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HOw rare are rare processes
Involving top-quarks?



! . [pb]

10°

102

10

Size of non-rare processes:

[ ¢ ATLAS i
B 3
~ 4 Ccms =+
B / ¥V  ATLAS&CMS $
./ ® LHCb 1
= . NNLO+NNLL (pp
- # B CDFys=18TeV 1
B / A DOys=1.8TeV 7% NNLONNLL (p pl)
-/ % CDF & DOy5=1.96 TeV i
;i | | | | | | | | | | | | | | | I |
2 4 6 8 10 12 14
Vs [TeV] i

1000 pb

10°

10?

10

>

o
\Y
¢
[ ]
+
|

CDF t-chan.
CDF+DO0 s-chan.

DO t-chan.

CMS t-chan.

CMS s-chan.

CMS Wt-chan.
ATLAS t-chan.
ATLAS s-chan.
ATLAS Wt-chan.
ATLAS+CMS t-chan.

Single-top

= S T ] =
S . e s :;
L A Theory (t+t) at NNLO I
| s BE=== s-channel (p53pr0x I
B ’,' _____ S_Channel (pﬁ)
/' y B t-channel 1

=3 =
— I | /. I | I I I | I I I | I I 1 | 1 1 A | | ! |

2 4 6 3 — 1 I |

\s [TeV]

10" 100 pb



Top-Quark pair + EW boson(s): NLO QCD

—1 — 10" e———# =
A p‘oduction at pp colliders at NLO in QCD 1 2 = VV it Qroduction at pp colliders at NLO in QCD 3
102 _ central f :I" =" . MSTW2008 NLO pdf (68% cl) 3 9 ~ central 1 :ikr =u, MSTW2008 NLO pdf (68% cl) :
= I 210° & I
N i E |
B I - .

10 I = 10%E I =
- | . s 1 .
L - - : -

i 9 10 = 7 s
1 = —:é) S E?j
I ; i
5 i —§ 1 A 5
101 b, =L : e
014 | — g 1.4 =
¢ 1 - - x 1F
g of ' 1 §%
ch 15 F —] HCI_U 151
v T F i ] x  f
1f=====- +r-------- ===-p=-=-=-=--- LEIELEEEEELY - | e  f === === mmmfmmmmmmfpmmmm - -
8 13 14 25 33 50 100 8 13 14 25 33 50 100
\'s [TeV] \'s [TeV]

1 0.1" 1pb 11" 101b

Maltoni, DP, Tsinikos O15



Single Top-Quark+ Z or H boson: NLO QCD

tHj at 13 TeV
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Vryonidou, Zhang O18

I'nio [0

100 £
90 £
80 |

i o m pp# tHa® +iHa®) |17 HI IH

60 F

70

*Liig I e g 1T

40 |

30 |

Hf ] IH pp# tHa(b) Hf III HI

20 -

t-channel tH NLO cross section with uncertainties at the LHC13
—e— NNPDF2.3 +——— MSTW2008 —— CT10 ]

4F 5F comb. 4F 5F comb. -

Ho=(My+my)/4

N L PR R S S S S A A A AR
MadGraph5 aMC@NLO

=" mr()/6 i=Htb ]

Demartin, Maltoni, Mawatari, Zaro O15



What Is the status of precise
predictions for these processes”

No NNLO QCD corrections now and in the next future.

What are their phenomenologica
implications?



Outline

An iIncomplete selection of results, based on the following
phenomenological motivations.

t#H  Top-quark and Higgs interactions (Higgs on-shell).

tHj,tZ] SMEFT for top, Higgs and V bosons all relevant.



NLO QCD and EW corrections: tli@omplete-NLO

— The complete set of LO, and NLO, Is denoted
ttH OComplete NLOO

as example
LO, 1 LO, 2 LO, 3

/\/\/\
@ 6 0 o

_S_ _S_

NLO,1 NLO,2 NL03 NLO4

NLO,1 =NLO QCD In general, NLO,3 and NLO,4 sizes aregligible,
NLO,2 =NLO EW but there are exceptions
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tAV =

One of the exceptions.



Cross sections: order by order

Lo - (1) Number in parentheses refer to the case of
oo (0= vetopr(j) > 100GeV and |y(j)|< 25  is app
13 TeV Naive estimate 100 TeV

'[%] Ll:HT/4 Ll:HT/Z Ll:HT I[%] H:HT/4 |J.:HT/2 M= Ht

LO> - : : 10 Lo . : -

LO3 0.8 0.9 11 1 LO3 0.9 11 1.3

NLO; 34.8(7.0) 50.0(25.7) 63.4(42.0) 10 NLO; 1595(69.8) 1495(711) 1427(73.4)
NLO, ! 44(1 48 |42(146) !40( 4.4 1 NLO, !58(!164) !56( 62 ! 54( 6.1)
NLO; 11.9(8.9) 12.2(9.1) 12.5(9.3) 0.1 NLO; 675(556) 688(56.6) 70.0(57.6)
NLO, 0.02(! 0.02) 0.04(! 0.02) 0.05( 001) 0.01 NLO, 0.2(0.1) 0.2(0.2) 0.3(0.2)

NLOzis large and it is not suppressed by
jet veto (number in parentheses) as muc
NLO QCD corrections.

NLO QCD corrections depend on the sc
while NLO EW and NLQ do not.

Frederix, DP, Zaro O17
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Distributions

- 4 13 TeV

11 Frederix, DP, Zaro O17



Distributions
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tiH, 1AV, &,

NLO QCD and NLO EW corrections calculated In:
Frixione, Hirschi, DP, Shao, Zaro O15

Complete-NLO In: NLO,1 =NLO QCD
Frederix, Frixione, Hirschi, DP, Shao, Zaro O NLO,2 =NLO EW
pp! to@ pp! t& pp! t&NV* pp! t&#H pp! tH

LO; 4.3803+ 0.00054107 pb 5.0463t 0.0003410 1 pb 24116t 0.0001410 1 pb 3.4483t 0.0003410 1 pb 3.0278t 0.00034LC? pb
LO> +0.405+ 0.001 % " 0.691+ 0.001 % +0.000%= 0.000 % +0.406+ 0.001 % +0.525+ 0.001 %
LO3 +0.630+ 0.001 % +2.259+ 0.001 % +0.962+ 0.000 % +0.702+ 0.001 % +1.208+ 0.001 %
LO,4 +0.006+ 0.000 %
NLO; +46.164+ 0.022 % +44.809+ 0.028 % +49504+ 0.015 % +28.847+ 0.020 % +26.571+ 0.063 %
NLO, " 1.075%+ 0.003 % " 0.846%+ 0.004 % " 4541+ 0.003 % +1.794+ 0.005 % "1.971+ 0.022 %
NLO3 +0.552+ 0.002 % | +0.845+ 0.003 % +12242+ 0.014 % +0.483+ 0.008 % | +0.292+ 0.007 %
NLO4 +0.005+ 0.000 % " 0.082+ 0.000 % +0.017%x 0.003 % +0.044+ 0.000 % +0.009+ 0.000 %
NLO5 +0.005+ 0.000 %

tEH , t&Y,: NLO,3 below the 1% level.
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téH, 18V, & . Complete-NLO with resummation at NNI

Complete-NLO (QCD and EW) calculated with a public version
MG5 aMC@NLO. Frederix, Frixione, Hirschi, DP, Shao, Zaro O

Resummation of soft gluon at NNLLaccuracy via SCET:

Broggio, Ferroglia, Ossola, Pecjak 016 BV
Broggio, Ferroglia, Pecjak, Yang 016 tEH
Broggio, Ferroglia, Ossola, Pecjak, Sameshima O1&,

Resummation of soft gluon at NNLLaccuracy via resum. in Mellin space:

Kulesza Motyka,Stebel Theeuwes O17 tEH

KuleszaMotyka SchwartlSndeStebel Theeuwes O17 @V
KuleszaMotyka SchwartlSndeStebel Theeuwes 018 18/



téH, 18V, & . Complete-NLO with resummation at NNI

Complete-NLO (QCD and EW) calculated with a public version
MG5 aMC@NLO. Frederix, Frixione, Hirschi, DP, Shao, Zaro O

Resummation of soft gluon at NNLLaccuracy via SCET:

Broggio, Ferroglia, Ossola, Pecjak 016 BV
Broggio, Ferroglia, Pecjak, Yang 016 tEH
Broggio, Ferroglia, Ossola, Pecjak, Sameshima O1&,

Complete NLO (QCD and EW) + Resummation NNLL

he currently most accurate predictions for t&H, 18V, t&.

Broggio, Ferroglia, Frederix, DP, Pecjak, Tsinikos  arXiv:19xx.XXxxX



téH, &, . Complete-NLO with resummation at NNLL

We consider two different functional formg7{/2 andm(:8/)/2 ) for the
scale and we identify the envelope of the two associated scale uncert
together with PDF uncertainties, as the total theory uncertainty band.

10° & ttH, NLO+NNLL, LHC13 NLO+NNLL — 10° £ ttZ, NLO+NNLL, LHC13 NLO+NNLL —
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As expected, In this approach, theory uncertainties are reduced wht
resummation is also includedEW effects and especially the Complete N
are smaller wittd  ant. . Numbers in the back-up slide



We consider two different functional formg7{/2 andm(:8/)/2

t8V. Complete-NLO with resummation at NNLL

) for the

scale and we identify the envelope of the two associated scale uncert
together with PDF uncertainties, as the total theory uncertainty band.
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Resummation leads to a only small reduction of scale uncertainties,
The bulk of QCD corrections originates from hard emissions.



4%

Another exception.
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)7 and‘thﬂ determination Vif &
/\/lZ/| )

1 SM(188,, 2, ! Mg+ Mg 7,
< MRy 1M 2,
!SM(tﬂgint ! |\/|g+Z/!|vI +M$+Z/|MH

The cross section depends'fbn to the fourth powe*
It does not depend oty , since the Higgs is off-she

| (tfE) = SM(tEt ) ge 2o +[" 20 M [ SM (et D) "t % Yue Iy M

In combination with the measurement tf#H both'f/t an(ﬂM can be determined.
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¥: andthy determination Vi@
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¥: determination via# @

Already now, limits on'¥: with the Higgs off-shell can be set. They
Independent on the value of the Higgs total width.

50 | e Observed upper limit
| === QObserved cross section
' _ Predicted cross section,

Phys. Rev. D 95 (2017) 053004
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Blue bandLO calculationrescaledto theSM Complete-NLO predictions.
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Complete-NLO

0o _ |4 BB, 3 (8P, | 2,2 tBF, | 3| | (B, | 4 (8P
Lo s )=t go v 1St L+ DS 5+ DO 7+ U0 4

10 Frederix, DP, Zaro O17

Clog ot ot o Y Los

The gg Initial-state Is giving ~90!
M '\‘\ . of LO cross section at 13 TeV a
t mét almost all the cross section at 1
4 TeV.
o | @ There is no gg contribution at 12O
i:g mﬁ and LG.

P2
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Cross sections

13 TeV Naive estimate 100 TeV
I [%0] u=Ht/8 p=H7/4 upu=Hy/2 I [%] u=Hy/8 pnu=Hy/4 p=Hy/2
LO> 1 26.0 | 28.3 I 30.5 10 LO> 1 18.7 I 20.7 1 22.8
LO3 32.6 390 459 1 LO3 26.3 318 37.8
LO4 0.2 0.3 0.4 0.1 LO4 0.05 0.07 0.09
LO5 0.02 0.03 005 0.01 LOs5 0.03 0.05 0.08
NLO, 14.0 627 1035 10 NLO, 33.9 682 980
NLO, 8.6 1 3.3 1 15.1 1 NLO> 1 0.3 | 5.7 1 11.6
NLO; 1 10.3 1.8 161 0.1 NLO; 1 3.9 1.7 8.9
NLO4 2.3 2.8 3.6 0.01 NLO 4 0.7 0.9 1.2
NLO5 0.12 016 019 0.001 NLO5 0.12 014 016
NLO < 0.01 < 0.01 < 0.01 NLO < 0.01 < 0.01 < 0.01
° 0.0001 °
NLO, + NLO ;3 I 1.7 1 1.6 0.9 NLO, + NLO 3 1 4.2 1 4.0 2.7

LO2and LOs are large and have also large cancellations. Frederix, DP, Zaro O17

NLO2and NLG are mainly given by OQCD correctionsO on top of them, so they a
and strongly depend on the scale choice, at variance with standard EW correction
Accidentally, relatively to L@, NLO2+NLOz3 scale dependence almost disappear.

What happens if BSM enters into the game? Anomalous ¢
p3



Distributions

13 TeV
3 rﬁ_—ﬁﬁ ] Fredepx, DP,
: - -5 1 Zaro O17
|- - Tﬁ ]
=T ' LOQCD - - .

NLO QCD —
Complete NLO

NLO QCD — ]
~ Complete NLO _

1 ] I

Large cancellations among (N)k@nd (N)LGs
are present also at the differential level,
At the threshold also NL£s large.

Ratios NLO (u)/LO (u)

YITA



tH) and tZj: the EFT perspective

— tH]

t7j —

- ’[j
qu'l) qu ) (OtG)

O, 0% Ow Oy O, O 07

V'V
O! W OHW OHB Ow ‘

SMEFT effects from theHiggs, Top and EW sectors have to be taken i
account for consistency. On the other hand, no QCD EFT effects are pre

A complete analysis at NLO QCD accuracy has been performed in:
Degrande, Maltoni, Mimasu, Vryonidou, Zhang O18



O (1 1)(@1)k

O, i(! D,!)(@H)

0% i( Dy )N@"Q)

Contact terms
Ot (@"y 1) kBY

01 i Dy )@ Q)
Witb vertex
O 1(5 D, )(BHY)

~
~

Access the & sub-amplitudes

Rich interplay between EFT operators from different sectors
Different energy growth and interference with the SM

Potentially bring new information at high pr
11

K. Mimasu talk at Higgs Coupling 2018



LHC sensitivity

Usual EFT story: looking at high energy tails increases sensitivity
Compare to single top which has a much larger rate

K. Mimasu, 29/11/2018

=1l sm| 7 4 t43 145 tHi  Increased sensitivity
(p > 350 GeV) (pl > 250 GeV) for weak dipoles
OSM 224 pb 880 fb 839 fb 69 fb 75.9 fb
P 0.0275 0.024 0.016 0.010 0292 Consistent with 2! 2
Tiw e w 0.0162 0.35 0.095 0.67 0.940 SUbampIitUde anaIySiS
e 0.121 0.121 0.192 0.172 -0.132
Too® wo® | |0.0037 0.0037 0.029 0.114 021 | Njaw en ergy growths
T otb,oth 10.00090 0.0008 0.0050 0.027 0.050 .
W.r.t single top
e 0.0003 -0.01 0.00053 -0.0048 -0.0055
iceo 0.00062 0.045 0-0027 n0%2 “2°_ Single top should
T Qq@:D -0.353 -4 059 2 o eve?]tualli))/ outperform
Tau0b.gu0h | |07 - - - = tHj/tZj for four fermion
Pou©8) ou@s | 0.0308 2.73 0.133 1.01 1.08

operators
SMEFT@NLO

K. Mimasu talk at Higgs Coupling 2018



Conclusion

Precise predictionsin top-quark physics must take into accountboth
QCD and EW effects (even Complete-NLO) in order to correctly
1dentity possible BSM effects.

Rare top-quark processespredictions can be easily altered NY? effects
that can appedyoth at LO or at NLO (QCD and EW).

P8
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taV" . Complete-NLO with resummation at NNLL

Combined scales

Order | [fb] Ac [%]
e 232070 1%, B %) 117, 5 0
Wocen  ssses T ECLE VETLT 2o % EL R
NO  aTaa) (GRS 00 L ams [N N2
WO e 371723) [ieat 0w 1 st 2w 339) I ooa( 2w 1 00001 2.6%
NnNLO 393.29(4) +55 .21(+14 .0%) +8 .40(+2 .1%) 3.43(2) +0 .21(+6 .2%) +0 .10(+2 .9%)

NLO ocp +NNLL

NLO+NNLL

| 39.00(! 9.9%)

+47 .94(+13 .2%
362.59(8) 29,95§! 8.3%))

+51 .52(+13 .4%
384.17(9) , 32_362! 8.4%))

I 8.40(! 2.1%)

+8 .26(+2 .3%)
| 8.26(! 2.3%)

+8 .16(+2 .1%)
1 8.16(! 2.1%)

I 0.11(! 3.3%) ! 0.10(! 2.9%)

b

b




t#H . Complete-NLO with resummation at NNLL

Combined scales

Order I [fb] Ac [%]
+109 .98(+32 .7%) +7 .42(+2 .2%)
LO qcp 336.25(3) I 77.07(! 22.9%) ! 7.42(! 2.2%) 0

+45 57(+9 .7%) +11 .31(+2 .4%) +0 .25(+28 .9%) +0 .04(+4 .2%)
NLO qcp 467.96(5) 53.98(! 11.5%) ! 11.31(! 2.4%) 0.88(1) 0.17(! 19.2%) ! 0.04(! 4.2%)
+47 46(+9 .9%)  +11 .45(+2 .4%) +0 .27(+25 .5%) +0 .04(+4 .0%)
NLO  479.99(5) | 55.42(! 11.5%) ! 11.45(! 2.4%) 1.05(1) 0.18(! 16.8%) ! 0.04(! 4.0%)
+18 .56(+3 .8%) +11 .93(+2 .4%) +0 .23(+26 .4%) +0 .04(+5 .1%)
NNLO qcp 490.27(6) 9.50(! 1.9%) ! 11.93(! 2.4%) 0.87(4) 0.01(! 1.5%) ! 0.04(! 5.1%)
ANLO  502.31(6) +20 .32(+4 .0%) +12 .06(+2 .4%) 1.03(4) +0 .20(+19 .5%) +0 .05(+4 .7%)

NLO ocp +NNLL

NLO+NNLL

I 10.95(! 2.2%)

+39 .60(+8 .2%)
I 29.43(! 6.1%)

+38 .B64(+7 .8%)
| 29.35(! 5.9%)

484.33(7)

496.36(7)

| 12.06(! 2.4%)

+11 .78(+2 .4%)
| 11.78(! 2.4%)

+11 .92(+2 .4%)
1 11.92(! 2.4%)

1 0.03(! 2.6%) ! 0.05(! 4.7%)

b

b




&, . Complete-NLO with resummation at NNLL

Combined scales

Order | [fb] Ac [%]
Oceo  4se2e(0) [ 2% 1 2T :
NLOqco  751.2(1) "yop st 1aasy 1 177(: 2.0 O-79) 05\ 19206y 1 0.08(t 6,398
NLO' 7595(D) "or'a 14y 1 170 2% OB7@) U0l 160y 1 0050 530
WNLOgeo BT 0'ai sy 11930 2o O96() [0l 7w 1 00n(r 5.0
nNLO 8254(1) +41 .3(+5 .0%) +19 .5(+2 .4%) 103(4) +0 .01(+1 .4%) +0 .05(+5 .2%)

NLO QCD +NNLL

NLO+NNLL

1 29.3(! 3.5%)

89 .4(+11 .1%
802.6(2) !+78.1§+1 9.7%))

+89 .2(+11 .0%
810.9(2) , 77.8&! 9.6%))

| 19.5(! 2.4%)

+19 .0(+2 .4%)
| 19.0(! 2.4%)

+19 .1(+2 .4%)
| 19.1(! 2.4%)

| 0.07(! 6.3%)

b

b

| 0.05(! 5.2%)




Distributions
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ttWj as a probe of tW N> tW scattering

Qror, Farina, Salvioni, Serra
015

V2
g, > 20 (t8V)oco  (tBV)ew | (tBW])oco  (tBVj)ew  (t8Vj )
13 TeV SM 3479 2.85 3413 560 3861
IR =1 3479 2.71 3413 946 4239

ttWj Is part of inclusive ttW production, but the tW-scattering compone
does not appear neither at NLO QCD nor (squared) at NLO EW.

It appears beyond NLO EW, in an EW subleading contribution, which
anyway induces large NLO corrections.

B4



taN * -1 2 taN *
I g1 )= 12 T

Complete-NLO

Frederix, DP, Zaro O17

LO3 - Only Initial states without gluor
are present.

mvvi ! NLo; —» NLO gep

| NLO» = NLOgw

MadGraph5 aMC@NLO

BS



Cross sections

! [fb] LOgeo  LOgqep + NLO gep LO LO + NLO oo
13 TeV
W= Hr/2 363%,, 544700 (456/7°5) 366 %ne 57T (47672 1.06 (1.04)
| [pb] LOqcp LOgcp + NLO gcp LO LO + NLO LO+NLO

100 TeV

u=Hr/2 664707 165870 (1137700 6.727 % 208675 (1480 0)  1.26(130)

Number in parentheses refer to the case of a jet veto applied
pr(j) > 100GeV and |y(j)| < 2.5

9 t

. mm?< At LO top-quark pairs recoil always against the W.
2

At NLO QCD, at large pt, they mainly recoil against a jet, wi
1 can emit a W and thus a correction of ortielog? [p; (t8/m w ]

Mw&ﬂ The effect is further enhanced sinmg ! t8V* g has a

In the Initial state.

B6



d! /dp; [pb/bin]

br (t8 distribution int&/

LHC100 'Efv\/j (Mg) — NLO —
10 b ttW-j (pg) - _ LO — _
: NLO pT(J) > 100 GeV -
X LO p1(j) > 50 GeV .
e e LO p+(j) > 100 GeV --- -
1 R ) e LO pr(j) > 150 GeV --- 3
[} il
0.1 = 5%)
] Iz
—_ -ml
0.01 ¢ 5%
- | N ETET TS BT APET AT PR ArET AT A
—_ p+() > 100 GeV LOunc. 1 NLO unc. Il
= 2
) 1 S i T S S S S T S S NS S S S N S S S S S S B S S
0 100 200 300 400 500 600 700 800
p1(tt) [GeV]
100 TeV! [pb] teH] t &] t AV
NLO 19'42!+04'.;2//2 Tllingé 32'38?27:2% Toliiz//i 17'16!“143:32//2 Tooiézfé
LO 27.02 55200 1 vove 3981 26700 1 16s 1567 hs'bon 1 11og
K -factor 0.72 0.81 1.10
Cross sections wify (j) > 100 GeV
based on

Maltoni, DP, Tsinikos
arXiv:1507.05640

If NLO is 1500 % should we worry abo
NNLO or even h.o. correction$®O!

In this regime we can limit the analysis
t @V *j , which does not exhibits tf

pathological behavior. The same app
for tHj antl tZ]

BSM
t @V *j can be used for studying top

W scattering. Limits ongk  are expec
at the percent/permill level.
IC _
V—SH %HH " Mg

arXiv:1511.03674

Dror, Farina, Salvioni, Serr:



13 TeV

| [fb] LOgecp LOgep + NLO gep LO LO+NLO 5 Q(':‘[?((J;'\,'\ILLCC))) —
W= Hr/4 683750 1112700 7.59 % 119707 1.11(1.08)

four-top

! [pb] LOqgeco LOgqep +NLO qcp L0 LO+NLO 2o —
u=Hg/4 237750 3.98"°7 263" 41817 1.11(1.05)
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Distributions
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