2 3 4 5
tttf signal significance

PLB 844 (2023) 138076

ATLAS
R ASRRR!

— tot.
stat.

— 22

Tot

+1.6

Vs =13TeV, 139 fo"
it
it

. ( Stat., Syst.) Obs. Sig.

1L/2LOS —_ 1.2
2LSS/3L [REP—— 20 08 (54, %1) 430
Combined o — 20 08 (%4, %) 47
sl l Lo b bvva bvwvn b b biw i
0 1 2 3 4 5 6 7 8 9 10

fi = SM
Best-fit p = Gmr/ [

JHEP 11 (2021) 118

14/18


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/

Technical challenges

Pre-fit impact on p: Ap
6= 0,+A0 6=6,-00 -04 02 0 0.2 0.4
Postft impacton s
8= B+20 0=8a8 | ATLAS
—e— Nuis. Param. Pull Vs =13 TeV, 140 fo*
—e— Normalisation factors !
. . . . . . titf Cross-Section b
» Signal modelling uncertainties were dominant in it generator choice | ———E—
. tftt PS choice
the ATLAS result, and important for CMS too - | .
. . Eigenvector 0 b-jets :
» Improvements in matrix element and parton Eigenvector 0 lightts |
. . . . T p_and p :
shower matching will have big impact P oo -
. - - . . (W + 1 true brjet —_——
» Given ttt v. tttt results, improvements in ttt JES pile-up ptopology — =
. . . . NF g | ——
simulation such moving to NLO MC will help 325 flavor composiion signal P gm
. . . . . . . . W generator choice —o——
» Improving ttt discrimination in machine learning, 2 generator choice [
. . . . pe Eigenvector 0 c-jets —
eg. a dedicated category in multiclass classifiers, Eigenvector 1 bets SIS S
will also aid in decoupling the two processes ot b -M
1iH + 1 true bjet —o—
others Cross-Section e
72\\\7\‘\\\\‘\\\\‘\\\\ I NI N N
(©-6,)/00
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Technical challenges cont.

» Background processes are also in extreme regimes with extra radiation

o ttlW/+jets necessitates data driven methods or large normalisation uncertainty
e tt-+HF will have a similar impact in hadronic, 1¢, 2¢0S

Events / 1 unit

Data / Pred.

150

o
o

50

Supplementary 138 fb” (13 TeV)
FT T T T T LI
¢ Data Mttt
CMS oa
SR-2¢, SR-3¢  MtH Nonprompt
I VV(V) l Charge misID
tttt class mxy Other t
Postfit it Total unc.

0
D)
2]
1
1

o

4 5 6 7 8 9 10
Number of jets

101 fb-" (13 TeV)

Q
ES

Events / bin

10°
o 12
2
W10
]
O 0.7

\
E CMS
OSDL, Ny 24

E PSssssssesy ey Ve J

.

T
3

. i+ 0b B

otV

T T
Data B tiirare o
ff+ 210 Wl OEW

tt+H 77 Postfit unc. o

gl

4

5

6

7 28
Jet multiplicity

Events

Data / Pred.

400

T
ATLAS

¢ Data
Vs =13 TeV, 140 fb™ [Jttw
SR mtiH
Post-Fit [ Mat. Conv.
WLow m,.
[ Others

77 Uncertainty

[ i
Witz
[CJQmisiD
[@HF e
WHF
Ot

) ') s ?////7
0.75E i ’ 7
0.5%

6 7 8 9 =10
N

1

16/18



HL-LHC

» Looking back at a conservative projection from the
previous ATLAS 2/SS /3¢
ATL-PHYS-PUB-2022-004

» “Run 2 Improved” scenario calls for:

e halving of some uncertainties, like tttt and ttV E ]
theory, flavour tagging, o E

e and lumi scaling of others, like additional jet
modelling, jet experimental uncertainties

e and a naive Hr fit, expected 5 o with 1000 ot

» We're well beyond that (orange star for CMS,
magenta star for ATLAS), thanks to improved ; o
background estimates and more sophisticated %500 fooo 1|5n°tggr§t';°d°|_uﬁfl?%s@°('}g)
sig/bkg separation

:7 Vs =14 TeV, Projection from Run 2 data
r —— Run2
f —— Run 2 Improved

Significance [s.d.]
@
|

» Bodes well for the future!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-004/

Conclusion

» A huge effort to measure tttt, now time to make the most of it!
» Interpretations:
e tttt versus ttt
Top Yukawa coupling
Higgs oblique parameter

Explicit BSM models
EFT

» Many directions for future work, including:
Hadronic, 14, 2¢0S channels

e Combinations

e More EFT operators

e Stuff we haven't even thought of yet

» Plenty of work yet to be done!

Thanks for listening!
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Backup material



EPJ C. 83 (2023) 496


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/

Top Yukawa

o B R B A — 3 o E 3
T 450 ATLAS : 3 z E 3
g F Vs=13Tev,240f5* ;| 20 3 § E 20 3
35 = e 5
3 E 3F E
25E = 255 =
25 — Observed é 2; — Observed é
1_55— -- Expected = 1.5F -- Expected 3
T — S — = i .
0.5 3 05F -
o) S e ot =

0 0.5 1 1.5 2 2.5 0 0.5 1.5 2 25
ki ki

Log-likelihood with ttH parametrised or not.
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EPJ C 80 (2020) 75


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html

Heavy (pseudo)scalar

CMS 137 fo™" (13 TeV) CMS 137 fo~" (13 TeV)
100 100

95% CL upper limits 95% CL upper limits
—e— Observed
&=== Median expected, =1 and +2 Texperiment

—e— Observed
=== Median expected, £1 and *2 Oexperiment

o(pp~ (ttW,tg) + H) x BR(H ~ ) (fb)

—— 0§k (2HDM, tanB = 1) = 807 ___ Ofseudoscelar (HDM, tanf = 1)
—.— 022 (DM, my =600 GeV, gsm = gom = 1) —— OO (DM, my = 600 GeV, gsm = gom = 1)
60

o(pp— (tLtW,tq) + A) X BR(A - t) (fb)

0 . . . . . | 04 . . . . . |
350 400 450 500 550 600 650 350 400 450 500 550 600 650
my (GeV) ma (GeV)
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cms 137 o' (13 TeV) cMms 137 fb™' (13 TeV) cms 137 fb™' (13 TeV)

3.0 3.0 3.0
95% CL exclusion regions 95% CL exclusion regions 95% CL exclusion regions
[ Observed [ Observed [ Observed
25 Median expected, +1 Oexperiment 25 Median expected, +1 Oexperiment 25 : Median expected, +1 Oexperiment
scalar pseudoscalar scalar + pseudoscalar

0.0 0.0 0.0
350 400 450 500 550 600 650 350 400 450 500 550 600 650 350 400 450 500 550 600 650

my (GeV) ma (GeV) My (GeV)
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Dark matter + heavy (pseudo)scalar

700 CMS 137 fo™" (13 TeV) 200 CMS 137 fo~" (13 TeV)
600 600
scalar pseudoscalar
5001 500
E 400 2™ E 400 gL
x >
£ 3001 g 300 7
I
ol
200 200 A
95% CL exclusion regions , / / 95% CL exclusion regions
[ Obs. (gsm=1,gom=1) / ( [ Obs.(gsm=1,gom=1)
100 { 1 Exp. (gsw=1,0ou=1) 100 /) 3 EBp.gsw=1,00u=1)
77! Obs. (gsm=1, gom =0.5) (L' Obs. (gsm=1, gom=05)
! Exp. (gsm =1, gom =0.5) H 1 Exp. (gsm =1, gom = 0.5)
, - , 0 . . -
300 500 600 700 300 500 600 700
my (GeV) mp (GeV)
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JHEP 11 (2019) 082 1¢/2¢0S partial Run 2


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-019/index.html

(1)

(2)

%k ik
Operator Oh Obg O O
(@ 039 | 559 036 —039 0.3
Ohg 0.47 549 —045 0.13
Oy 0.03 19  —0.08
0%, 0.28 0.45

Operator Expected C;/A? (TeV~2) Observed (TeV~2) Operator Expected C;/A? (TeV~2)  Observed (TeV~2)

[ [-2.0,1.8] [-2.1,2.0] ol [-2.0,1.9] [-22,21]
OGQ [-2.0,1.8] [-2.2,2.0] Obg [-2.0,1.9] [-2.2,2.0]
Oy [-3.3,3.2] [-3.5,3.5] Oy [-3.4,3.3] [-3.7,3.5]
08, [-7.3,6.1] [-7.9, 6.6] 0% [-7.4,63] [-8.0,6.8]

Linear and quadratic parametrisation coeffs, 95% CL for individual operators, and 95% CL for operators

when others are marginalised.
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JHEP 07 (2023) 203


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/
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ATLAS-PHYS-PUB-2022-004


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-004/

Extrapolation

Uncertainty source Treatment in the “Run 2 Improved” model
Signal modelling

tttt cross section Half of Run 2

ttf modelling Half of Run 2

Background modelling
W -+ets modelling

Renormalisation and factorisation scales Half of Run 2 Uncertainty source Ap

Generator Half of Run 2 Signal modelling

Jets multiplicity modelling Scaled by Run 2 pulls 1] cross section 1012 —0.08

Additional heavy flavour jets Scaled by luminosity o .
it modelling tttt modelling +0.01 —0.01

Cross section Half of Run 2 Background modelling

Additional heavy flavour jets Scaled by luminosity ttW +jets modelling +0.05 —0.05
Non-prompt leptons modelling Scaled by luminosity {7t modelling 10.03  —0.03
”’?fi“’ and ¢£Z-+jets modelling Half of Run 2 Non-prompt leptons modelling +0.03  —0.03

Jross section alf of Run .

Renormalisation and factorisation scales Half of Run 2 {EH +jets modelling +001  —0.01

Generator Half of Run 2 ttZ+jets modelling +0.01  —0.01

PDF Half of Run 2 Other background modelling +0.01  —0.01

Additional heavy flavour jets Scaled by luminosity Charge misassignment < £0.01
Other background modelling Tnstrumental

Cross section Half of Run 2 ..

Additional heavy flavour jets Scaled by luminosity Jet uncertainties . +0.05  —0.04
Charge misassignment Same as Run 2 Jet flavour tagging (light-flavour jets) +0.07 —0.09
Template fit shape uncertainties Luminosity +0.02 —0.02

Mat. Conv., v*, and HF non-prompt leptons Scaled by luminosity Jet flavour tagging (c-jets) -+0.03  —0.02

Other fake leptons Half of Run 2 Jet flavour tagging (b-jets) 40.01  —0.01

Additional heavy flavour jets Half of Run 2 Other experimental uncertainties +0.02  —0.02
I]:lf t‘:!:?:‘e::::ll . Same as Run 2 Total systematic uncertainty +0.17  —0.16
Jet flavour tagging (light-flavour jets) Half of Run 2 Statistical +0.07  —-0.07
Luminosity Same as Run 2 Non-prompt leptons normalisation (HF, Mat. Conv., Low m_+) +0.03 —0.05
Jet flavour tagging (b-jets) Half of Run 2 WV normalisation 1003 —0.04
Jet flavour tagging (c-jets) Half of Run 2
Other experimental uncertainties Same as Run 2 Total uncertainty +0.19  —0.17
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BSM models 2HDMs

B tttt provides extra sensitivity in certain areas of parameter space, complementing

dedicated searches

» ATLAS-PUB-2023-018 includes BSM tttt in 2HDM+a summaries
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oo
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From JHEP 07 (2023) 203
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/
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