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» The heaviest known point-like particle

» The only quark that decays before hadronising 'ﬁ_ B
» Gives access to spin through decay products T B

» Vital role in EWSB
p Largest Yukawa coupling (order 1)

» Responsible for Higgs hierarchy problem
» Key input to meta/instability of EW vacuum
» Also important input to Higgs CP and self-coupling

» Huge cross section at LHC makes it a precision tool =

P Tests of SM parameters e.g. LFU in W decays o Absolute stabiliy
p Search for rare production and decays = m
» Precision test of QCD and MC modelling P—

/ Josh McFayden | Valencia | 26/11/2024
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» The LHC is a t()p Top Quark Production Cross Section Measurements Status: May 2020

quark facto ry g : ATLAS Preliminary )
» >100 million top quark =g = [Run12Ve-7813T LHC pp ¥R =7 Tev :
o I A Data 4.5 — 4.6fb~"
pairs produced Run 2 i — o
: 102 E_ N _ - LHC pp Vs =8 TeV ; _E

} Processes Span 5 : - A Data 20.2 —20.3fb .
orders of magnitude | “B o
. . I 10! F .
iNn Cross section: o105 | x =
» O(100M) tt events i

_ 1 L F O o E
» O(1k) tttt events | A L= RS
I A
. | A .

» Possible decay modes 1 o1} ™
gives rise to a vast i o
arrayOffinal States ...ITO._?I__.................................................> |

tt t tW t ttW ttZ ttH tty tZj 4t
I t-chan s-chan fid. {+jets ]
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$'Rare top quark associated production ~ US

» Rare Standard Model processes accessible only at the LHC.

» Reaching observation for many rare processes
» Now achieving sufficient sensitivity for differential measurements
» Measurement sensitivity just starting to exceed that of theoretical predictions

» Important backgrounds to new physics searches

P ttW and ttZ backgrounds for ttH in multilepton decay modes
p ttZ in top+MET SUSY searches
p ttW is major background in any same-sign di-lepton final state

» Rich phenomenology
» Many final states, EFT interpretations

9 Josh McFayden | Valencia | 26/11/2024
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2500 A

= ATLAS
= CMS

= Theory (NLO)
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Multi-messenger astrophysics

Péter Mészaros & Derek B. Fox, Chad Hanna & Kohta Murase

Nature Reviews Physics 1, 585-599 (2019) | Cite this article
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Multi-messenger particle physics
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§'Why ttH?

» Window into top-Higgs coupling
» Very important test of EWSB

» Higgs self-coupling

» Higgs CP properties
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» Window into top-Higgs coupling
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» Higgs self-coupling
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$'Why ttH?

» Window into top-Higgs coupling
» Very important test of EWSB

» Higgs self-coupling

» Higgs CP properties

Liig = —K;y:1 Y (Cos @
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$'Why ttH? US
» Window into top-Higgs coupling
» Very important test of EWSB

» Higgs self-coupling

» Higgs CP properties

Lt = —Kt)’t¢¢t( iys5 SIN Q@)Y
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» Window into top-Higgs coupling
» Very important test of EWSB P [

» Higgs self-coupling

» Higgs CP properties

Liin = —K,y: P (COS @ + iys sin @)y,
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ttH
(H=>WW, 171, Z2)
‘multilepton’

ttH
(H=YY, ZZ(=%4%) )

* |eptonic decays of W/ Z
bosons and tau decays can

e |arge irreducible tt+jets

(HF) background : i )
give distinct multilepton
e final states with signatures
multiple b-jets

® main background from ttZ/
W and non-prompt leptons

t

W/t/Z

W/t/Z
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l ttH | —

OF SUSSEX
| |( tIOtl. )I (IStla.t] : IsyISt.l)

ttH
ATLAS (s=13 TeV, 36.1 fb
Bisinai — total - stat.
ttH ZZ ’—I— < 1.9 (68% CL)
) +0.7 , +0.7 +0.2
Difficult ba | e 0.6 07 (%07 %02 )
e |arge irredt I +0.6 +0.3 +0.6 els
- == 0.8 :
(HF) backgr ttH bb 0.6 ( 0.3 -0.5 )
e final states v i +0.5 +0.3 +0.4 |
multiple b-| ttH ML Ho-H 1.6 T4 (035 03 ) Z(=¥2¢)
----------- R e e L ETTETXSICEE LT EELCELLELLETTE I A € #2Xy
. | 1.2 +0.3 ( +0.2 +0.3 )
ttH combined : Irl-l = 03 -0.2 7 0.2
| | | i | | I | | | I | | | | | | | | | | |
—2 0 2 4 6 3 10 v
Best-fit . form =125 GeV
&9999_9_9_9)‘\__\{ QOS5 t
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§ttHML | Backgrounds US

» In this channel major backgrounds
are ttW(+jets) and ttZ(+jets)
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» In this channel major backgrounds
are ttW(+jets) and ttZ(+jets)

p 2LSS example:

32 Josh McFayden | Valencia | 26/11/2024



§ttHML | Backgrounds

» In this channel major backgrounds
are ttW(+jets) and ttZ(+jets)

p 2LSS example:
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§ttHML | Backgrounds US
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» In this channel major backgrounds s )
are ttW(+jets) and ttZ(+jets) b .
» 3L e: S ’
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Top+X
Processes interlinked in multilepton final state
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tW-scattering
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§'Background | First Run 2 results US

» Started off as barely a hint

of deviation from the SM 25001 T ATLAS == Theory (NLO)
m— CMS

2000 -

1500 -

o [fb]

1000 -

0o =

500 -

ttZ ttwW ttH  tttt 50
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» Started off as barely a hint

of deviation from the SM 25001 — ATLAS — M5
ATLAS ttHML CMS ttHML
ATLAS tttt CMS tttt

2000~ === Theory (NLO)

» Then seemingly mounting

evidence that something is ElSOO-
going on with ttW (or o 53
1000 -
ttW-like final states) == 1 ] ; E

500 -

ttZ ttwW ttH  tttt 50
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@ttHML@&Ofb-1 US

» Previous Run2 result
> N F(ttW) very h|gh (~'] 6) ATLAS Preliminary (s =13 TeV, 79.9 fb"

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
' — {Ol.
» u(ttH) quite low (0.58) (tot) (stat)
stat. U = 0.38 +0.57 +0.45
: . [ . F—@®—H - -0.54  -0.43
» Observed significance: 1.80 (expected 3.10) 20SS

+0.58 +0.48
37 I © W=093 g5  ogu
Pre-fit imépact on u: _ 005 088

[ 10 =0+A0 0 = 0-A0 =O52 +U. +U.
Post-fit impact on u: Ap 47 I ® / M ' —0.72 —0.68
o =P9+"A?6 s 0 = 0-AD 015 01 005 0 085 01 015 o 1= 0.30 1,01 10,77

—e— : (6-6,)/A L L = U. B B
Norm Foo ATLAS Preliminary +cthad| F—@ - 0.90 0.64
Is=13TeV, 79.9 fb” uw = 0.49 +0.94 +0.83
ttW norm. factor: 3¢ channel ' 20355 + 1 Thad J ® 1 . -0.82 —0.71
Jet energy scale: n intercalib. NP I 4 +1.10 +1.04
ttZ cross section: scale variations 37 + 1 Thag | ® | K= 0.43 —0.85 —-0.79
ttVWW modelling: scale variations T Iy - e T
ttW norm. factor: 2/SS channel, 2-3 jets . = 0.58 +U. +

Fake 7j,,4 bkg. stat: 1/27 channel Combl n ed I I-® .II I IH I _O'?B _? 25

ttH cross section: scale variations
Jet energy scale: pileup

—1 0 1 2 3 4 5 6 /

best fit u = o™/cllH for m, = 125 GeV

ttWW modelling: charge extrapolation
ttWW norm. factor: 2/SS channel, > 4 jets
Top rare decay cross-section

Jet energy scale: flavour response

tt H modelling: parton shower
ttW modelling: alternative generator

4-top cross section

45 Josh McFayden | Valencia | 26/11/2024
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@ttHML@&Ofb-1 US

» ttW also a dominant uncertainty:

Pre-fit impact on u:

16 ="0+A0 6 = B-A0 - | | | — . = | | | | =
Post-fit impact on u: Ap - ATLAS Preliminary :glat:m E;;I:V(“=O'58) . " ATLAS Preliminary “# Data -tf"’ (“*=0-5.8) i
B 6 = B+AD 0 = 0-AD -0.15 -01 -005 O 005 01 015 400; Is =13 TeV, 79.9 fb’ 1D {521y *)(high) [ iy *(low) - o5pl_ 18 =13TeV,79.9 fort LI W tth/ y7)(high)
—.—PU”:(G'BO)/AB L L £ [ 2055 [] Diboson [ Mat Conv 1 £ - 37 tty*(low) -leoson ]
—e— Norm. Factor ATLAS Preliminary 0 350 - Post-Fit I Non-prompt & [ Non-prompt 11 - o _ Post-Fit I Mat Conv [L_] Non-prompt e ]
\s=13 TeV, 79.9 fb”’ % 300 - [ ] Other 7/, Uncertainty ..2 200 B : Non-prompt p| | Other B
ttW norm. factor: 3¢ channel L% - o Pre-Fit - L% i //Ati/;:ertamty o Pre-hit _
Jet encig,oonles m intarcalib 20| 250 ] - ]
tt/_croce anation: anala variations - % E w ... ¥ ]
ttW modelling: scale variations 200 % _
+#W norm. factor: 2¢SS channel, 2-3 jets : [ e ]
FARS T pad omgr e 127 Cnannel 150 R — 100— 7
ttH cross section: scale variations B C |
Jet energy scale: pileup 100 = % A_
ttW modelling: charge extrapolation - 50 —
ttW norm. factor: 2SS channel, > 4 jets S0 =
Top rare decay cross-section - : i -
Jet energy scale: flavour response s 15 F - R S 1 5 15F i - -
ttH modelling: parton shower DGL_) - : . S‘% S DU S : e ~
{ ing: i = TR - //;?/ S S
ttW modelling: alternative genera.tor S 1 i IS5 TL 7;47 ////W/A/M//W /%/ /% » 1 IR0, ////?// ////;//?// 2
4-top cross section e - 1 = ]
L 0 05k . . 0 osE_ . ——

s £7 A 2 et N a A

Nb =1 Np >2 Np =1 Np>2 Np =1 Np >2 Np =1 Np > 2

» Decided that dedicated differential ttW measurement was needed

46 Josh McFayden | Valencia | 26/11/2024



» Background estimate

through “Template fit”

28SS

HF non-prompt £ CRs
[=2], 1bj]

Mex |

Lsublead [ PT Lsublead

pT sublead pT sublead § PT 2sublead

Conversions CRs
[LMM] [Obj]

||I!!!!I|\||I!!!!I|\
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§ttW | Background estimation us

OF SUSSEX
% 1065 | | | | | | | |
§ - ATLAS Preliminary ¢ Data ttw [t
D s i Is =13 TeV, 140 fo W tiz/y* [tty*(LM)  [llDiboson
E {tW ML B Mat Conv [C]HFu ElHFel
- Post-Fit QMisiD [ttt Other

10% F ~/Uncertainty - - Pre-Fit Bkg.

3 3
L7 Mh‘z Sy S My S nee
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§ttW | Inclusive Fit
» Split by Njets, Nb and lepton charge and lepton flavour =48 SS + 8 3L SRs

2 I | I | | I | | | | | | | | | | | | | I | | | |
© 160 ATLAS Preliminary ¢ Data ttw [ ttH
I | {s=13TeV, 140 b Wtz fiy*(LM) [l Diboson
140+ ttW ML Il Mat Conv HFu I HFel
L 2£SS(++) QMisID Ittt Other
120 Post-Fit /. Uncertainty
100

80

60}

N
o

N
o

\

o

/:%;r s/-’ﬁ r(*/-/ﬁtﬂ d 2 A’r ’il-v‘ax $v-ﬁ¢x ﬂpA yy‘-é‘*{y# ,:;,/./4‘/ ,/‘.,ﬁ*

Data / Pred.
SO~

~ oo OO
T
A% - :
{-e-
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Events
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- ATLAS Prelliminary ¢ E)ata I ttw ”
- {s=13TeV, 140 fo" [tiH Wtz }
W ML tty*(LM) Bl Diboson
- 37(+) I Mat Conv HFu ]
 Post-Fit I HFel QMisID
i I titt Other |
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§ttW | Inclusive XS and charge ratio

» o(ttW) = 890 + 50 (stat) £ 70 (syst) fb
» New (approx.) NNLO calculation (

> o(ttW+)/o(ttW-) = 1.95 £ 0.21 (stat) £ 0.16 (syst)

ATLAS
/s =13 TeV, 140 b

NLO+NNLL
-®- Sherpa
“©- FxFx
NNLO

B ATLAS- this result
7~ CMS (JHEP 07 (2023) 219)

Stat. + Syst. Stat. only

S R VR R R AR MR
400 500 600 /700 800

49

900 1000
o(ttW) [fb]
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): o(ttW)=745 fb, p(ttW)=1.20

ATLAS

/s =13 TeV, 140 fb™

B ATLAS- this result
2 CMS (JHEP 07 (2023) 219)

Stat. + Syst. Stat. only

_
e 7

14 16 1.8 0 55
o(ttW™)/c(ttW)
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https://arxiv.org/abs/2306.16311
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-30/
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§ttW | Differential nets US

» Unfold 9 observables. Showing here njets:

10F

'3' | | | | | | | | | = n 07— | | | | | | | | | - O O I | | | | | | | | |
S - ATLAS : @ [ < . | e Data, stat. unc. | Total unc. .
* [ -1 Z I ] | —6— Sherpa —A— aMC@NLO+Py8 (FxFx) ]
B - 13 Tev, 1_40 b ' © 0.6 ; LES] aMC@NLO+Py8 (Incl.) —g— Powheg+Py8
— 8[ ttW* Particle Level - E : ! o Powheg+Hw? _
O S 0.5F . n h
o © [ : Z I
O ~ 04F |_z: ] : * ¢
™ : | 0.5F ® | .
[ , a2 — ]
02__ Y $ | : : | . [ :
[ | I | ]
0.1 % I — —0.5F | :
- —£ ' |
- | | | | | | | | | | _
1.55- - I I — 00—
1:—————=9—=——e—— —————————— '-——0-—_—-0-__0_ ro _o_-_-o-_-..—_-o—_————i- —————————————
0.5F © ‘ e —— T
L | |
1.5F - . - - - ! ' ! —
: —&— R
; e |y
1:—----=X-==X=---—_y-_——--|EXE-_-X-T- e = = = f == === === ===
0 5:_:X= | | ‘ - —E—I —
S © S o 15F : o £ : e
=1 = . == a g
%8 %8 fh---=--- o e g S - S . B —— —f—m—mmmmmm oo
o al osf° == = 3 —o— . E
> 3 4 5 6 7 2 3 4 5 0 > 3 4 5 6 7 2 3 4 5

2|1SS 3l 2I1SS 3l
Particle-Level N Particle-Level N

Particle-Level N

jets jets jets
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-30/

PHW | CMS
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» But not yet differential

» CMS have full Run 2 inclusive result

138 b (13 TeV)

I||II|III|III|III|III|III|III

B CMS B Measurement % EPJC 80 (2020) 428 n
| Preliminary : _
i —— Stat. unc. —— JHEP 11 (2021) 29 N
__ —— Total unc. __
: Nominal * Stat. + Syst. :
. ee g 845 + 117 + 111 H
e e m .. 996 +61+68 |
L uu 868 + 63 + 64 N
_ Dilepton — 905 + 42 + 51 1
 Trilepton A' n 649 + 104 + 96 H
_ Combined e 868 - 40 + 51 _
Y

| | [ 1 1 | [ | 1 | [ 1 1 | [ 1 1 | [ 1 1 | [ 1 1 | [ 1 1 | |

200 400 o600 800 1000 1200 1400 1600
.  [fb
qw L0l

Oy [

Ol
Ol
-

Ol
o
o

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
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138 b (13 TeV

+ Best fit

CMS

Preliminary

[ 1 1 1 |

—+— JHEP 08 (2019) 039

68% CL

— 95% CL

- W
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L 4
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l

3
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§ttZ | First ATLAS search US

} HOW it Started,,, rrrr[prrrrprrrrprrr ool
2 10°k
5 ' ° E ATLAS Preliminary . data
N o2l Wiz
o 10k j Ldt=4.7b'\s = 7 TevEll ZZ+ets
o F ttw §
O
LI>J 10 3 - WZ+jets E
- Bl (ibZ+tbZ)+X -
: _ Other _
10! 3 E
107 / E
Lo 1 | L 0 RN B i
60 /0 80 90 100 110 120

m, [GeV]
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» How It's going...

Events / 0.07

Data/MC

Events / 0.07

Data/MC
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§ CMS ttZ+tZq

«1g CMS Preliminary 138 fb' (13 TeV)
T e 2o twz B (27 tiX
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§ CMS ttZ+tZq
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> s :
Row It's going... CMS Preliminary 138 fo'! (13 TeV)
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ttZ+tWZ node (maximum score)

Josh McFayden | Valencia | 26/11/2024


https://cms-results.web.cern.ch/cms-results/public-results/superseded/TOP-23-004/

UNIVERSITY
OF SUSSEX

§ CMS ttZ+tZq US

» How It's going...

CMS Preliminary 138 fb' (13 TeV)
N~ — .
10t Prefit B tZq0 B tZq1 D tZg2 I tZg3
@ E B t20-tWZ0 [ tiZ1+Wz1 [ fZ24WZ2 [ t1Z3+WZ3
. [ — (X " Nonprompt % Multiboson [ WZ
» Now possible to S oL Xy ~ ——Daa (/7] TotUnc

> =
LL] —

measure — pr(2)<50GeV  50<pg(2) <100GeV 100 < pr(Z) < 180GeV  pr(Z) > 180GeV

differentially ttZ =

J

» And even tZq!
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§ CMS ttZ+tZq US

» Unfolded differential cross sections:

C _ I -1
CMS Preliminary 138 fo (13 TeV) _ EMSPrelminary 13810 (13 TeV)
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=, = g =
~~ [ - GSM ] ﬁ [ SM ]
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https://cms-results.web.cern.ch/cms-results/public-results/superseded/TOP-23-004/

sensitivity

?ATLAS ttZ + EFT

» ATLAS measurement with similar

» ATLAS and CMS both achieve ~6%
uncertain on the total cross section:

Channel

OtiZ

Dilepton
Trilepton

Tetralepton

0.84 £ 0.11 pb=0.84 + 0.06 (stat.) + 0.09 (syst.) pb
0.84 + 0.07 pb=0.84 + 0.05 (stat.) + 0.05 (syst.) pb

0.97+%10 pb =0.97 £ 0.11 (stat.) + 0.05 (syst.) pb

Combination (2¢, 3¢ & 4¢)

0.86 = 0.05pb=0.86 + 0.04 (stat.) + 0.04 (syst.) pb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-20/

?ATLAS ttZ + EFT

» ATLAS measurement with similar
sensitivity

» ATLAS and CMS both achieve ~6%
uncertain on the total cross section

» ATLAS also directly set limits on EFT
operators from unfolded cross
sections
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Back to ttH...
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?ATLAS ttH US

» Combined inclusive cross

| | b1 I I | I 1 1 | L | T 1 | | I | I I I 1 | | L | | I
section of ttH+tH known to ATLAS —e—i Total Stat. EEEI Syst. | sM
Vs=13TeV, 36.1-139 fb™
~20% — 60 my = 125.09 GeV, |y, | <2.5
Pgy = 89% Total Stat. Syst.
|
ggF+bbH H=— 1.03 007 (004, ‘goo)
VBF f—=— 111 105 (o008, ‘gi)
WH o S —_—— 1.18 i8;§§ ( +0.17, fg:}i)
7H |—|—o‘—|-—| 0.97 022 (+o1s, 'o13)
ttH+H | —— 097 0% (Tois» ois)
| | L1 1 I L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1
06 08 1 12 14 16 1.8 2 22 24 26

Cross-section normalised to SM value

Cross-section normalized to SM value
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?ATLAS ttH us

» Combined inclusive cross —
: ATLAS |—e— Total Stat. Emm Syst. | SM
section of ttH+tH known to {s =13 TeV, 36.1 - 139 fb”

m, = 125.09 GeV, |yH| <25

~20% — 60 Py = 065%

Total Stat. Syst.

+0.06

ggF+bbH 1.03 +o007 ( +004, 3p5)

e
» Hard to separate tH: VEF >|—-ﬂ 110 2 (woos, D)
|

WH 116 05 (xo47, 1312

» Large anti-correlation with ttH

ZH e ——am 0.96 2% (zo16, Igin)
ttH ,—'—.—'—l I O.7A|f +0.24 £017, Foi)
0.5 1 1.5 2 2.5
— T T T 1 —rr r 1 r . . 1 r r . 1 T 1
+4. + 3.3 +2.6
tH —==—s=—=—166 ' (5. la)
! | I N I ! | I I ! | " N N N | 1 1 N N | N N " N | !
-5 0 5 10 15 20

Cross-section normalized to SM value
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

?ATLAS ttH

» Combined inclusive cross

section of ttH+tH known to
~20% — 60

» Hard to separate tH:
» Large anti-correlation with ttH

» ~50% uncertainty per STXS
bin as a function of pT(H)
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I 1 —e— Total Stat.
=13 TeV, 139 fbo
s=13TeV, 139 fb = Syst. | SM
my, = 125.09 GeV, |y | < 2.5
_— o
pSM = 94%
I
+0.78 ,+0.70 +0.34
pFT’ <60 GeV l—_?—* 0.77 0.66 ( —0.62 i0_23)
60 < p* < 120 GeV —eo—| 0.74 100 (Fo%a. o2
120 < p* < 200 GeV == 0.40 00 (Foae Toehy
(TH |
+0.57 ,+0.49 +0.28
200 < p* < 300 GeV == 098 021 ((oas 009
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P > 450 GeV |—————] 0.06 130 (“0oe 099
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Cross-section normalized to SM value
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?ATLAS+CMS ttH(bb) US

» Interesting tension in previous ATLAS and CMS ttH(bb) inclusive cross

section results:
Full Run-2 Results

CMS 138 fb™' (13 TeV)
| | | | I | | | I |
e S o Lo tot  stat syst
ATLAS ([s=13 TeV, 139 fb™, m =125 GeV 1049 4024 +0.42
SM compatibility: 8.5% FH 084 546 024 —039
— Total Stat. Tot. ( Stat. Syst. $0.33  +0.21 +0.25
( yst) SL 046 ‘033 021 026
+jets resolved o 0.30 *>4 (1?312 +0.41  +0.31 +0.26
=041 -0 DL -0.23 54 031 o9
l+jets boosted b0 D32 01 pHlas +0.42  +0.25 +0.33
“o57 (“042 2016 0.49 040 -025 -0.32
Dilept : +0.69 , +0.40 +0.38 +0.24 +0.29
liepton -0 0.60 “y65 (J0:3 2017 032 37 024 Zo2s
: +0.36 ,+0.20 +0.34 +0.21 +0.27
Inclusive X X I0-35 _0.34 (_02? 2018 023 ~0.34 021 -027
—2 0 2 4 6 8
) +0.26 +0.17 +0.20
_ ottH/ ottH Combined 0-3I3 026 -0.16 -0.21
ttH | | | |
0 5 10
lL = /0,
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?ATLAS+CMS ttH(bb)
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» Lastest differential results:
138 fb™' (13 TeV | | | | | | |
CIMISI I B L ( | le ) ATLAS I'.'ITOta| Unc. = SYSt only Stat. only SM + Theory
L tot stat  syst Vs =13TeV, 140fb~!, my=125.09GeV Total ( Stat. Syst.)
i +0.69 +052 +0.46
pH [0, 60[ (GeV)| +——m— 0.40 19 124 4147 pf €[0,60) GeV |- === 1.25 “oes - 051 - 040
. 0. + 0. + 0.
i pY €[60,120) GeV |- H—— 0.77 ‘032 ouo  0s
pH € [60, 120[ (GeV)| +—=—n  0.06 137 191 0%
: - - - 0.46 +0.34 +0.31
. p-||_-| S [1 20, 200) GeV [ —— 0.88 10_43 - 033 - 028
H ¢ [120, 200[ (GeV s 1.5 1095 4069 4066 044  +036 +026
pT €| [ (GeV) E 1.15 -0.86 -0.69 -0.52 p1l-_| 6[200,300) GeV ———] 0.77 “‘_0_42 035 - 024
l 0.55 +044 +0.33
p €[200, 300[ (GeV)|  ww+ 019 “go0 0o et py €[300,450) GeV [ === 027 Toss o042 - 033
e e oo P €[450, ) GeV |- H—— 063 083 071 - 043
p? € [300, [ (GeV) | +—m—+ -1.04 759 073 _oes -“--“----“--““““““““““““““““;)-;(-)-“““;)-1-1““;)-1-; """""
. (I) L 5| L 1|0 . Inclusive H o= 0.81 10:18 +0:11 +0:15 _
| | | | | | |
IL = 0/0g,, 0 1 2 3 4 5 6
UﬁH/USM

» Significant improvement in tt+bb background modelling in ATLAS analysis
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@ATLAS ttH(TT)

66

Events / Bin
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Window
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Window Sideband
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ggF
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Combined

ttH, p: <200 GeV
ttH, 200 < p? < 300 GeV

ttH, pt > 300 GeV

» Recent ATLAS ttH(tt) result including differential measurement:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/

» ATLAS ttHML CONF note (80 fb-1)

» Observed significant mismodelling
attributed to ttW background

» Very important for overall sensitivity
» Work ongoing for Full Run 2 result!

ATLAS Preliminary (s =13 TeV. 79.9 fo!

I e e
— fot.

stat (lot) (stat)
2/SS F © 4 W=0.38 g5 043
3¢ o w=093 5 ous

U = 0.52 +0.93 +0.88

47 | @ { —0.72 —0.68

.01 +0.77
L=0.30 590 64

10+ 2Thag | ® -

10.94  +0.83
w=0.49 % o7

2SS + 1Thad k @ 1

1.10 1.04
37 + 11,44 | O | u=0.43 J—ro.85 to.79

combined X
—1 0 1 2 3 4 5 6 7

best fit u = o™/clt for m, = 125 GeV
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§ ATLAS ttH—-multi-leptons

Pre-fit impact on u:

16 =0+A0 0 = 6-A0
Post-fit impact on u:
I 6 = B+AD 0 = D-AD

—e— Pull: (6-60)/A6
—e— Norm. Factor

ttW norm. factor: 3¢ channel
Jet energy scale: 1 intercalib. NP I

ttZ cross section: scale variations

ttWW modelling: scale variations

ttW norm. factor: 2/SS channel, 2-3 jets
Fake 7,4 bkg. stat: 1/27 channel

ttH cross section: scale variations

Jet energy scale: pileup

ttWW modelling: charge extrapolation
ttWW norm. factor: 2/SS channel, > 4 jets
Top rare decay cross-section

Jet energy scale: flavour response

ttH modelling: parton shower

ttW modelling: alternative generator
4-top cross section
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/

@Recent CMS ttHML

» New CMS measurement with differential ttH measurement

» Focus on two most sensitive channels 2LSS+0t and 3L+0tT

Combined

2lss + O,

3l + O,

2lss + T,

11 + 27,

2los + *r,

3l + T,
2| + 27,
4l + O,
Ol + 27,
1+ T,
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CMS
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[Higgs 2024 Talk]
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@Recent CMS ttHML US

» New CMS measurement with differential ttH measurement
» Focus on two most sensitive channels 2LSS+0t and 3L+0tT

» Includes measurement of m(ttH)
» Potentially interesting for CP and self-coupling

030 CMS Preliminary 138 fbo~! (13 TeV)
<~ V- NREEE C U SR ] (BT O B T T T I TN S O O Y [ LS B T VL UL S
. ® | ttHPOWHEG_v2.0+Pythia8 Syst. only -
%E~ 0.08 ¢ = : % 025 ¢ Data (total unc.) B Stat.only -
-z 0.07 E O(As) ] \; : :
0.08/- s 005¢ ttH E : :
- ,3 0.04 F [ 13 TeV LHC S 0151 p
_ 2 003} ° :
0.06— 0.02 010: ;
0.01 | 10 ¢
0.04| 928 — —— ; :
. ~ Differential 0.05|- -
10.0 _ Inclusive X ;
0.02; §' 8.0 i OOOE‘ : ; | ‘:
= 6.0} _ ]
O ‘ - :
0»1111111 o | pd e d e e de e el LA.‘.L - 4.0 — _005:— —j
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2.0 | - : :
M [GeV] 0 660 | 860 | 1600 | 12100 | 14100 ALY R T T D D D
m(ttH) [GeV] 0 200 500 750 1000 1250 1500 1750 2000
MiH [GeV]

69 Josh McFayden | Valencia | 26/11/2024


https://indico.cern.ch/event/1391236/contributions/5945056/attachments/2962720/5211445/Joker_talk_Uppsala_Taliercio.pdf

UNIVERSITY
OF SUSSEX

$'Higgs CP US

» Known CPV far too small to match observed
cosmological matter-antimatter imbalance.
» Search for additional sources of CPV beyond the SM @
» Higgs sector is one of several possible hiding places!

velocnty

negative charge positive charge

» According to the SM, the Higgs boson is “CP-even”
» The presence of a CP-odd component would imply CPV

p Altering the kinematic properties of the ttH process and
modifying tH production.
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» Known CPV far too small to match observed

cosmological matter-antimatter imbalance. Litn = —kiyi9Yui
SM Interaction Terms
» Search for additional sources of CPV beyond the SM

» Higgs sector is one of several possible hiding places!

L'1ig = =y (ke + iys5Ke W

» According to the SM, the Higgs boson is “CP-even”
» The presence of a CP-odd component would imply CPV | £'ua = —« yidyi(cos a + iys sine)y;

p Altering the kinematic properties of the ttH process and

modifying tH production. 2 .
» Introduction via CP-odd coupling k; or CP-angle a Z{

Ky = K/ sin @
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O
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- NLO+HERWIG6 — 0, ; UNIVERSITY
: no cuts 0 : OF SUSSEX
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: |
» high sensitivity from tH -t
1
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° ° S 1Z
» Shape information : 2
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Use
information
about the
kinematics of
the tops to
construct
CP-sensitive
observables

K; Sino

» ATLAS+CMS ttHbb CP results:

................... — 40
~ ATLAS 1 -
L Vs =13 TeV, 139 fb™’ Al -
21— —| _
i 1| —30
1 L _ —
O 1| {20
i _
217 % Bestfit: ar=11", x/=0.84 }
- % SMCP-even: a=0,k; =1 -
B CP-odd: o =90, k; =1 }
S T S S RS S

—2 -1 0 1 2

[HIGG-2020-03]
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CMS 138fb~1 (13 TeV)
| ¢ expected Ky=1 | \—'5
-+ observed, best fit (k;, K;) = (+0.53, 0.00) . é’
- — 68% CL X
| —— 95%CL I e
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[HIG-19-011]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/

$'Higgs CP

» ATLAS+CMS ttHbb CP results

» Use
information
about the
kinematics of
the tops to
construct
CP-sensitive
observables

» CMS CP combination shows relative
precision of different channels

74

| ¢ SMexpected — 68% CL exp./obs.w

+ Dest fit --- 95% CL exp./obs.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/

$Higgs self-coupling

» Single+Di-Higgs complementarity

» In dedicated Kk, fit HH dominates. Single-Higgs vital for separation with k.

~2In A

Qo

75
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- ATLAS
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Observed

— H K) only
= HH K, only
— HH + H K) only
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95%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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$Higgs self-coupling US

» Single+Di-Higgs complementarity
» In dedicated Kk, fit HH dominates. Single-Higgs vital for separation with k.

» What we cu rrently know: An alternative

potential

Standard Model
potential

V (9)
Higgs field value
In our Universe
/ Current
experimental
knowledge
0 1

Nature 607, 4147 (2022)
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https://www.nature.com/articles/s41586-022-04899-4
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Status of rarer/harder to identify processes
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ATLAS+CMS Preliminary
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@CMS tWZ US

» CMS see evidence for tWZ

p Significance of 3.40 (1.40 expected)
P U(tWZ) = 2.6 £ 0.4 (stat) £ 0.7 (syst)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-008/

' 4-tops

» 4-top production observed
by ATLAS and CMS!

81
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' 4-tops US

» 4-top production observed
by ATLAS and CMS!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-013/
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§'Mini history of EFT in top US

» Single process one operator at a time
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-11/

§'Mini history of EFT in top

» Single process one operator at a time
» Single process multiple operators
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-23/
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& Mini history of EFT in to US
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-001/index.html
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§'Mini history of EFT in top US

» Studies (by this group!)

Ce . Individual Uncertainty per Observable (95% prob.)
show that sensitivity all E— ‘ | | e
comes from many f IU HKJ | S
different processes ' 1
» As previously discussed [10') o
very hard to gain pure : % e
regions for a single process F 1
p Especially in multi-lepton final k - .,
state 107} - ac :
» Important to look at many ” o e

processes simultaneously Operator Coefficients
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https://arxiv.org/abs/2107.13917
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§'Mini history of EFT in top US

» Single process one operator at a time
» Single process multiple operators
» Multiple processes single operators

» Multiple processes multiple operators
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-006/index.html

§' CMS Top+X EFT

» CMS have complex multi-leptons analysis

» Impressive constraining power even in
multi-operator fit

» Able to probe correlations between
operators

» No significant deviation from SM

68.3% ClI = 95.5% CI 99.7% CI ¢ SM value
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-006/index.html

§' CMS Top+X EFT us
» CMS have complex multi-leptons analysis
» Impressive constraining power even in _ -
multi-operator fit * ttv +
» Able to probe correlations between A ttH tllg ¢ tHG+15
operators . CMms 41.5 o (13 TeV)
» No significant deviation from SM :232: Coeflicient: ¢, 1215,
250
» A word of caution: 2_ , ' ’
p Can be yery hard to unde.rstand | 1.5::T f T \ ’ - I T T
everything that happens in these fits! 05 4 T
O
syt sy To TorS gy 2605215 2 ¥
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-001/index.html
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§'ATLAS Top+X EFT US

1000 -

223
© O O
w o on
m O

» Work underway on strategy for ATLAS
Top+X EFT fit

» But no results yet! @

800 A

Arbitrary Units

400 +

200 A

» Idea is to investigate how different o| EUNEE ERRE R
sensitivity can be for analyses with
different focus -

1000 -

p A) Focus on EFT-sensitive observables
» And don't worry too much about what processes contribute

800 A

600 -

Arbitrary Units

» B) Focus on process-sensitive observables
» And see how good the EFT sensitivity can be

400 -

Process F Region Process G Region Process H/I Region
Analysis Regions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-030/
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?Global Fits US

top EW

Diboson

» Measurements of several processes C, CL* Ci Co
q q w

» Including from different experiments C,. C° C°

» Many operators
» Complementarity improves sensitivity

» Historically performed mainly in pheno community

» Using available experimental data/information
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https://arxiv.org/abs/2012.02779

§ Fitmaker | Global fit US

» Global fit 25

OF SUSSEX

2.0‘5 : zzg;z:xE.Z\L/JP(;);:DIiEt\)/(\in(C))Z+DI_i|Lig;n+Higgs+top 95%CL marginalised; Ci (1-5\e2V)2
} ShOWS impaCt Of different 1.5_}- Top operators: EWPO+top (incl ttH)
datasets o : : -
> All data except top ool 1L 11w 111 NIRRT i b } IR H H H H
» Full global fit 051 ] IR 5 5 5
-1.0-
» Top data alone 15
2.0
{EWPO Bosonic Yukawa Top 2F Top 4F
-2.5—

» I[N some cases
worsened sensitivity

» More freedom in the fit

[arXiv:2012.02779]
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https://arxiv.org/abs/2012.02779
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§ Fitmaker | Global fit US

» Some correlations between Top vs
Higgs and EWKPO observables.

» Interesting to see e.g. Higgs and Top
complementarity

Marginalised 95% C. L.

Higgs data (no ttH)

Higgs data

Higgs & Top data

Higgs & Top data (+4F)
+ SM

Gy
&

» Fit to subset of operators: o
{CH 7CHG7 CHVV? CHB? CtHa CbHa CTHa C,U,H CG and CtG} Z

p Effect of including both Higgs and top
data clearly reduces the allowed _
parameter space and reduces
correlations
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https://arxiv.org/abs/2012.02779

§ Fitmaker | Global fit US
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» Some correlations between Top vs
Higgs and EWKPO observables.

Individual 95% C. L.
ggF+0 jet STXS

» Interesting to see e.g. Higgs and Top  °

‘1 Marginalised

complementarity

..........

vvvvvvvvvvvvvvv

» Fit only 2 operators at a time:

e ey ey PR

Ces

Yo

» 2D fits show what is driving the RE

marginalised constraints VIS

» Shows contribution of individual *
measurements @ QA

» STXS on its own not yet very sensitive = —=HEm v

.................

» Including top data helps a lot
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https://arxiv.org/abs/2012.02779

@ Link to B-anomalies

» Links between b and top:

» B-anomalies require NP in semileptonic
4-fermion operators

» Can also use SMEFT to include tops:

O = QuQL"L
SLYWbLALY pL —}0(3) OO
g = QT QLT

/- 4 ¢
0+ i 7 t

b s b > > b(s) b S
C~'l; C;Lq éf«i
v v E 14 | | E 1% é E

98

» EFT already used in interpretation of B-anomalies
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2.0

bspp

— ang. obs. B — K*uu f
global b — s/

77 ’
’ ’
9 7’
-7 ’
’ 7’
’, s
-, JRd
-
7’
7’
7
7’
7’
7’
rd
”
7’

0.0 0.5 1.0

Top at LHC

Zbb

B data

ete —tt
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https://arxiv.org/abs/2012.10456
https://arxiv.org/abs/2104.00015

@ Link to B-anomalies

» EFT already used in interpretation of B-anomalies

} LlnkS bEtween b and tOp: 6 gt:z:z::zzjz:mﬁ;) ‘ CMS
» B-anomalies require NP in semileptonic 0 R OO ¥ i i

4-fermion operators ............................................................. N N S -
} Can a|SO Luse SMEFT tO Include tOpS: Ct((:;e) ................................................
(1) — Oy, QLA L, I S W WO s SN O

SL/Y/L bL:LLL/Y 1235 » (3) I I ’;;:2-
nylﬂ- Q L’)’“T L .'.'.'.'.'.'.'.'.E.'.'.'.'.'.'.'.' _______________________________________________________
» Top data particularly complementary wrt B + Zbb -----------------------------------------------
for some coefficients U =E e
» CMS Top+X fit already gives constraints on b
semil eptoni c four-fermion operators ; ......................................................................

-20 -15 -10 -5
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Others profiled (2c)
Others profiled (1o)

415" (13 TeV)

0 5 10 15 20
Wilson coefficient Cl / A% [TeV™]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-001/index.html

» Recently CMS
released a
global EFT
combination
including

» EWPO
) |ets

p EWK
P Higgs
p ttbar
> Top+X

100

@CMS Global EFT

| | | i | lB
W %
T 7 o H —====== w UNIVERSITY
w OF SUSSEX
d W+ q wW— Y
CMS Preliminary qqH WH/ZH tH/ttH ggH 138 fb™' (13 TeV)
2r 7T 1T T 1T T T T T 17717 T T T T T T T T T T T T T 7TT77T T T T T TT7TT T T T
s 15} ———¢— :
7z SES . - —9— —+- —+—+—’— | — SM
= ) - .t —— _T_' ' |
g | —— : —— | | - Data
o) 2 L Y . A L | | | | | | | | l ‘ |
— 1 1 1 1 1 1 T T T 1 T T T T T T ] | ;
(% S0 | : : I | | | -CHc,/A =1
[ ! 2
N T A I | ] IIIIIIII Cu /A% = 1
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bc% 1} ' e : Cwi /A% =10
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5| S Chu /A% = 1
> 0'25 e o A = -CG/A22=1
Soinlunidn muwm bbb kb kb kbt EECWA-0S
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< 020 b Gy /AR =
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&Goé%'m..é‘%'e 9.%9,%, h//y M, SVV/y % %oy Ozz/, %'?00% 900%50 v;:/ 460/0 R :/’ or Yap Yo S /})g.é} /bé'?/"m /9\]7,
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/
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» Fit without
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Top+X

c,/ A% (TeV™?)

Y
J

fractional contribution f:

0.8
0.6
0.4
0.2
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CMS Preliminary Fit without ttX 36.3-138 fb™' (13 TeV)
i — 68% CL — 95% CL ® Best fit —— Simplified — Hybrid i
i g ]
& ﬂ ﬂ [ 1
“ L ; ST 1

LI S ARES A B .
i 4 d i
- @ _
B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
f | BHovy
[ 1 Wy
3 1 ww
{ BZz—vv
: { it
- - | BEWPO
I _ | Wincl. jet
- N ¥ b K P DO - N »® T D ONDODO®O - N »®»FT D OKN OO O - N DT

T T R 1 R T B 11 R 11 R T I T R 11 B2 e - S G A e - - P S e > e - A > P S > e S

% % X % X % X % L = L N e o o e N o T s = T - = = R I R B I B = B S I

6 6 06 6 6 6 6 o o X X X X X X X X X X X X X X X X X
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/

?CMS Global US

» Fit without
Top+X 2

CMS Preliminary Hybrid fit 36.3-138 fo™' (13 TeV)

— 68% CL — 95% CL ® Best fit

» Inclusion
of Top+X
allows many { :
more o -
directions _ :

¢,/ A% (TeV?)

| bt
t,, | *i””} "”****i - MHI\

o
I — —J— T ] T T
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P
j

- 1 I I | | I I I I I
S : m B | BH-yy
tob R { 1w
O pe 3 ; | rww
| -
-EOG 1 BZ—vv
constrained! 8 04| | i
‘ = ‘ I 1 BEWPO
S 0.2} B 1 Wincl. jet
© - = 1%
© Of ] L ] PittX
—
y Se2YILOL Qo a0t e 235838808832 8838858888F ¢
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deviation from SM!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/

US

UNIVERSITY
OF SUSSEX

Summary
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§'Summary US

» Lots of progress in recent years in Top+X measurements with Run 2 data
» Observation of the tZq, ttH and 4-tops processes, evidence for tWZ

» Now sufficient data to measure rare processes differentially, e.g. ttW, ttZ and
ttH production.

» Some tantalising discrepancies wrt the SM predictions...

» Top+X is sensitive to a wide range of EFT operators, more and more complex
fits are in preparation.

p Also a vital input to global EFT fits

» An exciting area with a lot of promise with Run 3 and HL-LHC!
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Thanks for your attention!

A\
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Back-ups
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Back-ups
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§ ttW theory basics US
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» gg-initiated process .
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§ ttW theory basics US
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» gg-initiated process .

» Large NLO QCD corrections
» NLO multi-leg merging is important

'.Q\
3
il
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§ ttW theory basics US

» gQg-initiated process

» Large NLO QCD corrections
» NLO multi-leg merging is important

» Large NLO EWK corrections
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§ ttW theory basics

» gQg-initiated process

» Large NLO QCD corrections
» NLO multi-leg merging is important

» Large NLO EWK corrections
» Effects of resummation are small

» No NNLO calculations!

112
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§ ttW theory basics

» gQg-initiated process

» Large NLO QCD corrections
» NLO multi-leg merging is important

» Large NLO EWK corrections

» Effects of resummation are small

» New (@a)NNLO calculations!

113
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$’Higher order corrections

QCD
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pp—> tt W= pDpP>t t~ wpm 3.777+0.003 - 1071 T23.9% +2.1% 5662 +0.021 - 1071 F11-2% 1T
pp—ttZ PpP>tt~ z 5.273 +0.004 - 1071 500 T80 7.598 +£0.026 - 10—t TI FU0
pp — tty PP>tt~a 1.204 4+ 0.001 - 100 F296% +1.6% 1744 +0.005 - 100 F98% *1.7%
pp— tE W PpP>tt~wpmj 2352+0.002 1071 F209% T18% 34044 0.011 1071 F112% L2
pp— it Zj PP>tt~ z ] 3.953£0.004 - 1071 TOoe L% 5.074+£0.016 - 1071 TN Tooo
pp—ttyj pPpP>tt~a ] 8.726 £0.010 - 1071 F25-4% +23% 1135 £0.004 - 10° TT0% +22%

» MG5 aMC numbers (

p ttW LO—NLO k-factor = 1.50
» ttWj LO—NLO k-factor = 1.44 < This is missing from both existing samples

» ATLAS production

P ttW+0j@NLO
p ttW+0,1J@NLO FxFx

114

= 0.5483 pb

=0.6110 pb — “k-factor” = 1.11
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https://arxiv.org/pdf/1405.0301.pdf

115

o per bin [pb]

§ FxFx | Merging

» Incorrect treatment of “weak” contributions breaks merging:

h'.|

- tt, FxFx@1J, LHC13 — N=1
102 Foihe = 100 GeV d

200 300 400

pr(j1) [GeV]

100

US
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2009.00032
pq  offb]
W 90 GeV 664
q 110 GeV 655

110 GeV 655

150 GeV 644
t 250 GeV 622
- 350 GeV 602

- ttW, FxFx@1J, LHC13 — N=17
HQ = 150 GeV -t

[
'l
T, 4 ., ., ., . 1 [

N l | e

200

300

pr(J1) [GeV]
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§ FxFx | Merging US
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» Incorrect treatment of “weak” contributions breaks merging

. . e ., pq [GeV] | o [fb]
b Fix by Identlfylng weak” events and w 100 678(1)
exclude them from matching i s q 150 | 679(1)
| > 200 679(1)
» Restores expected behaviour g 9 t 250 | 679(1)
» MG5_aMC fix in preparation: Must check our M - ek E
JWeak L
- tf, FxFx@1J, LHC13 — N=1: ' ttW, FxFx@1J, LHC13 — N=1
o2 | Ha =100 GeV - o1 L He = 150 GeV e
: e 1=1 4

o per bin [pb]

L !
‘-
JllllllllLJ LJLJ;J‘LJ | LJLII

0 100 200 300 400 000 0 100 200 300 400 500

pr(j1) [GeV] pr(j1) [GeV]
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$FxFx | QCD US

» Study of the QCD corrections:
» Known increase in k-factor from NLOqcp— FXFx@1j, NLOqcp— FXF@2j = 1.2.

p Decrease in scale uncertainty.

def. th, LHClg, scale unc. | central values around average
iF d 1.1 | -
e 2 - _ .
08 | — 3 . L Z
M T : .
B S o ke : :
I I I I - 0.9 ¢ l ! ! g

= 0.6 | — ave.
=

e T e

9 | K—factors, scale unc.

G
H—
|
|
-
&
| I D
HERTS TN MR

1.25
B : 1
| 1 | 075 B | | | ]
LOqch NLOgcp  FxFx@1J  FxFx@2] 1,100 150 S0 197, ot .Y 181 T o
LOgcp NLOgcp FxFx@Q1J FxFx@Q2J

QCD perturbative orders
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§'FxFx | EWK + Total cross section

» Can generate EWsub component and match to the PS:

Order (default scale) o * scale = PDF [fb]
160.5(+8.9%) +7.6(+1.1%)
FxFxQ1J 679°2(6)—69.7(—10.3%) —76(11%)
165.7(+9.5%)  +7.3(+1.1%)
FxFxQ2J 691'1(8)—74.1(—10.7%) —7.3(-1.1%)

FXFX@2J—|— EWsub 738.8(8)4-75.0(4-10.1%) +7.5(4+1.0%)

—81.3(—11.0%) —7.5(—1.0%)

» Only possible to estimate the NLO EW corrections:

~ NLOgw ~ —4%LOqcp scale independent at NLO tfW (1711.02116)

— ~ —5.5%LOqcp at NLO ttW — trilepton (2102.03246)

» Total cross section:

Order (default scale)

) scale = PDF [fb]

FxFx@Q2J+EWqun —I—ﬁi—(/)EW

723(

1)+73..0(+10.1%) +7.2(+1.0%)
—79.5(—11.0%) —7.2(—1.0%)

118
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§ FxFx | Realistic ML analysis

» 10% effects from EWK<yp contributions

US
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» Additional ~20% effect from FxFx@2j additional QCD corrections:

» Fairly constant across regions...

119

o per bin [fb]

16
14

12

1

N = O 00

-

- ttW, LHC13 . 1.6 - Fxe@I2J+NLOEW8ub scale unc.
e FXFX@2J+NLOEW8ub - 14 _ N FXFX@IJ-I—NLOEwsub al
| E NLOgcp+EW,, .
: FxFx@LJ4+NLOgw_, — 4 12 ] s
' 1
E NSO RIG,  T i
B NLOQCD —_
1.4 | ratios &
i . 1.2 | -
_ _ 1
B - 0.8 F -
| | | | |
2ssbnp > 1 2ssbnpy > 2 3bnpy > 1 3lny > 2 2ssfnpy > 1 2ssbmpy > 2 3bny > 1 3lny > 2

Multilepton signatures
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§ FxFx | Realistic ML anaIyS|s

» Not constant diffe
p Clear effect in Njets

120

6 |

4 NLOqcp+EW,,,, —
B NLOQCD = _
2 b :
1 F -
O : ] ] | | l
iq 0 ' FxFx@2J+NLOgw_. . scale unc.
" | Bl FxFx@1J+NLOgw_
1.2 | NLOQCD+EW,,, ________ iaasssssses & =
1 . i) mmmmmmmmn T ———
T T — SRR " L
L o S
08 = | | | | R &
~ ratios |
1.8 | :
14 . :
I | :
1 =
2 3 4 5! 6 i

) ttW LHC13
- 2ss/

FxFx@2J+NLO EW_ b
FxFx@Q1J+NLOgw,_, —

o per bin [fb]

UNIVERSITY
OF SUSSEX
- ttW, LHC13 .
92 sl FXFX@QJ—-NLOEWSUb i
. FxFx@1J —_NLOEWsub —_
1.5 NLOqcp+EW,;, —
: NLOQCD —
1} :
0.5 | )
O i 1 | | | ]_
1.6 B FxFx@2J+NLOgw,_, scale unc. _
1.4 B FxFxQl1J4+NLOgw_,,, 8
19 [ NEOgCD WL v e NesacsscasdiiREiERE ]
. | :_ __________ I .
1
0.8 L e e
18 [ ratios :
1.4 | .
: | !
1 -
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?Off-shell 1

» Status of full NLO off-shell calculations:

» NLO QCD [Bevilacqua et al. 2005.09427 & 2012.01363, Denner GP 2007.12089]
» Subleading NLO orders in the 3l channel

LOQCD

|y
ot

xal

» pp — bbetve p~ 7, 7Hur + X at NLO accuracy:
» Many contributions! b v \_QcD
& &

NLO; NLO, NLO;
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https://arxiv.org/abs/2102.03246

§ Off-shell 1| Fiducial US
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: o . d) . -
Selections, mimic those of [ATLAS 1901.03584]: #(()C) Ht /3, M( ) = /M7 M, M(e) VM1 Mt 3/2

2 b-jets (anti-k¢, R = 0.4(0.1) for jet (photon) clustering, pt, > 25 GeV, |np| < 2.5),
3 ch. leptons (p1 ¢ > 27 GeV, |n¢| < 2.5, ARy, > 0.4).

“(()c) “é)d) H(()e)

order o (fb) ratio o (fb) ratio o (fb) ratio

LOqcp (a2a®) | 0.2218(1)F2 38{2 1 0.1948(1) T23; 91{2 1 0.2414(1) % 23{2 1
LOgw (af) BOOEN I S 00 sodoudlde = PRI Dondol e U E0D
NLO; (o af) 0.0147(6) 0.066 0.0349(6) 0.179 0.0009(7) 0.004
NLO; (c2a’) —0.0122(3) —0.055 —0.0106(3) —0.054 —0.0134(4) —0.056
NLO3 (csa®) 0.0293(1) 0.131 0.0263(1) 0.135 0.0320(1) 0.133
LOQcp+NLOy 0.2365(6) 7= 90{2 1.066 0.2297(6) >; 53{2 1.179 0.2423(7) 3 52{2 1.004
LOqcp+NLO, 0.2004(3)722:%% 0945 | o0.1840(3)T28% 0946 | 02277(4)F2%5 0944
LOgw+NLO3 0.03142(4) 22 28{;0 0.141 | 0.02843(6)"%) 56{;0 0.146 | 0.03425(7)72% 80{;0 0.142
LO+NLO 0.2554(7) % 05{2 1.151 0.2473(7) %, 36{2 1.270 0.2628(9) T4 39{;0 1.089

» NLO+1 corr. impact depends a lot on scale choice (from +0.5% to +18%)

» NLO, and NLOs relative corr. are scale-independent: —-5% and +13% resp.

» LOgw is 1% of LOqcp, NLOs corr. 10 times larger than its LO (tW scattering)

» Scale-uncertainties dominated by NLO+: = 5% for combined NLO result (~1/2 YR4?!
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» NLO2+NLO3 give

» NLO1 large varia
» NLO3 diminish fr

» EWK corrections

123

do/dAde+ - [fb]

0.0020+

0.0015¢

0.0010

0.0005¢

0.0000¢%

ratio [/LOqcp]

NLO,]

+ 1.10F
()
S 1.05F

1.00

ratio [/ LO

§ Off-shell 1| Differential

» NLO1 with constant slope

pp-etveu~ U, Tt v bb, VS =13TeV, u = (M1, M1 7)*?/2
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§ Off-shell 1| Differential

» M3l rather sensit

124

» pT(bb) sensitive to QCD effects
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@Off-shell 2 Us

» Another group are working on off-shell NLO predictions

» Their study went more into comparisons of different off-shell treatments
and comparison with ME+PS generators.

Uu Ve u Ve Uu Ve

Double resonant Single resonant Non-resonant
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§ Off-shell 2 | NLO effects

» Impact of NLO effects

» ~10% uncertainty regardless of the scale choice
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§ Off-shell 2 | Off-shell effects

» Large off-shell effects in the tails of the distributions

US
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» Differences between NWA and NWA odec are O(10%) in the bulk

127
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@Off—shell 2

» Good agreeme
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Off-shell 2 | ME+PS results US
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§ Off-shell 2 | ME+PS results US

» Polarization eff
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§ Off-shell 2 | Comparing approaches US

» Sizeable differences for certain approximations
p PS-decay = no spin correlations
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& Off-shell 2 | PS effects US

» They were worried about large parton shower effects in the tails and to

what extent this is a problem of defininge  10°¢ e
—— off-shell
. 4 — 10 " E — NWA
and PS predictions... g . B _
= U - —— PWG+PS [PS decay] |-
i. e —PWG - LHE i
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& Off-shell 2 | PS effects US
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» They were worried about large parton shower effects in the tails and to
what extent this is a problem of defining . ;:J—lg.jv g e L

3

and PS predictions... 5 : —w s

p c.f. CMS results for different jet definitions... £
el e ———

» Essentially they were asking “Is it possible 2.

parton-level”? e P D —

—— NNLO —— NNLO (m; = 171.5 GeV)

S ®

100 200 300 400 500

pT(bl) [GGV]
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EFT Basics

134 Josh McFayden | Valencia | 26/11/2024



$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

L suerr =|Lsult Ls+ Lo+ L1+ L+ ...

SM (dim 4)
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

~100-1000 parameters
depending on flavour
structure
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

30 operators
violating lepton/
baryon number
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$EFT | Basics US

SSSSSSSS

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

~1000 operators
for N,=1 scenario
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

% Nt Al i it O
SMEFT — SM A A2 A3 A4
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

% Nt Al i it O
SMEFT — SM A A2 A3 A4
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

& N S B I
SMEFT — SM A A2 A3 A4

» In practise (for simplicity) we often only consider the dimension 6 operators
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

& N S B I
SMEFT — SM A A2 A3 A4

» In practise (for simplicity) we often only consider the dimension 6 operators

» In terms of operators and coefficients

Zs ~ COT°
A2 Z A2
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$EFT | Basics US

» SMEFT describes ~all BSM models characterised by a scale A (> v(E) )
» Additions to the SM built from dim>4 operators based on SM fields
» Schematically the Lagrangian is:

& N S B I
SMEFT — SM A A2 A3 A4

» In practise (for simplicity) we often only consider the dimension 6 operators

» In terms of operators and coefficients
)

» Wilson coefficients A q Ci@?=6
» Dimension 6 operators — Z —
A2

l
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$EFT | Basics US
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» Given these Lagrangian terms J—6
36 Ci@i -
A2 - Z A2

l
the corresponding observables are:
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$EFT | Basics US

IIIIIIIIII
SSSSSSSS

» Given these Lagrangian terms J—6
36 Ci@i -
A2 - Z A2

the corresponding observables are:

l
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$EFT | Basics US

» Given these Lagrangian terms J—6
36 Ci@i -
A2 - Z A2

the corresponding observables are:

/

Cq
A2

“Interference terms”

l
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$EFT | Basics US

» Given these Lagrangian terms J—6
36 Ci@i -
A2 o Z A2

the corresponding observables are:

/

l

Ca C;Ch;;
A2 A4
“Interference terms”  “Quadratic terms”
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$EFT | Basics US
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» Given these Lagrangian terms e
Zg CO;~
A2 Z A2
l
the corresponding observables are:

/

» The C; are what we try to constrain CiCli Cl-Cj]-blj
IN measurements. A2 Ad
“Interference terms”  “Quadratic terms”
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$EFT | Basics US

» Given these Lagrangian terms J—6
36 Ci@i -
A2 o Z A2

the corresponding observables are:

/

» The C; are what we try to constrain Ciai Ciqsz
IN Measurements. A2 A4

» (For a given A, conventionally
setto 1 TeV)

l

“Interference terms”  “Quadratic terms”
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$EFT | Basics us

» Standard Model ggH
production only has one
tree-level diagram: A - - -
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$EFT | Basics US

» Standard Model ggH
production only has one
tree-level diagram: A - - -

» In the SMEFT there are contributions from 3 operators:
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$EFT | Basics US
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» Ttbar production:

» ttH production:

AOTeTOTOTONR ey “00000—>»
\ A N7
______ M- - - - - RN
A /\

‘00000 —=
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$EFT | Basics

tH goH

lttw :>
b & P
RS S

156

ggHj

SSSSSSSS

O = y; (9'0) (Q1) ¢
Ogc = y; (#'9) G G

Owc = YtYs (QO‘#UTAt)ggGﬁV
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$EFT | Notation US

» Individual: All operator coefficients but one set to zero

» Marginalised: Vary all coefficients simultaneously in the fit.
» These are often profiled rather marginalised in the traditional Bayesian meaning.

: individual —e—
e . ¢« o . éG' S ¢ margina,liged: -~
» Considering all coefficients at once is more o T 1 =
realistic, as all EFT operators are potentially S
present. A
g e,
ey —
» Informative to present both. o e
Ct ,_*’;‘_,
C_gq .’é ’
1 05 : 05 !
C_'i':Ci’U2/A2
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Higgs self-coupling
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$'Higgs self-coupling ws

» Vacuum stability:

3 v = =
& V2 & S
> 5 g
2 T~
0 50 100 150 200 250 17 \/
|D1l/GeV | Dl | D
classical Higgs potential stable unstable/metastable
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$'Higgs self-coupling w

» Vacuum stability:

3 v = =
& V2 & &
> 5 5
\/ N % N /2 /
; |
B 2 N
|D1l/GeV | D] D]
classical Higgs potential stable unstable/metastable

» Vacuum is “metastable” if there is some probability for a state in the false
minimum to tunnel into the true minimum.

» Depending on whether the lifetime of the electroweak vacuum state is shorter or

longer than the age of the universe this is called unstable or metastable.
160 Josh McFayden | Valencia | 26/11/2024



$'WRF Research Proposal | Why? US
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» So how does this relate to the proposed measurements?!

H
<~ H 1 V) 4
Velass = = 50"+
H - ey Vaff ~ — Emz(ﬂ)ﬁ(ﬂ) + 2™ (u)

d~u>v~246 GeV - Vaff ~ (W)p*(u)
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$'WRF Research Proposal | Why? US

» So how does this relate to the proposed measurements?!

. A
<~ H - T I IRPY.
t t Velass = = 50"+
‘...,o‘ ‘.,"‘ . . CttH = yt 1
He' o B g Vet ~ = 5m G0¢* (o) + ()b ()
d~u>v~246 GeV - Vaff ~ (W)p*(u)
2 d 314 3yA
= = + ...
- dIn u 2rn?  8m?
'
:
0 » The minus sign and is responsible for
-
< appearance of the extra minimum of the
~ effective potential at large values of the
Higgs vev in Planck units Higgs field.
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$'WRF Research Proposal | Why? US

» So how does this relate to the proposed measurements?!

/,’H - d B 317 3yt4 |
- T H dlogu 272  8x2
H "’0 "‘,"‘
. 7o
P The of the Standard Model

vacuum is ~equivalent to asking
whether A stays positive up to the
maximum validity scale of the theory,
e.g. the Planck scale.

100000 1e+10 1e+15 1e+20

N\ [GeV]
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» Some quotes on this:

» “We are (probably) doomed, unless

some new physics intervenes” -
[1704.02821]

p “We believe that near-criticality of the
SM vacuum is the most important
message we have learnt so far from
experimental data on the Higgs
boson. Near-criticality gives us a
unique opportunity to obtain
information about physics taking
place at energy scales well beyond

the reach of any collider experiment.”
- [1307.3536]

164
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https://arxiv.org/pdf/1704.02821.pdf
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§ Competitiveness of H vs HH US
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» In Run2 and Run3 single Higgs measurements are competitive with Higgs
pair production.

» Of these ggH and ttH give the best constraint at low kA
» But this doesn't

. | 'ff . | 2 10:| o | N | T | T | o | |||||||||||| . < 8_I 1 | L | L | T | L | L | L | L I_
include differentia = b ATLAS Preliminary 1 ¢ _[ ATLAS Preliminary — - double Higgs -
information for ttH N | (s13TeV.361-798R" | o /f F-r1sTev.ers-7epft T HARATIO0S -
| T 8 Asimov dataset (i,=1) 4 v [ Expected (x; = 1) - .
which should be the 75_ m,, = 125.09 GeV __ O ¥w=Kz=K=¥K=5K, =1 —
most sensitive. E TR W : 5 -
6:— — VBF ttH E - I- 1 :
5 45 \ #7[ -
\ 5950/0 CL \ II |
4t
: 3 \ II / -
3 : \ 11
B 2_— “ II I ]
2t - \\ /II/
- 1 L\ l/// -
i -68% CL \\ /) :
O: - - O_IIII|IIIlllllllllwllllllllllll_
-20 -15 -10 20 -15-10 -5 0 5 10 15 2

K
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$HL-LHC prospects US
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» At HL-LHC while double-Higgs is driving the bound, differential single-Higgs
data is relevant as it can help lift the degenerate minima around KA ~ 5.

» At HL-LHC ttH is still one of the most constraining measurements at low values but
ggH is stronger at high k3

].O T T T T T T T — ¥ T owrkyr—— "7+ "+ "1 " * T " ®¥mM; T T 7T
ggk A T - id: | !
VBE 14 s | dotted: 6k, only / solid: global fit ]
{TH tot v width: S1 and S2 scenarios ] i
et - \
8 - ttH,dif oo : 121 \ ‘\| HL-LHC single Higgs, differential ,/ ,' _
VH,tqt 5 ] HL-LHC double Higgs, differential 4 I :
VH,dif eenss 10} v HL-LHC combination "/
N 0 / ‘\ ‘\ ‘|‘| ,/, ,l 'I' ,I'
— /
< 52 2 : \ \ % 4 S /
< ’
R 20 ' vOARY s !
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! O\ 1) 1 % /;
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Miscellanea
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§'ATLAS ttHbb modelling

UNIVERSITY
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} tt_l_ >= 1 b mo d e | Uncertainty source Ap
Process modelling
tt H modelling +0.13  —0.05
} POWh egBOX ReS+ Py8 tt + >1b modelling
1 tt + >1b NLO matching +0.21  —0.20
: : . 1 - . t + >1b fractions +0.12 —0.12
2.z f M th+ >
» Factorisation scale: 2 <i=t,t,b,b,j L. tt + >1b FSR +0.10  —0.11
. . 4 — tt + >1b PS & hadronisation +0.09 —0.08
» Renormalisation scale:  mg(¢) - mp(7) - mp(b) - mp(b) tt + >1b p¥ shape +0.04  —0.04
1 Z tt + >1b ISR +0.04 —0.04
> hda m Sca|e: ~—) . N tt + >1c modelling +0.03 —0.04
p 2 1=, b’ b9] | T’ . tt + light modelling +0.03 —0.03
tW modelling +0.08 —0.07
Background-model statistical uncertainty +0.04 —0.05
b-tagging efficiency and mis-tag rates
b-tagging efficiency +0.03  —0.02
c-mis-tag rates +0.03 —0.03
[-mis-tag rates +0.02 —0.02
Jet energy scale and resolution
b-jet energy scale +0.00 —0.01
Jet energy scale (flavour) +0.01  —0.01
U_ncertainty source Description C_omponents Jet energy scale (pile-up) +0.00 —0.01
ft cross-section Up or down by 6% et + light Jet energy scale (remaining) +0.01 —0.01
tt + >1b normal.lsat.lon Free-floating tt + >1b Jet energy resolution 10.02  —0.02
tt + >1c normalisation = Up or down by 100% tt+ >1c Luminosity 10.01 —0.00
: ISR in PowHEGBOX+PYTHIA8 t7bb (4FS) tf + >1b ] ] ' '
e Varying ug™™ (PS), puré&pr (ME) in PowHEGBOX+PYTHIA8 #7 (5FS) tt + >1c, tt + light Other sources +0.03 —0.03
. ESR in PownecBox+PyTHia8 ttbb (4FS) tt + >1b Total systematic uncertainty +0.30 —0.28
hs Varying pg™" (PS) in PowHeGBox+PyTHIA8 7 (SFS) tt + >1c, tt + light =
NLO matching MaDpGraPH5S_AMC@NLO +PyTHIAS ¢7 (SFS)  vs. PownecBox+PyTtHia8 ¢7 (SFS) All tt + >1b normalisation +0.04 —0.07
PS <_9L hadronisation PowHEGBox+HERWIGT ¢ (5_FS) vs. PowHEGBox+PyYTHIA8 tf (SFS) Atll Total statistical uncertainty 1020 —0.20
pll,’b shape Correction from data of p,{?b shape in signal regions tt+ >1b
tt + >1b fractions Variation of the relative fractions of 7 + >2b and tf + 1b/1B tt+ >1b Total uncertainty +0.36 —0.34
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?cms ttHbb result 36 ifb us

) JHEP 03 (2019) 026

OF SUSSEX

CMS 359 b (13 TeV)
b tagging: charm (linear) | e |

ttH cross section (renorm_ffact. scales) '—‘—'
jet energy scale (1) P ore—

—

35.9 b (13 TeV)

| | — T tt+2b cross section (50%) o—o—-

b tagging: If fraction T S S
b tagging: If stats (quadratic) : :

W tot stat syst

e 0 N OO O A W N

pscae@| | e

PS scale: ISR (tt+lf) ' '-—0—'—'
10 PS scale: FSR (if+1f) P b
11 b tagging: hf fraction n—o—-
12 b tagging: charm (quadratic) L ——d

. ) 5 +0.52 +0.27 +0.44
Single-lepton e 0.84 To50 026 -043

Dlepton | +——+—— 0.4 "1z "5 “as i VEPS matching (o) | | | ——e——i |
14 jet energy scale (2) -—-—o—h :
. 15 qucale (1) ' 5—04—- ' '

Combined m 0.72 042 05 Toas 16 jet energy scale (3) | | ——e

-0.45 -0.24 -0.38

_2| | |O | | |2| |4 | | |6 18 bmm:"m‘ m_) : : f : :
Best fit = o/c_ at m, = 125 GeV 19 jet energy scale (4) { ot |
20 T cross section (renom fiact scales) | | ——e—— | |

B R R N -
-=-Pull [l +1o Impact [[]-1o Impact (@-OO)IAO
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-026/index.html

OF SUSSEX
ATLAS Preliminary

$'Hyy us
)

topAc/ o
—0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04
T T T [TA T[T T[T T[T T[T [ TT O [ TTTT[TT
Parton Shower ttH B ]
Photon Energy Resolution Pileup B o
} Luminosity Run-2 [ ]
Photon Energy Resolution Z-Smearing B ]
Photon Energy Resolution MateriallD B ]
Photon Energy Resolution SamplingTerm B ]
Photon Identification B ]
Photon Isolation ]
JET Pileup RhoTopology B ]
CMS H % ’Y'Y 1 37 fb-1 (1 3 TeV) Jet Flavor Composition B ]
) ) SpurSig Cat: ttH (120 < p" < 200 GeV) High-Pur B ]
Integrated luminosity ] v ] ) L} ] W T - ]
] o ggH VBF VH top SpurSig Cat: ttH (200 < p’! < 300 GeV) High-Pur
Photon identification ] ] 1] | _
. Photon Trigger
Photon energy scale and smearing[—__] ) ] | ]
. . ttH Heavy flavor content ggF
Per photon energy resolution estimate[—_] ] | ]
Jet energy scale and resolution [ ] — Pleup Rewelgnt | _
. Photon Energy Scale L2-Gain
Lepton ID and reconstruction | | - ]
b tagglng 1 QCD Scale ttH | |
SpurSig Cat: ttH (p" < 60 GeV) Med-Pur
MET | T - ]
. — Ph E Resolution Materi
Other experimental uncertainties [ ] i cton Energy Resolufon Wiateriallel- | _
Branching fraction | | —] et FlavorBesponse | _
SpurSig Cat: ttH (60 < p" < 120 GeV) Med-Pur
ggH scales | ] T - _
ggH pH modelling :I D Jet Energy Scale Modelling1 | ]
T o SpurSig Cat: ttH (120 < pH < 200 GeV) Med-Pur
ggH jet multiplicity [ 11 ] T - |
ggH VBF-llke region ] :l SpurSig Cat: ttH Other | ]
qu ScaleS and migrations ] :I ttH Heavy flavor content VH | ]
VH lep scales and migrations [] - —&— Full |
Top associated scales and migrations [J I | | 1 st dev. _
. . . |:| Prefit impacton Ac/ ¢
ggH in top associated categories | ] - TEEE Postfit +10 impact on Ac/ o —
PDF and o normalisation | ] ] - [7777] Postit -1 impact on Ac/ o |
Scales,PDFandocsshapej ] ] e b b bovna Lo Lo L
Underlying event and parton shower [ | i H -5 -1 05 0 05 1 1.5
Observed Expe
1 : 1 : : 1 . 1 : A DR DR R — 1 P C‘I:e(lj . (6-60)/Ae
0.02 0.04 0.05 0.1 0.01 0.02 0.03 0.05 0.1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html

?CMS ttH4l result 36
)

fb

)
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Nuisances

Jet
b tag -

Red. bkg {1

Lumi.
Leptons

ggH

QCD/
PDF|

B
Hadr
Bkg. mod.

O

1 2

Impact (%)

Lumi.

Nuisances

Leptons
Jet

b tag
Red. bkg

QCD

PDF

B

Hadr

Bkg. mod.

O -
N
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10
Impact (%)

Experimental uncertainties [Y]

Theory uncertainties [%o]

Lumi. A
Leptons
Jet;

b tag
Red. bkg 1

qqH

QCD+
PDF -

B

Hadr 1

Bkg. mod. -

0.0

25

5.0

75 100 125 150
Impact (%)

Lumi. -
Leptons
Jet;

b tag
Red. bkg

ttH

QCD-
PDF 1

B

Hadr

Bkg. mod. ;

0

10 15 20
Impact (%)

Measurement Lumi. e, I, Jets, Reducible | Background Signal
pile-up flav. tag bkg 7" XX PDF QCD Shower
Inclusive cross-section
1.7 2.5 0.5 < 0.5 1 <0.5 <05 1 2
Production mode cross-sections

ggoF 1.7 2.5 1 < 0.5 1.5 <0.5 0.5 1 2

VBF 1.7 2 4 < 0.5 1.5 <05 1 5 7
VH 1.9 2 4 1 6 < 0.5 2 13.5 7.5

ttH 1.7 2 6 < 0.5 | 0.5 0.5 125 4

Reduced Stage-1.1 production bin cross-sections

gg2H-Oj-p¥-Low 1.7 3 1.5 0.5 6.5 <05 <05 1 1.5
gg2H-Oj—p¥-High 1.7 3 5 < 0.5 3 <05 <0.5 0.5 5.5

ggZH-lj-p,’r"-Low 1.7 2.5 12 0.5 7 <05 <0.5 1 6
gg2H-1j-p¥-Med 1.7 3 7.5 < 0.5 1 <05 <0.5 1.5 5.5
gg2H-1j-p!-High | 1.7 3 11 0.5 2 <05 <05 2 7.5
go2H-2j 1.7 2.5 16.5 1 12.5 0.5 <05 2.5 10.5
ggZH-pg-High 1.7 1.5 3 0.5 3.5 <035 <0.5 2 3.5

qq2Hqq-VH 1.8 4 17 1 4 1 0.5 5.5 8
qq2Hqq-VBF 1.7 2 3.5 < 0.5 5 <05 <05 6 10.5

qq2Hqq-BSM 1.7 2 4 < 0.5 25 <05 <05 3 8

VH-Lep 1.8 2.5 2 1 2 0.5 <05 1.5 3

ttH 1.7 2.5 5 0.5 1 0.5 <05 11 3

Josh McFayden | Valencia | 26/11/2024


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/

$'Higgs CP
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Events / bin

Signal Events
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L fH+tH,a=0° -

40— ----EH+IH,0L=90° ? N
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From Haichen Wang

ATLAS

‘/imt

Vv

L = (W k; (cos(a) +isin(a)ys) v, ) H
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» ttH and tH production in e, Y, Thad final state: Eur. Phys. J. C 81 (2021) 378
» Nice that so much is combined into a single coherent analysis:

» ttH, tH, ttW, ttZ and correlations

» Kappa framework
;

EEn e

|

* bl (bt): < 2 (= 2) tight b-jets

§ CMS ttH— multi-leptons US

» Complex
categorisation strategy

Maximum Likelihood Fit
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-008/index.html

» ATLAS ttHML CONF note (80 fb-1):

§ ATLAS ttH—-multi-leptons

» Observed significant mismodelling
attributed to ttW background

» Need ttW+2j for 2LSS region

. . 2055
» Very important for overall sensitivity

37

47

17 + 2Thad

2SS + 1Thad

37 + 1Thad

combined

stat. on) (Sl

F o 4 u=0.38 ‘554  ga3
_—— w=0.93 ‘o ou
I e | n=052 770 oes
- o - n=030 “y5 o
e 4 n=049 o5 oo
I—® | n=043 "o o7

- ked =058 ‘9% 0z |
L T B B B
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ATLAS Preliminary

s =13 TeV, 79.9 fb

US

UNIVERSITY
OF SUSSEX

I
— {ot.

best fit u = 6™/ for m, = 125 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/

uer p’:e [0,120) GeV
He o

ttH pl'e [120,200) GeV
R

ttH p’' [200,300) GeV
R w

ttH pl'c [300,450) GeV
R

ttH pl' [450,-) GeV

Inclusive
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ATLAS ttHbb

I I 1 I I 1 1

ATLAS Preliminary

— Total .
@iy 1.98

— e —i -0.88

1.02

---------------------

Tot. ( Stat.

+1.42

-1.33

+1.42

-1.44

+0.91

-0.86

+0.71
—0.68

+1.41
-1.32

+0.36

-0.33

+0.46
—0.46

+0.70
-0.68

+0.69
-0.67

+0.58
-0.54

+1.05
—0.91

+0.20
-0.19

1 1 I I 1 I I l 1 I I

{s=13 TeV, 139 fb™

Syst.)
+1.34
-1.25 )

+1.24
“127)

+0.59
"0.55)

+0.41
“0.42)

+0.95
—0.96 )

0.43

| l 1 1 | l 1 1 1 l | 1 1 l | 1 L

—027

T I I I T [ I I I I T I I I T T T I T T I I T T T | T T T

ls=13 TeV, 139 b, m =125 GeV
SM compatibility: 45%

Tot. ( Stat.

ATLAS

— Stat.
ds

— Total Syst.)
0.86
-0.18
1.05

-0.19

1y pre [0,120) [GeV]

120,200) |

_F
'O>

200,300) |

=
'O>
m

300,450) |

=
'o>
m

) [GeV]

'S:
'O>
—~~

0.35

| I | | | I | | | I

+

Inclusive

6

38
f f
u_ = o"/ol for m =125 GeV
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?ATLAS ttH combination
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A TLAS Prel|m|nary Total Stat. Syst.
- 1 R .
Vs =13 TeV, 139 fb’! By/Bz. wE=— 109 o3 (Loqy, £006)
028 [ +023 +0.16
m, =125.09 GeV, |yH| <25 B,5/B 2z e — 0.78 tg'ﬂ ( tgq?’ tg_éé)
+ 0. + 0. +U.
Py = 92% Byw/Bzz: ri—r 106 Z543 ( Z0.10 5 —0.08 )
B../B sy ._E+ 0.86 +016(+012 +010)
—— Total Stat. 0.14 \ -0.10 * -0.09
== Syst. I sMm 0 05 1 T5 5
Total Stat. Syst.
i H A +0.22 ;, +0.19 +0.11
0-jet, p* < 1c:IGev = 0.89 ‘8?2( 019 '_3'88)
T + 0. +U.
OJ.et’1OSpT<200 GeV 1.14 _0-14( i0.12,_0.07)
1-jet, pif < 60 GeV i 0.57 +028( *52% +o.18)
r H +0.28 ; +025 +0.13
1Jet,60$pTH<120GeV biﬁq 1.06 _85?( _8'32’_8'15)
- +0. +0. +0.
oot B 1-jet, 120 < p# < 200 Ge:I/ = 0.66 039 ( Zoss -017 )
- + 1. + 0.
2 2-jet, m; < 350 GeV, p”’ < 60 GeV — 047 Tigg( £088.7 00)
> 2-jet, m; < 350 GeV, 60 < p’}’ <120 GeV p—=m=— 025 +053 ( +0.46 +0.26 )
i H +0.44 ; +0.38 +0.23
2 2-jet, m; <350 GeV, 120 < p; <200 GeV 0.54 _?.4$ ( ‘8'88 "8'?}% )
- +1. +0. +0.
2 2-jet, 350 < m; < 700 GeV, pl< 200 GeV P ————" 276 * 1_(5)3 ( _?.gg "8-?2 )
i H +1. +1. +
> 2-jet, m; > : ey -
2 2-jet, m; 2700 GeV p7< 200 GeV | 0.74 *i% ( e ok )
200 s < 300 GV e 1op t0E( <02 0%
1 -0. -0.27 »-0.
300 < pM < 450 GeV —— 0.65 *047( +042 +021
IS L L I I Y I B W 450 GeV I st comroaie)
Pr= i T— 186 “i49( Zq12:-042)
ATLAS Prelin nary |—e— Total Stat. 1] Syst. | SM < 1t e —— 140 *10( +102 +040)
‘/_ -1 > 2-jet, m;; < 350 GeV, VH veto —— 298 18 ( T1a . 0ee)
S = 1 3 TeV, 36 1 = 1 39 fb > 2-jet, m; < 350 GeV, VH topo p——— 1.00 igzgg( tgzi; :gzgg)
125.09 GeV 2 > 2-jet, 350 < m, < 700 GeV, p'* < 200 GeV  ymemmm—s 033 049 +044 022,
my = 5.09 Ge , |yH| <2.5 b g | 2279 700 m; <1000 GeV, pH <200 GeV e 0.95 *071( +082 +035)
ﬁ >< d - . - . ’— o
p 630/ 99149 % Bz > 2-jet, 1000 < m; < 1500 GeV, p’;’ <200 GeV |I_E_| 1.38 +8% ( +g-ig ,+8-§51? )
= o g H ! +039 , +035 +0.18
SM Total Stat SYSt > 2-jet, m; 21500 GeV, pt< 200 GeV ..qu 115 igg? ( iggg :gqg )
> 2-jet, m; 2 350 GeV, P> > 200 GeV - 1.21 i0.27 ( i0.24 :0.12 )
I v ; y +147 ;[ +1.15 +0.22
ggF == 1.02 +o07 (o004, T0ge) -—-—1 -_— o
+0. +0. +0.
+ V. + V. + 0.
qq—)H/V X BZZ’ 150 < pc < 250 GeV 'TE_l 1.42 —8?2 ( —84‘;3 ’—8,3% )
+ 0. + 0. +U.
013 0.10 S S — ol B
+1. +1.22 +
VBF I 1 = : : 1.13 +0.12 ( +0.08 , +0.09 ) Py = 400 5eY 191 “408( ~095-050)
py <150 GeV "_":I 0.21 *O71( +o0s54 1020
150 < p¥ < 250 GeV Ca—— 130 +063 ( +058 +0.34 )
T ~046 \ —0417-022
" , | I +0.23 +0.15 99/aq—Hll % B,. v I +073 [ +0.64 +036
WH | ! . 4 ] | 1 30 —0.21 ( +017 , ~0.13 ) 250 < p; < 400 GeV S 128 o5 ( Zgago-023)
. . pV > 400 GeV —_—— 0.39 +1.28 ( +1.04 +0.74 )
; -| : ~1.14\ —091:-068
H 078 ; +0.72 +0.29
7H L [ ~ 1| O 88 +0.22 ( +0.17 +0.15 ) Py <60 GeV — 0.75 g6 ( Zo63:-021)
! | H 053 ; +049 +0.20
' ' : - 0.21 -0.16 > -0.13 60 < p' < 120 GeV = 069 “g4s( o425 015)
H +0.55 , +0.50 +0.23
| I 120 < p# < 200 GeV —— 0.86 *055( *080 4020,
@ |mosey<socey =2 oss "2 ( 82 £
| I 11 . . < pH +0.79 ; +0.66 +0.43
ttH+tH 1 L ® 1 1 O 96 +0.19 ( +0.13 +0.14 ) 300 < py < 450 GeV 028 570 ( Zo5g:-038)
. -0.18 - oYy —-0412 pH > 450 GeV ————— 0.6 *193( +144 +128)
I T _| : -1.76 \ —124:-125
. _ _—— . +363 ( +3.35 +1.39
I l | 1 | | 1 tHIX Bz | | | ' | | | 12.90 -2.&:7( -273 ’—0.89I)

| | | | L1 1 I L1 1 | L 1 1 I L 1 1 | L1 1 I | I | | I |
08 1 12 14 16 18 2 22 24 2.6 8 6 -4 0 2 4 6 8 10
Cross-section normalised to SM value Parameter normalised to SM value

176 Josh McFayden | Valencia | 26/11/2024


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

$EFT | CMS top+X multi-leptons US

» CMS top+X multi-lepton EFT fit: JHEP 2103 (2021) 095 —omcwmin | 4190703160

y | Others fixed to SM (26) | == CMS

11111

---------- Others fixed to SM (1o) Supplementary

» Top+X “global” EFT fit P

» Interpretation in several EFT operators S U N i SORA S S -

...............................................................................................................................
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-001/
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?CMS Global

36.3-138 fb™' (13 TeV)

o 9
CMS Preliminary Fit without ttX, 2, 1-by-1 scans 36.3-138 fo ' (13 TeV) -
15 T T T T T T 1 I I R 1 T T T T 1T T T T T T T 11 B Preliminar C / A2 _ O 026+O.123
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» Links between b and top:

» B-anomalies require NP in semileptonic

4-fermion operators

» Can also use SMEFT to include tops:

= QVuQIN"'L,
= Q' QLT L
» Top data particularly complementary wrt B + Zbb

(1)
SLYubrp Y pr » (3)

for some coefficients

179

@ Link to B-anomalies

» EFT already used in interpretation of B-anomalies

C,w(1 TeV)
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0.15¢ 0 Top LHC

Zbb + B
current

Combined
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@CMS Global

Hybrid fit, 1-by-1 scans 36.3-138 fb™' (13 TeV)
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@CMS Global

36.3-138 fb™' (13 TeV)
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» ttH and tH production in e, Y, Thad final state: Eur. Phys. J. C 81 (2021) 378

» Nice that so much is combined into a single coherent analysis:
> ttH, tH, ttW, ttZ and correlations
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» tH signal strength not yet very
precise (as expected).

» But has some power to
distinguish sign of «t.
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§ CMS ttH— multi-leptons

» ttH and tH production in e, Y, Thad final state: Eur. Phys. J. C 81 (2021) 378
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» ttH and tH production in e, Y, Thad final state: Eur. Phys. J. C 81 (2021) 378
P ttW extraction very important for analysis sensitivity

§ CMS ttH— multi-leptons US

p Fitted ttW normalisation higher than SM prediction
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?ATLAS Global EFT fit
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