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ttW production

observation of ttWW events at 7, 8, 13 TeV collisions at the LHC
measurements are significantly higher than theoretical predictions
QCD corrections at NLO are large, ~ 47% at 13.6 TeV
electroweak corrections are smaller but significant

the QCD corrections are dominated by soft-gluon emission
further improvement in theoretical accuracy by the

inclusion of higher-order soft-gluon corrections

— approximate NNLO (aNNLO) and approximate N3LO (aN3LO) predictions
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Soft-gluon corrections

They are important for top-quark processes and they approximate
known exact results at NLO and NNLO very well

partonic processes q(pq) + ¢ (pg) — t(pe) + t(py) + W(pw)

define s = (pq +pg/)2, t= (pq _pt)27 U = (pcj’ _pt)Q

we define the threshold variable

sa = (ps+pw +pg)” — (pr +pw)? =s+t+u—mi — (p; +pw)?
where extra gluon with p, emitted

At partonic threshold p, — 0 and thus s4 — 0

In® (s4/m3)
54

Soft corrections { ] with £ < 2n — 1 for the order o corrections
_|_

Resum these soft corrections for the double-differential cross section

Finite-order expansions — no prescription needed or used
(this avoids underestimating the size of the corrections)

Approximate NNLO (aNNLO) and approximate N3LO (aN3LO) predictions

for cross sections and differential distributions
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Soft-gluon Resummation

dopp sttt W = Z dre dxy Og/p(Ta, LF) Ogr /p (T, LF) AGqq it (84, LF)
q,d

take Laplace transforms déqq/%tgw (N) = f(d34/s) e Nsa/5d6 o i (sa)
and $(N) = fol e~ NU-2) ¢(z) dz with transform variable N
Then
d5qq’—>tEW(N) = ng/q(NmMF) ?gq’/cj’ (Nq’7HF) déqq/%th(Na pF)
Refactorization for the cross section

dogq' —tiw (N) = 2Lq(Nq, HF) 1ch’ (Ngrs pp) tr {qu’—mEW gqq/—méw (N\ZEF ) }

Yq, g — collinear emission from incoming partons
H,q _s1zw 1s hard function — short distance

S,q —+tw 1s soft function — noncollinear soft gluons

Thus

x 1% (NCJ7:UJF)1L_’ _’(N_’HLLF) ~ \/g
d6 qq' —itw (V) = a/a T/ a tr § Hyg' sttw Sqq/ —tiw

éq/q(NQMMF)q;cj’/q/(ch’huF)
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S,q —+tw satisfies the renormalization group equation

0 0
('uR OUR +5(gs) E) Sqq/ —stiw = _F; qq’ —ttW Sqq' —ttw — Sqg' »tiw U's g/ —tiw
S

Soft anomalous dimension I'g 5,z controls the evolution of the soft function

which gives the exponentiation of logarithms of N

Renormalization group evolution — resummation

f
qq’ —ttW - i A ’ w T

i=q,q’ i=q,q’ HEF

\/E/Nd
_ jvs .'.
Xtr{qu’—nttW (O‘S(\/E)) P exp [/ m s QQ’—nﬁtW(aS(“))]

Vs
Vs/N
~ Vs du
quq/%tfw (Oés (y)) P exp [/ 71—1‘3 qq’%ttW(as(“))]}

/s

H,q _zw and S’qq/%tgw and I'g ;47,71 are 2 X 2 matrices
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choose color tensor basis of s-channel singlet and octet exchange

_/ -
qq —ttWw c c
¢ = Typo T

_/ —
qq —ttWw
c = 04p912, Cq

1

The four matrix elements of I ./ ;7 are at one loop

CF (1) ~(D) w8 m{)(t —m7)
= —_— _ s _ = 1n )
2N, 21q3’ —=ttW 21 qq/ —ttW (u — m%)(u/ _ m%)

(1) _=r) M _
11 qq/ —ttW p 12 qq/ —ttW

2 2 2 5
(1) (- CA) |r 4 2CpIn (t —mH(E —my) L%, (t —m2)(t' — m?) »
) 2 s m?2

22 qg’ —ttW 2C cusp (u = m2)(u/ —m

where ng)sp = —Cp (Lﬁt + 1) is the one-loop QCD massive cusp anomalous dimension,

with Lg, = (1+ 7)/(28:) In[(1 — 8:)/(1 + B)] and B, = /1 — 4m2/s’,
s" = (pe + )% t' = (pyr — p2)%, v = (pq — P7)°

At two loops

Y o = o 1) W (K2 —Ca NBt) 0y, I W (Kz +Ca N’Bt) p(t o
11 qq@" —ttW P’ 12 qq/ —ttW 2 12 q@’ —ttW ' 21qq —tiWw 2 21 qq’ —ttW
(2 — koD L[ A (F@) e ) L le2 o
22 qq/ —ttW 2%, qq —tEW 2C cusp 2 ' cusp 1 A 3

where Ko = C4(67/36 — (2/2) — 5nf /18 with ny the number of light-quark flavors,

_ 14 82 — 4
NQBt I Y i + Sl ¢g — In? ) Lig 2
4 14 B¢ 8¢ 1+ B¢ (1 + B¢)2
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and

(2) _ (1) 1 G2 1 o ([ 1—p5¢
1+ 82 1 — 1 — 1 1 — 4
n ( t) ¢y ln IBt _ 11’12 IBt 4+ = 11’13 IBt — Lig IBt
484 1+ B¢ 1+ B¢ 3 1+ B¢ (1+ B¢)2
1 4+ 2,2 . . . 1 — 2
+ G+P7 ¢y —coin [ 2 Be ) _ 13 (120 (120 (L= Pe)”
867 1+ By 3 14 By 14 By (1+ B8¢)2

is the two-loop massive cusp anomalous dimension in QCD

Expansions of the resummed cross section to fixed order
NNLO expansions (aNNLQO) are consistent with (almost exact) NNLO results
aN3LO is the state of the art

Electroweak corrections are also included
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Cross sections
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MSHT20 NNLO pdf m=172.5 GeV
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large K-factors

improved agreement with data at aN3LO
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ttW cross sections

ttW cross sections (fb) in pp collisions at the LHC
o in fb 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV
Lo acp B 0 R A T R
LO QCD+4EW 135100 | 182700 [ aer 119 | s05T 00 | 5317 07
NLO QCD 164—_i_1'?7’ 226‘_"32 6461_2;2 708‘_"23 750fé21
NLO QCD+EW 175J_F£ 2394:;3 6771_2;2 741fzg 785J_FZZ;
T 0 o N G A W
aNNLO QCD + NLO EwW | 19079 | 2507 | 751727 824177 s727 31
aN3LO QCD 18570 | 2537 | 748720 s22 120 8707 5%
aN®LO QCD + NLO Ew | 19677 | 2667 | 779727 855127 90571 2"

At 13.6 TeV

NLO QCD corrections — 47%

aNNLO QCD corrections — 17%

aN°LO QCD corrections — 6%

electroweak NLO corrections — 7%

Total aN?LO QCD+NLO EW cross section is 78% bigger than LO QCD
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ttW T and ttW ~ cross sections

ttW T and tfW — cross sections (fb) in pp collisions at the LHC

o in fb ttWT 13 TeV | tiWT 18.6 TeV | W~ 13 TeV | W~ 13.6 TeV
LO QCD 209717 322752 146757 159120
LO QCD+EW 313750 3377570 154757 168777
NLO QCD 431757 470" o) 215727 238707
NLO QCD+EW 450412; 490f2§ 227412’*; 2511“2’2
aNNLO QCD 4807 7 525721 24077 2667
aNNLO QCD + NLO EW 4997 1 5457 Y 25277 2797 0
aN3LO QCD 987" 10 5457 L 25077 27777
aN3LO QCD + NLO EW 517J_F1‘§ 5651_1:5)) 262J_F§ 290f§

the ttW ™ cross sections are larger than for ttW ™~

but the corrections are slightly bigger for ttW ™~
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Comparison with 8 and 13 TeV CMS and ATLAS data
NLO and even aNNLO results are not sufficient

we need alN3LO corrections to describe the data

At 8 TeV, measurements from
. +117

CMS: 38277, fb

and from

ATLAS: 3691,%° fb

Theoretical prediction is

aN®LO QCD + NLO EW: 2667 ,1% fb

At 13 TeV, CMS finds 868 + 65 fb with ttW ' 553 + 42 fb and ttW~ 343+ 36 fb
while ATLAS finds 880 4+ 80 fb with ¢tW* 583 + 58 fb and ttW ~ 296 + 40 fb

Theoretical prediction is
aN®LO QCD + NLO EW: 779122712 fb with t#W+ 51771573 fb and t#W— 2627317 fb
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Top-quark pr and rapidity distributions in W production at 13 TeV

pp->ttW  topp, VS=13TeV pp->ttW  toprapidity  VS=13 TeV
MSHT20 NNLO pdf W=m=172.5 GeV MSHT20 NNLO pdf H=m=172.5 GeV

LI NN B B B B R B B B B NN B B B B BN BN N B B EN B B B B EE R R R 250 _' L '3 L L L DL L e e e '_
L — aN’LOQCD +NLOEW ] T ANLOQEDHNLOEW -
3 — - aN'LOQCD ]
B —- aN'LO QCD b — aNNLO QCD + NLO EW = i
- — aNNLO QCD + NLOEW 1 200} —- aNNLOQCD ZCIamENN -
[ —- aNNLO QCD . — NLO QCD+EW 7 "N ]
[ 1 —- NLOQCD %" 7 = NN ]
~ 3} — NLO QCD+EW i I LO QCD+EW )’ 2 \\\ R ]
% | —-- NLOQCD i L LO QCD y /) AN \\ i
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K-factors decrease at larger top pr K-factors increase at larger rapidities
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Top-quark pr and rapidity distributions in W at 13.6 TeV

pp->ttW  topp, VS=13.6TeV pp->ttW  toprapidity  VS=13.6 TeV
MSHT20 NNLO pdf W=m=172.5 GeV MSHT20 NNLO pdf H=m=172.5 GeV
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Summary

ttW production
soft-gluon corrections through aN°LO

results for total cross sections and
differential distributions

higher-order corrections further enhance
and improve the theoretical predictions

agreement with LHC data within uncertainties
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