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TTBAR+X PRODUCTION

Standard Model Total Production Cross Section Measurements satus: July 2018
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ASSOCIATED HIGGS PRODUCTION WITH TOP

QUARKS

Direct probe of the strength of the top-
Yukawa coupling without making any

assumptions regarding its nature pp — ttH
Crucial for understanding the Higgs
sector and searches for deviations from 010 (my e
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tfZ cross section [pb]

Probes of top-quark coupling to an EW gauge boson

Sensitive to BSM contributions

TTBAR+W, Z

Dominant backgrounds to searches and SM precision measurements (ttH included)

ATLAS, 1609.01599
B R R L LS LA RE LA ERARE LARR LA

E ATLAS *  ATLAS best fit

L —— ATLAS 68% CL
25-Vs=13TeV, 321"

------ ATLAS 95% CL

E #  NLO prediction E

L 000ss HiZ theory uncertainty |
2 %% W theory uncertainty |
1.5< _‘
i —f

o8 Sotetels

LRSI ', byt o,
KRR S S RIS

.
R R KRN K RRAKIKK
Sers it st et sirie e esiute e oleletelelole) Sesegeyt SRR
W .
S Lt
&5 e

S~
------

%%,
%
KR

0 05 1 15 2 25 3 35 4
tfW cross section [pb]

Signal strength (CMS): ttW
ttZ

CMS, 1711.02547

_ . Cms 35910 (13 TeV) .
ﬁ- 1.6_— % ttV best fit =} ttv theory [1] 57_ HW theory
b@ [ —— 68% CL contour v 6F
1. 4—_ — 95% CL contour i_ __________________________
- Si
L 2f
1.9 - - - - - - -~
r o 12
i O [PD]
1+ e
i 57 ttZ theory
N6
I 5
0.8 p I U S AN
- 3 95%
L 2 68%
0611wt TN
0.2 0.4 0.6 0.8 1 1.2 I
Oy (PP
+0.19 +0.20 +0.13
1.237 )¢ (stat) 15 (syst) "y ;5 (theo)
1.17 £ (stat) 015 (syst) 101 (theo)



THEORY STATUS FOR TTBARH

Fixed order perturbation theory

NLO QCD available since (almost) 20 years [Beenakker, Dittmaier, Kréimer, Plumper,
Spira, Zerwas ‘01-’02][Reina, Dawson’01][Reina, Dawson, Wackeroth’02]
[Dawson,Orr,Reina, Wackeroth’03] [Dawson, Jackson, Orr, Reina, Wackeroth’03]

? corrections to the total cross section of a few tens of percent (20-30%)

72  residual scale uncertainty of 10%

NLO QCD matched with parton showers

? POWHEG-Box [Garzelli, Kardos,Papadopoulos, Trocsanyi’11] [Hartanto, Jéger,Reina,
Wackeroth’15]

2  aMC@NLO [Frederix, Frixione, Hirschi, Maltoni, Pittau, Torrielli’11]
? SHERPA+RECOLA (also for EW) [Biedermann et al.’17]



TTH @NLO QCD AND EW

[Frixione, Hirschi, Pagani,Shao,Zaro’14-'15][Zhang, Ma, Zhang, Chen, Guo’14]
[Biedermann, Brduer, Denner, Pellen, Schumann, Thompson’17]
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OFF-SHELL @NLO QCD

Top decays into b quarks and leptons: o2 |
pp —* ttH — W*W'bbH —e*v, v, bb H o5 .
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NLO QCD AND EW WITH ToPS OFF-SHELL

= oo

Top decays into b quarks and leptons: ROTRE
pp = ttH = W*W'bbH —e*v, u'v, bb H IE

NLO EW corrections [Denner,Lang, Pellen, =
Uccirati’16] together with NLO QCD 4 —
Tour de force calculations, virtual graphs - E
involving nonagons N

) —=a Lo

— NLO QCD + EW
0 NLO QCD x EW

Double pole approximation reliable at NLO
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WHY RESUMMATION?

Extending accuracy of the perturbative prediction beyond fixed-order by adding
a systematic treatment of logarithmic contributions due to soft gluon emission
is a common standard in precision phenomenology

.

.

N 3N

better description of physics: additional corrections to cross sections...
especially applicable when NNLO calculations out of reach

improvement or, in some cases, restoration of predictive power of
perturbation theory

test of QCD to all orders
reduction of the theory error due to scale variation

cross-talk with parton shower techniques and tools



SOFT GLUON RESUMMATION

Systematic reorganization of perturbative series

o ~ coo +

+ozs( c12 log? (82) |+ ci1log (B*) |+ cio ) & NLO
-

caalogh (82) | H caglog? (82) |+ eanlog? (82) + ) & NNLO

¢ ¢
a,"log (%) a," log *™(B?) log(B2)¢->log(N)=L

Factorization at threshold: space of Melin moments N ,taken wrt. M?/S or Q%/S

[(3(N) ~ C(ag)exp|[Lgi(asL) + ga2(asL) + asgs(asL) + .. ]J

N

sums up LL: o' log "™ (N)  NLL: a/"log"(N)




BEYOND NLO QCD: RESUMMATION

NLL+NLO resummation in the absolute threshold limit, § = M* = (m, +m, +m,)’
obtained using direct QCD approach [AK, Motyka, Stebel, Theeuwes’15]

“Approximated” NNLO based on the SCET approach to resummation in the
invariant mass limit § —=Q° = (ps+p, +Ps)2
[Broggio, Ferroglia, Pecjak, Signer, Yang’15]
NLL+NLO resummation in the invariant mass limit, direct QCD
[AK, Motyka, Stebel, Theeuwes’16]

NNLL+NLO resummation in the invariant mass limit, hybrid SCET/direct QCD
method [Broggio, Ferroglia, Pecjak, Yang’16]

NNLL+NLO resummation in the invariant mass limit, direct QCD method
[AK, Motyka, Stebel, Theeuwes’17]

NLL+NLO in the invariant mass limit for production with pseudoscalar Yukawa
couplings [Broggio et al. ’17]



CONCEPTUAL BASIS OF RESUMMATION

[Collins, Soper, Sterman, ...]

All-order factorization of soft and collinear emission

Schematically, in N space

[ o ~ H(off —shell) x A;(col) x Aj(col) x Sij(SOft)]

Exponentiation from solving Renormalization Group Equations, e.g
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CONCEPTUAL BASIS OF RESUMMATION

[Collins, Soper, Sterman, ...]
All-order factorization of soft and collinear emission

Schematically, in N space

[ o ~ H(off —shell) x A;(col) x Aj(col) x Sij(SOft)]

Exponentiation from solving Renormalization Group Equations, e.g

d
,u%a =0 = ,u% InH = —vyy ,u% InA; = —vya, ,LL@ InS = —~g
g+ vs + A, =0
ERRAPIE g A WG/ g(0) = 1600 h
I8 dﬂ B
= GQ/mg(w) = G(1) exp [ / ﬂGw)]
_ Q M Y,




GENERAL FORMALISM FOR2—3

Factorization principle holds for any number of jets/particles in the final state
[Kidonakis, Oderda, Sterman’98][Bonciani, Catani, Mangano, Nason’03] but adding one more
particle/jet requires adjusting for

colour structure of the underlying hard scattering, if more than three coloured
partons participating: affects hard H and soft S functions

0, 0
<M@ + 5(9)8_g> SSJ}[) — _FT]KS(N)KI —S(N) ;1 Trr

- soft anomalous dimension

more complicated kinematics: affects H, S (anomalous dimension) and the
arguments of incoming jet functions (coefficients c,, c,)



ONE-LOOP SOFT ANOMALOUS DIMENSION

Doy — Qs [ — Crp(Lg +1) g—jQ:s
sfi;ﬁoctet 2025 2(Ca —2CF)(Lgju + 1)+ Cals + (8Cp — 3C4)Q3
colour basis
_ K48 k—Bri .
Lﬁ kKl = "2kB (log (H—l-ﬁkl) + Zﬂ_) A3 = (Tl(mk;) -+ Tz(ml) -+ Ul(ml) + Ug(mk))/Q
\/1 (mk+ml)2 Qg = (Tl(mk) + TQ(TJZ) - U1 ml) - UQ(ka))/2
ok . t1 = (pi — pr) ta = (pj — 1)
TZ( _ %1 (n(lm f) (m” )) ~1+in) w=(pi-p) 2= (p; - pu)’
Us(m) = T (In((m? — @)/ (m?8)) — 1 + i)
[ Reduces to the 2->2 case in the limit p; >0, mz;—>0

Absolute threshold limit: non-diagonal terms vanish
Coefficients DV, 5, governing soft emission same as for the QQbar process:
soft emission at absolute threshold driven only by the color structure




INVARIANT MASS KINEMATICS

S:QQZ =(p3+p4+p5)2

Problem: hard and soft functions are now (and in general) matrices in colour space

A (res)
TijklB — = ; ;
—;JQQ (N)=Tr [Hz'j_;sz UijrkiB(N) Sij—ki Uij—dclB(N)] A'(N +1)AY(N +1)
Q/N 4
Uz‘j—)le (N) =Pexp l/ ?qrz'j—ﬂclB (as (QQ))]
7
Diagonalization procedure rY) — RTITOR
[Kidonakis, Oderda, Sterman’98] 1 vt
Hg = RH(R™))
& oia
leads to, at NLL: Sp = RISR
Q/N

_ ] d
Sij—sktr1s (N) = Sij skt R 17€XP [ f 7‘1 {21 (o5 (4%)) + Ar (0 (47)) }]
I

where N’s are eigenvalues of the one-loop soft-anomalous dimension matrix



INVARIANT MASS KINEMATICS CTND.

Extending resummation in this kinematics to NNLL requires:
7?2 Knowledge of the two-loop soft anomalous dimension
72 Amended treatment of the path-ordered exponential to account for it

7 Knowledge of the one-loop hard-matching coefficient



INVARIANT MASS KINEMATICS CTND.

7 Extending resummation in this kinematics to NNLL requires:

? Knowledge of the two-loop soft anomalous dimension

dGoms i
T (N, QP ), k) = Te [HR(Q, ) b, (OR(N +1,Q2, () 13) )

« SR(N +1,Q% {m2},u%>@z(N +1,Q2 {m?), y%ﬂ)
x AYN +1,Q% pf, pi)A (N + 1,Q%, pi, pi).-

QN dg ) s\ ) L (X))
?I‘ij—)le(as(Q))] Fzg—ﬂclB—[(W)I‘ +( )F + ...

Uijsup (N) = Pexp [/ -
7

v/ Soft anomalous dimensions known at two loops for any number of legs [Mert-Aybat,
Dixon, Sterman’06] [Becher, Neubert’09] [Mitov, Sterman, Sung’09-’10] [Ferroglia, Neubert, Pecjak,
Yang’09] [Beneke, Falgari, Schwinn’09], [Czakon, Mitov, Sterman’09] [Kidonakis’10]

A. Kulesza, Associated production of H, W or Z with t-tbar pair at the LHC.. Corfu, 02/09/18



INVARIANT MASS KINEMATICS CTND.

7 Extending resummation in this kinematics to NNLL requires:
7?2 Knowledge of the two-loop soft anomalous dimension

2 Amended treatment of the path-ordered exponential to account for it

dGoms i
T (N, QP ), k) = Te [HR(Q, ) b, (OR(N +1,Q2, () 13) )

« SR(N +1,Q% {m2},u%>@z(N +1,Q2 {m?), y%ﬂ)
x AYN +1,Q% pf, pi)A (N + 1,Q%, pi, pi).-

v/ Perturbative expansion [Buchalla, Buras, Lautenbacher’96] [Ahrens, Neubert, Pecjak, Yang’10]

(1
Qg Q2 N? Qg MQ ambo Qg /LQ
Un(N, @, {m?}, 1, 1) = <1+ (& )K) (a (Q(2 /FA?,Q) 1 Ui
D
(2)

r —

. (1) by _ ( R )IJ 2\ (1) — {/\(1) ..... )\(1)}
I(IJ—5[J/\I 2b(2) 27rb0+/\§1) _/\81) 1 YD

eigenvalues of M

A. Kulesza, Associated production of H, W or Z with t-tbar pair at the LHC.. Corfu, 02/09/18



INVARIANT MASS KINEMATICS CTND.

Extending resummation in this kinematics to NNLL requires:
7?2 Knowledge of the two-loop soft anomalous dimension
7 Amended treatment of the path-ordered exponential to account for it

? Knowledge of the one-loop hard function H,,

~ (NNLL)
OijklB

d = .
d—Q2 (Na Q25 {m2}a “QR) =Tr [63(Q2= {m‘2}=/‘%‘= /‘%)JR(N + I’QQ’ {mz}sll'QR)

x S(N +1,Q% {m?}, ud) Ur(N +1,Q% {m?}, ud)]
x AYN +1,Q% pf, pg) A (N +1,Q%, p, pi)-

needs access to colour structure of virtual corrections

v/ extracted from the results provided by the PowHel (HELAC-NLO [Bevilacqua et
al.’11] +POWHEG-Box) package [Garzelli, Kardos, Papadopoulos, Trocksanyi’11]

7 translation between the colour flow and singlet-octet basis

72 implementation checked against colour-averaged virtual corrections obtained from public
POWHEG [Hartanto, Jdger,Reina, Wackeroth’15] and aMC@NLO implementations [Frederix,
Frixione, Hirschi, Maltoni, Pittau, Torrielli’11]



RESUMMATION-IMPROVED NNLL+NLO

TOTAL CROSS SECTION

NNLL resummed expression has to be matched with the full NLO result

K Cnvp+ico dN \
match _ N+1 N+1
o (o Am? Y ?) =Y NP () FO (2)
27m / i/
i,j=q,3,9 Y OMP 19

~ (res,N ~ (res,N
X [Jgjekzl)({mQ}muQ) - 0§j—>kl)({m2}7:u2)

NLO:|

\ + Ulllehgakl(pa {m2}7 ,u2) ) j

Inverse Mellin transform evaluated using a contour in the complex N space according
to 'Minimal Prescription’ [Catani, Mangano, Nason Trentadue'96]



INVARIANT MASS DISTRIBUTION

[AK, Motyka, Stebel, Theeuwes’17]
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NNLL+NLO distributions for two considered scale choices very close, NLO results differ visibly
-> Ky factors also different

NNLL+NLO error band slightly narrower than NLO (7-point method)



INVARIANT MASS DISTRIBUTION
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TOTAL CROSS SECTION

[AK, Motyka, Stebel, Theeuwes’17]

VS [TeV] o NLO [fb] NLO+NLL[fb] NLO-+NLL with C [fb] NLO-+NNLL]fb]
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TOTAL CROSS SECTION

[AK, Motyka, Stebel, Theeuwes’17]

VS [TeV] po NLO [fb] NLO+NLL[fb] NLO+NLL with C [fb] NLO-+NNLL|[fb]
FI19% F938% B2% F6%
13 Q 4181618_7 g 43913_% 4847 49912'3
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.n. i ' ] . 3 | Stability improves with increasing
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150.00

100.00 ¢ | L 1 Reduction of the theory scale error

300.00 I | S =13 TeV]

200.00 ‘ \ “Best” NNLL+NLO prediction in agreement
< 3 - < with NLO at u, = M/2

. +7.5%+3.0%
ONLO+NNLL = 500775 0or fb



SCALE DEPENDENCE OF THE TOTAL CROSS
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[AK, Motyka, Stebel, Theeuwes’17]

For 1, = Q, decrease in scale dependence with
increasing accuracy. NLO+NNLL scale
dependence in the u,/2 - 2u, range of order
1%.

For u, = M/2, mostly similar behaviour
Apparent cancellations between u, and p, scale

dependence —* 7-point used for estimation of
scale variation error



THEORY STATUS FOR TTBAR+W, Z

NLO QCD [Lazopoulos, Melnikov, Petriello’07] [Lazopoulos, McElmurry, Melnikov, Petriello’08] [Kardos,
Trocsanyi, Papadopoulos’12 ] with decays at NLO [Campbell, Ellis’12][Roentsch, Schulze’14-’15]

y | ~ 40-50% correction to the total cross section at 13 TeV

NLO interfaced to parton showers in aMC@NLO [Alwall, Frederix, Frixione, Hirschi, Maltoni,
Mattalaer, Shao Stelzer, Torrieli, Zaro,’14] [Maltoni, Mangano, Tsinikos, Zaro,’14] [Maltoni, Pagani,
Tsinikos’15] and POWHEG-Box [Garzelli, Kardos,Papadopoulos, Trocsanyi’12]

NLO EW (+QCD) corrections [Frixione, Hirschi, Pagani,Shao,Zaro’15][Frederix, Pagani, Zaro’18]

? afew percent EW corrections

Resummation (SCET-based methods) [Li Li, Li"14] Broggio, Ferroglia, Ossola, Pecjak’16]
[Broggio, Ferroglia, Ossola, Pecjak, Samoshima’17]

7 invariant mass limit

Here: NNLL+NLO resummation in the invariant mass limit, direct QCD method



TOTAL CROSS SECTION FOR TTBAR+W, Z

[AK, Motyka, Schwartlaender, Stebel, Theeuwes, in preparation]
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71 Soft gluon corrections at most only a few percent

Visible reduction in the scale dependence of the total cross section

preliminary
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SCALE DEPENDENCE FOR TTBAR+W, Z

[AK, Motyka, Schwartlaender, Stebel, Theeuwes, in preparation]

— _|_ . -
ttW™ = Q ttZ p=Q
42y T T T 900 T T T
” VS =13TeV 850 V8 = 13TeV
B = [F = UR 800 L b= ip = g
2 o=@ 0+ 1o =0Q
§340 . PDF4LHCI5S 1 & 700 L PDF4LHC15
€ 300 ol
4 b
NLO — 600 NLO ——
o 550 |
| W o —
+ — , , NLO+NNLL ——
. . . 450 : ; :
11E
1k
1k
0.96
: (NLO+NLL)/(NLO+NNLL) —— 09+  (NLO+NLL)/(NLO+NNLL) ——
0.92 NLO/(NLO+NNLL) —— NLO/(NLO+NNLL) ——
0.88 |
| | | | | |
0.2 0.5 1 2 5 0'70,2 0.5 1 2 9

preliminary



SUMMARY

ttH production @ the LHC is one of the most promising windows onto new physics
— precise theoretical prediction are essential — a lot of recent progress!

Fixed order predictions combine now NLO QCD and NLO EW corrections, also
including top decays

Resummed calculations for pp—tt H, pp—tt W*, pp—tt Z reach NNLL+NLO
accuracy -- first application of resummation to the class of 2->3 processes

7 Remarkable stability of the NNLL+NLO differential and total cross sections w.r.t. scale
variation; improving stability with growing accuracy

72  Reduction (albeit small using the 7-point method) of the theory error due to scale
variation



BACKUP
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SCALE DEPENDENCE OF THE TOTAL CROSS

SECTION

[AK, Motyka, Stebel, Theeuwes’17]
I'lF:uO:Q Ileuo:Q

1000.00 —— I 1000.00 —— :
800.00 |- i 800.00 |-

600.00 F 600.00

o(pp — ttH + X)[fb]  pr=po =Q o(pp — ttH + X)[fb]  pr=po =Q

400.00 + B 400.00 - §
---- NLO ---- NLO
200.00 f--eeeeeee NLO+NLL - 210 [0J0 [0 — NLO+NLL i
— NLO-+NLL (w C) —— NLO-+NLL (w C)
NLO-+NNLL \/g = 14 TeV NLO-+NNLL \/g — 14 TeV
0.00 P S TN 0.00 P S T
0.2 0.5 1 2 5 0.2 0.5 1 2
R/ po 1oF | po

Apparent cancellations between u, and u, scale dependence

No significant change in dependence on u, while increasing the accuracy:
a, running effect

ur dependence modified by the hard-matching coefficient

7-point
method



HIGGS + SINGLE TOP

Destructive interference between t-channel
diagrams involving top Yukawa coupling and
Higgs coupling to gauge bosons — small cross
section — sensitive to the relative size and
phase of the couplings

NLO cross section calculated in 4FS and 5FS

tH provides complementary information
schemes, good agreement

to ttH on CP-violating Yukawa coupling

100 t-channel tH NLO cross section with uncertainties at the LHC13

+—e— NNPDF2.3 +——=— MSTW2008 +———i CTI10 iQ N
I iz tiX, and t-channel tX, atthe LHCI3
E 80 F I I T E % NLO inclusive cross section ‘_xo
8 70 E i f L] I j[ l pp — tHq(b) + tHq(b) I I I I I 1 ] I I E 3 | gluon fusion @ SMrate (5 =1, K 4= 23) X,
2 Efe - A
5 3 ; aF iF L= DulCaima+ 1552, 75) V1Ko
60 £ 40
4 SF 5F El=
g=(myg+m,)/4 o= Iy mp(i)/6  i=Htb |

onLo [fb]

s-channel contribution small (~3 fbo @NLO)
compared to t-channel (~72 fbo @NLO)

MadGraph5_aMC@NLO

[Demartin, Maltoni, Mawatari, Zaro’15] o 300 6 90 1200 1500 180°



NLOQCD TOTTH IN THE EFT

[Maltoni, Vrynidou, Zhang’16]

i ) o Tree level contributions from
Looking for possible deviations from

the SM
72  model-independent theoretical T N Ott,o

framework of effective field theories

2  SMEFT: Standard Model with higher
dimensional operators

~ O‘PG

same operators also probed in H, Hj and HH production < cross-talk

C;
Lerr = Lsm+ Y 120i + OA™) + hec.,




NLOQCD TOTTH IN THE EFT

[Maltoni, Vrynidou, Zhang’16]
MG5_aMC

2 4
7oA 1< A -MMHT2014 LO/NLO PDFs
URF = me +mp /2
Total cross sections: USEFT = m,

13 TeV o LO o NLO K
cow | OMSIIIEINIONE T ouritumiImiten oo CEactors denend o EFT
e -oowHIZEISUmOME  _oomizmmisetice g D ot
oo oeISIISLGN  oemipuutomIcus g sovhi
o oamibimismmiows  ouitmmisstn g °
Fioss  OOOIGHRUTICMILING o 0igteLIS00LiB0S 1y Renormalization and
cecsc OSEHMTLOULOLE  onromugmmiom g factorization scale variation
noug  OGSIISMLOM  ogutmeieone o dominant uncertainty
oo -OCTHImISMEIME  _ooissmiswsicnn substantially reduced @NLO
coic  OONHISTISLIGME  _ocntgRIOeIGmE 1o
cocuc  OSTIRILELIOLL omprimismlisel g

U /2< g = g <2 uyBF

A. Kulesza, Associated production of H, W or Z with t-tbar pair at the LHC..

UGEFT/2< UEFT < 2 i EFT

pdf uncertainty

Corfu, 02/09/18



NLOQCD TOTTH IN THE EFT

[Maltoni, Vrynidou, Zhang’16]

1TeV? 1TeV*4
’ 1<) 'MMHT2014 LO/NLO PDFs
pf = me + mp /2
Total cross sections: USEFT = m,
13 TeV o LO
osa 04eafiTio R '. Jm————— ' :
N —0.055+0-013+0.( 20[ | LHC current pp-ttH ] 20[ | HL-LHC 3000 fb! ]
o ' I pp~H I |
coa  O62rtyIII0LE . | 1
e 0.470’:8}?&%13‘3‘”_ 10k 1 = 10} 1
N L I I
Tid,td 0.00161 0000510 z - % I
sease 0swILSRE  0f 1 & o —
oraec 064810 TN 3 [ > [
$) O -
cipec  —0.08TEGRNRHEIY  —10¢ ] 10} oot i
Tipac  —0.02810 000 01 . ? pp—H
csaea  0.627IGIEE00T -20¢ y -20} pp-Hj )
-004 -002 0.00 0.02 0.04 -004 -002 0.00 0.02 0.04

UOR'F/2< He=H

Cyo/ ATV 2

Cyc/A2[TeV 2]



HIGHER ORDERS AT THRESHOLD

In analogy to top-pair production

General structure of the NLO correction in the threshold limit 8 —0, B°=1-4m>/5s

. . ~ 1 .
AGNO ~ ayLO{A@) log?(5%) + BW log(3?) + C(@)B + D@)}
/ \

Soft/collinear gluon emission Coulomb gluons

<o

~a;log™ (f) ~allp"

A. Kulesza, Associated production of H, W or Z with t-tbar pair at the LHC.. Corfu, 02/09/18

At higher orders:




ASSOCIATED HIGGS PRODUCTION WITH TOP QUARKS,

RESUMMATION IN THE ABSOLUTE THRESHOLD LIMIT

[ AK, Motyka, Stebel, Theeuwes’15]

VS [TeV] NLO [fb] NLO-+NLL NLO+NLL with C  pdf error
Value [fb] K-fsator Value |fb] K-fastor
8 1327099 1357307 141755 by
13 50675%% 516745y 53775 5% 3%
14 613753% 62575 6507575 %

7 Shows also a strong impact of the hard-matching coefficient C on the predictions -
contributions away from the absolute threshold matter!

7 Part of these contributions can be accounted for if instead of resummation for total
cross section, resummation for invariant mass of the ttbarH system is considered

A. Kulesza, Associated production of H, W or Z with t-tbar pair at the LHC.. Corfu, 02/09/18



GENERAL FORMALISM

Factorization principle

Opoy =H; QEQFE, XS5, X, &J,

near threshold —

W=wc +w,cc,+w +w, +w, P >

7 N N [/ /
total weight individual weights for each of the @
factorized functions, vanish at threshold /
(#) £ 57" )
PIM: c,=c,=1
J)
1P| c =t -1




GENERAL FORMALISM

Factorization principle holds for any number of jets/particles in the final state
[Kidonakis, Oderda, Sterman’98][Bonciani, Catani, Mangano, Nason’03]

Guideline: general formalism developed for 2->2 [Kidonakis, Oderda, Sterman’98],

[Laenen, Oderda, Sterman’98]

Distance to production threshold measured with dimensionless infra-red safe
weight w [Contopanagos, Laenen, Sterman’96]

For 2->2 we have e.g. Q>
PIM: pair-invariant mass kinematics Wpy =1-2=1- F
S, S+t+u
1PI: 1-particle inclusive kinematics Wipr = ? — 3

(for massless particles/jets in
the final state)



ABSOLUTE THRESHOLD RESUMMATION FOR

Colour space basis in which 7, is
diagonal in the threshold limit

!

A (res N) (O N) (N+41) A (N+1) A (soft,IN)
Oab—kiB— ab—>le T Cij—kiB, IA A, A bkl T
! incoming jet soft-wide angle
hard function H,;, 5,5,  factors, known emission

1 N—-1
soft, N < —1 m
Ac(zb—mu; 1= /0 dz 1> Diisnp.r(as(Q*(1 — 2)?)) Dij kB, = élr% o 2Re(F”)

At NLL accuracy Cpp, 55, =1



ADDITIVE VS MULTIPLICATIVE

NLO B NLO
0.8([:4:8 — O.Born + 50.8(%% opi’ =0 orn 50.

NLO Born NLO
0QCD+EW =0 " +00QCD + 00RW

50.NLO 50.NLO
LO NLO CD
TOCDXEW = Q0D (1 + ~Bom ) =ogw |1+ pri,m

NLO

A. Kulesza, Associated production of H, W or Z with t-tbar pair at the LHC.. Corfu, 02/09/18



ONE-LOOP SOFT ANOMALOUS DIMENSION

Doy — Qs [ — Crp(Lg +1) g—jQ:s
si(rlmglz—octet 293 %(CA o ZCF)(Lﬁ,kl + 1) + CAA3 + (8CF — BCA)QB
colour basis
_ K48 k—Bri .
Lokt = 55a (l"g (—mwm) + ”) Az = (T1(m) + Ta(my) + Ui (my) + Uz (my))/2
\/1 (mr+my)? Q3 = (T (myg) + Tg(gnl) —Ui(my) — U2(2mk))/2
ok . t1 = (pi — D) ta = (pj — 1)

m ot L Ao e e N S A R

1 ~ . ? J

Us(m) = T (In((m? — @)/ (m?8)) — 1 + i)
[ Reduces to the 2->2 case in the limit p; >0, mz;—>0

Absolute threshold limit: non-diagonal terms vanish
Coefficients DV, 5, governing soft emission same as for the QQbar process:
soft emission at absolute threshold driven only by the color structure y




ABSOLUTE THRESHOLD RESUMMATION FOR

Colour space basis in which 7, is
diagonal in the threshold limit

!

A (res N) (O N) (N+41) A (N+1) A (soft,IN)
Oab—kiB— ab—>le T Cij—kiB, IA A, A bkl T
! incoming jet soft-wide angle
hard function H,;, 5,5,  factors, known emission

1 N—-1
soft, N < —1 m
Ac(zb—mu; 1= /0 dz 1> Diisnp.r(as(Q*(1 — 2)?)) Dij kB, = élr% o 2Re(F”)

At NLL accuracy Cpp, 55, =1



THE CASE OF ASSOCIATED HEAVY BOSON-

Absolute threshold limit

§—=>M?=(m +m, +m,) 1000.00 . . .
" o(pp — Htt + X)[fb]
B=N1-M"/5§—0 . /3 — 13 Tev
but: 800.00 | . = 13 TeV ]
?  LO cross section suppressed in the
limit B—=>0 as B*due to massive 3- 600.00 L ]
particle phase-space e
?A  Absolute threshold scale M away 400.00 L \ i “::'l":;";':"-_-
from the region contributing the ---- 10 RN \
most ---- NLO Tl
900.00 L NLO-+NLL |
nevertheless: NLO+NLL(w C-coef);
?A  Well defined class of corrections ) 0.00 LH ~ 125 GeV. g = 1y + 1y /2
which can be resummed [AK, 0.2 0.5 1 2 5
Motyka, Stebel, Theeuwes’15] 1/ ko

PDF4LHC15_100 pdfs, NLO from aMC@NLO [Alwall, Frederix,
Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro]



ASSOCIATED HIGGS PRODUCTION WITH TOP QUARKS,

RESUMMATION IN THE ABSOLUTE THRESHOLD LIMIT
I 4O
Threshold logarithms under scrutiny:

AK, Motyka, Stebel, Theeuwes’15]

M? M 20M,)?
o2t log™ (1 —1ar), m<2n, Ty =— = (M +A )
5 5

NLL accuracy requires knowledge of NLO soft anomalous dimension with 2—3 kinematics
and NLO cross section at threshold split into colour channels

250.00 ; r . 1000.00 . | |
\ o(pp — Htt + X)[fb] ' o(pp — Hit + X)|fb]

VS =14 TeV |

20000 | . VS =8 TeV 800.00

150.00 | i

100.00

400.00 | BN §
R ---- 1O ~.
---- NLO Tl ---- NLO
50.00 L NLO+NLL ) 900.00 | NLO+NLL i
NLO+NLL(w C-coef); NLO+NLL(w C-coef);
my = 125 GeV o =myy +mpg/2 myg = 125 GeV uozmt—l—mH/Q
0.00 - - ! 0.00 . ' '
0.2 0.5 1 2 5 0.2 0.5 1 2 5
1/ ko 1/ 1o

MMHT2014NLO
NLO obtained with aMC@NLO



SOFT ANOMALOUS DIMENSION

Soft anomalous dimensions known at two loops for any number of masless/massive

legs [Mert-Aybat, Dixon, Sterman’06] [Becher, Neubert’09] [Mitov, Sterman, Sung’09-"10]
[Ferroglia, Neubert, Pecjak, Yang’09] [Beneke, Falgari, Schwinn’09], [Czakon, Mitov,

Sterman’09] [Kidonakis’10]

For NLL need only 1-loop

0
['(g) = —%a—gRese_@Z(g, €)

N.B. color structure also known explicitly for 23 [Sjédahl’08]



