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® Motivation
® State-of-the art predictions for ttV: where do we stand!?
® What can ttV tell us about new physics?
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Motivation - ||

® These processes are also interesting by themselves: they give direct
access to the top weak couplings, otherwise only indirectly bound by
EWV precision data
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Higher-order corrections for ttV
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Precision for ttVV and ttZ

® ttV(V=W,2): simulation-wise, well within reach of NLO+PS generators
® NLO QCD corrections are moderate-to-large (~60%) at |3 TeV. Beware, for

ttWV they are huge (150%) at 100 TeV

tty Melnikov et al. arXiv: 1 102.1967; ttW,tty*/Z, tty Hirschi et al. arXiv:1103.0621; ttZ Lazopoulos et al. arXiv:
0804.2220; ttZ Kardos et al. arXiv:1 1 1 1.0610; ttVW Campbell et al. arXiv:1204.5678; ...

® +|j can be included with NLO merging
® Beyond NLO QCD, resumed predictions (NNLL) and EWV corrections are

available for ttV

Frixione, Hirschi, Pagani, Shao, MZ, arXiv:1504.03446
Broggio, Ferroglia, Ossola, Pecjak, arXiv:1607.05303 & 1702.00800

® Both effects are found to be moderate; EVW corrections enhanced in the tails

EW corrections, 2?2 (boosted kin.) NNLL resummation

LWL 5%) 13 TeV 13 TeV 13 TeV NLO ttW+ | 356.31537
NLO QCD | 50.17142 + 9.4 (59.77189 £ 3.1) 4591132 £2.9 (40.27]1) £4.7) 13 TeV NLO - | 1822 +§3:i

LO EW 0 0.0 £0.7 (2.1 £ 1.6) - '
LO EW no 4 0 11400 (~0.3+0.0) 13 TeV NLO tZ | 728303
NLO EW 77402 (—19.2+0.7) 38402 (—11.1+0.5) 13 TeV NLO+NNLL | tfIW* | 341.0%55¢
NLO EW no v —8.0+0.2 (—20.0 £0.5) —4.1+£0.1 (-11.5£0.3) 13 TeV NLO+NNLL | ttW— 177,131590
HBR 3.88 (7.41) 0.96 (2.13) 13 TeV NLOANNLL | t77 | 777.87613
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ttV tool comparison

® Very good agreement among various tools and O(10%) Th. Unc.
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Complete-NLO corrections for ttW

Frederix, Pagani, MZ, arXiv:1711.02116
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Complete-NLO corrections for ttW

Frederix, Pagani, MZ, arXiv:1711.02116

® Subleading contributions to ttW (and ttZ) exist beyond NLO QCD and EW.An

estimate based on coupling-constants suggest them to be negligible.
® This is not the case:

Jed p=Hr/2

qq o[%]  p=Hr/2

L02 - T T e L02 _ >
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" NLO; —4.2(—4.6) O o © O NLO NLO;  —5.6(—6.2) 8
— NLO3 12.2 (9 ( ) aas3 azasz a3as a4 NLO3 68.8 (56 6) —

NLO;  0.04(—0.02) NLO, 2(0.2)

® Relative contributions /LO| (number in parentheses are for a 100 GeV jet-veto)
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N0 K[
Complete-NLO corrections for ttW

Frederix, Pagani, MZ, arXiv:1711.02116

® Subleading contributions to ttW (and ttZ) exist beyond NLO QCD and EW.An

estimate based on coupling-constants suggest them to be negligible.
® This is not the case:
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® Relative contributions /LO| (number in parentheses are for a 100 GeV jet-veto)
® | O,3 are completely negligible (LO; is identically zero)
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Complete-NLO corrections for ttW

Frederix, Pagani, MZ, arXiv:1711.02116

BG

® Subleading contributions to ttW (and ttZ) exist beyond NLO QCD and EW.An
estimate based on coupling-constants suggest them to be negligible.

® This is not the case:

6[%] p= Hr/2 qa 6[%] p=Hr/2
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100 TeV

® Relative contributions /LO| (number in parentheses are for a 100 GeV jet-veto)

® | O,3 are completely negligible (LO; is identically zero)

® Because of the t-WV scattering, NLO3 is positive and (much) larger than NLO>
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Complete-NLO corrections for ttW

Frederix, Pagani, MZ, arXiv:1711.02116

® Subleading contributions to ttW (and ttZ) exist beyond NLO QCD and EW.An

estimate based on coupling-constants suggest them to be negligible.
® This is not the case:

Jed p=Hr/2 o|%] = Hr/2

qq

Lo, _ Lo, _
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NLO4 NLO4
® Relative contributions /LO| (number in parentheses are for a 100 GeV jet-veto)
® | O,3 are completely negligible (LO; is identically zero)
® Because of the t-WV scattering, NLO3 is positive and (much) larger than NLO>
o

The jet veto greatly reduces the NLO| (QCD corrections), which is dominated
by hard radiation, and only mildly affects the other contributions
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N0 K[
Complete-NLO corrections for ttW

Frederix, Pagani, MZ, arXiv:1711.02116

® Subleading contributions to ttW (and ttZ) exist beyond NLO QCD and EW.An
estimate based on coupling-constants suggest them to be negligible.
® This is not the case:

Jed p=Hr/2 o|%] = Hr/2

qq
Lo, Lo, _
% LO; 0.9 ? O ©® © |O LOs 1.1 %
F— NLO,  50.0(25.7) t,’ QCD aas® Qs O NLO;  149.5(71.1) =
o) NLO>  —4.2(-4.6) O ® & ONLO N0 —56(- 62>\8
— NLO3 12. 2( ) aas3 azasz a3as a4 NLO3 688( 66) —
NLO,  0.04(—0.02) NLO, 2(0.2)
® Relative contributions /LO| (number in parentheses are for a 100 GeV jet-veto)
® | O,3 are completely negligible (LO; is identically zero)
® Because of the t-WV scattering, NLO3 is positive and (much) larger than NLO>
o

The jet veto greatly reduces the NLO| (QCD corrections), which is dominated
by hard radiation, and only mildly affects the other contributions
® At 100 TeV, NLO3/LO|~60% — almost as large as NLO, with the jet veto
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pT(tt) and the effect of the jet veto

® QCD corrections to ttVV are dominated by real emissions recoiling against
the tt pair, with the W collinear to the emission or soft
® This leads to giant K-factors for the pr(tt) distribution, which are greatly

reduced with a jet veto
W, 13 TeV
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0.8 |
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pT(tt) and the effect of the jet veto

® QCD corrections to ttVV are dominated by real emissions recoiling against
the tt pair, with the W collinear to the emission or soft

® This leads to giant K-factors for the pr(tt) distribution, which are greatly
reduced with a jet veto
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pT(tt) and the effect of the jet veto

Subleading contributions negligible
. for ttZ and ttH o . .
® QCD corrections tg _ pFreenwesesenorenn . nissions recoiling against

the tt pair, with the V soft
® This leads to giant K | ion, which are greatly

reduced with a jet ve:
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e More on pr(tt) I

and other ttV(V) processes

Maltoni Pagani, Tsinikos, arXiv:1507.05640

[ LHC13 W (1) — NLO — ]
W - LO — |
NLO pr(j) > 100 GeV E
LO p+(j) > 50 GeV ]
: LO p+(j) > 100 GeV --- -
0.01 E LO p+(j) >

150 GeV --- 3

do/dpr [pb/bin]

1 1l
_aMC@NLO

LLL 1 1
MadGraph5
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® p1(tt) receives huge NLO corrections, due to configurations where the tt pair
recoils against a hard jet (and a softV)

® Do we expect large corrections also at NNLO?
Probably not: ttWj receives smaller corrections at NLO

® The same happens for ttVV
In 1507.05640 a very detailed study of all ttV, ttVV processes is present

Marco Zaro, 28-05-2018 10



NP Complex backgrounds for ttH:
tevVv

Maltoni et al, arXiv:1507.05640

® All tt+VV processes studied at NLO+PS accuracy
® NLO corrections essential for realistic phenomenology
® Detailed study in the context of ttH searches

central y =p =p_, MSTW2008 NLO PDFs (68% cl)

ttVV, tttt production at pp colliders at NLO in QCD
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What can ttV tell us about new physics?
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tWV scattering

Dror, Farina, Salvioni, Serra, arXiv:1511.03674

tW-=tW7,|n <2

® ttW(j) at order ;03 includes the tW—=tW

Ap =087

scattering. High sensitivity to the top-Higgs/ ™ e

Z/gamma couplings £ o NS 0 o,
® |f e.g. the top-Z couplings deviates from the =~ — D= =03

SM value, the amplitude grows as ~s -
® Extracting the tW—tW scattering Cos e s s

contribution from ttW production makes it
possible to set bounds on top-Z couplings

Marco Zaro, 28-05-2018 |3



NWO | AL
Indirect limits on t-Z couplings I

from tWV scattering

6F ‘ 2.5 [
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20r
4} i
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—4r
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® Recasting the CMS ttVV measurements at 8 TeV gives better

bounds on t-Z coupling than the direct CMS ttZ measurement

® Further improvements can come from a dedicated analysis of ttWVj
at 13 TeV

Marco Zaro, 28-05-2018 |4



WO Top asymmetry and EI‘

polarisation in ttVV

Maltoni, Mangano, Tsinikos, MZ, arXiv:1406.3262

® Top asymmetry and polarisation can provide useful (indirect)
informations on the nature of new physics

® A measurement of the top asymmetry does not seem feasible at
the FCC, because tt is essentially produced via gg only

® ttWV production can be an alternative
® gq induced at LO, has a rather large asymmetry at NLO

* At=0.45, AttW=2.24 @LHC Runll
* Att=0.12, AcW=1.85 @QFCC
® Top quarks are highly polarised

Marco Zaro, 28-05-2018 |5
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Polarised top production

® The radiation of aVV boson from the initial line has the effect of

POIariSing the Ilght quarks for details see Parke, Shadmi, hep-ph:96064 19

® ttWV is totally analogous to polarised qq—tt scattering
® tt pair is highly polarised (T | dominates at threshold)
® The top decay products are asymmetric already at LO
(spin-correlations have to be preserved in the simulation)

10
q.dg — tt (polarised)
asymmetric
S Y/ p— already at LO!
..................... r—
1 b ty —
E, =0.1 ]
S i p=0.3 -------
7)) e =0.6 -------- :
S E  plose r
o] N e E N :
& : symmetric but
© . e B polarised at LO
T e e—n ‘ : ) (mostly =10
i
S T A— ' !
-1 0.5 0 0.5 1
cos(0) |6

Marco Zaro, 28-05-2018



N#O Decay product asymmetries and kTh

prospects for LHC and FCC
measurements

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV
| o(b) 1981157 6611150 7861155 463077 3070013
AL(%) | 0.7218:4 0.4515:99 0.4315:08 0.26750%  0.127003
o(fb) | 2107177 5871 50 6781150 3220770%  1900013%%
J— AL(%) | 2.37F9:56 2.24 1043 2.2310-23 1.95792% 1857021
A%(%) | 8.5019:15 7.547015 7.5010-23 5371022 3.361015
AZ(%) | —14.83709;  —13.16077, —12.84777  —9.2107;  —4.947 070
Expected sensitivity on asymmetries (100% efficiencies, ...) BSM effects (axigluon with different couplings)
- Q OE LHC 8 TeV
ttW: 6A/A t b e/u wo 2 s,

8TeV 40fb! 209 % 58 % @ 33 %

_________________________________________________________________________

14TeV 300fb' | 45% @ 13% @ 8 %

2

-4~ 4 axigluon
6
8

H
H

' ' Q
B -10 g
14TeV3ab! | 14% 4% 2% 12
L T L
100TeV3ab!' | 3% @ 2% @ 1% QNG
H H 4 4 I//// 4 ///I/ 4 ////I 4 4 s

161 II III IV

Marco Zaro, 28-05-2018 | 7
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ttZ (and tty) in the SMEFT@NLO

Bylund, Maltoni, Tsinikos,Vryonidou, Zhang, arXiv:1601.08193

13TeV Ouc o5 O
(1) 38.2% +40.4% +40.1%
g; Lo 286. 7+25 5% 78.3 —26.6% 51.6 —26.4% _0-20(3)_
1 % % %
Uz(,zero 310.57 37 90. 6+I110(7 d7. 5+?083‘7 —1.7(2)Z
K-factor 1.08 1.16 1.11

® Operators involving top and weak bosons are
among the least constrained at the LHC

® SMEFT upgraded to NLO-QCD accuracy,
including mixing and extra operators. UFO

Model available

® K-factors not same for different operators
® Applying SM K-factors may not be enough for

high-precision studies)

® Effects from (dim-6)2 operators can be large; EFT?

validity to be discussed case-by-case

Marco Zaro, 28-05-2018 |8
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OtB — yth(QO-M t)QOB,UJ/
O = y19s(Qo* T4) eG4,

N——

[ tiZ, LHC13
" NLO, u=m,, Cig=1, A=1 TeV

do/dpy [pb/bin]

Osm — ]
(fshﬂ+(:(5(1) -
GSM+CG(1)+026(2) —

1 (R A
aMC@NLO

L Ll Ll
MadGraphb

Gg 1+Co

/

—_r—— —J
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N0 kIh
ttZ (and tty) in the SMEFT@NLO

Bylund, Maltoni, Tsinikos,Vryonidou, Zhang, arXiv:1601.08193

. of) = Z%yf (@“ﬁfﬁp) (@71 Q)
13TeV o o O O ; )
e tG ot tW 1 /752 (@Jﬁﬁu@) (07" Q)
oi o — 400 SOt e -
M =, J 275 (D) 1)
0; NLO RT A 38513 & w(QUWTIt)@WiV
K-factor IE R Eé:gi ﬁ Qo) @B,
® Operato © 300 L0868 & (QoMT)EG,.
among tt - o
° N e
SM EFT u 200 CtB(1/A2) CtB(1/A4) ogy+Cot+C2%6®) — ]
including AR ]
v O. v -O. 13
Model av ; 232'?1 g '32.1134
® K-factors vadsr v fon
, 100 e Prrven |
® Applymg 500 1000 1500 ]
hlgh Pre( O(ttY) [fb] i r.“.'.'.'r'.'.'.';l'._':'_.'"._'l':r_'."._:
® Effects from-(am F)T‘o——perators can be Iarg—EFl"_g e
0 50 100 150 200 250 300 350 400
validity to be discussed case-by-case Y
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Degrande, Maltoni, Mimasu,Vryonidou, Zhang, arXiv:1804.07773

BG

Ow  erx WL, WP WL 0% Z((,OTBMT ©) (@¥*7'Q) + h.c.
wodws x| SM O, 0% O Ow | O |0 ~SYwrw, |08 i(eDug) (@ Q) +he.
—,0,— | s sV s(s+ 1) sV sV s(s+1) O (goTT,go) BHWI 0., z(cpTB o) (E4#4) + h.c.
=0+ | g5 [ v m 7 e 7 O.p (¢ DrY)T (D) Oy z(¢D ) (E7*b) + h.c.

I Il R B e e e A e 0% i(¢!Dup) (@) + e
SR A ¢ S Vel ; 0, (s'o-%)Qt¢+he | OF Z(@*D 7r%) (@7 7'¢i) + hec.
ol E T n A S 0w i@ nt) g WLt e, | O il By ) (@A) + he.
SRl B B L : Op Qo) By the | 0% (g quz)( Q)

O i(QoM Tat) 9Gh, +hc. | 05 (GvumiTaqi) Q" T'T*Q)
tZ (and tH) can be very interesting probes of new physics
For tZ, the cross section is comparable to ttZ (800 fb) pp— 12, LHO @ 13TeV
In the SM, delicate cancellations appear among diagrams, _ .| e
which are spoiled by BSM effects, even for operators $ | Jf}‘H-l.,.M B .
without energy-growing interactions (e.g Ox) Ll e,

® NLO corrections can modify the cross-section sensitivity =
on a given operator, specially on the SM-EFT interference 3 6/4%6%% —

Tow 2.66(4) 105 ol £ 11.4%  13.0(1) 7500l £1.2%  4.90 : _iﬁ‘:siéo'm B e 2
Tovwow 48.16(4) 1000 £11.3%  80.00(4) T £1.9% 1.6 iz [GeV]
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Limits from tZ and tH

CERN-EP-2017-188 & CERN-EP-2017-296 oz, PP > 250 GeV
= Existing individual limit = Existing individual limit
LO sensitivity LO sensitivity
. . — NLO sensitivity — NLO sensitivity
® Limits from current measurements _ LT N rssanpins T
(LO and ) are in general . + o s I
looser than other existing bounds ., — . —
(except for Oww) C.e == C.o ==
® Effects enhanced in tail of ) == & s ==
distributions at the HL-LHC cth == cth ===
® SMEFT global fits can be i | o :
performed at the LHC oo - o =
Crs -~ Crs =
i == I —
caPl(x10) _;_ cadl (x10) K== ==1
-30 -20 —::(;A2 I:_(I)_ev_21]0 20 30 —-25 -20 -15 —1007/5\2 [;)_ev_52] 10 15 20 25
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N7Ols a 1% measurement of y: possible? EI‘
ttZ and the FCC can help...

Mangano, Plehn, Reimitz, Schell, Shao, arXiv:1507.08169

® ttH and ttZ are quite similar processes, with rather large
theoretical uncertainties (~10%).
® Dominant production mode (gg) has identical diagrams

Correlated QCD corrections, scale and (s systematics

NLO QCD o(tTH) [pb] (tEZ) [pbl o (tEH) /o (tE7)
H+-5.79%+3.33% +9.81%+3.27% 2.45%40.525%

13 TeV 0'475—9.04?—3.08? 0'785'—11.25—3.125 0'606|t3.6§7%—0.31?7% «
+7.06%0+2.17% +8.937%+2.24% 1.297+0.3147%

100 TeV 33°9—8.29%—2.18% 57'9|—9.46%—2.43% 0'585t2.02%—0.147%

® Almost identical kinematics boundaries (mz~mn)
Correlated PDF and m. systematics

o(ttH) o(ttH)

100TeV 7 (t17) o(ttZ)
MSTW2008 || 0.58511-297+0.0526% default 0.585" 5 050
—2.02%—0.0758% PERria
CT10 0.5841-27%-+0.189% fo =My + My, z/2 0.5807 1 50%
T T=199%-0.2609% gy g — 1741 GeV | 0.592FL27%
NNPDF2 3 O 584+1.29%+0.0493% t t . ' —2.00%
' IO _2.01%—0.0493%  my =y =172.5 GeV | 0.57671 277

_ +1.25%
Marco Zaro, 28-05-2018 21 mp = 126.0 GeV 0.57577 959



o~
NYOls a 1%

Mangano, Plehn, Reimitz, Schell, Shao, arXiv:1507.08169

measurement of y; possible? KIf
ttZ and the FCC can help...

® ttH and ttZ are quite similar processes, with rather large
theoretical uncertainties (~10%).
® Dominant production mode (gg) has identical diagrams

Correlated QCD corrections, scale and (s systematics

NLO QCD o (tEH) [pb] o (tEZ) [pb) o (tEH) /o (tE2)

[ 5.79%13.33% 10.81%13.27% 2.45%+0.525%
13 TeV | 0.475[7g 0400 "3 70z0e | 0-789 1150 370 0'606t3.66%—0.319%
100 TeV | 33.0[F7-06%+2.17% [ £r gfF8.93%+2.24% 0.585F1.29%+0.314%

—8.29%—2.18%

|-9.46%—2.43%

2.02%—0.147%

® Almost identical kinematics boundaries (mz~mn)
Correlated PDF and m. systematics

100T
MSTW

cr: Cal

With 20ab-!, the ratio Nu/Nz !

1%

be measured at |% (stat. unc.)¥

NNPDF2.3 || 0.58

Marco Zaro, 28-05-2018

v oo 7CvuU U

4+1.29%—|-0.0493%
—2.01%—0.0493%

UUUUUU

my =y = 1(4.1GEV
my = yv = 172.5 GeV

21

my = 126.0 GeV

——
U.5UA_2.00%

+1.27%
().576_1.99%

+1.25%
0.575_1.95%
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N7/O K[
Conclusions

® At least two good reasons to look at ttVWV and ttZ: they appear as
background to the Higgs and to many BSM searches and they can
shed light on new physics affecting the top weak couplings

® Current SM predictions have decent perturbative accuracy, which
we are bound to live with for quite some time

® ttW and ttZ show complementary sensitivity to new physics:
® asymmetry and t-VV scattering in ttVV
® sensitivity to HD operators through rate and distributions for ttZ

® | HC measurements of these processes are just started...
Potentially large improvements ahead!

Marco Zaro, 28-05-2018 22
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N#O  EW corrections for ttW/Z/H:
setup

more in Frixione, Hirschi, Shao, Zaro, arXiv:1504.03446

® EWV corrections computed in the &X(mz) scheme

(Gp also available)
® Particle masses:

* m~=173.3 GeV mn=125 GeV
* mw=80.385 GeV mz=91.188 GeV
* NNPDF2.3 QED PDF, quoted uncertainties @68%CL
® Ren./Fac.scale choice: g
Sy

* LO+NLO QCD sclale uncertainties in the range

SH S By fe S 2

Marco Zaro, 28-05-2018 24
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Results for ttH and ttZ:
total rates (within boosted cuts)

BG

ttH : o(pb) 13 TeV ttZ : o(pb) 13 TeV
LO QCD 3.617-1071 (1.338 - 1072) LO QCD 5.282- 1071 (1.955 - 1072)
NLO QCD 1.073-1071 (3.230 - 1073) NLO QCD 2.426 - 1071 (7.856 - 1073)
LO EW 4.437-1073 (3.758 - 1074) LO EW —2.172-107% (4.039 - 10~%)
LOEWnoy | —1.390-1073 (—2.452-107°) LOEWno~vy | —5.771-1073 (—6.179 - 107°)
NLO EW —4.408 - 1073 (=1.097 - 1079) NLO EW —2.017-1072% (=2.172-1073)
NLO EW no v | —4.919-1073 (—1.131-1073) NLO EW no v | —2.158-1072 (—2.252 - 107%)
HBR 3.216 - 1073 (2.496 - 1074) HBR 5.056 - 1073 (4.162 - 10~4)
ttH : 6(%) 13 TeV ttZ : 6(%) 13 TeV
NLO QCD | 29.7108 +2.8 (24.2115, +4.5) NLO QCD | 45.977132 £2.9 (40.21150 +4.7)
LO EW 1.2 £0.9 (2.8 £2.0) LO EW 0.0+0.7 (2.1 £ 1.6)
LO EW no v —0.440.0 (0.2 4 0.0) LO EW no v —1.140.0 (—0.3 £ 0.0)
NLO EW ~1.24+0.1 (-8.240.3) NLO EW —3.840.2 (—11.1 £0.5)
NLO EW no « —1.440.0 (-8.540.2) NLO EW no v —4.140.1 (-11.5£0.3)
HBR 0.89 (1.87) HBR 0.96 (2.13)

® NLO EW correction have modest impact on inclusive xsect, but can be
important in the boosted regime (same order of QCD uncertainties)
® Boosted regime enhances photon contribution in LO-EW

® HBR contributions remain small
Marco Zaro, 28-05-2018 25



Results for ttH and ttZ:
distributions

MadGraph5 aMC@NLO

-2
107 F
1 ttZ production at the 13 TeV LHC F ttH production at the 13 TeV LHC
10 . E boosted cuts: pr(t), pr(B), pr(H) > 200 GeV
Loacp --- - - LOQCD ---
LO+NLOQCD —— | 3 T LO+NLO QCD  —=—
= - LO+NLO QCD+EW — | = 107 F - LO+NLO QCD4EW — ]
= 10'2 - ~-- LO+NLO QCD+EW, no y = I - LO+NLO QCD+EW, noy
C - C
e} o)
g_ 1o g
o 18 o
- § 107
-3 © -
107 F 13
18
M
! (&)
S §C
Lla
1=
L ) ) ] ) ) ) ] ) ) ) 10'5 -
16 | ratioover LO QCD; scale unc. : 14 E
1.5 E 1.3 E
1.4 F 12 F
13 - 11
12 F 3 1F
1.6 F 1.4 E
1.5 E 1.3 ¢
1.4 1.2 F
13 1.1 _
1.2 F . . . l . . . l . . . E Tr \ ; . | . . . l . . .
0.6 | relative contributions = - relative contributions NLOQCD — LOsNLOEW,noy 1
0.4 M 0.4 F LO+NLO EW — HBR — -
0.0 3 NLOQCD — LOsNLOEW,noy * ] 02 F— - L L g
< F LO+NLO EW — HBR —-- e E
O e O i—,-;—;,:?-:::;:;—;:—:;:—;:;:;—;r;r;:;:;—,-:::;:;:;-: el et epniielfonslbup s =
N — 4#0-#*-@-&*#..#‘-*“**.,**7?77_;!:'
-0.2 b L ' e g -0.2 E I . . ]
0 200 400 600 200 400 600 800
p1(2) [GeV] pr(H) [GeV]
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Results for ttVV:
total rates (within boosted cuts)

ttW : o(pb) 13 TeV
LO QCD 2.496 - 1071 (7.749 - 1073)
NLO QCD 1.250 - 1071 (4.624 - 1073)
LO EW 0
LO EW no v 0
NLO EW —1.931-1072 (—1.490 - 1073)
NLO EW no v | —1.988 - 1072 (—1.546 - 1073)
HBR 9.677-1073 (5.743 - 10~%)
HWT : §(%) 13 TeV
NLO QCD | 50.1F 132 +2.4 (59.717152 £ 3.1)
LO EW 0
LO EW no v 0
NLO EW —7.7+0.2(-19.24+0.7)
NLO EW no v —8.0£0.2 (—20.0 +£0.5)
HBR 3.88 (7.41)

ttW = : o(pb) 13 TeV
LO QCD 1.265 - 1071 (3.186 - 1073)
NLO QCD 6.515-1072 (2.111 - 1073)
LO EW 0
LO EW no v 0
NLO EW —8.502 - 1073 (—5.838 - 107%)
NLO EW no v | —8.912-1073 (—6.094 - 10~%)
HBR 8.219 - 1073 (4.781 ~-10~%)
ttW = 0(%) 13 TeV
NLO QCD | 51.5%153% + 2.8 (66.37 3476 + 3.9)
LO EW 0
LO EW no ~ 0
NLO EW —6.7+£0.2 (—18.34+0.8)
NLO EW no v ~7.0£0.2 (—19.1 +£0.6)
HBR 6.50 (15.01)

® EW corrections larger than ttH/Z, in particular with boosted cuts
® HBR enhanced by parton luminosities: ttVWWV has gg, ttVV only qq

Marco Zaro, 28-05-2018



Results for ttVV:
distributions

10
1tW" production at the 13 TeV LHC 1 ttW* production at the 13 TeV LHC
10'2 ] 1 LOQCD --- _: _____ LOQCD ---
T - LO+NLOQCD —— LO+NLO QCD —o—
= L LO+NLO QCD+EW — = ) LO+NLO QCD+EW —
A= =~ LO+NLO QCD+EW, no y £ 107 ¢ LO+NLO QCD+EW, no y -
= X
5 o
2 10° 1o g 1o
o iE = IE
10 O
| e 1 ﬁl
ls i
% 10-3 E g
10 F . 3 % i 1175
. 1S e -
L L L | L L L | L L L __] L ]
ratio over LO QCD; scale unc. 1.7 E :
1.6 E
1.5
1.4 F
N | | 1.3
- ratio over LO QCD; PDF unc. 17 E
1.8 F 1.6 E
1.6 | 1.5 E
14 f bl
s . . . | . . . | T E
0.8 _ relative contributions 06 E
0.6 NLOQCD — LO+NLOEW, noy 0.4 — NLOQCD — LO+NLOEW,noy +
0.4 E LO+NLOEW — 0.2 F LO+NLOEW — HBR —-
0'2 ............................................................. -
O = T T E
-0.2 E , , , , ) ’ : , ; 5 , , , 3
0 200 400 600 0 200 400 600
pr(W') [GeV] pr(t) [GeV]
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ttWV asymmetry: I

A look BSM

® Several BSM solutions have been proposed to cure the
discrepancies observed at the Tevatron
® What is their effect at the LHC, in particular for ttWV!?
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ttWV asymmetry: I
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N0 AL
ttWV asymmetry: I

A look BSM

® Several BSM solutions have been proposed to cure the
discrepancies observed at the Tevatron
® What is their effect at the LHC, in particular for ttWV!?

® Choose one simple case: the axigluon model "7F e e

® Extra color octet G which couples differently to quarks of
different chiralities and to u/d and heavy quarks

® The interference between the gluon and axigluon gives an
asymmetry at LO

Marco Zaro, 28-05-2018



Benchmark scenarios:

Light,

| (left)

universal G

Il (axial)

mg=200GeV
FG=50GeV

gULngLZO.SgS
gURngRZO

gu L=gdL='O-4gS

gURngR=004gS

gtR’L='gu R,L

Heavy, non-universal G

Il (left)

IV (axial)

mg=2TeV

[c=1.123TeV
g =gd.=-0.8gs
g'r=g%r=0
gtr=0 gt =6g;

[c=0.742TeV
guL=gd.=0.6g;
gur=-0.6gs gd =0
gtr=-gt =4g

W boson polarises light quarks: =0 in right-handed scenarios

Marco Zaro, 28-05-2018
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W Kh
WO Combination of BSM I

and SM asymmetries

® What is the expected asymmetry in the SM with an

extra axigluon?

® The SM asymmetry appears at NLO

® The axigluon asymmetry appears at LO

® Combine the two asymmetries, beware of double counting!
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W Kh
WO Combination of BSM I

and SM asymmetries

® What is the expected asymmetry in the SM with an

extra axigluon?

® The SM asymmetry appears at NLO

® The axigluon asymmetry appears at LO

® Combine the two asymmetries, beware of double counting!

_ SM BSM
Otot = ONLO T OLO

obo = Mg, + Msw |*|—||Msu |
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W Kh
WO Combination of BSM I

and SM asymmetries

® What is the expected asymmetry in the SM with an

extra axigluon?

® The SM asymmetry appears at NLO

® The axigluon asymmetry appears at LO

® Combine the two asymmetries, beware of double counting!

_ SM BSM
Otot = ONLO T OLO

oL :‘!Mg + MSM\Ql— | Mswm |

2
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Combination of BSM
and SM asymmetries

® What is the expected asymmetry in the SM with an

extra axigluon?

® The SM asymmetry appears at NLO

® The axigluon asymmetry appears at LO

® Combine the two asymmetries, beware of double counting!

_ SM BSM
Otot = ONLO T OLO

oo =|Mg + Msm|?|—|| Msm|?
2 2

>@mm< ) >mmm< already in
/
ONLO

Marco Zaro, 28-05-2018 31
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W Kh
WO Combination of BSM I

and SM asymmetries

® What is the expected asymmetry in the SM with an

extra axigluon?

® The SM asymmetry appears at NLO

® The axigluon asymmetry appears at LO

® Combine the two asymmetries, beware of double counting!

_ SM BSM
Otot = ONLO T OLO

oro" = |Mg + Msm|” — [ Msml|?

O'SM ABSM
A = NLO ASM | LO ABSM
C — C C

Otot Otot
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Results

;@ q4[ LHC 8 TeV - ;\? 16; LHC 8 TeV ] ;@ 0; LHC 8 TeV ]
~ C pp—ttw* 1 ~ 15 pp—ttw* 4 ~ -2 pp—ttW* -
~© 1of — SM (NLO+PS) 4 9P 445 —SM(NLO+PS) 1 ©9O | —SM(NLO+PS) ]
- —-axigluon . - 4 axigluon 3 -4— 4 axigluon —
10 - 13- - : ]
- ] C 7 -6__ ]
8 ; ] 12 I = 8: ’
of ot R 1 1 S T ;
N oo = % -
4 K 9E EN -12F -
2 " 8 % B
oC | | | 12 7: | | | 12 -164/ 1 1 f =

I ITI IIT IV I IT ITI IV I IT IIT IV
BSM BSM BSM
;@ q4f LHC8TeV - ;@ 16; LHC 8 TeV - | 0; LHC 8 TeV ]
~ - pp—tiwe I 1~ 15F pp—tiw* = o[ pp—tiw* I -
~ 9 1oL — SM (NLO+PS) 3 a9 14:_—SM (NLO+PS) = ’ - — SM(NLO+PS) .
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