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Scalar leptoquarks Precision calculations Numerical results Summary

Motivation

Scalar leptoquarks: coupling to both leptons and quarks
» Appearing in many BSM models (e.g. RPV SUSY, SU(5) GUTs) _L_Q_)_ Y
» Relevant for B-physics anomalies (e.g. LFU violation for B — DIV)
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Scalar leptoquarks

Motivation
Scalar leptoquarks: coupling to both leptons and quarks q
» Appearing in many BSM models (e.g. RPV SUSY, SU(5) GUTs) LQ_)_ Y
» Relevant for B-physics anomalies (e.g. LFU violation for B — DIV)
Leptoquark pair-production pp = LQLQ" + X at a hadron collider 4
ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
Status: March 2021 J£dt = (3.6-139)tb! V5=8,13TeV
Scalar LQ 1% gen LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2™ gen LQ mass 1.7 TeV B=1 2006.05872
Q  Scalar LQ 3 gen LQ3 mass 1.2 TeV BLQY — br) =1 ATLAS-CONF-2021-008
= ScalarLQ 3" gen LQj mass 1.24 TeV BLQ; - tr)=1 200414060
Scalar LQ 3" gen Lo mass 1.43 TeV BLQS > tr) =1 2101.11582
Scalar LQ 3 gen LQj mass 1.26 TeV B(LQY — bv) =1 2101.12527
» Coloured under SU(3) and therefore Theoretical status:

copiously produced at the LHC, QCD

» NLO-QCD [Kkrdmer, Plehn, Spira, Zerwas '97, '05]
corrections can be sizeable

» NLO-QCD + PS (MG5_aMC@NLO)

» Similar to stop-antistop production in [Mandal, Mitra, Seth "16][Dor3ner, Greljo ‘18]
the MSSM » Only pure QCD effects so far
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» Relevant for B-physics anomalies (e.g. LFU violation for B — DIV)
Leptoquark pair-production pp = LQLQ" + X at a hadron collider 4
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» Similar to stop-antistop production in [Mandal, Mitra, Seth "16][Dor3ner, Greljo ‘18]
the MSSM » Only pure QCD effects so far
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Scalar leptoquarks

Leptoquark species and lepton-exchange contributions

Simplified model with different species of LQs:

L;,, = scalar QCD interactions
+ y:?Rafc??RSI + V%L(QE'LL)S;r + WRJHRQ
- + _ - = -
+ yIZ-ReRQL Ry + ygL”R(LL'Rz) + yngR(LL'RZ)

+ yi(Qf -0, L) (SR + hc

v

with the 3 Pauli matrices g, and the components of the fields given as mass eigenstates:
(+5/3) 5(+2/3) 1 C173) (+2/3)
(-113) & _ &l-413) R> - R; 1 \ _253 Ss
S, =51, S,=51 ", Ry=| am|s Ry=|.aym| S;=—=0,Sk= \/_(_4/3) @
Rz Ra V2 5
RR

S3 -1ls;
H H LL LR RL ~RL LL B, .. . .
and the 3 x 3 Yukawa matrices in flavour space yi*, yi-, ¥5%, V5, V51 V5 (vai: i quark, j: lepton gen. index)
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Scalar leptoquarks

Leptoquark species and lepton-exchange contributions

Simplified model with different species of LQs: ! « - 1Q
( L;,; = scalar QCD interactions )
+ YRR GG e, ST + vt (QF-L,)ST + FRRdR e, 5T Z SECEET: — > :II:(Q)
+ Y57 epQ R; + y5tag (L, Ry) + ygl_d_R(LL'R’Z) i
* 95 (A0, L)(Sy)" + he ) e -~ - -1

with the 3 Pauli matrices g, and the components of the fields given as mass eigenstates:

R(+5/3) §(+2/3) 1 1 g—1/3) Sg+2/3)
(-1/3) = =(-4/3) 2 ~ 2 K N
S, =5 , S, =5 , R = . , R =|.._ , S,=—0S5%= _ _
1 1 2 (Rg 2/3)) 2 (R; 1/3)) 3 \/5 k-3 ( sé 4/3) _%5(31/3)

and the 3 x 3 Yukawa matrices in flavour space y®, yit, yiR, yRt GRE Yt (2% i quark, j: lepton gen. index)
HHHH'\N]?K‘,\R[\

Coupling orders of cross section at tree level: @
UNIVERSITAT
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Scalar leptoquarks

Leptoquark species and lepton-exchange contributions

Simplified model with different species of LQs:

( L;,; = scalar QCD interactions ) § —>—7 ->--1Q
+ YR UR e ST + vit(QF-L,)ST + FFRdR ] Y €V
+ V5R@Q R + VB (L, -Ry) + F5 d (L, R,) §—<—" - = --LQ°
* yéL (Qf-ok LL)(5§)T + hc ) ("t-channel contributions")

with the 3 Pauli matrices g, and the components of the fields given as mass eigenstates:

(+5/3) ~(+2/3) 1 (-1/3) (+2/3)
(13) & _ aturd) R =[R2 1w |7 53
5;=51 7, 5=5 7, R= ( (+2/3))v R, = (-(_1/3)), S,= =055 =2 ) “113)
2 2

k>3
R R V2 S3 -%53
and the 3 x 3 Yukawa matrices in flavour space y%, yit, yif, yR, G55yt (/% i quark, j: lepton gen. index)

>l

. . <
Coupling orders of cross section at tree level: (O(aﬁ), 0(a.y?), O(y")) interference terms
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Scalar leptoquarks

Leptoquark species and lepton-exchange contributions

Simplified model with different species of LQs:

p
L;; = scalar QCD interactions ] —>— - > --1Q
+ y1 Ul Strong constraints from atomic parity violation Y €, Vi

for 1st gen. couplings [Dorsner, Fajfer, Greljo '14]
NP s e a3 7 A e | —<—"-=<--LQ
+ g (Qf-ok LL)(5§)T Hhitcs J ("t-channel contributions")

with the 3 Pauli matrices g, and the components of the fields given as mass eigenstates:

(+5/3) ~(+2/3) (-1/3) (+2/3)
C13) & _ a403) R> - [Ra 1w [5S S3
S;=5 7, 5,=51 7, R;= ( (+z/3))v R, = (~( 1,3)), Sy= =085 =2y -1/3)

R> R> V2 S3 \/_S
and the 3 x 3 Yukawa matrices in flavour space y%, yit, yif, yR, G55yt (/% i quark, j: lepton gen. index)

Coupling orders of cross section at tree level: (O(aﬁ), O(asyz), O(y")) interference terms
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Precision calculations

Leptoquark pair production at NLO-QCD

NLO-QCD corrections calculated from scratch

( )
. g -LQ ¢ ——>——000000" Y
» Full NLO-QCD corrections O(aZ, a’y?, a_y*) e
. . . . A - LQ
» t-channel contributions & interferences with 7 ———go0% T,
. . . ~ * N *
QCD diagrams included consistently g LQ LQ
—_ . q =--LQ (——->=--1Q
» MS scheme used for masses and couplings 5 -
. 2 ey F-~ - - LY
» UV & IR finiteness v/ S
7 < -LQ" 9 TOOO0T——— ¢
» No parton showers for now \ /
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Precision calculations

Leptoquark pair production at NLO-QCD

NLO-QCD corrections calculated from scratch

( )
. 9 -LQ ¢ ——>——000000 9
» Full NLO-QCD corrections O(aZ, a’y?, a_y*) e
. . . . A - LQ
» t-channel contributions & interferences with 7 ——t0% 7,
. . . ~ * N *
QCD diagrams included consistently g LQ LQ
- . q --LQ (—— - --1Q
» MS scheme used for masses and couplings ] v
. S €,V F - <« --LQ°
» UV & IR finiteness v/ S
a ~-LQ" 9 TOO00——— ¢
» No parton showers for now \ /
MadGraph5_aMC@NLO POWHEG-BOX
[Alwall, Frederix, frixv'one, Hirschi, Maltoni, Ma_nelaer, hao, Stelzer, Torrielli, Zaro "14] . [Alioli; Nason, Oleari, Re '10] .
» Model mplerggun'gsge Jsﬂtggﬁﬁﬁ'ﬁuﬁ?u'gﬁ% » Virtual corrections calculated with
> Renormalisation with NLOCT & FEYNARTS [FHE,X,'},'QBWTCEL;UFQ%50%99’;2';%,&&%”'5}55]_
> Generation of UFO model file for > Real corrections generated with MG/
evaluation of fixed-order predictions » Modded to add coloured BSM particles

[Independent implementations: very good agreement between the two codes)
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Scalar leptoquarks Precision calculations Numerical results Summary

Soft-gluon resummation

Threshold region NN 2m increasingly relevant (V/3: partonic centre-of-mass energy)

» Enhanced logs In B” with 8% = 1 - 4m7,/5 — 0 stemming from soft-gluon emission
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Precision calculations

Soft-gluon resummation

Threshold region N 2m , increasingly relevant (V/3: partonic centre-of-mass energy)

» Enhanced logs In B” with 8% = 1 - 4m7,/5 — 0 stemming from soft-gluon emission

» Factorisation of cross section in Mellin space In 2 — [n N near threshold (N — oo):
~(resum) (N) , (N)

(N)
Ojj»1aLe = Z Hl/—»LQLQ*I x A A xSij—>LQLQ*,I i, j: partons
colours |
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Precision calculations

Soft-gluon resummation

Threshold region N 2m, increasingly relevant (V/3: partonic centre-of-mass energy)

» Enhanced logs [n % with B2 =1 - 4mLQ/s — 0 stemming from soft-gluon emission

» Factorisation of cross section in Mellin space In B2 - In N near threshold (N — oo):
~(resum) (N) , (N) (N)

OjjsLqLa* = Z H:]—>LQLQ*I x A A xSij—>LQLQ*,I i, j: partons
colours |

with
=" H,(;V_),LQ Lo+, Matching coefficient (hard & Coulomb-gluon contributions)

> AEN), S,S{VlLQ Lo+: resummed logs from soft-collinear and soft wide-angle radiation

Approximate non-enhanced hard contributions by corresponding tt* terms
[Broggio, Ferroglia, Neubert, Vernazza, Yang "13][Beenakker, CB, Heger, Kramer, Kulesza, Laenen "16]
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Precision calculations

Soft-gluon resummation

Threshold region NN 2m, increasingly relevant (V/3: partonic centre-of-mass energy)

» Enhanced logs In B” with 8% = 1 - 4m7,/5 — 0 stemming from soft-gluon emission

» Factorisation of cross section in Mellin space In B2 - In N near threshold (N — oo):

(resum) (N)  (N) (N)
[ ij-LQLQ* = Z H:]—>LQLQ*I x A A X Sij—>LQLQ*,I] i, j: partons

colours |
with
> H,(}V_),LQ Lo+, Matching coefficient (hard & Coulomb-gluon contributions)
> AEN), S,‘,NlLQ Lo+: resummed logs from soft-collinear and soft wide-angle radiation

Factorisation leads to exponentiation and thus all-order resummation of threshold logs
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Precision calculations

Soft-gluon resummation

Threshold region NN 2m, increasingly relevant (V/3: partonic centre-of-mass energy)

» Enhanced logs In B” with 8% = 1 - 4m7,/5 — 0 stemming from soft-gluon emission

» Factorisation of cross section in Mellin space In B2 - In N near threshold (N — oo):

~(resum)

(N) , (N) (N)
Ojj»1aLe = Z Hl/—>LQLQ*I x A A X Sij—>LQLQ*,I i, j: partons
colours |
with
> H,(;V_),LQLQ*Y,: matching coefficient (hard & Coulomb-gluon contributions)
(N) (N)

» Aj ", Sij5 Lo, resummed logs from soft-collinear and soft wide-angle radiation

(N) A (
[A A S,,_,k,, = exp [Lg,(a L) + g,(a.L) + a,g,(all) + ... ]]

[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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Precision calculations

Soft-gluon resummation

Threshold region NN 2m, increasingly relevant (V/3: partonic centre-of-mass energy)

» Enhanced logs In B” with 8% = 1 - 4m7,/5 — 0 stemming from soft-gluon emission

» Factorisation of cross section in Mellin space In B2 - In N near threshold (N — oo):

(resum)

~ (N) , (N) (N)
OjjsLqLa* = Z H:]—>LQLQ*I x A A X Sij—>LQLQ*,I i, j: partons
colours |
with
> H,(;V_),LQLQ*Y,: matching coefficient (hard & Coulomb-gluon contributions)
(N) (N)

» Aj ", Sij5 Lo, resummed logs from soft-collinear and soft wide-angle radiation

(N) A (
[A A S,,_,k,, = exp [Lg,(a L) + g,(a.L) + a,g,(a.l) + ... ]]

[Kodaira, Trentadue '82][Sterman '87][Catani, DEenmdue '88][Catani, Trentadue '89][Kidonakis, Sterman '96]
[Kidonakis, Oderda, Sterman '98][Contop “Q6llcasawd de Florian, Grazzini '01]

[Moch, Vermaseren, Vogt '04][Beneke, Falgarr Schwinn 0 ¥, Mitov, Sterman '09][Ferroglia, Neubert, Pecjak, Yang '09] ...

-

J
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Precision calculations

Soft-gluon resummation

Threshold region NN 2m, increasingly relevant (V/3: partonic centre-of-mass energy)

» Enhanced logs In B” with 8% = 1 - 4m7,/5 — 0 stemming from soft-gluon emission
» Factorisation of cross section in Mellin space In B2 - In N near threshold (N — oo):

(resum) (N)  (N) (N)
[ ij-LQLQ* = Z H:]—>LQLQ*I x A A X Sij—>LQLQ*,I] i, j: partons

colours |
with
> H,(;V_),LQ Lo+, Matching coefficient (hard & Coulomb-gluon contributions)
(N) (N)

» Aj ", Sij5 Lo, resummed logs from soft-collinear and soft wide-angle radiation

Inverse Mellin transform applying the minimal prescription, matching to NLO:

[Catani, Mangano, Nason, Trentadue '96]

NLO (resum) NLO+NNLL
[%’-»LQLQ**[ dn(..)a U—>LQLQ* — G0j ]
cT

ij>LQLQ*
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Scalar leptoquarks Precision calculations Numerical results Summary

Total cross sections at NLO with t-channel + NNLL

Setup
» CT18 & NNPDF3.1 PDF sets (pp I S( 113)g («1/3)) (fb) (pp . S( 73 (4/3) (b)
» “NLO-wt"”: NLO-QCD with 10°3 i f o‘fSTZ‘L’LC“g P07 ‘fyu 1”;";5“”;‘:["”; 1
. . 122 =700 Y5 = 102 = 190 Y5 =
t-channel contributions T 107 ot s L
» “+ NNLL": with soft-gluon 7o Nowt = oo Mot
10724 o NLO-QCD 10724 NLO-QCD
resummation (NNLO PDFs)
1.21(0,£A,0,)/0, - r 124(o,M0)/0
> Scale choice pg =y, gy = Mg 10 10
P A 0. -5-m“< Her u,<2m r gg] TTTTTTTETRRRERE 0. -Sm <uR,u,<2m
150 1(0,  8,,0,)/ 0, (symmetric uncertalnty) [ 1.8 (0, £ A,0,)/ 0y (symmetric uncenamty)
1254 o crmass 1.4
1.00 104
1.5 1.21 9/ Oyi0-ac0
w3t LT
i (R b e
1A T T ] S s
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
m, (GeV) ms, (GeV)

Benchmarks motivated by [Angelescu, Becirevic, Faroughy, Sumensari '18]
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Numerical results

Total cross sections at NLO with t-channel + NNLL

Setup
» CT18 & NNPDF3.1 PDF sets

» “NLO-wt"”: NLO-QCD with
t-channel contributions

» “+ NNLL": with soft-gluon
resummation (NNLO PDFs)

» Scale choice p, =y, gy =m
Results

» Positive effects and decreased

scale uncertainty for NNLL
» Mild effects for “wt”
> Large m ,: PDF error dominates

» K-factor strongly dependent on
PDF set

C. Borschensky: SCALAR LQ PAIR PRODUCTION AT HADRON COLLIDERS

(fb) (-1/3) (+1/3)

VS = 13 TeV, CT18
Viz2 =015, y35, =3

(pp N S( 1/3) (*1/3))

(pp—»s

=
R
N

/S = 13 TeV, NNPDF 31 £
Vi, =-0.15,y1%, =3

(fb)

1000

—— NLO-wt + NNLL T 107y — NLO-wt+ NNLL
--- NLO-wt --- NLO-wt
----- NLO-QCD 10724 = NLO-QCD
T T T T 1 .U T T T T T T
1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
mg (GeV) mg (GeV)
4 ]

Benchmarks motivated by [Angelescu, Becirevi¢, Faroughy, Sumensari 18]
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Numerical results

Total cross sections at NLO with t-channel + NNLL

Setup
» CT18 & NNPDF3.1 PDF sets

» “NLO-wt"”: NLO-QCD with
t-channel contributions

» “+ NNLL": with soft-gluon
resummation (NNLO PDFs)

> Scale choice pg =y, gy = Mg
Results

» Positive effects and decreased
scale uncertainty for NNLL

> Mild effects for “wt”
> Large m ,: PDF error dominates

» K-factor strongly dependenton 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600
PDF set ms, (Gev) ms (Gev)

-
()
9
I
>
<
<
9
-
[N)

1(oy ¢ Auax)/"x

.............................

1800 2000

Benchmarks motivated by [Angelescu, Becirevi¢, Faroughy, Sumensari 18]
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Scalar leptoquarks Precision calculations Numerical results

Total cross sections at NLO with t-channel + NNLL

Summary

Setup
» CT18 & NNPDF3.1 PDF sets

» “NLO-wt"”: NLO-QCD with
t-channel contributions

» “+ NNLL": with soft-gluon
resummation (NNLO PDFs)

> Scale choice pg =y, gy = Mg
Results

» Positive effects and decreased 1.50 (0, % A,c0,)/ 0, (symmetric uncertainty) 1.8 (0, £ A,,0,)/ 0y (symmetric uncertainty)
. 1.25 M 1.4
scale uncertainty for NNLL N 1o

> Mild effects for “wt”
> Large m ,: PDF error dominates

» K-factor strongly dependenton 1000 1200 1400 1600 1800 2000 000 1200 1400 1600
PDF set ms, (Gev) ms, (GeV)

1800 2000

Benchmarks motivated by [Angelescu, Becirevic, Faroughy, Sumensari '18]
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Setup

» CT18 & NNPDF3.1 PDF sets

» “NLO-wt"”: NLO-QCD with
t-channel contributions

» “+ NNLL": with soft-gluon
resummation (NNLO PDFs)

> Scale choice pg =y, gy = Mg
Results

» Positive effects and decreased
scale uncertainty for NNLL

> Mild effects for “wt”
> Large m ,: PDF error dominates

» K-factor strongly dependent on
PDF set

Numerical results

Total cross sections at NLO with t-channel + NNLL

1.5 7M//7 1.2 1%/ %0-aco
i 1]
AT T ] t '0
T T T T 1. T T T T
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
m (GeV) mg (GeV)
1 "

Benchmarks motivated by [Angelescu, Becirevic, Faroughy, Sumensari '18]
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Numerical results

Relative importance of the different effects

l t-channel '

(Soft-gluon eﬂ’ects)

15 NLO-wt (NLO PDFs)

NLO-QCD (NLO PDFs)

J5=13Tev NLO-QCD + NNLL ((N)NLO PDFs)  5-=13Tev

NLO-QCD (NLO PDFs)

1.4 o3 L
—— S NNPDF31  --- R, NNPDF31 L
13{ — s, ms8 --- R,(T18 // L 12
Si: Yy = 015,15, =3 e oaz=====EEE
1.2 Re v, =15 7 S A el - r
1.0{ —— NNPDF3INNLO  --- NNPDF31NLO r
—— CTI8NNLO --- CT18NLO
1.0 v T v T 0.9 v T T u
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
mg (GeV) PDFs mg (GeV)
1.3 TNLO-wt (NNLO PDFs) f5-13Tev AnalySIS

Benchmarks motivated by

[Angelescu, Becirevic, Faroughy, Sumensari 18]

PRELIMINARY

NLO-wt (NLO PDFs)

M
1.0
09
B N

. | Ravin =15 \\\\
079 — S NNPDF31  --- R, NNPDF31 S
061 — s cms --- R, CTI8

0.5
1000 1200 1400 1600
m, (GeV)

C. Borschensky: SCALAR LQ PAIR PRODUCTION AT HADRON COLLIDERS

1800 2000

» S, &R, production
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Numerical results

Relative importance of the different effects

l t-channel '

(Soft-gluon eﬂ’ects)

: : 14

NLO-wt (NLO PDFs) JS=13Tev NLO-QCD + NNLL ((N)NLO PDFs) Js=13Tev
NLO-QCD (NLO PDFs) L 13 NLO-QCD (NLO PDFs)

—— S,NNPDF31  --- R, NNPDF31 L

— 5, (T8 --- R,(T18 D T B e
Sy Yy =015,y =3 /»” __==========:::: :::::

Ry i, =15 7 1.9 f=m=mmT

1.01 —— NNPDF3INNLO  --- NNPDF3.1NLO
—— CT18 NNLO --- CT18NLO

1.0 T T
1000 1200 1400
mg (GeV)

(m mg (GeV) )
1.3 TNLO-wt (NNLO PDFs) f5-13Tev AnalySIS

Benchmarks motivated by

[Angelescu, Becirevic, Faroughy, Sumensari 18]

PRELIMINARY

T T 0.9 T T
1600 1800 2000 1000 1200 1400

1.2 NLO-wt (NLO PDFs) '
1

1.0
1 e ——
sl Vim =05,y =3 T TTeea T

Ry y35, =15 T
071 — s NNPDF31  --- R, NNPDF31 A
061 — s, cm18 T R e

0.5
1000 1200 1400 1600 1800 2000
m, (GeV)

C. Borschensky: SCALAR LQ PAIR PRODUCTION AT HADRON COLLIDERS

1600 1800 2000

» S, &R, production

» Effects strongly dependent on LQ
final state and PDF set

» Corrections of similar size

» Influence the results in often
constrasting ways
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Numerical results

Results for different benchmark points

Benchmark scenarios B | L PDF NLO-QCD (fb) | NLO-wt (fb) NNLLwt (D) | Ky | Ky
a: R, model with m, =1TeV o, | pesrm | T8 | SASSIIIL | 69095UN | BI0ASTIREE | 1.26 | 159
Popoy, Schmids, White 18] NNPDF31 | 523713653 8% | 8921430 500% | 8401132 303% | 1.70 | 1.60

. o | CT8 | S | S48 | 639153 [ 100 | 117

bi: S, &S, model with “ 1R | wweorar | 52371188 | 50631i3h0k | 475Xt | 101 | 105
ms, = ms, =1.2TeV o o |18 [ 13STIERE [ 1ae g | 1eetgEte: | 100 | 11s
[Crivelln, Miler, saturnino 20] TP | NNPDRT | 125570 | 125510005 | 130475561 | 1.00 | 1.04
Cit R, &S, modelwithmg =13TeV |, | s | T8 | 13SURSERE | 140BE A0 | 174855505 | 11 | 129
and m_ =2TeV NNPDFSA | 125500133 | 1-570Rg5 117k | 17063385 | 125 | 1.36
[Becirevic, Do3r§ner, Fajfer, Kosnik, Faroughy, Sumensari '18] ¢ [ R, (e 0'70012‘3%31?&:? 0'7053155?72{1%5; OASAG%EZ%E? roran

. . NNPDF3.1 | 0.6417121%7.6% | 0.664°114%82% | 0,683°78%8%% | 1,04 | 1.07

> Points in allowed range to e ems T oroops | or20qszzer 0877 g R | 103 | 125
simultaneously describe flavour 2|77 | NNPDF31 | 0.6417121%78% | (.733:99% +129% | 0.730°72%135% | 114 | 1.14

anomalies like R, and R, ) .
- First scale, then PDF uncertainty

- NNLL-wt = NLO-wt + NNLL
- K, = NLO-wt/NLO-QCD
* Kynu. = NNLL-wt/NLO-QCD

» From very mild to moderately
strong effects
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Numerical results

Results for different benchmark points

Benchmark scenarios B | L PDF NLO-QCD (fb) | NLO-wt (fb) NNLLwt (D) | Ky | Ky
a: R, model with m, =1TeV o) | pesrm | CT18 | SASSIIIL | 69095RUN | BI0ASTREE | 1.26 | 159
Popoy, Schmids, White 18] NNPDF31 | 5237'136%38% | 8921430 500% | 840132 303% | 1.70 | 160

. o | CT8 | S | S48 | 639153 [ 100 | 117

bi: S, &S, model with “ 1R | wweorar | 52371188 | 50631i3h0k | 475Xt | 101 | 105
ms, = ms, =1.2TeV o o |18 [ 13STIERE [ 1ae g | 1eetgEte: | 100 | 11s
[Crivelln, Miler, saturnino 20] TP | NNPDRT | 125570 | 125510005 | 130475561 | 1.00 | 1.04
Cit R, &S, modelwithmg =13TeV |, | s | T8 | 13SURSERE | 140BE A0 | 174855505 | 11 | 129
and m_ =2TeV NNPDFSA | 125500133 | 1-570Rg5 117k | 17063385 | 125 | 1.36
[Becirevic, Do3r§ner, Fajfer, Kosnik, Faroughy, Sumensari '18] ¢ [ R, (e 0'70012‘3%31?&:? 0'7053155?72{1%5; OASAG%EZ%E? roran

. . NNPDF3.1 | 0.6417121%7.6% | 0.664°114%82% | 0,683°78%8%% | 1,04 | 1.07

> Points in allowed range to e ems T oroops | or20qszzer 0877 g R | 103 | 125
simultaneously describe flavour 2|77 | NNPDF31 | 0.6417121%78% | (.733:99% +129% | 0.730°72%135% | 114 | 1.14

anomalies like R, and R, ) .
- First scale, then PDF uncertainty

- NNLL-wt = NLO-wt + NNLL
- K, = NLO-wt/NLO-QCD
* Kynu. = NNLL-wt/NLO-QCD

» From very mild to moderately
strong effects
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Numerical results

Results for different benchmark points

Benchmark scenarios B [ |roF NLO-QCD (fb) | NLO-wt (fb) NNLLwt (o) | K,y | Kyww
. +11.4%+11.4% +7.7%+15.5% +4.7%+22.5%
Gil R2 model with mR =1TeV a, R(2*5/3) cT18 548501355 1% | 6-909 580 155 | 87041375 505 | 1-26 | 1.59
2 +11.6%+3.8% +4.3%+28.0% +4.3%+30.2%
[Papov, Schmidt, White 9] NNPDF3.1 | 5.237:116%:38% | §.931:43%280% | g401+43%302% | 1.70 | 1.60
b:S &S del with a, | gesi | €78 5485715 e | S49BIII ey | 6391785083 | 1.00 | 117
i+ 9q &2y model wi 21" | NNPDF31 | 5.237°116%38% | 583+ 115%40% | 5475°71%39% | 071 | 1.05
m. =m. =12TeV 11.8%+13.6% A1.7%+13.6% +6.9%+18.6%
S'I S3 b1 S("*/3) CT18 1'35143.8%713.6% 1'349713.9%713.6% 1'59376.0%718.6% 1.00 | 1.18
PR 3 +12.0%+5.9% +11.7%+5. +7.6%+6.
[Crivellin, Miller, Saturnino '20] NNPDF3.1 | 1.2557129%5:9% | 1.255°117%3%% | 1.304°78%°61% | 1.00 | 1.04
H +11.8%+13.6% +9.9% +16.2% +6.3%+21.0%
CiI R2 & 53 model with ms =1.3TeV b, Stur3 cms 1351 585 136% | 1494 00% 162% | 1-748.00% 510% | 111 | 1.29
1 3 +12.0%+5.9% +8.3% +11.7% +5.3%+12.8%
and m. =2TeV NNPDF3.1 | 1.2557129%+5:9% | 1,570°83% +117% | 1.706°53%°128% | 1.25 | 1.36
s o
3 CT18 0.700,12,0/3414_8% 0.705011.7%»15.0% 0A846¢7.0;%021.0% 1.01 1.21
[Becirevi, Dorsner, Fajfer, Kosnik, Faroughy, Sumensari 18] [ R2 :1 ;”3:":;‘;;% :1:‘?‘::;52'3% :5'2;121«;&%
Points in all d ¢ NNPDF3.1 | 0.641°121%:7:6% | 0.664°114%82% | 0,683:78%89% | 104 | 1.07
> +12.0%+14.8% +11.5%+15.6% +6.6%+22.5%
‘()In S In a OWe range 0 . R. ms 0'700—14.0%—14.8% 0'720-13.5%-15.6% 0'877—5.6%-22.5% 1.03 1.25
simultaneously describe flavour 2|77 | NNPDF31 | 0.6417121%78% | (.733:99% +129% | 0.730°72%135% | 114 | 1.14

anomalies like R, and R, ) .
- First scale, then PDF uncertainty

- NNLL-wt = NLO-wt + NNLL
- K, = NLO-wt/NLO-QCD
* Kynu. = NNLL-wt/NLO-QCD

» From very mild to moderately
strong effects
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Numerical results

Results for different benchmark points

Benchmark scenarios B | L PDF NLO-QCD (fb) | NLO-wt (fb) NNLLwt (D) | Ky | Ky
a: R, model with m, =1TeV o, | pesrm | T8 | SASSIIIL | 69095UN | BI0ASTIREE | 1.26 | 159
Popov, Schmids, White 18] NNPDF31 | 5.237:178%°38% | 89214353007 | 8.401535503% | 170 | 160

. o | CT8 | S | S48 | 639153 [ 100 | 117

bi: S, &S, model with “ 1R | wweorar | 52371188 | 50631i3h0k | 475Xt | 101 | 105
ms, = ms, =1.2TeV o | g | CTI8 | T3SULEIEE [ 130T IR e [ 1593000k | 100 | 118
[criveltn, Miiler; Saturnino "20] TP | NNPDRT | 125570 | 125510005 | 130475561 | 1.00 | 1.04
¢ R, &S; modelwithmg =1.3TeV |, | qu |CT8 | 1SSURSIRE | 1494570000 | 174805005 | 111129
and m_ =2Tev NNPDF31 12551%:8:21?:332 15707335, 1175 | 17067335 13 0% | 125 | 136
[Becirevic, Do3r§ner, Fajfer, Kosnik, Faroughy, Sumensari '18] ¢ [ R, (e 0'70012‘3%31?&:? 0'7053155?72{1%5; OASAG%EZ%E? roran

. . NNPDF3.1 | 0.6417121%7.6% | 0.664°114%82% | 0,683°78%8%% | 1,04 | 1.07

> Points in allowed range to e ems T oroops | or20qszzer 0877 g R | 103 | 125
simultaneously describe flavour 2|77 | NNPDF31 | 0.6417121%78% | (.733:99% +129% | 0.730°72%135% | 114 | 1.14

anomalies like R, and R, ) .
- First scale, then PDF uncertainty

- NNLL-wt = NLO-wt + NNLL
- K, = NLO-wt/NLO-QCD
* Kynu. = NNLL-wt/NLO-QCD

» From very mild to moderately
strong effects
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Numerical results

Results for different benchmark points

Benchmark scenarios B [ |roF NLO-QCD (fb) | NLO-wt (fb) NNLLwt (o) | K,y | Kyww
. +11.4%+11.4% +7.7%+15.5% +4.7%+22.5%
Gil R2 model with mR =1TeV a, R(2*5/3) cT18 548501355 1% | 6-909 580 155 | 87041375 505 | 1-26 | 1.59
2 +11.6%+3.8% +4.3%+28.0% +4.3%+30.2%
[Papov, Schmidt, White 9] NNPDF3.1 | 5.237:116%:38% | §.931:43%280% | g401+43%302% | 1.70 | 1.60
b:S &S del with a, | gesi | €78 5485715 e | S49BIII ey | 6:391°8%7083% | 1.00 | 117
i+ 29 & 23 MO 192"_"’_'\/ 21" | NNPDF31 | 5.237°116%38% | 583+ 115%40% | 5475°71%39% | 107 | 1.05
m. =m. =1.21e 11.8%+13.6% A1.7%+13.6% +6.9%+18.6%
S'I S3 b1 S("*/3) CT18 1'35143.8%713.6% 1'349713,9%713.6% 1'59375.0%718.6% 1.00 | 1.18
P 3 +12.0%+5.9% +11.7%+5. +7.6%+6.
[Crivellin, Miller, Saturnino '20] NNPDF3.1 | 1.2557129%5:9% | 1.255°117%3%% | 1.304°78%°61% | 1.00 | 1.04
H +11.8%+13.6% +9.9% +16.2% +6.3%+21.0%
CiI R2 & 53 model with ms =1.3TeV b, Stur3 cms 1351 585 136% | 1494 00% 162% | 1-748.00% 510% | 111 | 1.29
1 3 +12.0%+5.9% +8.3% +11.7% +5.3%+12.8%
and m. =2TeV NNPDF3.1 | 1.2557129%+5:9% | 1,570°83% +117% | 1.706°53%°128% | 1.25 | 1.36
s o
3 CT18 0.700ﬂ2,0/n¢‘|lo.8% 0]05011.7%»15.0% 0A846¢7.0;%021.0% 1.01 1.21
[Becirevi, Dorsner, Fajfer, Kosnik, Faroughy, Sumensari 18] [ R2 :1 ;”3:":;‘;;% :1:‘?‘::;52'3% :5'2;121«;&%
. . NNPDF3.1 | 0.6417121%7.6% | 0.664°114%82% | 0,683°78%8%% | 1,04 | 1.07
> Points in allowed range to o s [oro it 070 stsed 0877 ss it | 103 | 125
simultaneously describe flavour 2|77 | NNPDF3A | 0.6417121%78% | (.733:99% +129% | 0.730°72%135% | 114 | 1.14

anomalies like R, and R, ) .
- First scale, then PDF uncertainty

- NNLL-wt = NLO-wt + NNLL
- K, = NLO-wt/NLO-QCD
* Kynu. = NNLL-wt/NLO-QCD

» From very mild to moderately
strong effects
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Summary

Summary and conclusions

(Precision calculations for scalar leptoquark pair production]

Predictions at NLO with t-channel + NNLL

» Full NLO-QCD corrections including lepton-exchange contributions as well as soft-gluon
resummation at NNLL calculated

» NLO-QCD + NNLL results already publicly available in NNLL-fast (link)
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https://www.uni-muenster.de/Physik.TP/~akule_01/nnllfast/doku.php
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» Full NLO-QCD corrections including lepton-exchange contributions as well as soft-gluon
resummation at NNLL calculated

» NLO-QCD + NNLL results already publicly available in NNLL-fast (link)

Impact of t-channel, soft-gluon, PDF contributions
» All effects of similar size, sometimes with opposite sign
» Cross sections moderately to strongly enhanced by these corrections wrt. NLO-QCD
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Outlook

“5 Making the MG5_aMC@NLO models and POWHEG-BOX processes publicly available
45 |mpact on leptoquark mass exclusion limits
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Backup

Benchmark values for the leptoquark couplings
Model containing the R, leptoquark

B yg,L23 yég3 yé,Rm yé,§1
a, | 1.84+ 1.84i 0.354 + 0.354i | -0.015i 0.262 + 0.262i
a, | 0.309 + 0.951i | 0.951+0.309i | 0.011-0.011i | 0.37i
[Popov, Schmidt, White; 1905.06339]
Model containing the S, and S, leptoquarks
y1L,L22 y%,Lzs y%,L32 y1L,L33 yf’§3 yf,gz yé,Lzz yé,Lz3 yé,L32 yé,L33
b1 -0.0082 | -1.46 | -0.016 | -0.064 | 1.34 -0.19 -0.019 | 0.58 -0.059 | -0.11
b2 0.0078 1.36 -0.055 | 0.052 -1.47 | -0.053 | -0.017 | -1.23 | -0.070 | 0.066
[Crivellin, Miiller, Saturnino; 1912.04224]
Model containing the R, and S, leptoquarks
B yég3 yg,Lzz yg,Lzs y?L,,Lzz ny,,Lz3 y:ﬁ,L_v.z yé,L33
¢, | -0.18734+1.1 2287i | 0.265001 | 1.17382 | -0.010 | -0.045 | -0.265 | -1.173
¢, | -0.18734+1.1 2287i | 0.37353 1.59511 | -0.014 | -0.061 | -0.373 | -1.594

[Becirevic, Dorsner, Fajfer, Kosnik, Faroughy, Sumensari; 1806.05689]
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