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The top quark

Top quark heaviest known elementary particle to date
Unstable particle, with width  I'; > Aqcp
Reduced non-perturbative impact (,bare" quark)
Couples to all sectors of the SM

Top parameters important:
> Virtual top effects

> EW vacuum stability
> Consistency test of SM

Important process: top pair-production

Precision studies at future linear colliders
» Threshold scans

> Direct reconstruction (from top decay products)
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Ty

Pole top mass M, in GeV

pole _ 179 54 0.7CeV
MC —172.76 4+ 0.30 GeV

(cross section)

(direct reconstruction)
[PDG, 20]

T

" 10Y
.- Meta=stability. -~

Stability

125
Higgs mass M), in GeV
[Degrassi et al, 13]

Ams = 50 MeV
Am; = 100 MeV

(threshold scan)

(direct reconstruction)

Projected uncertainties for ILC500 [Zarnecki et al, 11]
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N-jettiness

« Event shapes
> Functions of (hadronic) kinematics

» Characterize the shape of the event e.g. thrust (massless)

T~0 T ~

« This work: N-jettinessty  [Stewart etal, 10]
/ Jet directions (pre-determined)

TN = E mm pk ¥—_ Particle momenta

Jet sectors without beam (boundaries dashed)

> Measure for how N-jet-like an eventis

> Ty small = N well-separated jets

> Assigns each momentum to a jet sector

> Related up to power-corrections O(ty) to other event shapes

« Top mass extractions from top mass-sensitive event shapes
-> peak position for 2-jettiness

« Important: treating EW (QED) effects necessitates including the beam (jets)

Jet sectors including beam (boundaries red)

02.11.2021 D. Lechner, EW Effects in Top Jet Production, Seminar PP WS21 5




2-jettiness for tt production

Leading-order: Breit-Wigner function Q=3
1 /do o = @/
i

Qo

o
0 Tmi‘n:]-_ﬁt

Of interest: boosted jet regime: Ejzet > p]?et~ m?, i.e. small T,
Radiative corrections (QCD NLO and beyond) very sizable

Complex beyond LO because of multiple scales

Due to scale separation, e.g. in the peak region

Q2 > m? > Q2T2 — mf =z ml'y > Qt_lmtrt 2 Aqep

> large logs: a*In* 7,
ge fog S o —> Resummation necessary
> Sudakov logs: «ag In” g,

Factorization properties of N-jettiness: Ty = Te + 75 + O(12)

.. CM energy

.. boost factor

)(O) :fBW(T2 —Tmin72—rt) Br=+1-4/0

.. stable threshold

quark velocity

magnitude [GeV]

1000
173
1.4
<1
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SCET

Factorization of observable into soft and collinear contributions
-> use Soft-Collinear Efffective Theory (SCET)  [Stewart et al, 01]

Power-counting parameters for boosted regime:
A=T, K land o;* =m;/Q K 1

SCET reproduces (singular) leading-power contributions in 7, and
the asymptotic limit in g7 ?

Lagrangians decouple:

L= Lscer + O(\) = L(As, &) + z Lo(An, &)+ O(N)

Hard modes are integrated out of Lagrangian and encoded
in Wilson coefficients, e.g.: current:

O = Pytap = C(Q, ) E,W,Y, Y, Wie, = C(Q, p) 0"

Interactions and operators in SCET dictated by individual soft and
collinear gauge invariance

scaling

Q1 1)
n-collinear QN 1, )\
n-collinear Q(1,)2,\)
(ultra-)soft Q()\Q A2, 02)

mass-mode n-collinear  Q(o, ,1, 0, %)

mass-mode n-collinear — Q(1, o, ,Qt )
mass-mode soft Q(Qt . 0 ,Qt )

i 0
W, (x) =Pexp igs/ ds n- A, (x + ﬁs)]

—0o0

_ >.@)
Y,(z) =Pexp igS/ ds n- Ag(x + T_LSJ}
- Jo
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(boosted) HQET [Fleming et al, 07]

Integrate out
Hard Modes

For unstable quarks: additional large logs aZ In* I, /m,
in the tail and peak regions (where mZ >» Q?%t, — m# ~ m.I}) Factorize Jets, Integrate
that cannot be resummed with SCET out energetic collinear ——>

gluons

Origin = ultracollinear radiation: radiation that is Evolution and
ultrasoft (+ isotropic) in heavy quark rest frame, dlecay of top —
but boosted by g, along jet direction close o mass she

Heavy Quark Effective Theory (HQET): [Georgietal, 90]
integrate out modes with off-shellness m#, only ultrasoft gluons remain

Vv — hy o plt=mgot + kY, U:(L0,0;O), ]CNAQCD

bHQET: [Flemingetal, 07]
radiation is boosted (here IR scale for ultracollinear radiation is I'; instead of Agcp):

gn — hv . p,u — mtv'u + k'u: U= (Qt_l: Qt,OJ_), ko~ Ft(Qt_ln Ot 1)

Matching SCET jet fields onto bHQET jet fields: \
k? ~T? &« m?

W;én = Cum (mta U) Wghv
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Factorization for 2-jettiness in pure QCD

1 do

O-_Od—,rz = HQ(Q-I—L) X H:"L'I(Qt‘.':rn’t‘.l‘t')

r
< T (@QFrami ) © T2 (QFra e 1) © S(Qra )+ O(A g7 =)

« Hard and mass-mode functions: [Fleming et al, 07]
Ho(Q, 1) = |Co(Q, ), Har(my, 1) = |Crrloe, e, 1)

« bHQET jet function

« Soft function

S(Qras 1) = - OIITY,](0) 6(Q72 = Q) [V ¥ ](0)[0)

C

« SCET provides the possibility to resum large logarithmic
corrections by renormalization group evolution

Q = 1000 GeV

1
47 Nomy

/ Atz e P20 T[W I h,](0)[hy W] () ﬁ_.|0)]

175
d 7'2@2)1/2 GeV]

H@ E(t, p) = vr(t, p) F(t, 1) VF(t, 1) = Leusplas] In(ipe”t) + y[av] 2
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QCD state-of-the-art (peak region)

o= Ho(Q, 1) x Har(o, my, 1)

F(ur) Lcusp, B
LL 0 1
NLL 0 2
1
1

~ _. I, NLL’ 2
X Jg;)(QQTg, My, 1) @ Jg})(QzTg, my, 1) @ S(Qra, pt) + O()\. Qt_l, —t) N2LL 3

| 3
« State-of-the-art QCD: NLL 2 4 3
> NLL QCD + LO EW (width I} in peak region) [Fleming et al, 07, 08] Loop-orders of resummation ingredients

> 2-loop bHQET jet function [Stewart et al, 08]
> 2-loop SCET-bHQET current matching [Pathak et al, 15]
> N3LL-study (peak region) [Hoang et al, 20]
> 2-loop SCET massive jet function [Lepenik et al, 18]

o
w

| T | T T
[ Q =700GeV mMSR = 169.537 GeV
B== N’LL

o
B

« EW only LO so far -> this work's aim: subleading EW effects

o QCD field-theoretic subtleties (not covered now):
> Non-perturbative corrections

> Renormalons

> Top mass schemes (MSR mass)
> Profiles (t,-dependent canonical scales ug) 0. 170 175
> Secondary mass effects M [GeV]

(1/o)do/dM; [GeV ]

[Hoang et al, 20]
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Electroweak sector

« SU3)., xSU(2), X U(1)y gauge group:
iD, =i0, + g3 T‘L]LGﬁL + g2 taWE +91Y B,

=10, + gSTAGﬁ1 + gw tin + gz tZZ,u —eQA,
o« Matter content:

. Uy, o vy,
q _ (dL) ? U/RJ dR7 € _ (BL) ’ eR

« Fundamental Higgs with Yukawa couplings (top only):

A
Liriggs = (D @) (D'®) + 20T — 1 (PTd)?

@4—
75 (v +h+ix).

) ; Lyuk = — U Ci‘i)UR + h.c

u? = 0:
u? + 0:
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EW couplings and Sudakov logs

Couplings (at 4 ~ my): (g ~ 1 Ay ~ Ly ~ !

) on? (e
10 30

Evolution coupled beyond LL (i,j = 1,2,3, t):
l1lglglf l1 % lo % I3 % l’yt
Biltag}] _2%(1_[2) (47T) (477) (47T) (477)
Numerical solution with Mathematica sufficiently fast and precise for our purpose
Radiative corrections involving massive gauge bosons get Sudakov log enhancement

2
(L = lnIS—2~ 5atQ=1TeV)

w D

1
LL: awL?~2  NLL: awl~ ¢ SM ~ aw (2L + 1L + o)

« Note: enhancement large, but still perturbative, i.e. (ay L*)" > (ay,L?)"*!
g P w w

« Also: group theoretic/loop factors in ¢; affect (relative) numerics, e.g.:
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SCETEW and SCETY [Chiu et al, 07, 08, 09]

Since v K Q (and thus My <« @), one should get the correct asymtptotic limit by a SCET-
approach

Note: we assume |§|~|E|~|@i| » v?,i.e.z = cosB, ~ 0 (central scattering) for power-
counting purposes

Theory above EW scale M = SCETgw, with Wilson line
0
W, (x) = Pexp [i /

— 00

ds 71 - (gs'TA G+ gw 5 WiE + 9zt7Z, — ¢ QA;.',) (z + m)]

Theory below EW scale M = SCET,,, with Wilson line

0
wp () = Pexp [1/ ds i - (QSTAG;:1 —e QAM) (x + ﬁs)]

— o0

Operators now 4-fermion operators (with 4 lightcone directions n;, n¥ = 0)
o7 EIEY = (L WoY] Ty W) (@Ws Yy Ty YaWlas),

SCET - .
ﬁ;’ T = ([€2w2y;]i27'u[ylwigl]fl) ([Q3w3Y3T]?:57#[y4wjlq‘1]u)

lepton current quark current
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Isospin structures

O; = (EF]@ ((jrjq) =I7®I1y

(Or1); = (i3,14|O1li1,00) = Mg

2 natural bases to express radiative corrections

6 ,physical* combinations for [;®I; and isospin channelsiout of 16in
total (= those with net I3 = 0)

The two bases can be related by an orthogonal transformation B;;

Channel space:
+ physically intuitive, suitable for QED + QCD and Z-contributions
- no clear view on EW symmetry(-breaking) patterns

Operator space:
+ convenient for symmetric SU(2) effects and W-contributions
- not well-suited for effects at EW scale and below

Scattering amplitude is some vector in either space, and (factorizable) NN,
radiative corrections A act as matrices:

M, = Z A?.J.Ml‘?ree _ Z Ai]M}ree
J I
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e @ o } symmetric
ottt @t |y
P RY

Y @ t3
\t+®t_—t_®t+};

operator space

> broken
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Master formula

K" I . . x _
;) Tr |:IO+’ +r'_.".f_-f\/[ﬁfHH'A/[Rf} " * jgj) ® J(Br-i) ® Br-|—P_ ® Br ‘!‘P+ ® AS"_" —tt

w7

Hard phase space Beam polarizations, P; € [—1,1] Hard kinematics + flux

do +.— i (P-,Py) Z

Lepton chirality k = +1, quark chiralityp = +1
Switching off QED below M (-> later work) simplifies formula to

do-"_" _H_(P_" P+) K*g{) ér:(P—‘- P+) . - toRp
dm dz - Z T Tr|poso— MarHoMj, ™ *.

/ K,p

CM frame now: z = cos 0,

. 1+kP_-1—-kP
Beam polarization function: ¢ (P, Pr) = — 5 -

Isospin density matrix (in channel space): p.+ . = diag(0,0,1,0,0,0)
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Hard matching vey
1@t
tPet-t @t
BeY

Hard SM tree-level (expand in M/Q < 1): >'m,< Y @3
O}reem (* * O O O 0)T \t+®t_—t_®t+)

SCET,, -operators equipped with Wilson coefficients C; {xn}ti =X X0, Xia X,

ﬁ?CETEW ™~ Z{X”H}FW SEWBJD Left ~ Z ﬁ?CETEW C'r S?'j — (Yl )j'l i1 (?2)?2]'2 (Y?))i:),.}':s (?4)}43'4
17 I

Results chiral; for simplicity focus on exclusively left-chiral case

]

Matching at high scale p1y ~ Q and evolution from gy ~ Q to iy, ~ M [Chiu et al, 08]

(q@|f0); = (@O =W ()]0 C1(Q. ) >m,<g m
I
)

d X N
Hd—p, Cr = ’}CE;}“I Cy — CrQ,un) = Z Ug?‘?; (tar <= 1) Cr(Q. 1o
| ] ]

. (* *000 0\ singlet part
C and evolution )/gw are free of symmetry-breaking (SB) effects

x%x0000 gauge-
EW 0 0lx % x % independent
(’YQ Jig o~ 00

Open question: consistent (coherent) inclusion of tree power-corrections * ok x oKk Non-singlet
0 0fx x % % part gauge-

\0 O [k * * *) dependent
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Mass-mode matching

Matching at EW scale py ~ M onto QED +QCD (SCET,) [Chiu et al, 09]

SCETEw SCET | SCET
O w1y = Z O, 7 () Mg, (M. ) O, "7 ~{xa}] 5!
7

Contains SB effects (most easily seen in operator space)

Anomalous dimensions free of SB effects above and below M

d
gy Mar(M ) = Mar (M. p1) V6" =38 Mar (M, p)

Rapidity log remains in matching: In M (M, ) ~aln M/QxIn M/

.Soft-collinear" factorization (= requlator-dependent split) of matching at py; ~ M

Mﬂf(ﬂja Q/Afﬂu) = MC(Aja Q/]/7M)MS(A[7 Af/l/; ,(L)
. : . _ _ Rapidity evolution
Using symmetric rapidity regulator allows resummation by RG method [Rothsteinetal, 11] gauge-independent
-

d v d v | | .
v M. = M., ’YEW) v Mg = _75\,{) Mg —> MM, Q/vg, 1) Ve (M, vg < vy ) M(M, M /vy, 1)
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EW resummation: summary

Resummation in virtuality sums EW Sudakov logs
between Q and M — no SB effects

Symmetric tree-level gives consistent resummed results

-> open question: coherent inclusion of power-corrections at
tree-level

Matching:
« high-scale Q: free of SB effects

« EW scale M: SB effects (boson masses, isospin
dependence)

Rapidity resummation at EW scale M consistent at NLL

-> open question: field-theoretic definition of ,mass-mode

collinear" contribution (Wilson line vs. Method-of-Regions) Resummation path: all quantities are evolved to iy ~ M
: M

Resummation below M (QCD + QED) understood
-> QED contributions to be included
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Fixed-order EW contributions

Q =1000GeV, P_ = —-0.8, P, = 0.6, Q = 3000GeV, P_ = —0.8, P, = 0.6,

“+ QCDyniL
=+ QCDyxiL + EWroror)
QCDyyir, + EWro(si)

=+ QCDynii + EWro

N

160 170 180 190 200 160 180 190 200
Q = 3000GeV, P_ = —0.8, P, = 0.6, normalized to QCDyyy.

Q = 1000GeV, P_ = —0.8, P, = 0.6, normalized to QCDyyp1,

0

e
-

¥~ + + + + + + + + + + + + + + + + + + T T T T 7T 7T T T 7T T T T T T T T T TT T T
QCDNNLL

¥~ ++ + + + + + + + + + + + T+ + T +
f f f f T+ + + + + + + + + + + + + + + +
——F+ + + + + + + + + + + + + + +

g
=)

=+ QCDyyir + EWroor)

QCDynir + EWro(sr)

|
=
o

=+ QCDynir + EWro

|
=
[98)

(dO,EW+QCD _ dUQCD)/dJQCD|Z
S

180

190

2)1/ *[GeV]

[GeV]
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Resummed EW contributions

Q = 1000GeV, P = —0.8, P, = 0.6, Q = 3000GeV, P_ = —0.8, P, = 0.6,

“+ QCDxyrr,
=+ QCDyniL + EWiL
QCDyyrr, + EWniLL

=+ QCDNNLL + EWNLL’

A

160 170 180 190 200 160 170 180 190 200

@ =1000GeV, P_ = —0.8, P, = 0.6, normalized to QCDyyr1, Q = 3000GeV, P_ = —0.8, Py = 0.6, normalized to QCDyyr,

0

e
-

+~—+ + + + + + + + + + + + + + + + + T + V""" +F + + + + + + + + + + + + + +

=+ QCDyniL

~+ QCDyniL + EWrp

S S L B e S N L S L N S S N S N SR S N e o

QCDyniL + EWniL

|
o
o

=+ QCDpnnip, + EWnLr

(dO_EW+ QCD _ dUQCD)/dUQCD|Z
S S
(98] —

180 190 : : : 180
2\ 1/2 2\ 1/2
(—72;2 )" [Gev] M, = (725 ) Gev]
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Imaginary parts from bW-cuts

dovoi(Po Py) =BG o"(P-. Py)
dm dz N

Tr(p. s M., JW.,;;HQJWL\/[IT’O * Jgt) ® jgi) ® Scte—tt

N

There are imaginary parts in M. due to bW-cuts

Diagrammatically at O (ay,):

o T

These imaginary parts cancel in the combination M, M1

Resonant/non-resonant interference contributions are obtained by modifying jet function definition

/ Az 7P (0|T[W ] hy](0)[ho W] (2) 70 |0)]

_ i
Im| Te[Mip.. . iM,...] %
H [J cPeteti/Vic } 47N my

Important: the bW-cuts in ]VfCT have the same sign as in M !!
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EFT vs. full theory cuts

. IHI[TF[Mipm,,Mc...ﬂ diagrammatically at O (ay,)

Width already part of bHQET Lagrangian and

e oty ol o ™

« The corresponding full theory cuts are reproduced

= R
If“

« Important: the mechanism needs
> Wilson lines (i.e. factorization of M into top and anti-top contributions) -> cf. rapidity discussion

> Factorization of ultracollinear (QCD) from mass-mode (EW) effects -> checked diagrammatically at O (asay,)
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Numerical example

« Interference with tree-level bHQET jet function

1 1

i (0| T hyphe|OY)tree o 2~ —
(O[T hehe|0) 75 il /2

BT} (ét)u St = §t/2

Im[(A+iB)B;,| =
— AIm[ FJ —}—BRG[BFJ

0.455¢
0.450¢

0.445} ] — Im[Br]
0.440F ] — Im[Br] + ("W). xRe[Br ]

0.435[; , , /]
-0.10 -0.05 0.00 0.05 0.10

§ [GeV]
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Summary and outlook

e Summary:

NLO EW effects incorporated into factorized calculation for top jet pair production
(following  [Chiuetal, 07, 08, 09] )

Set up formalism for 2-jettiness cross section (NNLL QCD + NLL' EW) for linear collider environment
(including beam polarization effects)

Reorganized language concerning isospin structures/operators for more transparent look on SB mechanism
and (potential) limitations of the factorized approach

Resonant/non-resonant interference: proofs of factorization (diagrammatically at O (asay,)) and tree-level
study

e Qutlook:

Extend numerical studies of EW resummation effects for 2-jettiness including QCD

Coherent treatment of resonant/non-resonant interference and QCD effects

Improve understanding of rapidity resummation concept (limitations of EW Wilson line formalism)
QED below M

Extension to LHC observables
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Sudakov evolution

Q =1000GeV, ete™ — tt Q =3000GeV, ete™ — tt

| — QCDywir

1 — QCDynir + EWniL
EWrL

1 — EWnL

100 | 500 1000 100 500 1000
o [GeV] pins [GeV]

Chirality of operators shown: left-left (for left-right and right-left: SU(2)-effects roughly half the size)
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O = 3000 Ge unpolarized Q=300cv [P = 08, P, —06,| ILC polarization

T

= QCDNNLL
=+ QCDNNLL + EWLL
QCDyniL + EWnNrL

=+ QCDynrp, + EWnLe
preliminary

TN preliminary T*TT'\é

1 1 1 1

160 170 180 190 200 160 170 180 190 200

Q =3000GeV, P_ = —0.8, Py = 0.6, normalized to QCDyyy1,

T

@ = 3000 GeV, P_ =0, P, =0, normalized to QCDynr,

0
=0

¥+ + + + + + + + + + + + + + T +

©
=)

F~—+F—F—+ + + + + + + + + + + + + + + + +

I
©

= QCDNNLL

-+ QCDNNLL + EWLL

I
o
[N

QCDyyp, + EWniL

== QCDNNLL + EWNLL’
¥+ + + + + + + + + + + + + T +]

(daEW+ QCD dO_QCD)/dJQCD|Z
|
©
w

(daEW+QCD . dO.QCD)/dO_QCD|Z

preliminary preliminary
180 190 200 170 180 190 200

72522)1/2 [GeV] M, = (TQSQ)W [GeV]
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Forward scattering (45°)

Q = 1000GeV, P_ = —0.8, P, = 0.6,

preliminary

160 170 180 190 200

@ = 1000 GeV, P_ = —0.8, P, = 0.6, normalized to QCDyyyL

1/vV2

¥+ +F +F +F +F + + + + + + + + + + + T +

z

(dUEW + QCD __ dUQCD)/dUQCD

preliminary

180 190 200

2N (v
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Central scattering (90°)

Q = 3000GeV, P_ = —0.8, P, = 0.6,

T

preliminary |

160 170 180 190 200
@ = 1000 GeV, P_ = —0.8, P, = 0.6, normalized to QCDyxr1,

=0

z
S
(=)

=+ + + + + + + + + + + + + + + + + + +

¥+ + + + T T T T T + T+ + + + + + T =+

| |
e e
[\) —_

(dUEW + QCD __ dJQCD)/dO'QCD
|
IS
(98]

preliminary

200
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=+ QCDyniL
=+ QCDyni + EWpL
QCDyrp, + EWnLL

== QCDNNLL + EVVNLL7

“+ QCDynrr
-+ QCDNNLL + EWLL
QCDynir, + EWnrp

= QCDNNLL + EWnpr




