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~5 orders of magnitude

Physics program at

‘A ~100M events in Run 2

'Y ~1000 events in Run 2
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-004/
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Top quarks and photons

7=

V2

Lt

0¢ (€202) 80 dIHP
% T i
- o

=)
(qd) o ‘uonoas ssoio cm_uozuo‘_n_

1
o

-

102_
1072F
104

o
c
£
o
)
p=
2
c
=
S
(7]
[©)
o
(a]
I
(72}
©
c
2
S
=
o
c
@
8
=

CMS-TOP-PAS-24-003
CMS-HIG-PAS-24-018

Top quarks and W bosons
Top quarks, Higgs bosons
and charm/bottom quarks

2.
3.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-004/

tt+y



Why tt+y?

CMS-TOP-PAS-23-002

Photon origin?
e Many options where y can come from
— |s this well described in simulation?
o Photon from production
(2—3 process)
o Photon from

(2—2—7 process or description via parton shower)

Top-y coupling?

e Modifications from BSM physics processes?
— Access to coupling (modification) at tree-level

— tt+y measurements possible at high precision
— Very sensitive to possible modifications

/~ From initial state From top quark I
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-002/index.html

sy Inclusive cross section of tt+ y CMS-TOP-PAS-23-002

| T

Measurement of inclusive fiducial cross section in 22 channel
— Good separation of photon origin via angle to closest lepton (AR(,y))

— Measure combined (production+decay) and separate (production) cross sections
x10° CMS Preliminary 138 fb™' (13 TeV)

§ 1_2:_ ¢ Data B v prod. I ity decay
~ - tty ¢+) [l otrers [ twy
o(tt+y tot.) = 134 + 3 (stat) = 7 (syst) fb (5%) S - WM zysR 2y FSR Nonprompt
2 ; Postfit Unc.
o(tt+y prod.) = 54 + 2 (stat) + 4 (syst) fb (8%) 5 08
LU
(Agreement with prediction from simulation)
0.4
0.2
(" From initial state From top quark N/ From top decay N o =
WwW-— I w-— [ B 14
v v 212
b R :
v| g 8'2§ = Data / Prefit
e ] O 4. ¢ Data/Postiit . . 5 .
v v 0.5 1 1.5 2 2.5 5
U \ Jaj AR(y, closest )
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-002/index.html

o Differential cross sections CMS-TOP-PAS-23-002

T

Until now: only differential cross sections of y kinematics

New: Probing the tt system in tt+y

Jan van der Linden - 03.04.2025 Top and friends - DPG Spring Meeting
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Differential cross sections CMS-TOP-PAS-23-002

Until now: only differential cross sections of y kinematics

138" (13 TeV)

— 00CMS Preliminary V)
New: Probing the tt system in tt+y > . Data .
(2 N T Total unc. ]
L2 0.008 T  Stat. unc. _
. . gy B gy (MG5 NLO prod. + ]
— Same behaviour as in tt? o - MGS5 LO tiy decay), 7 /dof = 3/3 |
— 0.006— v (MG5 NLO prod. + —
— Top quark momentum modelled well St S Pythia i desay), 12/ dof = 23
. . . . . . o) L _
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Differential cross sections CMS-TOP-PAS-23-002

Until now: only differential cross sections of y kinematics

—  CMS Preliminary ______ 1381b' (13 TeV)
New: Probing the tt system in tt+y 2 1oL - Data -
= C 1 Totalunc. 7
8' yl T  Stat. unc. ]
‘ . s B Gy (MG5 NLO prod. + -
— Same behaviour as in tt? ; C MG5 LO tiy decay), 72/ dof = 8/2
o 08 Gy (MG5 NLO prod. + ]
— Top quark momentum modelled well < - PH+Pythia f decay), x2/ dof = 12/2
. . . . . . = 06— —
— No indications (yet) of mis-modeling observed in tt 8 g .
L o0af | ] .
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CMS,

Y
T

Ratio to tt production

CMS-TOP-PAS-23-002

First measurement of tt+y / tt ratios
— Sensitive to possible BSM modifications — many systematics cancel in ratio

Inclusive ratio: R(tty/(tt+tty)) = (1.25 = 0.05) %

138 fb™' (13 TeV)
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Also differentially as function of lepton / top quark: compatible with SM
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Why ttW?

e As an important background
— tttt or ttH(multilepton) measurements
— Limited by overwhelming ttW backgrounds — “xq

e Difficult modeling

— Many contributing propagators (QCD / EW)

q t 4q t q
g g Z [y«
i
g
q w9 wt d

e Discrepancy between predictions and measurements?

PAS-HIG-23-015

PLB 847 (2020) 138290

CMS Pre/iminary

138 fb1 (13 TeV)
T T

- Postfit

ts / Bin
s
8

ve

Data

| Category: 2¢ss + 01, { Data BE Rares

T

.l ttH+tH = Nonprompt
mm WzZ+2Z tZ

tw

Events / 0.25 units

138 fo ' (1 3 TeV)
T T
CMS ¢ Data Itiﬁ
miw tiz
SR-2/, p mtH Nonprompt |
WmVV(V) mXy
ttt class Othert it

Postfit Total unc.

S 0
Bkg. Unc. Total Signal | q,_’ T T T | T
+ a s ‘ 4 1 |
4t - 1 !

1?§nu b 9’06‘03”’&““,““*4§,4,A'A EOSI " T
N n | ST NS S SN ST SN S N S S
0 10 20 30 % O 0 02 04 06 08
Bin BDT score tttt

W+

— Measurements ~2 std. dev. higher than all predictions

LA L B B B B

B o q ' —
ATLAS
w* R
7 Vs =13 TeV, 140 fb
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\chi t
g 7 NLO+NNLL

B ATLAS- this result
7~ CMS (JHEP 07 (2023) 219)
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https://link.springer.com/article/10.1007/JHEP05(2024)131
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-015/index.html
https://www.sciencedirect.com/science/article/pii/S037026932300624X?via%3Dihub

Scope of new CMS measurement CMS-TOP-PAS-24-003

e First differential ttW cross sections by CMS CMS Preliminary 138 fb" (13 TeV)
: : : £ i Data ss82 Uncertainty |
— Insights into process modeling 18001 Conee - | i Lncertanty

— Any discrepancies? Disagreement only inclusive? 5 1eoof Postfit i Charge MisID - Diboson
> - Conversions  mm ttX ]
L 14000 mm Other ]
(ATLAS published first diff. XS already last year 1200fN,, = 3 Nigs =4 Nigg =5 Nigy =6 N,e,s>e-;
JHEP 05 (2024) 131) 1000 | .
800:— 5 : : 1
e Two complementary methods in one paper 600F * ]
. . E e : : : E
o Counting strategy: focused on purity 400 - T ;
— tight selections, no MVA 200 B P T ;

o MVA strategy: focused on signal acceptance
— loose selection, MVA for signal/background sep.

150 — Data/prefit ¢ Data/postfit

Data / Pred.

0 05 10 05 10 05 i'(') 05 10 05 1
(N_,., BDT) unrolled bins

Jets’

= Valuable cross-validation of measurement strategies
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https://link.springer.com/article/10.1007/JHEP05(2024)131
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-24-003/index.html

C
: Results CMS-TOP-PAS-24-003

| 1T

What kind of observables are measured?
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C\MS
> Results CMS-TOP-PAS-24-003

What kind of observables are measured? CMS Prefiminary

138 b (13 TeV)
| ! |

3 B I | ! i

. . = - () Data (MVA-based method)

e Things important for background measurements 2 o  Data (Counting method) ]
. . T Qo b aMC@NLO+PY8: -

— High H_/ jet multiplicity S b — — FxFxarXivi1209.6215
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Results CMS-TOP-PAS-24-003

What kind of observables are measured? CMS Preliminary . _ 138107 (13 TeV)

o8- .
. . ¢ Data (MVA-based method
e Things important for background measurements R o Data ECounti::?ner;id)o !
> - 2L SR -
: : A = aMC@NLO+PYS8:

— High H./ jet multiplicity S — Fxxanvieeats ]

. . . . . e o | e ]

— Underprediction at high jet multiplicity B 2o FxFxapdv2108.078%6

B F ]

= 0 "{ - 1

PRI ; i

e General ttW modeling ool $2 |

— Jet, lepton kinematics, etc - -

|

Example: Top and W decay lepton angle o
— Indications of small trend in data w.r.t. modeling 83
0.8

_E12F E
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0 ©0.8F E
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Best friend of Higgs boson: Top quark &
One of the next mlles’fones in Higgs physms: CMS HIG-22-001 138 107 (13 TeV)
Measurement of Higgs charm coupling el 15—'"mH=1'25'_3£'3‘G'é\‘/" T wé 16
— Probe Higgs couplings in all possible ways E : e
B 10—1 L - _
Many channels already exploited £
Best limits so far by VH(cc): k_<3-4xSM & ozl . o ]
— now also ttH! t e
r f Vector bosons
100k ¢ 3" generation fermions i
g c L; ¢ 2™ generation fermions
"""" SM Higgs boson
10_4 Ful | | | E
(% 14 g T I
1.2F 1.05F =
g C 2 1.0 ,.+ .............................................. 1_00-...ﬂ ....... 4
2 og it |1
oc 0.6-'" R | TR | Lol
B 107 1 10 102
t Particle mass (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
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Scope of the measurement

Analysis scope:

@]

CMS-HIG-PAS-24-018

All three tt decay channels I q
—O0L/1L/2L ¢ W LT
b

Resolved Higgs boson final state
— Two AK4 ¢ jets

Full Run 2 data set
— ~2000 ttH(cc) events expected
~63 expected in our measurement
(— 3% selection eff.)

Simultaneous measurement of ttH(bb)

— Cross section ~x30 higher than ttH(cc)
(basically same final state)

— |Impossible to ignore
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html

Challenge #1 - jet flavor tagging
CMS-HIG-PAS-24-018

o Multiple b/c jets in final state

. : : <€ > b
— b jets from top, c/b jets from Higgs, CMS Simulation Preliminary 13 TeV
u/d/s/c from W—qq’) g | tiHHo00) events, B4 35% 0.1% 0.01% \ A
. C - . o pr > 25 GeV, |n| < 2.4 ‘w\
— Simultaneous b and c jet identification S | — bjets &eficiencies (%) |B3 10% 0.2% 0.02% [}
7 0.8F — cjets & efficiencies (%) “\‘
g L udsg jets & efficiencies (%) B2 9.2% 0.7% 0.1% I \
— Custom b/c tagging with particleNet tagger I I
5 | B1 10% 2.2% 0.2% I
) o 0.6f \‘_
— High purity individually in each jet flavor 0 150 S L, i
22% [15% [16% \\[
[71% |19% |8.2% BO 10% 6.9% 0.5% i
O | i At 0.4} i
~2x improvement in background rejection _ I
(/i
compared to Run 2 state-of-the-art DeepJdet * f ﬂb)
] I it
+ 0.2f C2 5.6% 13% 0.6% 0
a'’ ' ' I
t W v, q | ZEBN ‘1;!‘/"‘,1‘
3 17% 12% 0a% Yc
wr Ca4—0;07 1176 UiS 767, [ 1)
b 0.4 0.6 0.8 1.0

ParticleNet score pg.c

Jan van der Linden - 03.04.2025 Top and friends — DPG Spring Meeting


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html

Challenge #2 - event reconstruction / classification

&
<

e The challenge
o tt+bb/cc has the same signature as tt+H/Z—bb/cc

o Too many jets to reconstruct Higgs bosons efficiently

o Kinematics overall too similar to make “simple” cuts

CMS-HIG-PAS-24-018

A= /(e — o)+ (60— $p)2

kt = min(prq, prp)A
z = min(pre Prp)/ (Pra + Prp).

= (E,+ Ep)* — |lps + poll*

e The solution = PviLR 162:18281-18292, 2022
State-of-the-art machine learning (ParticleTransformer architecture)

o Adapted to event classification (using jets / leptons / MET as points in particle clouds)
o Input features: In(p.), IN(E), n, flavor tagging bins
o Pairwise connections: distance, momentum balance, invariant mas

E blocks Class token

O

- top quark

Class

—
-_Ogn Particle Particle Particle Ati:::ison Attention = g

Particles |3 Attention Attention f == == =ax. Attention Block Block g r:z"_
-g Block Block L-1 Block o¢ o = 3
=) 7}

Interactions = § _ S I — — b
£ = : i

g -~ top antiquark

Top and friends — DPG Spring Meeting
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https://arxiv.org/abs/2202.03772
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html

CMS, g

| Challenge #2 - event reconstruction / classification eR
D&X > 0.6 . .
Dittighe < 0.05 (0.02 in 1L) No: reject Trying to reduce extrapolation
{0Fonty) Pocn = 00001 — Cut on signal-like score
CMS Simulation Preliminary ~ 138 fo=' (13 TeV)
Yes: keep n —
g 10_1_"- — fib  — fZ@Zoc)  — fH(H-co) |
> i — f+21c  —— {Z(Z-bb) ttH(H—bb) |
) — tt+light VR 1
: - | o)
I | &
e
QO
Yes: X — cC | 10-2f . -%_

No: X — bp | FEH(H — bb)
SR

e

Dix

tt+>2c
CR

tt+light tt+c
CR CR
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Group picture of all friends
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e The result:

CMS-HIG-PAS-24-018

. CMS Preliminary 138 fb~' (13 TeV)
*“E) - | Data m ttH(H-cc) MM ttZ(Z-cc) [ ] ttH(H—other) MM tt+>2b tt+22c [ tt+light Post-fit
% 77 TotalunC. = fiH(H-bb) WM fiZ(Z-bb) [ fiZ(Z—other) WM ti+b [ tivc W Other |
%5 105|0L 1L 2L |
g ree | ec [+ [ [+ [ o ' o [+ [ [+ o« [+ rﬂ: o« [+ rn: [
€ p[E£|E]2)] A N 1 I NZ|E|2|E|E N N\ 1 1 ElEZ|E| LA (L)1
Z "L CR SR CR SR CR |SR ‘

103t -I::‘. %! E

L]
102

e

A
W S §f

a Event classifier discriminants
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Group picture of all friends
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The result:

No QCD in OL channel!

CMS-HIG-PAS-24-018

7 CMS Preliminary 138 fb~' (13 TeV)
*2 L}  Data I tiH(H-cc) MM {Z(Z-cT) [ ttH(H—other) W ftt+22b [ tt+22c [ tt+light Post-fit
% 77 Totalunc. g fiH(H->bb) ffZ(Z—bb) 1 fiZ(Zoother) WM fi+b [ fiec N Other |
%5 105|0L 1L 2L i
d h'd é N o
2 TXEE|2 T g 1 T 2 FlEl2]E T T T T 21202 |%| T |F |22 1
g 104 (2ss]|==R N N/ T T il il ikl ol kell] N N T T SlE|E =N N T | T
Z "k CR SR iy CR SR CR SR
1o} N A
i L]

102

L
M. $Lhuh A

n }}hil M/.J
v }
}

A
M A i

R
g .
ol
5
———| i
P— )}
1
3 ]
- i
%
e
e

Event classifier discriminants
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@

Challenge #3 - background estimation Lk
CMS-HIG-PAS-24-018

e QCD multijet background in fully hadronic channel:
o Tight cut on classifier QCD score (<107
— Reduced to negligible levels (<1%)

1CMS Simulation Preliminary 138 fb~' (13 TeV)
105_ N2 T e Tl el e o bal kel EREERERC | ! """LE

2]
- — tiX — tt+21c QCD ]
q>_) 100;_ — tt+light — tt+21b B
S g rejected
c i ]
5 , ‘ §
g | |
L 10_2;
10-3F
1075
i L M (b ol ol ! ...H..E
1e-05 0.0001 0.001 0.01 0.1 1.0

Daco
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CMS, . . &
| Validation Lk
e Fit of ttZ(bb/cc) signal strengths: CMS-HIG-PAS-24-018
o ttZ and ttH very similar in kinematics
— use ttZ as validation of strategy (same as in VH/VZ)
o Perform fits in analysis regions (without ttH SRs and ttH PQOls)

CMS Preliminary 138 fb~' (13 TeV) CMS Preliminary 138 fb~' (13 TeV)
T v EE NI I N R TTT ¢ L TF ] — % F [ T 7 ! T T T T T T T T T T 7 % T ] 7
Expected (stat @ syst) +1 SD (stat) Expected Expected (stat @ syst) +1 SD (stat) Expected
- Observed (stat @ syst) W +1 SD (syst) B Observed - Observed (stat @ syst) W +1 SD (syst) B Observed
Hezz-bb) = 1.477043 (1035 syst, 1054 stat) Hiizzoc =1.02°07 (083 syst, *048 stat)
Combined == _“3_5 Combined _— _ e
19 0.9
oL —————= _3'0 oL o ——— —— o — 13
19 0.9
1L —— —- 1L —_ h ae
1.0 0.7
2L — — FO'S 2L ———— 0.0
o e e e by b b PRI T R S ST NI l . T RS SR S T T R Y
-0.5 0.0 0.5 1.0 1.5 2.0 25 0 2 4 -2 -1 0 1 2 0 1
Miz(z-bb) Significance Mtz(z-ce) Significance

o Consistent results with ttZ multilepton measurements!
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= Results Lk
CMS-HIG-PAS-24-018

o ttH(bb)
u=0.91*%/ _ — 4.4c observed Estimate ~10%
—» Compatible with SM! D oS
— Robust to modifications of tt+jets background model (backup) ttH(bb) measurement
CMS Preliminary 138 fb~1 (13 TeV) QM‘SVPIrQIimina‘ryl  138f(13TeV)
B IE;péctéd ‘(str;tte[aslyst‘) ' 1;1 ‘YS.D1(styat)‘ = léx;)elct;edl o g ¢ Data B {tH(H-bb) (s =0.91) ‘
- Observed (stat @ syst) W +1 SD (syst) W Observed t 105? 5 :z;kL?r:ZZI::jnty = H(H-bD) (Msu=1.0) 7

MtH(H -bb) = 0.91 i8§§ (ﬁ8$§ syst, +0.14 stat) I
. 104
Combined 0 _4445

3.0 103;‘
 —————— o :
oL 1.7 I

3.2
1L = -—— o _3_5

®

e
o
DS
) T

A S S N N AN SNSRI

T T T T

,— ;Hl(Hab )(Iint=0.91)+‘Bi(g' o | i
( _é

N

©
(=
3 o
15 % | -—- ttH(H-bb) (usm=1.0) + Bkg
2L ————— S
_2.7 S
T T T e il ! [ ¢ v9 4 | \ [“& e
0.5 1.0 1.5 20 0 2 4 £30 25 2.0 15 10 05 0.0
MttH(H - bb) Significance @) log10(S/B)
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Results Lk

e 95% CL limits on ttH(cc) CMS-HIG-PAS-24-018
M < 8 x SM observed

CMS Preliminary 138 b1 (13 TeV)
CMS Preliminary 138 fo~' (13 TeV) T T T T T T T T T T
.ol T T ¢ Observed 68% expected
S | ¢ Data B ttH(H—-cT) (U= -1.6) 3 . .
D [ C3J Background fHHo) (psw=10) |  — | T Median expected 95% expected
105 »~. Bkg uncertainty = i
f Combined |
. ] Exp. 8.7 |
fefe Obs. 7.8 g
10°L y oL i
i 1 Exp. 13 :
i Obs. 14 i
10 E o
E P R P R [ L =’\ ] 1L E
glf_ HHo) (e -16)+Bg // L oal
_%10 A, Y, 7 /i : !
2l 2L i
@09;. AT IS S T S T T T S HE SRS S B S S J/ Exp' 23 :
£ 45 40 35 30 25 20 -5 Obs. 35 |
) log10(S/B) E—— i .
0 10 20 30 40 50

95% CL upper limit on YiH(H-co)
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CMS, &

> Results %
CMS-HIG-PAS-24-018

CMS Preliminary 138 fb~! (13 TeV)

e 95% CL limits on Kk
k.| < 3 observed

[ |Kel§hiHcq) < 3.0 @95% CL + ttH(H—cc) — Observed ]
71 K|, < 3.5 @95% CL & VH(H—cc) - Expected 7

i -4 Comb.
Combination with CMS VH(cc) measurement 6

— reduces expected limit to |k | € 2.7
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CMS, . &
) Outlook for Higgs-charm Lk
CMS-HIG-PAS-24-018

e Already surpassing the 3/ab projections from 3 year ago
— Run 3 as of yet unexplored q
— Run 3 taggers even more powerful for ¢ jets! 1 |
— ttH(cc) boosted regime also still unexplored

-’TE % Arine T _ CMS prefiminary 13810 (13TeV) g 9M$Simu(at{on Preliminary __13.6 TeV
\8,7' 5 Projection from Run 2 data % i Kol sz < 3.0 @95% CL - ttH(H—cc) — Observed ] § i tfeven_ts,pr_ > _20 GeV, |n| < 2.4, £.=35% 7220 0
& EO | | e rerevsocon § 7 1<l <35@I%CL o Voo - Bxpected | © | I I :
2f i +_Comb. 12T i - Ji7s/~time
: — Combined (exp.) 61 ’," ] I We are oo /
1.5 — Olepton exp) ; k.| < 2.7 (exp) |, 4 o ~here Tis0
B — 2 lepton (exp.) ! / I
1= 1125
0.53— 1100
T I
K, 150
Expected constraint of I 125
|ke| < 3.0 at 95% CL ) | | | I,
DeepCSV DeepJet PNET UParT

CERN Seminar A. Chisholm (2022) CMS-DP-2024-025
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= Summary

1 Top quarks and photons CMS-TOP-PAS-23-002
. e High precision inclusive and differential tt+y cross sections
— First time as function of top quark observables
— First time as ratio to tt cross sections

2 Top quarks and W bosons CMS-TOP-PAS-24-003
= e First differential ttW cross sections by CMS
e Small trends between measurement and predictions
— But often covered by uncertainties

3 Tops, Higgs bosons and charm/bottom quarks CMS-HIG-PAS-24-018
- e First time ttH(cc) is explored!
e Limit on k_ competitive to VH(cc) ATLAS/CMS results
e Simultaneous extraction of ttH(bb) signal strength
— Compatible with SM
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The End



= Whatis tt+ y?

T

Photon origin in tt+y: o 1% CMS Prelminary 138 fo” (13 TeV)
e Photon from production: R — Ml — B
o (Can be described as 2—3 process (@NLO QCD) aurss Nonpremet
e Photon from decay:
o Radiation off final-state particles
o Description at LO

Postfit Unc.

2

c

= ]

~

S 1 I zyisR
b2]

=

o U

>

Ik

(2—2—7 ME process or 2—2 tt@NLO with y from PS) s '*‘
= Good separation via angle to closest lepton § Siig 33:3?3?:" SS—— 3L
AR(y, closest {)
/~ From initial state From top quark I /" From top decay )
{ - W~ -
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) tt+y differential cross sections

Until now: only differential cross sections of y kinematics

New: Probing the tt system in tt+y

— Insights into top-y coupling and potential BSM modifications

— Same behaviour as in tt7?

— Top quark momentum modelled well
— No indications (yet) of mismodeling observed in tt

— Modeling of top-y system?

— Angular distributions tend to have some discrepancies

— Modeling differences of MIE vs

y in decay?

— No differences in top-y system observed
— Only y momentum and overall cross sections differ

1/ do/dpy (v) [fb/GeV]

Pred. / Data

CMS Preliminary 138 fb”' (13 TeV)
e B B e R B e e e,
C . Data 7
- T  Total unc. .
107 1  Stat. unc. -
= — 0Og, (MG5 NLO prod. + 3
- MG5 LO tty decay), x>/ dof =6/4 ]
B 6y (MG5 NLO prod. + 7
102 PH+Pythia ff decay), x2 / dof = 10/4 —
= — E
L 5 i
102 = . =
-10—4 L
1.5F =
I ———
=3 ¢ ¢ =
0.5~ _

20 40 60 80 100 120 140 160 180 200
Particle level pr(y) [GeV]

220
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ttW results CMS-TOP-PAS-24-003

What kind of observables are measured? ;XWS_CM.S Preliminary — 18867 (13 TeV)
. . ¢ Data (MVA-based method
e Things important for background measurements § . b D ECounti::?n etho ) ]
. . IR = | aMC@NLO+PY8: i
— High HT/Jet multiplicity = | — — FxFxarXiv:1209.6215 |
Q B FxFx arXiv:2108.07826 |
o & o s
Example: Jet multiplicity T I % g
— Underprediction at high jet multiplicity B | b .
~— 4_ SR S —
e General ttW modeling I % I L S
. ' 2— —
— Jet, lepton kinematics, etc i ]
- - | I L I |
Example: Leading jet momentum o
— Indications of small trend in data w.r.t. modeling BS 1
0.8
_E12f
Example: Top and W decay lepton angle ERL:
. . . . o O 0.8F
— Indications of small trend in data w.r.t. modeling 700 00

200 3
Leading jet P, (GeV)
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Why is ttW a difficult process?

A theorist’s view...

qg-induced at LO (~a ")

qg-induced at NLO (~a °a)

gg-induced LO EW contributions (~a®)
qg-induced NLO EW contributions (~a®ay)
virtual 2-loop contributions at NNLO difficult

NNLO QCD + NLO EWK

o(ttW) = 745 fb = 50 fb (scale)
+ 13 fb (2-loop approx.)
+ 19 fb (PDF, ag)

NLO QCD only: 711 fb, real NLO EW +5%, virtual EW -2.4%, remaining EW +7%

Jan van der Linden - 23.09.2024 t+V 36




- : Current state of Higgs-charm coupling Q

Best limits on Higgs-charm coupling so far:
VH(cc) measurements of ATLAS and CMS
(u(H—cc) ~10 x SM, |KC| <4 @95% CL)

CMS-HIG-21-008 581" (13 ew) ATL AS-HIGG-2020-20
CMS O e omenod ATLAS | loeened
----- 95% expected Vs=13 TeV, 140 fb ---- Expected

2 [ Expected + 16
VH, H — bb/cT [ Expected + 26

\ K [P < 3.4 |

——/

Combined
Expected 7.60
Observed 14.4

0 lepton
- Exp.=17x SM
Merged-jet Obs.= 14 x SM
Expected 8.75
Observed169 || | S | | leeeeesecccccccccanae- - I - - - - - - - - - e e
M 1 lepton
Resolved-jet Exp.= 17x SM
Expected 19.0 Obs.=21x SM
Observed 13.9
oL 2 lepton
Expected 12.6 Exp.= 18 x SM
Observed 18.3 | | Obs.= 22x SM
1L
Expected 11.5 Combination
Observed 19.1 | | Exp.= 11x SM K exp < 4 1
Obs.= 12x SM "
2L (o]
Expected 14.3 v v b v by v v by
Observed 20.4 0 15 20 25 30 35
0
- 95% CL limiton p
O, -
95% CL limit on uVH(H e VH(cT)

— Exploit as many channels as possible to reduce limit on Higgs-charm Yukawa coupling
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Analysis setup

Analysis setup

e Three orthogonal lepton channels (for all tt decay modes)

OL channel 1L channel

o Fully Hadronic (OL):
m O isolated e/u
m >7jets

o Semileptonic (1L):
m 1 isolated e/u
m >5jets

o Dileptonic (2L):
m 2 isolated e/u
m >4jets

Selection criteria

2L channel

Number of leptons
Sign and flavor of leptons

Min. py of pr-leading electron [GeV]
Electron identification
Electron isolation

Min. py of pr-leading muon [GeV]
Max. muon relative isolation

Min. e, [GeV]
Mee /un [GeV]

Min. pr of jets [GeV]

Min. pr of 6% jet [GeV]

Max. |17] of jets

Min. number of jets

Min. number of b-tagged jets

Min. number of HF (b- or c-tagged) jets

Min. Hy [GeV]
Min. piiss [GeV]

0

1

e*, u*

29/30/30

Tight (80% efficiency)
Tight (80% efficiency)
26/29/26

0.15

e Enriching in tagged jets: = 1 b-tagged jet, = 3 b/c-tagged jets

e Using PUPPI jets and custom jet flavor calibration

2

ete, ueT, utyu-

25

Loose (90% efficiency)
Loose (90% efficiency)

25
0.25

20
<76, >106
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EMS | Analysis setup

| T

Analysis setup

e Additional selections in classifier nodes

o ttHbb / ttZbb / ttbb / ttbj:
m > 3 b-tagged jets

o ttHcc / ttcc:
m > 2 c-tagged jets

o ttec:
m > 1 c-tagged jet

— Removes some more background events
— All events in SR + CRs more signal-like
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= Challenge #1 - jet flavor tagging o

e ~2x improvement in background rejection
compared to Run 2 state-of-the-art DeepdJet

CMS Simulation Preliminary 13 TeV
& 1 T T T T | —
‘g 4' ttH(H—cc) events, pt > 25 GeV, |n| < 2.4 20 [
= 10 3 udsg jets ParticleNet E
-% [ I cjets 1 DeepJet = ]
,:JT | B Db jets - i
@ 103 E
1.9 x1.9 x1.6
§ x1.8 .
B 21 x1.5 i i
1 02 E =
F x1.7 1.5 :
- x1.1 .
10’ 3
10°

LO

C3 C4 B1 B2 B3
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gm\ Challenge #2 - event reconstruction / classification

CMS-HIG-PAS-24-018
0.6

e The target
o Nine different classes (+1 for hadronic channel

-

CMS Simulation Preliminary (13 TeV)

E ttH(H—cg) 015 0.032 0078 0035 011 0033 0.034
o | Four signal-like classes: 2
ttH(cc), ttH(bb), ttZ(bb), ttZ(cc) 2 THH-ED) B e
ttZ(Z-cc) 0.046 ﬂ 0.042 0091 004 011 004 0035 0.4
0.061 0.39 0.05 0.021 0.043 0.075 0.11

\ iz(z -bb) /0 0.18
/ tt+li

tt+c|] 0.15 0047 0.1 0.034 0.13 0.18 0.064 0.035

0.087 0.026 EELEM 0.095 0.11 0.05 0.02

o | Five tt-like classes:
tt+=2b, tt+b, tt+=2c, tt+c, tt+light

tt+>2¢c|| 0.18 0046 0.14 0035 0.13 0.049 0.047 0.2

0.075 0.087 0.12 0.057 0.095 0.23 0.12

o
-t
n

tt+b||0.092

o
-
~

fiZ(Z—bb)

ftH(H—bb)

\ t{+@lo.oea ; 0.052 013 0049 0027 0074 0.11 ﬂ "_0'1

o (for hadronic channel):
QCD

{i+light
tt+c
tt+22¢
tt+b

tiH(H—-cg)
Z(Z-cc)

Predicted label
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Challenge #3 - background estimation

o tt+jets background estimation:

o CRs for each separate component (tt+=2b, tt+b, tt+=2c, tt+c, tt+light)

o State-of-the-art background modeling for all individual background components

o Freely-floating parameters in the fits for each separate component

tt + c(b)

CMS-HIG-PAS-24-018

$_ %

tt+ > 2c(b)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html

@

Challenge #3 - background estimation Lk
CMS-HIG-PAS-24-018

e Try to reduce extrapolation!
o Cut on signal-like (ttX=ttHbb+ttHcc+ttZbb+ttZcc) score

— Backgrounds and signals similar kinematics
— No extrapolation of difficult tt+jets backgrounds to different kinematic regimes
CMS ‘Sin?ullatiyon'Prlelimina‘ry‘ 138 ‘fb‘|1 (13 TeV)

n
§ 15 L — fte2lb  — fiZ@Zoce) —— fH(H—CO)
3 : - tte2lc —— §Z7(Zbb) ttH(H—bb) |
© — it+light VR I \ '
c | - N
% SR - g i+ > 2c(b) t+icclpp)
}q? S
? = 6"‘
= 1 1 =
] 8 . . . S
10'2j ) ] “Z
[ . 'L ] w
00 02 04  06_ o "1.0/
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Challenge #3 - background estimation

e Cutting on tt+light jet score to reduce large background

Fraction of events

CMS Simulation Preliminary ~ 138 fb=! (13 TeV)
S s S B L R B

[ 2L

—
o
o

—
<

1072}

— X
— tt+light

- tt+21c
— tt+21b |

rejected

0.00

025 030

Dit+light
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Validation of analysis strategy @é

é

e Validation #1 —fit to CRs:
o CRs for each separate component
o Freely-floating parameters in the fits for each separate component (2 x 5 parameters)
o Very detailed scheme of tt+jets background modeling uncertainties (50+ nuisance params.)

CMS simulation Preliminary 138 fb~! (13 TeV)
——— ‘ ‘
1L

e Validation #2 - low signal score: o SR SR i |
. . . . 7+? C  — {iZ(Z-bb) ttH(H—bb) |
o Perform fits in signal-depleted region (VR) — dignt VR

CRiSR

Fraction of events

— fitting only tt+jets SFs

o Try as best as possible to mimic background compositions / }?—%

e Validation #3 - fit of ttZ(bb/cc) signal strengths: "t
o ttZ and ttH very similar in kinematics A —
— USe ttZ as validation of strategy (same as in VH/VZ)
o Perform fits in analysis regions (without ttH SRs and ttH PQOls)

— 04 06
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Validation bz

e Validation #1 - low signal score:
o Perform fits in signal-depleted region (VR) — fitting only tt+jets SFs
o Try as best as possible to mimic background compositions / etc

CMS Preliminary 138 fb1 (13 TeV)
*3 L} Data pm tiH(H-cC) WM tiZ(Z-ct) [ | ttH(H—other) W tt+>2b [ tt+>2c [ tt+light VR, 0.4 < Dsx < 0.6, Post-fit
o wy Total unc 5 5 T b 5 f. i Oth
. . .. > 7 . | ttH(H - Db ttZ(Z-b 1 ttZ(Z—oth B tt+b [ tt+c | er
CMS Simuiation Preliminary ~ 138 fb™' (13 TeV) S sloL B ttH(H-bb) EE tZ(Z-bb) (Z=0ther) L
§%) T L A S E
§10_L1L — f2ih  — nZ(z—»c? — ttH(H—>c?7 E Em g = E g E & g 5 g § z; g & E & g 5 g §
% I — 2l {izZ-bb) tH(H—bb) | c |2|E]z 2 3|2 iy N i i Z|2|2|2 IO R I
© — tt+light VR AR 1 2 104 B
c
) CRISR
©
® e
L T
1072 1LLH
| ¢ o
0.0 0.6 0.8 1.0
Drix
L

Event classifier discriminants
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Validation

e Validation #1 —fit to CRs:
o CRs for each separate component
o Freely-floating parameters in the fits for each separate component (2 x 5 parameters)
o Very detailed scheme of tt+jets background modeling uncertainties (50+ nuisance params.)

Results from central fit (Validation results similar)

Channels /tt+>2b tt+b tt+>2c tt+c tt+light
20 & 14 | 0.88+0.07 0.9240.16 ||1.39+0.23 1.414+0.36 | 0.89+0.11
04 1.1240.11 0.89+0.18 | |2.03+0.41 0.95+0.34 | 0.89+0.17
c”s" —= | tt+b below pre-fit tt+c above pre-fit
"7 || — consistent with — consistent with
4[| dedicated CMS tt+b || recent ATLAS
e eere (L0 measurement measurements
R \ JHEP05(20241042 )\ PLB202ANGONTT ) v =
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CMS, . . . S
o Systematic uncertainties Lk

Source Corr. (period) Corr. (process) Processes
Integrated luminosity ~ v all
Electron reconstruction and identification v v all
& Muon reconstruction and identification v v all
§ Trigger efficiencies X v all
g Pileup reweighting v v all
§ Jet energy scale (11 sources) ~ v all
I Jet energy resolution X v all
Unclustered piiss X v all
Jet flavor tagging ~ v all
Incl. cross sections & normalization v ~ all
JR scale v X tt+ets, ttX, single top
Ug scale v % tt+jets, ttX, single top
%0 PDF shape v X tt+Hjets, ttX
5 PSscales: ISR v X tt-+Hjets, ttX, single top
8 PSscales: FSR v X tt-+jets, ttX, single top
= ME-PS matching (fgump) 7 x ti+ets
ME (4vs. 5 flavor scheme) v X tt+>1b
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:

N Systematic uncertainties
. Ap (Ap/ Apteor)
Uncertainty source WiH(H-cc)  MeiH(H—bD)
Statistical 33 (74%) 0.14 (57%)
tt+jets normalizations 14 (32%) 0.06 (26%)
ttZ normalizations 04 (8.4%) 0.06 (30%)
Theory 2.1 (47%) 0.18 (75%)
Signal 07 (15%) 0.11 (47%)
tt+>1b 07 (15%) 0.14 (60%)
tt+>1c 14 (32%) 0.01 (5.8%)
tt+light 1.3 (29%) 0.01 (5.2%)
Minor backgrounds 0.2 (4.6%) 0.01 (4.6%)
Experimental 20 (47%) 0.07 (31%)
Jet flavor tagging 1.7 (39%) 0.07 (28%)

Sizes of the simulated samples 1.1 (24%) 0.05 (21%)
Jet energy scale and resolution 0.8 (18%) 0.02 (8.6%)
Lepton identification 0.3 (6.0%) 0.02 (6.3%)
Integrated luminosity 0.1 (2.0%) 0.02 (6.2%)
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Results Lk

e Competitive sensitivity compared to VH(cc) measurements!

CMS Preliminary 138 b1 (13 TeV)
N N I L L L L L S e e L e e [
¢ Observed 68% expected

----- Median expected 95% expected

— Combined limit on H(cc)
H(cc) < 5.6 x SM expected

Combined

Exp. 5.6
Obs. 9.3

ttH(H - cc)
Exp. 8.7
Obs. 7.8

VH(H-cc)
Exp. 7.6
Obs. 14

! L L P N [ O BT
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
95% CL upper limit on Yy cc
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> Results ek
Two dimensional limits on Higgs-charm and Higgs-bottom Yukawa couplings
- CMS Preliminary 138 fb- L (13 Tev)
o IR A A N A A TR B A RV
< Best fit — 68%CL -
15} ¢ Expected — 95% CL—_
i Y =
0] T ot
i \\ / i
i B | @ :
51 L ]
/ /,»"7 \\‘:: -
51 i o .
// \\\\ i
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) tt+jets background model
tt NLO (5FS) ttbb NLO (4FS)
ME generator = POWHEG v2 POWHEG-BOX-RES
Parton shower PYTHIA v8.230 PYTHIA v8.230
Flavor scheme 5FS 4FS
PDF set NNPDF31_nnlo_hessian_pdfas NNPDF31 nnlo.as_0118.nf 4
m, 172.5 GeV 172.5 GeV
my, 0 4.75GeV
MR \/ ; (m?” + m’zft) %{4/ Wy * Mipe® Wimp ° Uiry
33 HR i [mT,t + My + My + Mpp + mT,g]
Basiis 1.379m, 1.379m,
Tune CP5 CP5
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K Fits to alternative tt+jets models R
tt+>1b bkg. model pepypee) (95% CL) Minmobp) Gign [s.d]) pizzee) Gign.[s.d]) pzzpp) (Sign. [s.d.])
Default —-1.6+45 (<7.8) 091132 (4.4 L2¥ 2 (12) 147104 (3.5)

Simple PS —04+44 (<88) 091137 (44 0941082 (1.3) 147104  (3.6)
g X 2 -1.7%32  (<8.0) 0947102 (44 1061077 (1.4) 1621083 (41)
up x 2 &Simple PS  —1.0+44  (<8.5) 097132 (45) 1041070 (1.3) 1671032 (4.2
5FS —1.8+43 (<7.7) PP702 (5D L1737 (16) 1141048 (3.0)
5FS & Simple PS —09+45  (<7.6) 1.0219%  (6.0) 1191377 (1.6) 1101030 (2.9)

tt+>1b background model tt+>2b tt+b

Default 0.90+0.08 (1.144+0.12) 0.87£0.15 (0.83£0.16)

Simple PS 0.88+0.07 (1.124+0.11)  0.92+0.16 (0.89£0.18)

fp X 2 0.8940.06 (1.3740.10) 0.9440.17 (1.0540.21)

ug X 2 & Simple PS 0.90+0.05 (1.41+£0.10) 0.95+0.16 (1.06+0.22)

5FS 1.54+0.11 (2.06£0.19) 0.91+£0.36 (0.62+0.64)

5FS & Simple PS 1.5740.09 (2.25+0.21) 0.8340.34 (0.60+0.62)
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HIG-19-011 correlation study e

Estimation of statistical overlap (1L channel): OMS Profiningry 138" {13 760

Expected (stat @ syst) +1 8D (stat) éxpected‘
— Small data overlap — 7% (15% in sensitive bins) = (Cbeoned fsmtmeys) M o1SDfa] | | M Ofwerisd
MtiHH-bb) = 0.912555 (Zg'75 Syst, +0.14 stat)
— Classifier scores softly correlated (~30%) Combined ==
— Bootstrapping test: p(ttHbb) correlated ~15% o p—
[ 1L = ]
Systematic correlation:
2L =S ——— -
— Different tagger / selections / classifier / background model o u a o
. M ttH(H ->bb) Significance
— Assume it to be small cMS  memiiamey
il tot  stat syst
FH| v 0.84 ‘0% ‘0% 0%
Overall Compatlblllty: [ su| 0.46 0% 1021 w025 ]
— Assuming no syst. correlation: DL 023 53 65 %%
10% p-value 2016w 049 0% 0% 0%
— Assuming strong (50%) syst. correlation: 2017 i 032 03 0% 9%
o 2018 | v | 0.28 &5y B5 oo
3% p-value ;
Combined| i | 0.33 *0% 0% 051
T s T
{i =6/0g,
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:

K Post-fit event yields
Process 54 IR 1L OL Total
fH(Hoc) OFB  —@2£6 3@ -100£13
6+£11)  (38+42) (20425  (64+78)

_ _ 137456 10604220  580+140 17704410
ttH(H=bb) 1511 60)  (11504240) (630 150) (1930 & 450)
tiZ(Z—ce) 32427 2104110 112465 360200
{{Z(Z—bb) 75453 5804210 2904130 940 400

ti+>2b 10604180 84204650  4670-+480 14100+ 1300

tt+b 13104260 1210041000 37304530 17100+ 1800
f+>2c 9404160 73204610  3850+460 12100 1200
fi+c 17304290 15600+1200 32204390 20600+ 1900
fi+light  1700+£140 170804670 4990280 23800 1100
Other 4304200 50404810 8704320 6300+ 1300
Total 7410 £ 240 67300+ 1400 22270720 97000 & 2400
Data 7366 67370 22071 97007
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Post-fit event yields ek

Process  ttH(H—cc) SR ttH(H—bb) SR ttZ(Z—cc) SR ttZ(Z—bb) SR tt+>2b CR tt+bCR tt+>2cCR tt+c CR  tt+light CR
{EH (Hoscc) —27+40 —09+67 -5+16 -03+37 -20+54 —08+36 -16+16 —63+93 —46+28
(17 £25) (05+3.8) (3249.5) (02+2.1) (12+£31) (05+21) (9.84+98) (39+57) (28+17)
STy 35431 310+100 16+20 81445 441+ 65 220+45 71+22 40+15 557 + 67
( ) (38 +34) (3404 110) (17 £21) (88 +49) (475+71)  (242+50)  (75+24) @43+17)  (607+73)
ttZ(Z—>cc) 25+28 20+7.6 105 + 63 29+94 58473 27453 51423 21+14 143 440
ttZ(Z—bb) 10421 57 + 51 14+25 220+110 218 + 58 108 4+ 40 34420 22+15 263 + 58
tt+>2b 194 + 88 770 + 180 152+ 76 730 +170 4680+260 15304+140 862495 335453 4890240
tt+b 300 + 160 320+ 160 250 + 140 270 +150 1830+200 3740+310 1050+150  800+£120 8520450
tt+>2c 830 + 210 50 + 49 710+ 190 41443 244456 96+39 2950+220  850+100 6330320
tt+c 920+ 270 84478 640 + 230 64470 321+77 358+94 22104230 2960+250 13030+ 590
tt+light 1050 + 160 102+ 51 810 + 140 92449 257 +39 280+47 1362+99  1430+96 18390 +410
Other 240+ 180 58 +76 450 + 250 82+ 88 303 + 87 169456 6304140  453+100 3950 + 350
Total 3580 + 160 1750+ 100 3150 + 140 1580 +97 8300+210 6500+£200 9210+£290 69104240 56040+ 950
Data 3545 1744 3143 1593 8322 6492 9245 6909 56014
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