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Threshold resummation NLO ctions to LQ pair-product Numerical results

Scalar leptoquark pa|r product|on at the LHC

Summa

Leptoquarks A
» Appearing in many BSM models (e.g. RPV SUSY, GUTSs)

» Relevant for flavour physics (e.g. LFU violation for B-meson decays)
» Coloured under SU(3) = should be copiously produced at the LHC
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Threshold resummation

Scalar leptoquark pair-production at the LHC

Leptoquarks A

» Appearing in many BSM models (e.g. RPV SUSY, GUTSs)

» Relevant for flavour physics (e.g. LFU violation for B-meson decays)
» Coloured under SU(3) = should be copiously produced at the LHC
LO-QCD contributions to the pp - AA* + X process:

s , 7000000 = > - - m\ ’ -
A Pl 1 \\\ V4 /,(
4 A\ S g
A A 0w ~
N

|
\ ‘OTOOOT: - < - - TOOOOOY

» Same diagrams as for stop-antistop (tt*) production in the MSSM
» Pure QCD couplings: QCD corrections can be sizeable
» No BSM found so far: masses M, in TeV range
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Threshold resummation

Scalar leptoquark pair-production at the LHC

Leptoquarks A

» Appearing in many BSM models (e.g. RPV SUSY, GUTSs)

» Relevant for flavour physics (e.g. LFU violation for B-meson decays)
» Coloured under SU(3) = should be copiously produced at the LHC
LO-QCD contributions to the pp - AA* + X process:
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» Same diagrams as for stop-antistop (tt*) production in the MSSM

» Pure QCD couplings: QCD corrections can be sizeable
» No BSM found so far: masses M, in TeV range

VJ5: centre-of-mass
energy

. -~ . . partonic
[Threshold region VB 2M, increasingly relevant]
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Threshold resummation

Scalar leptoquark pair-production at the LHC

Leptoquarks A

» Appearing in many BSM models (e.g. RPV SUSY, GUTSs)

» Relevant for flavour physics (e.g. LFU violation for B-meson decays)
» Coloured under SU(3) = should be copiously produced at the LHC
LO-QCD contributions to the pp - AA* + X process:

, , O0B000Y - > - = TTOOO0) . -
o Z?ém“‘”/ ‘ A :Z:g%*”
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\\ \\ - - - - ’ h h
» Same diagrams as for stop-antistop (tt*) production in the MSSM

» Pure QCD couplings: QCD corrections can be sizeable
» No BSM found so far: masses M, in TeV range

[Threshold logs [nB% = In(1-p) with p = 4Mi/§ endangering perturbativity!)
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Threshold resummation NLO corrections to LQ pair-production Numerical results

From factorisation to resummation

Rough idea of threshold resummation in direct QCD approach:
» Factorise matrix element and phase space into hard/soft part
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Threshold resummation

From factorisation to resummation

Rough idea of threshold resummation in direct QCD approach:
» Factorise matrix element and phase space into hard/soft part
» Obtain RGEs and solve to get an exponential form of the soft part

ARLS
&

. . UNIVERSITAT
C. Borschensky: SOFT-GLUON RESUMMATION FOR LQS AT THE LHC 4 MR



Threshold resummation

From factorisation to resummation

Rough idea of threshold resummation in direct QCD approach:

» Factorise matrix element and phase space into hard/soft part

» Obtain RGEs and solve to get an exponential form of the soft part
Matrix element: factorises in soft limit § —» 0 v/

soft limit
1Ll i

soft limit
Mreal/virt - ¢ xM

(eikonal factor) hard
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Threshold resummation

From factorisation to resummation

Rough idea of threshold resummation in direct QCD approach:

» Factorise matrix element and phase space into hard/soft part

» Obtain RGEs and solve to get an exponential form of the soft part
Matrix element: factorises in soft limit 8 = 0 v

S{)Mmt % % 4@

soft limit

M L — e x M ]
[ real/virt (eikonal factor) e

Phase space: momentum entanglement vanishes in Mellin space v/

1
[5(N) = f dp p’ o([))] N: Mellin moment
0
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Threshold resummation

Factorised form of the cross section

Separation of enhanced terms near threshold:

(SOft"COUl) (N) , (N) (N) S(N)
[ ij— Rl Z HI}—>f? x A A Su—»h X ('/'j—>fel,/]

colours |
with
> Hfj_),,? hard function (LO + h.o. hard-matching coefficients)
(V) (N)

» A; 7, Sj 5 g, soft-collinear and soft wide-angle radiation

C(]_),k Coulomb gluon corrections
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Threshold resummation

Factorised form of the cross section

Separation of enhanced terms near threshold:

- (soft+Coul) (N)  (N) (N) J(N)
;—»m Z H}—»k x A AT xS % Gl
colours |

with
N . . .
= Hfj_))m',: hard function (LO + h.o. hard-matching coefficients)

N
> Af ) Sfj_),k soft-collinear and soft wide-angle radiation
S(N)
> Clinpl
Hard-matching coefficients (independent of N) include virtual loop
corrections to the hard process

: Coulomb gluon corrections

Here: approximate by using hard coefficients for tt* production
[Broggio, Ferroglia, Neubert, Vernazza, Yang "13][Beenakker, CB, Heger, Krdmer, Kulesza, Laenen '16]
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Threshold resummation

Factorised form of the cross section

Separation of enhanced terms near threshold:

(SOft"COUl) (N) , (N) (N) S(N)
Ojj-kl Z Hl}—»k x A A Su—»h *x Cijspll

colours |
with
> Hfj_),,? hard function (LO + h.o. hard-matching coefficients)
(N) (V)

» A; 7, Sj 5 g soft-collinear and soft wide-angle radiation

(N) Melli
> €, Coulomb gluon corrections hp =" nN=

(neglect subleading terms O(1/N))

(N)  (N) (N)
[A B; Skt = exp[Lgy(agl) + gy(agl) + aggs(agl) + ... ]

[Kodaira, Trentadue '82][Sterman '87][Catani, D'Emilio, Trentadue '88][Catani, Trentadue '89][Kidonakis, Sterman '96]
[Kidonakis, Oderda, Sterman '98][Contopanagos, Laenen, Sterman '96][Catani, de Florian, Grazzini '01]
[Moch, Vermaseren, Vogt '04][Beneke, Falgari, Schwinn '09][Czakon, Mitov, Sterman '09][Ferroglia, Neubert, Pecjak, Yang '09] ...
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Threshold resummation

Factorised form of the cross section

Separation of enhanced terms near threshold:

(soft+Coul (N)  (N) (N) J(N)
Ojj-kl Z Hl}—»k x A Aj Su—»h *x Cijspll

colours |

with
> Hfj_))m hard function (LO + h.o. hard-matching coefficients)

> AE ) Sfj_),k soft-collinear and soft wide-angle radiation

(N) Melli
> €, Coulomb gluon corrections hp =" nN=

(neglect subleading terms O(1/N))

(N)  (N) (N)
[A B; Skt = exp[Lgy(agl) + gy(agl) + aggs(agl) + ... ]
—_———

[Kodaira, Trentadue '82][Sterman '87][Catani, D'Emilio, ue '88][Catani, Trentadue '89][Kidonakis, Sterman '96]

[Kidonakis, Oderda, Sterman '98][Contopanagos, {aeneMSterman '96][Catani, de Forian, Grazzini '01]
[Moch, Vermaseren, Vogt '04][Beneke, Falgari, Schwinn '09][Czqkaueldi{ov, Sterman '09][Ferroglia, Neubert, Pecjak, Yang '09] ...
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Threshold resummation

Factorised form of the cross section

Separation of enhanced terms near threshold:

- (soft+Coul) (N)  (N) (N) J(N)
;—»m Z H}—»k x A AT xS % Gl

colours |

with
> Hfj_))m hard function (LO + h.o. hard-matching coefficients)

> Af ) Sfjl\l_),fe soft-collinear and soft wide-angle radiation

=" C(jl : Coulomb gluon corrections

Factorises from H close to threshold [seneke, Falgari, Schwinn '09-10]:

2
~(0) A a a
Ol—»kllcj—m [ dppM"o IJ—»klI(P)[1+DF+O(B2)]

with p = 4M3 /5, 6%91,(,,, and C-J,(IO_),N,, the partonic LO cross sections in physical and Mellin space
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Threshold resummation

Factorised form of the cross section

Separation of enhanced terms near threshold:

- (soft+Coul) (N)  (N) (N) J(N)
,_,m Z H]—»k x A AT xS x €

ij=RLI 1j—=RLI
colours |

with
> Hfj_),m hard function (LO + h.o. hard-matching coefficients)

> AE ) ij—)m soft-collinear and soft wide-angle radiation

(N )
> Cijilplr Coulomb gluon corrections

S

Inverse transform from Mellin-moment to physical space applying the
minimal prescription [catani, Mangano, Nason, Trentadue '96] and match to NLO:

_n (N#1) ~(N+1) - (soft+Coul) NLO+NNLL
N
[ CTdN f( f( Ojjos p* — Opp-an

with p = AMi/S, JS: hadronic centre-of-mass energy, 7™: PDFs in Mellin space
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Threshold resummatio NLO corrections to LQ pair-production Numerical results Summe

NLO corrections to scalar leptoquark pair- product|on

' ) M .
OOy - - - - NLO corrections calculatei from scratch:
A @2 » Virtual amplitudes in OS/MS-scheme
calculated with FeynArts/FormCalc
< O00000% - = - - [Hahn et al. '98-"19]

o, oo~ | > Loop integrals numerically evaluated
———ooo~ .
! ~ with COLLIER

A [Denner, Dittmaier, Hofer '17]
TOOOO0" - <« - - ooooo——— | > Real amplitudes calculated with MadGraph

\ / [Murayama et al., Stelzer et al., Alwall et al. '92-'07]
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NLO corrections to LQ pair-production

NLO corrections to scalar leptoquark pair-production

' ) M .
Oy - - - - NLO corrections calculateifrom scratch:
A @Z » Virtual amplitudes in OS/MS-scheme
calculated with FeynArts/FormCalc
< 7000000t - = - - [Hahn et al. '98-"19]
m@?@_}_ o oo~ | Loop integrals numerically evaluated
I S with COLLIER
A [Denner, Dittmaier, Hofer '17]
I
TOOOO0" - <« - - ooooo——— | > Real amplitudes calculated with MadGraph
\ V.

[Murayama et al., Stelzer et al,, Alwall et al. '92-'07]

Decoupling of heavy fields from o, running:

> Since a, appears already at LO, heavy fields (top, LQ) affect coefficient B, = of a  running

24
> To restore SM running with 5 light flavours with B3 = 2=, heavy logs need to be subtracted

: feati . codec _ as 11 m 2
> Modify renormalisation constant of g: <SZgS = 6ng o [6 (n : ln p

> Resulting in running of a, of: {péddzas = -a, [BO - L (—% = —)] =-a BSﬂ}
HR
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NLO corrections to LQ pair-production

NLO corrections to scalar leptoquark pair-production

' ) H .
Oy - - - - NLO corrections calculateifrom scratch:
A @2 » Virtual amplitudes in OS/MS-scheme
calculated with FeynArts/FormCalc
< “000000% - = - - [Hahn et al. '98-"19]

m§?q+ o oo | Loop integrals numerically evaluated

ted with MadGraph
Alwall et al. '92-'07]

> Since a, appears a ct coefficient B, = % of a  running

> To restore SM runni Swith B3 = 2=, heavy logs need to be subtracted

2 2

. L a M m
> Modify renormalisation constant of g.: 625° = 67, - 2* [% In=2+21n—
s s HR HR

> Resulting in running of o, of: {péddzas = -a, [[30 - ['in (_% - %)] - _angﬂ}
HR
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Threshold resummatio NLO corrections to LQ pair-production Nume

Lepton-exchange contributions

Besides pure QCD contributions, there exists the possibility of LQ

pair-production via a lepton-exchange diagram:
—_— — > — —

0 o« \?

—e— - -« — —
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NLO corrections to LQ pair-production

Lepton-exchange contributions

Besides pure QCD contributions, there exists the possibility of LQ

pair-production via a lepton-exchange diagram:
—_— — > — —

£ o« \?

—e— - -« — —

Properties:
» Yukawa coupling A (in general: matrix in fermion generation space)

— Constraints from atomic parity violation for coupling between 1st gen.
fermions: |A1st| 5 0.3 for M, ~ 1 TeV [Dorsner, Fajfer, Greljo '14]

» Subleading to QCD diagrams, but of similar size as resummed corrections
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NLO corrections to LQ pair-production

Lepton-exchange contributions

Besides pure QCD contributions, there exists the possibility of LQ

pair-production via a lepton-exchange diagram:
_— e - > - -

A o A2

—e— - -« — —

Properties:
» Yukawa coupling A (in general: matrix in fermion generation space)
— Constraints from atomic parity violation for coupling between 1st gen.
fermions: |7\1st| 5 0.3 for M, ~ 1 TeV [Dorsner, Fajfer, Greljo '14]
» Subleading to QCD diagrams, but of similar size as resummed corrections

» Toy model: 1LQ coupling only to one type of quarks and leptons
» NLO QCD corrections taken into account, but no “A-corrections”; production
cross section thus containing terms:
= LO: 0(ad), O(a %), O(A)
= NLO: O(a?), (approx.) O(a2A?), (approx.) O(a A*)

EBERHARD KARLS

. _ UNIVERSITAT
C. Borschensky: SOFT-GLUON RESUMMATION FOR LQS AT THE LHC 7 MR



Threshold resummatio NLO corrections to LQ pair-prodt Numerical results Summa

Total cross sect|ons at NLO+NNLL accuracy

100 . . . . 1.9 T T : :
1071 Opp-aa- + 5(PDF +as + ) (pb) 18| k=2, pp— nn*
1072 § V5 =13 TeV, 0.5Ma < g, HF < 2Ma ohto preliminary
1073 | 1.7}
10-4 preliminary
] 1.6}
10-5 | >
107 | 2 NLO+NNLL S 15| —— NLO+NNLL |
-7 =S - - - NLO+NLL
1077 F sz NLO By 14l |
—8 < .
10-8 | Ny
13} ]
1.2} .
1.1 P
L . . e N R V/S§=13TeV,u=Ma
500 1000 1500 2000 2500 3000 1.0

500 1000 1500 2000 2500 3000

M, (GeV) Ma (GeV)
Mass dependence of cross sections l Prelimina,.y resultss
> (Cross section enhanced by resummed corrections S:

PDF sets used: PDF4LHC15_NLO_MC for NLO, PDF4LHC15_NNLO_MC for NLO+NNLL
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Threshold resummatio NLO corrections to LQ pair-production Numerical results Summa

Total cross sect|ons at NLO+NNLL accuracy

10° T T T T 10° T T T
107t | Opp—an+ £ 80(PDF + as +u) (pb) 107t Opp—an* £ 80(u) (pb)
1072 | V/§=13 TeV, 0.5Ma < g, HF < 2Mp 102} V5 =13 TeV, 0.5Ma < g, HF < 2Ma
10-3 —
104 ] preliminary 1073 ¢ preliminary

r 104
105 | St
106 " 107 f h
; [ === NLO+NNLL S 10-6 | == NLO+NNLL T

1077 | sez NLO [ === NLO -
10-8 F . 1077 | NN

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
M, (GeV) M, (GeV)
Mass dependence of cross sections l Prelimina,,
: _ Y resultsi
> (Cross section enhanced by resummed corrections .

> PDFs dominant source of uncertainty towards higher masses
> Scale error (7-point method) reduced wrt. NLO, almost independent of M,

PDF sets used: PDF4LHC15_NLO_MC for NLO, PDF4LHC15_NNLO_MC for NLO+NNLL
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Thres | resummatio NLO ctions to LQ pair-product Numerical results summe

Eﬁect of t- channel contributions on NLO

10° T T T T 115 T T T .

101! A Opp—nn+ £ 80(PDF + as + u) (pb) 110l oo ox ane |

1072 | /S =13 TeV, 0.5Mp < g, ur < 2Ma = gnio’ PP

1073 | 105 F oo |

104 preliminary Seel
s f 1.00 | <

106 ] 0.95

10~ ; |

F === NLO + u (A =0.3) -

1077 NLO + s (A =1.0) 0.90 preliminary

1078 | sz NLO .

10 085 | |
13k 0.80 | |
0.5 075 — NLO +u(A=0.3)

0.0 X X ) ) ---NLO+s(A=1.0) J/S=13TeV,u=M,
0.70 . . . \
200 1000 1500 = 2000 2500 3000 ™-"8555 7500 1500 2000 2500 3000

Mj (GeV) Ma (GeV)

Lepton-exchange diagram

> Lepton mass negligible (= independent of lepton properties)
> Coupling to u-quarks with A = 0.3 leads to negative contributions of -25% at high M,
> Coupling to s-quarks with A = 1.0 leads to almost constant positive contributions of 5%

l Preliminary resultsi

PDF sets used: PDF4LHC15_NLO_MC for NLO
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Summary

Summary and conclusions

(Leptoquarks: messengers to a varitety of BSM models]

NLO+NNLL threshold resummation in Mellin-moment space
» Soft-gluon corrections become important close to the production
threshold, i.e. for high masses (no new particles found so far)

» NNLL, Coulomb, and hard contributions enhance the cross section
and stabilise the scale variation wrt. NLO
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Summary

Summary and conclusions

(Leptoquarks: messengers to a varitety of BSM models]

NLO+NNLL threshold resummation in Mellin-moment space

» Soft-gluon corrections become important close to the production
threshold, i.e. for high masses (no new particles found so far)

» NNLL, Coulomb, and hard contributions enhance the cross section
and stabilise the scale variation wrt. NLO

Impact of t-channel lepton exchange on NLO

» Effects of -25% to 5% on pure NLO QCD, depending on PDFs and A
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Summary

Summary and conclusions

(Leptoquarks: messengers to a varitety of BSM models]

NLO+NNLL threshold resummation in Mellin-moment space

» Soft-gluon corrections become important close to the production
threshold, i.e. for high masses (no new particles found so far)

» NNLL, Coulomb, and hard contributions enhance the cross section
and stabilise the scale variation wrt. NLO

Impact of t-channel lepton exchange on NLO
» Effects of -25% to 5% on pure NLO QCD, depending on PDFs and A

Outlook
£ Inclusion of resummation for t-channel diagram
£ Cross check with independent MadGraphs_aMCANLO implementation
“5 POWHEG-BOX implementation of different LQ models including PS
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(Leptoquarks: messengers to a varitety of BSM models]

NLO+NNLL threshold resummation in Mellin-moment space

» Soft-gluon corrections become important close to the production
threshold, i.e. for high masses (no new particles found so far)

» NNLL, Coulomb, and hard contributions enhance the cross section
and stabilise the scale variation wrt. NLO

Impact of t-channel lepton exchange on NLO
» Effects of -25% to 5% on pure NLO QCD, depending on PDFs and A

Outlook
£ Inclusion of resummation for t-channel diagram
£ Cross check with independent MadGraphs_aMCANLO implementation
“5 POWHEG-BOX implementation of different LQ models including PS
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