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e Leptoquark production mechanisms
e LUX method & Lepton PDF's
e Lepton-Quark fusion (@ NLO:
e OED
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e Flavor (@ high - p;
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PAIR PRODUCTION
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[l. Dorsner, S. Fajfer, and A. Greljo: Cornering Scalar Leptoquarks at LHC, arXiv:1406.4831]
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SINGLE PRODUCTION (+ £)
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[l. Dorsner, S. Fajfer, and A. Greljo: Cornering Scalar Leptoquarks at LHC, arXiv:1406.4831]
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COMPARISON: Pair VS Single
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[l. Dorsner, S. Fajfer, and A. Greljo: Cornering Scalar Leptoquarks at LHC, arXiv:1406.4831]
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INDIRECT: Drell-Yan t-channel
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[D. A. Faroughy, A. Greljo, and J. F. Kamenik: Confronting lepton flavor
universality violation in B decays with high-pT tau lepton searches at LHC
arXiv:1609.07138]
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COMPARISON: Pair VS Single VS DY
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[l. Dorsner and A. Greljo, Leptoquark toolbox for precision collider studies, arXiv:1801.07641]
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RESONANT SINGLE PRODUCTION (RSP)

Originally:
[J. Ohnemus, S. Rudaz, T.F. Walsh, PM. Zerwas, [L. Buonocore, U. Haisch, P Nason, F. Tramontano, and G. Zanderighi,
Single leptoquark production at hadron colliders, Lepton-quark collisions at the Large Hadron Collider, arXiv:2005.06475]

Physics Letters B, Volume 334, Issues 1-2, 1994]
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COMPARISON
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RSP COLLIDER SIMULATION
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[L. Buonocore, U. Haisch, P Nason, F. Tramontano, and G. Zanderighi,
Lepton-quark collisions at the Large Hadron Collider, arXiv:2005.06475]
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LUX METHOD

® Motivation: Y - PDF llWlltlng defOl” [Manohar, P. Nason, G. P Salam, and G. Zanderighi: How
bright is the proton? A precise determination of the photon
° Exam D le: HWi pro duction @ LHC parton distribution function, arXiv:1607.04266].

[A. Denner, S. Dittmaier, S. Kallweit, and A. Muck, arXiv:1112.5742].
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LUX METHOD

. . . . [Manohar, P Nason, G. P Salam, and G. Zanderighi: How
° Idea- Iwo dlﬁ%f@ﬂt Wd)/S 10, fhll/lk ClbOI/lt the EpP - Scaffei”lng bright is the proton? A precise determination of the photon

parton distribution function, arXiv:1607.04266].

Deep Inelastic Scattering Parton- model calculation
(v-emitted from e probes the proton structure) (e probing the photon field generated by the proton)

e _
intDXKUﬂUF'MUL — + p — L + X

Simple fictitious process that connects the two: £

L L g {
L
L + 7
T
p X P X P ‘ X
~ structure functions F,(x, 0°) & F;(x, Q°) e  ~y-parton density distribution f,
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LUX METHOD

e y-PDFin terms of the structure functions F,(x, Qz) & Fi(x, Qz)

I - 9 D2
zfy(z, p?) = 2#(1(#) /1 i—z{/Q:Z dQ;Qjagh(—Q% — 22 Fr(x/2,Q%) T (vaq(z) | xQle>F2(x/z,Q2) — () ZQFQ(m/ZaMQ)} + O(aas, a?)

 Long history of ep scattering experiments
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LUX METHOD

o v -PDF uncertainty <3 % x € [107>, 0.5], better by O(40)

e MS factorisation scheme

e [ndependent of the probe process

[Manohar, A.V., Nason, P, Salam, G.P. et al. The photon content of the proton. J. High Energ. Phys. 2017, 46]
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LEPTON PDF:s

o Fictitious collision determined by: &, Dy, w ¢ — ¢ + p = v + y,

DIS - like computation Parton- model calculation
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[L. Buonocore, P Nason, F. Tramontano, and G. Zanderighi:
Leptons in the proton, arXiv:2005.06477].
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LEPTON PDF:s
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[L. Buonocore, P Nason, F. Tramontano, and G. Zanderighi:
Leptons in the proton, arXiv:2005.06477].
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GENERALITIES

o (SCALAR) LQs transform in the (anti)fundamental representation of SU(3)
 [nteraction with gluons completely specified =—> NLO QCD

e Jarious SUQ2); X U(l)y multiplets possible

 [nterested only interaction with a photon after the EWSB

10| = {173, 2/3, 4/3, 5/3)
— NLO QED

e SM fermion content:
L = R =
LD — Y qPr ¢ SQLQ — Yo qPRrY! SQLQ + h.c.
* g; g, gcCharge and mass eigenstates

O ACC@SS [0 uL,R’ dL,R, SL,R’ CL,Ra bL,Ra eL,R9 IML,R’ TL,R
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GENERALITIES

e 1, g-too heavy, v - not created in photon splitting, higher order effect

e Massless fermions (corrections @(mf/\/g) - negligible)

e No quf and yé; interference

o All I-loop corrections ~ |y, .| vanish | e
5 ‘
2O T
1 ? ;’ (} U}, C]
SRR Y P ey P K\ P (k-
. | 'k Fl (%WS\ J )5{» - o dl e — ‘fM - TQ/" > %%/ R‘ Ue O
T \\(‘1‘\ I {Irr)”' k2 l‘hﬂﬁ%' ) B _’\\(‘1‘\ J | &[Wt MTPWL‘M (K-

e RSP specified by I entry in the Yukawa matrix

o [fseveral flavours contribute ¢ = Z | Ve ‘2351%
q,l
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SIZE OF THE NLO CORRECTIONS

e Hadronic cross-section:
(5 ayhi) [ a5 (L) 6y
o(s) =2 /dyiy/dz—-<—>6i-z
%: 3 £y yz? 7 \yz g

o Sizesetbyf;;and 6;

* ¢S me/s » &= mLzQ/§ , V - fraction of proton momentum by parton “i”

o {iy}=1q7, g7, qy}

» Leading order size:

@(\1)

1 . .
> """"" S opo(s) ~ [(f;] =YAINME
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SIZE OF THE NLO CORRECTIONS

e Power counting (in a, ).

fo~fy ~ 6 (aL)) ~ O(1)

a,~ 1/L L =1log(uz/A*)  Hp-Jactorisation scale A - hadronic scale

e QED coupling size: o ~ a?

e y-PDF Istorder QED effect. fy ~ O(al) ~ O(a,)
o /- PDE 2nd order QED effect: f, ~ O((aL)*) ~ O(a?)

o Leading order size: oy ,(s) ~ J(fq Q1) |y, |~ 1 X% ax 1~ a?

o Typical NLO QCD correction: ~ O(a?)
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SIZE OF THE NLO QCD CORRECTIONS

Virtual corrections

p.

g + ¢ — LO, gluon dressed

Real radiation
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4@66666666 |
7 — — Y |
N
N |
N
< - — - = N |

< <

q ¢ — LQ + soft gluon g ¢ — LQO + soft quark
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SIZE OF THE NLO QED CORRECTIONS
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g + y— LQO + soft lepton
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NLO QED CALCULATION

e LQO non-universal (depend on electric charge, in contrast to QCD corrections)

i+ er — 51/3
d+e" — Sy/3
d+e" — S4/3
u—+ e’ — S5/3

Source of collinear divergence,
¢ parallel to y

(b)
g+ y —> LO + ¢

u (Bt~ F)

|+ uo (2¢ — p1)" 0, (171+172)

WM = —1yyy eﬂ(k)PL,R
’ (p1 — k) (¢ —p1)* — m? Qh+pﬂ
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NLO QED CALCULATION

* Centre of mass frame kinematics. lq lf
Py = \f(l,O,O, 1), ph= \f(l,O,O,—l), k = \f(l — 2)(1,0,sin 6, cos 6))
p . A
4 2=mig, $=(p1+p)*, i =(p k)’

e Defining:w=(1-cos®/2 = t=-35w(l-72)
o (Collinear divergences regulated in Dimensional regularisation withd = 4 — 2e

* Averaged squared matrix element:

2 2
— Yqe| €
M| = |dq_|2 (MGl + Mz,

Diagram (a) or its interference
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NLO QED CALCULATION

1| d-2 1+ 2z |
T w 2(1 — 2) " 2@z + Qrq (1 1—w(1—z)>_7

My = 5= Qg (1 ) ~ QuQua (1 -29)

1+ 2z d—2 B
w(1—z)> "y Qawll =)

+ Qq (d—2(1+ 2)) — Qg (1 -

 [ntegrate over the phase-space:

()7 e

. ﬁn safe for d = 4:

2 T i
G = W‘Z‘{d 2& QqQrq(l —22)(z — zlog z — 1)+Q%Q(1+z—2z2+3zlogz)+2Qq <1+ %) (1 —2)* +Quaolz — (1 +22)logz — 1)
S 2w |
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NLO QED CALCULATION

. ﬂ?ﬁv ind=4—2e¢:

2 4 2\ € 1
Grape = W‘ygf‘ @’ ( 77:\,“ > F( /wle(l B w)—e<1 B z)l_Qe]-"(w,z)dw,

45 27 S 1 —¢)
1 i 14 2z |
Flw, z) = R (1 + €) _querQLQ (1 — _Z)>_ .
e Divergence explicit after: w17¢ = —lé(w) | 1 - O(e)
€ w
Pl —w Ll —w) — f(1
Plus distribution: / f<w ) = [ 1! u)} AW
0 + 0

s _ mlyge|* « (4mp?\° 1
aw 45 2w S ['(1—¢)|

FQuo(l— 2)(1+22)log 2 — 2(Qq — Qua) AL — 2)(1 — 2log(1 — 2)).

Divergence universal: P,_(z) = 22+ (1 = 2)?
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PDF RENORMALISATION

o  Only hadronic cross-section o, is physical (measurable )

e  When convoluting with PDFs, absorb the collinear singularity into the “bare” PDF's

e At factorisation scale uy

o MS - factorisation scheme (no choice here)

2
. T\ Yqe|” ) 1
5T = T 2 (4 Py (2 .
5 am el'(1 — ¢) Universal log
.. o T2 |yqe® o
* Finite result: &, = 4W%Q . + XQLQ(Z))
2 2 1 16
X1/3(2) = —5(1 — 2)(5—132) + 5(1 — 5z)zlog z Xy/3(z) = E(l — 2)(13 + 1032) A 5 (2 —2)zlogz
11 3 2 1
Xo/3(2) = _E(l —2)(1 —5z) + 5(1 — 22)zlog z X5/3(2) = 5(1 — 2)(7+ 372) 90(5 — z)zlog 2
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NLO QCD CALCULATION

e Completely analogous situation
with gluon in the initial state Y
(same structure of the correction)

The same log

e New things appear in virtual corrections
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NLO QCD CALCULATION

*  Gluon loops: a) quark wave-function, b) LO wave-function, c) g — ¢ — LQO vertex

7
i [J. Fuentes-Martin, G. Isidori, M. Kénig,
and N. Selimovic: Vector leptoquarks
beyond tree level. Il. O(as) corrections
(@) (0)

(c) and radial modes, arXiv:2006.16250].

84

i s (1 1 ]
ANLo = Atree |1 A (§5ZQ(O) + §5ZLQ(m%Q) + 5VLQ(m%Q)>

e LQ mass renormalised on-shell

LIFOV) = log (g mi )
s . L
e Virtual correction.
2

: i _
AV wz\ng\ Qg 3 _uyy O 1 IR 1 1 _r I, 1g\2

— 1 4 Cpl|=L"" — — - L L — — (L 2 o1 —
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NLO QCD CALCULATION

* [R divergences from virtual loops and real radiation cancel:

' o
| >M
N
N
N
< N S N

g + ¢ — LO + soft gluon

2 i 2 |
S 3 5) 1 1 1 1
5_R(Z) - Wz‘yq5| Y CF{5(1 o Z) o _LIR 4 - ( | LLR) | | LLR - (LLR)Z n | 9
€

4m%Q 27 2 F 2 \er E%R €IR 2 4
- N— —— \—2—\ o \
L o(14 22 <log(1 —z)) 22 142 log e\ L
-2 ), (-2, (-2; %\my)

e (Combination (virtual + real + quark PDF renormalised) is finite:

(

A WZ’ng‘Q i 0¥ 3 ,u%{ 7T2 — s i 2z 2 10g(1 o Z) 1 = 22 Z:u% _
= 1+ — — 1 — ] — — 1l —2) — — 2(1 | I
0q0(2) im?, X | + 27TCF (2 0g 2 3 ) 6(1 — 2) 27TCF = (14 2%) i-2 ). ta=a og | — >
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NUMERICS

* Partonic cross-sections convoluted with LUX1ep-NNPDF31 nlo as 0118 luxged (v2)

o Large LQ mass window my, = [500 — 5000] GeV

o Lepton PDFs Q? - dependence up to mlf

e [Extrapolation by solving DGLAP equations using HOOPET

[G. P Salam and J. Rojo : A Higher Order Perturbative
Parton Evolution Toolkit (HOPPET), arXiv:0804.3755]

*  Gauge couplings and the LQ coupling renormalisation running included

o Central renormalisation and factorisation scales pp = pp = my

o Higher-orders uncertainty {pg, pup} € [0.5 — 2] my,with 0.5 < pp/pp <2

* PDF errors by the method of replicas

[NNPDF Collaboration, R. D. Ball et al.:
Parton distributions from high-precision

e Error = standard deviation over 100 replicas colider data, ariv:1706.00428].
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MAIN RESULTS

- (/),It) —) L(I)) + C[.C. @ 13 lTC\/ .
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12 —
é% | * Report cross section for (pp — LQ) +c.c
~ 10— . .
O . —— - e Scale variation uncertainty < few %
& | NOQD+QD . (OED inclusion essential)
0.8 ]
j e NLO K-factors only slight dependence
— On my o, , and lepton flavor
06 ] 10> Q1o pton fl
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MAIN RESULTS
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RESULTS

e Dependence of NLO K-factors on the PDF uncertainties:

o Calculate on; nlo7 ) for each replica

* lo band around the central PDF prediction does not exceed scale variation band
e PDF uncertainties cancel
e Lepton shower Monte Carlos in the near future [P, Richardson and T. Sjostrand, work in progress]

o Applications in the future LHC RSP searches to correct the overall signal yield
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FLAVOR AT HIGH - P,

o0 pp @ 13 TeV
HR = HF = MLQ
L UXlep central set
| b

-
o

e RSP/SP does not depend on LQO Yukawa

+ sensitive to initial quark flavour
— flavour structure of the dominant LQ
coupling in production

Resonant / Single
o1

T
NLOQCD | NLOQCD
05+ u Ipp-LQ)+c.c. * I(pp-LQe)+c.c.
0.5 1 2 5
mLQ (TeV)
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FLAVOR AT HIGH - P,

50 pp @ 13 TeV U / 7]
HR = MF = MLQ
LUXlep central sef
O ARIR
yhi d/d
qe!
-
O
4
. gllzllsls
NLOQCD | NLOQCD
05 pp~>LQ  * “pp-LQ”
0.5 1 2
mLQ (TeV)

C.C. ratio has flavour discriminating power

Poor knowledge of sea quarks at large x
significant limiting factor
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CONCLUSIONS

e NLO QCD and QED corrections to resonant LQ production calculated
 Results applicable for a general scalar LO model with arbitrary flavour couplings
e [Lstimation of theoretical uncertainties

e Leading source of error: l[imited knowledge of sea quark PDFs at large x

o (If LO discovered) measurements of the resonant process, its charge-conjugate, and
single process would help deducing the flavour structure of LQ interactions
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