Higgs boson production via ttH

ATLAS and CMS results
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Motivation
top-Higgs coupling largest in SM

yt~mt/ Vv

ggF

9

pp@13 TeV

SM (vt~ 1): 44 pb 507 fb 74 fb

ttH+tH: direct probe of top-Higgs coupling
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Motivation

Sign of yt & CP structure of fermionic Higgs couplings

DESY.

ttX, and t-channel tX, atthe LHC13

NLO inclusive cross section

10° L gluon fusion @ SM rate (k, =1, k,,=23) tX, |
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t-channel tHq production — o o 1=

SM: vyt~ 1, destructive interference: o ~ 74 pb 0° 30° 60° 90° 120° 150° 180°

BSM: y:~ -1, constructive interference ow ~850 pb o

tH sensitive to sign of y. CP properties talk by Ahmed
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Motivation

Unique opportunities to probe Effective Field Theory

¢t (d)
Ad—4 Oi

Legs = Loy + Z
d,i

Study dimension six operators
affecting ttH and tH production

Use STXS bins in Higgs pT

DESY. | Higgs boson production via ttH and tH | Judith Katzy | Higgs2022

UEFT/USM

CMS Simulation

13 TeV

- N
N O
o O
1

1.50 -

1.25

Cotb / A2 [TeV 2] =
—0.0

6.0 — 10.0 —12.0

1.00

100 200 300 400

500

600
pH [GeV]
EFT talk by Giacinto

4


https://indi.to/RC9MH

Motivation
Unique opportunities to probe Effective Field Theory
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Measurements

Rare process in different Higgs decay modes

Ouy ~ 930 fb

OtH ~ 74 fb Nevents = L o OttH ° B (H) ° B(ttbar) - € - A
Te————

Di-lepton (e,u) 4%

H->bb 58.1 % Single lepton (e,u) + jets  30%
H->WW 21.5%

i 0 All jets 44%

ML H->tt 6.3%
H->ZZ
-> qq, Ll
H->vy 0.23 %
H->Z1Z
->4 leptons (e,u) 0.0124 %
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Measurements
ATLAS and CMS ttH and tH measurements at 13 TeV

- H->WW, TT’ ZZ HZZ->4I

Full Run2

DESY.

Full Run2
OttH

pT(H)

36 ifb
OttH

Full Run 2
boosted
OttH, pt(H) >200 GeV
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OttH

Full Run2
ottH Ol H->7hadThad

Full Run2

OttH
OtH

Full Run2
OttH
OtH

pr(H)

Full Run2

OttH
OtH

pT(H)

OttH

Full Run2

OttH

M = Omeas/OsM




ttH H->bb

Measurement advantages and challenges

H->bb has largest branching ratio (58%)

g > t
Due to large combinatorics of 4 b-jets no Higgs mass peak 1 i b
Use leptonic top decays to avoid QCD multi-jet background | -<5
Fully hadronic top decays have been tried but yield poor resolution ;
<€
Typically signal / background below 10% even in most sensitive sighal
regions
Large irreducible background ttbb J b t
Various codes of ttbhb@NLO 4FS calculations matched to PS available b
and used by recent analyses in ATLAS and CMS for tt + >1b
Different philosophy of estimating modelling uncertainties in ATLAS
and CMS ~
g t

See talk by Ana Cueto Gomez on background modelling
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ttH H->bb

ATLAS full Run-2 analysis 139 fb-1

Strategy: Measure in pure phase space to minimise problems with modelling of various tt+jets backgrounds:
- Require > 1 lepton, light jets and 4 well identified b-jets in the signal region
- Measure in resolved and boosted channel

*: normalised to total Bkg.

7000_|||||||||\\|||||||||-||||\\|||\||||\|||\

[2]

§ - ATLAS ¢ Data [HttH

W cogol Vs =13TeV, 139 fb™"  -—tiH* [t +>1b
B Smgle lepton WtH  [Ott+ >1c

- SRo [tt + V [t + light
50001~ Post F|t

Data / Pred.

0;/////

[]Other 77 Uncertainty

///////%/%

o
o

50 100 150 200 250 300 350 400
Higgs boson candidate mass [GeV]

Analysis chain:

- Reconstructed Higgs candidate and split
into ptH
Separate signal vs background with MVA
based on Higgs candidate and event
properties
Perform Maximum Likelihood fit to signal
and control regions to extract pttH
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Events

Data / Pred.
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*: normalised to total Bkg.
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ttH H->bb

ATLAS full Run2

L L L e B B L S
-1
ATLAS s=13 TeV, 139 fbo!, m =125 GeV ATLAS = [s=13TeV, 139 fb", m =125 GeV
Lo
SM compatibility: 8.5% SM compatibility: 45%
—Total — Stat. Tot. ( Stat. Syst.
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Inclusive pwn systematics limited; puwn @ high Higgs pT stats limited
Dominant Uncertainty: Modelling of ttbb background

DESY.
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ttH H->bb, boosted Higgs

Probe uwn at high pT and probe EFT

CMS simulati 13TeV .. . . . .
> o e SEE——TA Single lepton+2 resolved b-jets, boosted object with pT>200 GeV containing bb
O} C s =, = . . ]
o :t'f+ tg’ tt+ W7+ l%& DY +jets 1 Use tthb@NLO 4FS as background MC for ttbb
To) [ M tt+ ==ttLXx ] . .
~ 40 - m Single top - ttHx10 4 Higgs pT bins [200,300][300,450][450,«[
*g M tttt, tty, ttW, tHW, tHq £ Stat. unc. :
:>J’ 30 - 300 < pFHcand: < 450 GeV -
20 7 DNNscore>038 . Source of uncertainty Mgz [ Dy
0 e _ tt + cC cross section fg:% fgz%g
- . (tf + bb cross section R Too ]
ST IS B , : d I . +0.03
050 75 100 125 150 175 200 tt + 2b cross section ooz | £0.09
mgp [GeV] pg and pg scales ig%i tg%
_ Parton shower +0.16 | +0.07
uwr for pT(Higgs) > 200 GeV o o |
b tagging efficiency o013 | £0.10
Signal strength  Observed Stat. MC stat. Exp. syst. Theo. syst. Expected bb tagging efficiency fgﬁg fg;gi
iz 0.65759¢  Tos2 A0 038 o 1.00 1021 Jet energy scale and resolution +0.11| 012
Ml o7z 3t 0 028 1.00 1078 Jet mass scale and resolution ~ #£0.10 { £0.08
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ttH H->bb, boosted Higgs

Probe pux at high Higgs pT and Wilson Coefficients

DESY.

CMS 13 TeV

== This work, boosted ttZ/H, 138fb™

== JHEP 03 (2020) 056, ttZ, 77.5b™

= JHEP 03 (2021) 095, ttZ/W/H, 41.5fb™
JHEP 12 (2021) 083, t(t)Z, 138fb™

= JHEP 05 (2022) 091, ttv, 138fb™

=
—=
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20 -10 0 10 20 30 40 50
95% CL interval [TeV 2]

Observed confidence intervals
constrained by ttH
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ttH + tH in ML

ATLAS + CMS

Various analysis channels depending on #leptons (e,j) and relative sign, #hadronic ¢

ttH: 10 channels g > t
Most sensitive: W/Z

21 SS Or H

3l 0z -

21 27 Wz
g fowmmmw] -

tH: 3 channels
2|1SS+07, 21ISS+11, 3|

Key issues: romm<
Large irreducible ttW background t

- Large uncertainties in NLO predictions Ad
- Different philosophy of estimating modelling

U
uncertainties in ATLAS and CMS MA/\/\/M
. . 17+
Leptonic backgrounds of various sources / 7!
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ttH+tH in ML

CMS full Run2 137 fb-1

S/B for ttH up to 35% tH up to 3.3%

Separate regions for ttH, tH, ttW, other
backgrounds, CR (ttZ,ZZ,WZ)

Maximum likelihood Fit:

Extract ttH and tH
and normalisation of tt\W and {t/

DESY- | Higgs boson production via ttH and tH | Judith Katzy | Higgs2022
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Maximum Likelihood Fit

PR

+ 6 channels
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ttH+tH in ML

CMS full Run2 137 fb-1 - ttH and tH cross section assuming SM kinematics

Combined

DESY.

2lss + Ot
3l + 07,
2lss + 1,
11 + 27,
2los + 1,
3l + 17,
2l + 27,
4l + 01,
0l + 27,

11+ 17,

uttn=0.92 +£0.19(stat)*9.17(syst)

Dominant systematic uncertainty:

CMS

137 b (13 TeV)

_ +0.26
W =092 -0.23

+032
w=1.0175

W= 1.53 *04

-0.38

_ +0.54
=062 -0.62

W= 0.36 *0°!

-0.44

_ +0.85
n=049 0.77

A1
n=1.527,,

W =0.00 *03

-0.00

162
n=128".

+2.18
n=22270,

w=1.80 22

-2.22

{

019 (stat)

+0.17
013 (SYSY }

Best fit p(ttH)

-0.13

Combined

2lss + 07,

3l + 0t

2Iss + 1rh

normalisation of MC estimated processes
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CMS 137 fb™ (13 TeV)
n=>57 ":01 [ "2278 (stat) *;’OO (syst)}
n=32%9
n=1557] .
p=8.1f’78_'52

IIII|IIII|IIII|II I|IIII|IIII|IIII|II

-10 -5 0 10 15 20 25

Best fit w(tH)

2.5f
150
0.5¢

050

U= 5.7 £ 2.7(stat) £ 3.0(syst)

Dominant systematic uncertainty:
Misidentified leptons + flips

CMS 137 fo' (13 TeV)
0 o e B ey e
C pp —tH +ttH ]
— H—-> WW/ZZ/1t .
] +‘® \“ _:
Observed E
- —68% CL region .
---95% CL region
@ Best fit +SM expected b
:llllllll|IIlllllllllllIIIllllllllIllII:
-05 0 05 1 15 2 25 3
l”LttW

Mew ~ 1.5 Psm
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ttH+tH in ML

Extract y: without SM assumptions

CMS 137 b’ (13 TeV)
: 50 T TTT |“I T TT | T TT | T TTT | T T TT | T TTT | T T TT |I.: T l:
E 45 PP = tH + tiH — Observed
z H —» WW/ZZ/1t ]
N 40F «y profiled -~~~ Expected

Take interference effects in tHq on kinematic observables
into account

extract k= yy(meas) / y«(SM)

II||IIIIIIIII||lI[|IIII|lIII|IIII|III

0.7<x<-09 or 0.7<x<1.1 at 95% CL . Y/
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ttH in ML

ATLAS preliminary 80 fb-1

ATLAS Preliminary {s=13TeV, 79.9 tb"
rrrrprrTTT T T T T T e T T T T T T T
. (1) (sta0)

2SS F o 4 w=038 o5 o4
3¢ o4 n=093 T2 o
4| e n=052 %7, g
16+ 2% | F—0— n=030 %5 og
2/SS + 1Tag| F—@— 4 w=049 0% 0%
3+ 1Thag|  1—@——1 W=043 Ipe 7
combined | e 1| | I“ = 0-|58 tgiglg f?)ﬁgg

-1 0 1 2 3 4 5 6 7

best fit u = 6™/cT for m,, = 125 GeV

0L +0.30 32¢H] _ ~+0.19 36 _ 0+0.30
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ttH H->yy

ATLAS+CMS full Run2: inclusive ttH + tH cross sections
Talk by Pascal

CMS 137 b (13 TeV)

> _I T T T | T T T T | T T T I T T T T \ T T T T | T T T | T T T T | T T T I_ > :| T T T T T T T T T T T T T T T T T T T T T T T T T :
8 5ol H— vy, m, =125.38 GeV All top categories - & 3-55_ ¢ Data ATLAS =
=z - S/(S+B) weighted ] > 3;_ --------------- Continuum Background Vs =13 TeV, 139 fb _;
%) - + Data ] £ osf T Total Background my, = 125.09 GeV =
o= B N [&)] o) —_— G . —
q>_) 40— . ttH .|.tH — S4B fit — g - Signal + Background tH categorles_ ]
[ 2 - 2 - tH In(1+S/B) weighted sum—
o) c ! e emmes B component 7 5 ] 55 S=tH =
() 30 — — o)y —_
> | =y 3 3 E
T & | [#20 . : -
it . 0.5 # =
(\f_), 10— . | g 0.2 ' I ¢ 1 _E
Sk g ] D 0 l | | 3
- by . S 0 L4 AA1T15N l | || * E

3 T T A LU L L AL A TR, AL O I+ +T+*T =

100 110 120 130 140 150 160 170 180 | _oqhalt v #le 1T 8 ] . . E

% ' 110 120 130 140 150 160
()

m,, (GeV)
m,, [GeV]

Tot. Stat. Syst.

Th. Exp. Stat. “ttH 0_89 +gg§ ( +8g; +88§ )
1 35034 +0.17 +0.08 Y _ed)
9V 008 -0.10 —0.05 =0.25
MtH 3 + ( +4 )

-3 -3 -
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ttH H->yy
ATLAS and CMS differential in Higgs pT

Event yields in full Run 2

ATLAS Simulation H—>yy, Vs=13 TeV, 139 fb ™

100~ .
S ttH B B
H pT>300 tH % < S S/
i ttH E p¥ < 60 GeV, High-purity 3.04 4.01 0.75
H o
: 80 pH < 60GeV, Med-purity 278 133 0920
= e 5 2 4 16 70 60 < pH < 120 GeV, High-purity 430 409 405
‘5 160 60 < p.{.’ < 120 GeV, Med-purity 299 8.61 0.35
- . : :
I 5 15 37 50 120 < pH < 200GeV, High-purity 4.65 3.52 132
n 120 < p¥ <200 GeV, Med-purity 1.66  4.16 0.39
200 < pH < 300GeV 339 226
4 16 30| =0 Pt 1.50
pi > 300 GeV 273 1.66 164
20 '
tH
H pT<60 4 1| 10
0 tHqgb, High-purity 0.55 2.16 0.25
-2 I - N tHgh, Med-purity 0.14 278 (005
A : R ) tHgb, BSM (x; = 1) 012 18 006
o -
T o Analysis Category tHW 0.16 691 0.02
I
Reconstructed
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ttH H->yy

ATLAS + CMS full Run2 differential in Higgs pT

ATLAS Vs=13 TeV, 139 fb”
H— vy m_ =125.09 GeV |yH|<2.5
|-®4 Obs + Tot. Unc. . Syst. unc. | SM + Theo. unc. p-value = 93%
Tat  Stat. Swvst.,
ttH, p < 60 o 0.8 *38 (+08 )
ttH, 60 < pH < 120 [ WSS - 0.8 1832 (+°6 ig:é )
ttH, 120 < p!* < 200 e 06 o (igg T )
ttH, 200 < pt' < 300 o 12 158 (9% 131)
ttH, p!' 2 300 - 11505 (%07 of)
1 I 1 1 1 1 I 1 L 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 L 1 I 1
—1 1 2 3 4 5 6
t +—e 25 (5 80)
L 1 l 1 l 1 1 1 l L 1 1 l 1 1 1 I 1 1 L I 1 1 I 1 1
-2 0 2 4 6 8 10
(6B, )/(0B,)q,
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CMS
cB/(oB)sum
Parameters Observed (Expected)
Best fit

{tH pi < 60 0.73+2 %(*8?3)

fEH 60 < pif < 120 125438 (+022)
ttH 120 < p < 200 0.80*335(+933)
tFH 200 < pi < 300 0. 92+3§§(’:8§_1,)
€H p > 300 0.00+33(*130)

tH 8.38'348 (+4%)

Measurements have very small systematic and large statistical uncertainties



ttH H->ZZ->4|

ATLAS + CMS full Run2 data

Inclusive H->4p

CMS 137 fb' (13 TeV)

> :I T TT I TT T T T T TTT TT T T T T 1T TT rTT T T 1T TT | rTT T T TrTTT | 1T I:
8 140 — ¢+ Data -
o N [ H(125) ]
» 120 [C1d9—-ZZ, Zy* -
g N B 99—-ZZ, Zy* ]
> 100 - - EW _]
L - B Z+X .
w0l -
60 -

“of- -
o0 _

N t ]

80 100 120 140 160

m,, (GeV)

(OttHB )meas/(OttHB )sm CMS: 3+16 5
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Events

ttH H->4l
7_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
- ATLAS ¢ Data
6 __H — ZZ* — 4| ggF+be.ZZ*
- (s=13TeV, 139 fb VBF XX, VW
- 115 <m, <130 GeV VH M Z+jets, tt
5 [ ttH-Had-enriched with NN,,, < 0.4 WttH+H % Uncertainty

3F

2% 0%

0 0.2 0.4

0.6

ATLAS:1.6 £ 1.7%0392

0.8 1

ttH-Had
N NttH



Combined Results for each experiment

Combination of ttH results in different channels

H->yy, 41, ML 139 fb-1

ttH+tH, H->yy, 41, bb 139 fb-1

H->bb 36 fb-1 ttH, H->WW,ZZ, = 36 fb-1
CMS 138 fb! (13 TeV)
IIIllllI|IllIIIllIlllllllllllllllllllll
® Obsenved []+1 5D (sta ATLAS —e—| Total Stat. [ Syst. SM
= +1 SD (stat @ syst) I:lﬂ SD (syst) Vs=13 TeV, 36.1 - 139 o'
— +2 SDs (stat @ syst) m, =125.09 GeV, |yH| <25
~ Stat Syst Pgy = 89% Total  Stat. Syst.
1) E +0.20 +0.13 |
ttH i 0.94_0.19 015 540 ttH+tH | .l ! 0.97 tgfg (tglg, fglg)
l"l | 266 4206 +169 lllllllll|lll||llll|Illllllllllllllllllll
t | %P2 s awm 06 08 1 12 14 16 1.8 2 22 24 26
L1l I 1 I L1 11 I L1111 I L1 11 I 1 . .
0 05 1 15 2 25 3 35 4 45 Cross-section normalised to SM value
Parameter value
statistical and systematic uncertainties of similar size
Uit known at ~20% otH. not yet observed

DESY. | Higgs boson production via ttH and tH | Judith Katzy | Higgs2022



Summary & Outlook

Measurements of ttH and tH performed on full Run2 data set in many channels, few are still in preparation
Measurements of ttH in differential Higgs pT are statistics limited in most of the phase space
Combination of Run2 results of ATLAS and CMS would be beneficial

- Need to overcome significant differences in treatment of systematic uncertainties in ttHML and ttHbb

- LHC Higgs WG note on theory uncertainty treatment in cds; to appear on arXiv soon

13.6 TeV: increase of ttH and tH cross section by 12%
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ttH 0 lepton, H->thad7had

ATLAS full Run2

L 1 A L L L B B B
ATLAS H— 1t /s =13 TeV, 139 b
—Total — Stat. Theo. ¥,/ <29
Tot. (Stat., Syst.)
; +0.97 0.76 +0.60
tt(OL)H(z,7,) 5 1.02 “p5;  (Zoss o5 )
+0.37 +0.21 +0.30
V(had)H -0 0.82 "y53  (lo20 Zo27 )
0.26 0.10 +0.24
Boost =@t 0.99 jo.21 Co.1o fo.19 )
+0.17 0.09 +0.14
VBF KO 0.82 0.14 (fo.og f0.11 )
+0.13 +0.07 +0.12
Comb. L b 0.93 -0.12 (X007 2010 )
1 | | 1 1 | 1 | 1 | I 1 | 1 1 | 1 1 | 1 I | | 1 1
0 1 2 3 4 5

DESY.

(oxB)™%2 / (oxB)>M
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ttH H->bb

CMS 36 fb-1
- >=1 leptonic top decay
35.9 b (13 TeV)
| | | | | I I | | | | | | |
CMS
h) tot stat syst
. 0.52 +0.27 +0.44
Single-lepton H+H 0.84 35 "026 043
, L o 121 +0.63 +1.04
Dilepton | +——=——  -0.24 "1 750 "os
Combined s 0.72 7058 0% 0%
| | | | | i | I | | | | | | ]
2 0 2 4 6

Best fit u = 6/c_  atm, =125 GeV
SM
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Measurement performed in phase space starting with 3b

Use of MVA techniques to separate signal from background
and different background categories

Use tt@NLO 5FS as background MC also for ttbb
Systematic limited

Dominant uncertainty:
- uncertainty on tt+heavy flavour rate
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STXS binning ttH + tH

Including Higgs pT

DESY.
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ttHbb SR background composition

ATLAS full Run2

- dilepton
ATLAS

s =13 TeV
Dilepton

SR} SR}
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ttH H->bb

ATLAS full Run-2 analysis 139 fb-1

*: normalised to total Bkg.
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| Higgs boson production via ttH and tH | Judith Katzy | Higgs2022
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ttHML

CMS full Run2 139 ifb
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- ttW ~1.5 times higher in data

- kxt=yi(meas)/y(SM) . 0.7 <kt<-0.90r0.7<xt<1.1 at95% CL
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ttHbb

ATLAS 139 ifb

DESY.
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ttHbb

ATLAS 139 ifb
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ttw

Measurements
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(0B)obs [fb]

ttH H->ZZ->4i

ATLAS + CMS full Run2 data
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Combinations
Differential in Higgs pT
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