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Why ttH ?

« ttH a probe of the top Yukawa coupling: window to NP
e Experimental results are being collected in all channels: see
following ATLAS and CMS talks
* Precision needed from the theory side:
« EW+QCD corrections
* Physical final states
 Background modelling
* Predictions in the presence of new interactions
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Outline

« QOverview of ttH in the SM
e higher order predictions for the signal
e background modelling in ttbb
* Top and Higgs beyond the SM
* probe BSM top couplings using precise predictions
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Status of SM precision studies for ttH

Top2016

QCD: NLO+PS

aMC@NLO: arXiv:1104.5613
PowHel: arXiv:1108.0387
Powheg Box: arXiv:1501.04498
Soft gluon resummation-beyond NLO:
Kulesza et al. arXiv:1509.02780
Broggio et al. arXiv:1510.01914
Off-shell:

Denner et al. arXiv:1506.07448
NLO EW:

Frixione et al. arXiv:1407.0823 &
arXiv:1504.03446

Zhang et al. arXiv:1407.1110

| Top2017

NNLL resummation:

QCD: Kulesza et al. arXiv:1704.03363
SCET: Broggio et al. arXiv:
1611.00049

EW corrections:

Sherpa+RECOLA:

Biedermann et al. 1704.05783

EW corrections including off-shell
effects+combination with QCD
corrections:

Denner et al arXiv:1612.07138
Progress in the background
modelling: ttbb

Generator studies within LHCHXSWG
New POWHEG implementation of ttbb
at NLO+PS (Jezo et al in preparation)
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NLO+NNLL resummation (1)

energy of the emitted gluons

. 2
Threshold resummation: 1—+=1-— Q@ ~

~
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NLO+NNLL resummation (2)
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Py (GeV)

See Andrea’s talk on resummation in top-pair(+H)

SCET framework calculation
Significant reduction of scale uncertainties
Small change of shapes compared to NLO
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Broggio et al. arXiv:1611.00049



EW corrections In ttH

101 E ttH production at the 13 TeV LHC i
: tH - (%) 8 TeV 13 Te

oo NLO QCD | 259754 +£35 207163 123

g 102  Lomoocman — LO EW 1.8+1.3 1.24+0.9
= - i LOEWnoy | 03400 ~0.440.0
g Is NLO EW —0.6+0.1 ~1.24+0.1
] |§ NLOEWnoy| -07400 ~1.44£0.0
1a HBR 0.88 0.89

:

Small corrections at the total cross-
section level

* |Important and negative for high pr tails
- Sudakov logs

* \ector boson radiation only partially
cancelling Sudakov logs

| See Steffen’s Talk
pr(H) [GeV]
Frixione et al arXiv:1504.03446

arXiv:1704.05783 for Sherpa+RECOLA
implementation at NLO QCD+EW
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EW corrections for off-shell top quarks

Off-shell and interference effects taken into
-Inal state account

pp — € veu v,00H @(O&?Cﬁ) Denner et al arXiv:1612.07138

Virtual corrections Photon-induced contributions

NLO EW
O(aza’)
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EW corrections for off-shell top quarks

Ch. oLo [fb]  onLoew [fb]] & %]

ez 20116(1)  2.020(1) | +0.42

qq 0.84860(5) 0.8454(6) —0.38
gq(/q) 0.00007(2)

e 0.02178(1)

pp 2.8602(1)  2.866(1) | +0.20

Small effects at the fotal
cross-section level
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larger impact on distributions
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Combination with QCD corrections:

N8B s = 7 + SYED + o
and
) 5o NLO 5o NLO
NLO _ _NLO EW _ _NLO QCD
UQC‘DXE\V T UQCD (1 + O,Born > T UEW (1 + O_Born
NLO NLO NLO NLO
9QCD TEW TQCD+EW 9QCDxEW
2.866(1) 2.721(3) 2.806 2.804

—e— LOWW

Comparison with double pole

il 2pproximations shows good
agreement with full result
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) poTH|GeV]
Denner et al arXiv:1612.07138 9



ttH background modelling

ttZ/W
QCD: NLO+PS

aMC@NLO: arXiv:1103.0621
PowHel: arXiv:1111.1444,
1208.2665

Soft gluon resummation:

Broggio et al. arXiv:
1607.05303,1702.00800

NLO EW:
Frixione et al. arXiv:1504.03446

ttZZ, ttWW, ttWZ

tZy, ttWy

QCD: NLO+PS

MG5_aMC@NLO:
Maltoni et al. arXiv:1507.05640

ty
QCD: NLO+PS

aMC@NLO: arXiv:1103.0621
PowHel: arXiv:1406.2324

ttyy
NLO+PS

PowHel: Kardos et al. arXiv:
1408.0278

aMC@NLO: Maltoni et al. arXiv:
1507.05640

van Deurzen et al. arXiv:
1509.02077

ttbb
NLO:

Bredenstein et al. arXiv:
0905.0110 & arXiv:
1001.4006

Bevilacqua et al. arXiv:
0907.4723

NLO+PS:
Powhel:Kardos et al.
1303.6201
Sherpa+OpenLoops:
Cascioli et al. 1309.5912

E.Vryonidou
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ttH background modelling

11.4-129H7' (13 TeV)

ATLAS Preliminary tfH (bb), \s = 13 TeV, 13.2 b CMS Preliminary
Bt A e
Tot. n tot. stat. syst
Stat. ( )
Tot. ( Stat. Syst. : +150 +1.05 +1.01
Dilepton H—= 1 -0.04 ",35 0es 106
. 46 +29 ( +1.4 426 )
Dilepton e ¥ 23\ 13 19
1.1 , 405 +1.0 Lepton+jets - -0.43 *192 +027 088
Single Lepton| @ 1.6 t11 (o5 +-0.9 ) 102 0% 087
+1.0 , +05 §+09
Combined HO 2.1 Z00 (05 ' Combined ] 019 98 2ol
wdaaa b s sl s sl aadaaadaaa oo ool ool | | | | |
0O 2 4 6 8 ,,1,0“412 14 16 18 5 0 5 4 5
1 1 1 —
Best fit u = 6"/ g, for m, = 125 GeV Best fit u = o/ atm, =125 GeV
MC@I\‘II_B P .X-' "1_1‘(-)'3.0-62“] 1;1’08 '(‘)’é'féw“‘” S o it s o
. dlrAlV: . . ST
2 2 | | _|Cascioli et al. 1309.5912
PowHel: arXiv:1406.2324 aMC@NLOQO: Maltoni et al. arXiv:
1507.05640
van Deurzen et al. arXiv:
1509.02077
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ttH background modelling

Dilepton

Single Lepton

Combined
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Dilepton

Lepton+ets

Combined

aMC@NLQO: arXiv:1103.0621 1408.0278
PowHel: arXiv:1406.2324 e >

11.4-12917' (13 TeV)

CMS Preliminary

n tot. stat. syst
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ascioli et al. 1309.5912

Large systematic uncertainties

Dominated by background modelling
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Background modelling: ttbb

Relevant aspects:
K}( jﬁ ﬁ e 5F/4F scheme
* NLO+PS matching
o « PS effects

. mpp With ttbb cuts
O pt | O n S : Invariant mass of the 15t and 2™ b-jets system (ttbb cuts)

* N I_O + PS tt 5 F: - ;J:T:‘:\\_’_\_\_\_\_\I XiES@LO tt+0,1,2j

+g — bb in shower: not precise

+1t+0,1,2jets merging 5F

+ME+g —Dbb shower splittings _ ]
+Dominance of light quark MEs -

do/dm [pb/GeV]

L
—
—
-
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2
= 0.8
S 0.6
= 04 E
* Need for ttbb MEs
0 50 100 150 200 250 300 35 400
n [GeV]

E Vryonidou S. Pozzorini, July 2017 LHCHXSWG |



ttbb at NLO+PS

NLO+PS for ttbb (4F, massive b’s)
1- and 2b-jet observables NLO accurate

NLO+PS findings:

Mass of first two b-jets (ttbb cuts)

= e | grge enhancement wrt fixed-
U - e B - . .
s [ F IO order in the Higgs region (~30%)
£ === MCeNLO | e [Jye to secondary g —bb
= —— MC@NLOy; o .
S g TR : splittings in the shower
B (eliminated when turning off g to
| - bb in the shower)

o s a0 1s0 200 250 300 350 g0 e Need to carefully assess

my, [GeV]
L . matching & shower uncertainties
Cascioli et al: arXiv:1309.5912 for the sensitive b-observables
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do/dm [pb/GeV]
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ttbb at NLO+PS

b-observables relevant for ttH
searches e.g. mpp extremely sensitive
to matching and shower

Shower and matching uncertainties studies within the LHCHXSWG

NLO+PS studies

Generator comparisons: Stable tops, no hadronisation

Invariant mass of the 1% and 2" b-jets system (ttbb cuts)
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Enhancement wrt to the fixed-order due to secondary g to bb splittings in the
shower: confirming Cascioli et al: arXiv:1309.5912
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ttbb NLO+PS in Powheg+OpenlLoops

mpp With ttbb cuts

pr.i, With ttbb cuts
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T. Jezo, QCD@LHC 2017

Enhancement in the
same direction as

MG5 aMC but sizeable
differences remain

No significant
differences

between showers

hdamp comparisons: ongoing
Jezo et al
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+tbb revisited in mg5_aMG

Ty 1 bs ’
- — St _ — SO s e HWPP radiates
— PY ,NlD,sq‘rtsha —— HWPENLO, ha
07 :"“--__. ~nwiomta w0 T hwrpLoga much less than
=,  ——— PY8,LOsqrtshat/ 4 : ——— HWPPLO,sqrtshat/ 4
= —__"": N :_ PY8
=1 _ —

e Small differences

Misem between shower

: : scale HT/4 and
3w ] sqrt(s)/4
B S N S o
PY8
M. Zaro, LHCHXSWG meeting July 2017
Further comparisons in Towards a more thorough
progress: Frixione, Maltoni, Zaro understanding of the features and

modelling uncertainties for ttbb

15
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What's next”?

SM: precision for ttH

* QCD corrections-resummation

* Progress in EW and off-shell
effects

* Realistic description of the
signhal distributions

* Progress in assessing
modelling uncertainties of the
relevant backgrounds

E.Vryonidou
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What's next”?

SM: precision for ttH

* QCD corrections-resummation

* Progress in EW and off-shell
effects

* Realistic description of the
signhal distributions

* Progress in assessing
modelling uncertainties of the
relevant backgrounds

E.Vryonidou

ttH as a probe of
new physics
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What's next”?

SM: precision for ttH
* QCD corrections-resummation
* Progress in EW and off-shell
effects ttH as a probe of
* Realistic description of the new physics
signhal distributions
* Progress in assessing
modelling uncertainties of the
relevant backgrounds

New top
INnteractions

E.Vryonidou 16



New physics in ttH?
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ttH Iin the EFT

‘ o
) L
O =y} (919) (@) ¢
€ 04— vt (¢1) o % %
Sl 0w = ye9s(Qo* T )9G5,
Ryl S
) S Also In H, H+|
-
q t | O = g, fABCG;}u G’f”Gf"
>< 4-fermion
; t operators Constrained from multijets
As in top pair Krauss et al arXiv:1611.00767
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Impact of ttH on constraining dim-6

c,(1TeV/A)* =0

0/”2(; mpy=125GeV |

pp—=h

-
—
ot
8]

chg (1TeV/A)?

Degrande et al 1205.1065

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

20 |LHC current pp-ttH
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— 1o}
> [
E ot
< :
‘i !
S —10f
—20f

-004 -002 0.00 0.02 0.04
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-004 -002 000 0.02 0.04

Cyc/A*[TeV 2]
Maltoni, EV, Zhang arXiv:1607.05330

Use boosted Higgs

Use inclusive H with 1) ttH and 2)
boosted H production to break
degeneracy between Oy and Ogc
operators

See also
Grojean et al. arXiv:1312.3317
Azatov et al arXiv:1608.00977 19



ttH@NLO in the EFT

. . 0 0065 ttH production
NLO QCD corrections in the presence o LGS, (L0
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T

Different k-factors for the SM and dimension-6 contributions
Different k-factors for different operators

NLO Is important when setting constraints
E.Vryonidou Maltoni, EV, Zhang: arXiv:1607.05330




CP-violation in the top-Higgs sector
—thi (Cakmeemee + iSakareGare V) e Xo

2 550
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0 0.2 0.4 0.6 0.8 1 12 14

mixing angle o

o 100 200 0 e 0T Broggio et al. arXiv:1707.01803

MadGraph5_aMC@NLO

S 3 —
Studies within the HC model at NLO g = — — Mot
= L MMHT 2014 NLO PDFs
Demartin et al. arxXiv:1504.00611, g e i = R
o}
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CP-violation in the top-Higgs sector
—thi (Cakmeemee + iSakareGare V) e Xo

2 550
10! b pp—tiXy atthe LHC13 —— 0*(SM) 4 [ =
- NLO+HERWIGS — 0 2 500 ~—NLO
o nocuts o 2 ~— NLO+NLL
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single top+Higgs in the EFT

operator « tHjinter tH jsquare
Osw 0.00693 0.00439
Osp -0.0012 0.0000091
Osw B 0.00319 0.000150
O -0.00105 0.000485
Ow 0.00872 0.0108
(3)
O SdOL -0.000449  0.000552
(3)
O éda -0.00169 0.00233

Osp = (' Du0)" (61 D0)

Osw = ((DT‘.D - %) W WL,

Od)“" B — (d)t ""f“llé) B;u/
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ddq

(3)
OédQ L

Ow = QLo WH LR,

* Higgs weak boson couplings

op Yukawa

* Top weak couplings

NLO QCD computation including all
operators in progress:
Degrande,Maltoni,Mimasu,EV,Zhang
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summary

e Significant progress for precise predictions for top Higgs
assoclated production:
* QCD corrections: NLO, NLO+PS, resummation
* EW corrections
* Physical states: decay and off-shell effects
* Higher-order corrections needed to match improving
experimental accuracy and reliably describe distributions
* Progress in theoretical modelling of the background needed to
quantify/reduce systematic uncertainties
* detailed study and comparisons of MC generators
* towards more realistic simulations of the ttbb state
Phenomenological studies of t(t)H in the presence of new
physics interactions, allow setting constraints on new physics
effects
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Thank you for your attention



