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Outline

* R, inrare B decays

* Leptoquark explanations of R ()
* SU(2)singlet: Sy, Uy

* Implications on top FCNC
* Tree level
* 1-loop level

* Collider prospects
* Summary



see more in talks of
N. Serra & J. Zupan

RD(*) inrare B decays, lepton Non-universalit
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LHCb Combination
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— Belle 2019 SL BTag, T — | v v (Preliminary)
—— Belle Combination"2019 (Preliminary)
— World Combination 2019

- SM prediction

Br(B— DOw) | _
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RIM =0.257(3).

2019 exp. world average

~ 3.1 0 deviation from SM

R, = 0.334+ 0.031
Ry = 0.297 + 0.015

1 | R(D) g =0.299 % 0.003
R(D") gy = 0.258 & 0.005 |3

SM prediction i
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2019 Belle semi-lep. tau

~ 1.2 o consistent with SM

R(D) = 0.307 + 0.037 + 0.016
R(D*) =0.283 +0.018 + 0.014

This result
R(D) = 0.307 4 0.037 & 0.016
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R(D*) = 0.283 & 0.018 & 0.014

G. Caria



Low-energy EFT, R+
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LQ contri bUtiOﬂS Dumont et al, 1603.05248
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LQ contributions

LUQ = 2+ L2

—_ 92

L7240 = (1, Qi + Wiy diyaly ) UL+ 5, QLo L4 UY
+ (l, WL, + hip Qically) By + b,

EL%_Q = (giJL _%jiO'QLJ + glR ﬁ%zfj ) Sl QL ZO‘QO‘Lj Sg

(92L iy, L0+ g, Q% M) Vi +hec.

focus of this talk: RD(*)
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Angelescu et al, 1808.08179



Numerical fit my, = 1 TeV

Dumont et al, 1603.05248

Leptoquark

B — D®rp

B — X.wv

S1

—0.87 < ¢33 ¢33 < —0.54
1.64 < |g3t g237| < 1.81 (i =1,2)
0.19 < ¢33 g23* < 0.48, —5.59 < g3 g¥3* < —5.87
1.04 < |gih g17%] < 1.67 (i =1,2)

; 27%
972917 | < 0.15

0.19 < ¢33 g23* < 0.48, —5.59 < g33 g23* < —5.87
1.04 < |g3t g33*| < 1.67 (i =1,2)

7 29%
95 9571 < 0.15

1.64 < |Im(h3} h33)| < 1.81

932953”;: no region within 2o

i 29%
957,957, | < 0.07

0.10 < h$3 i3 < 0.24, —2.94 < hi} hiP* < —2.80

0.52 < |h3% h3*| < 0.84 (i =1,2)

h%% h3%: no region within 20

0.10 < h33 h3* < 0.24, —2.94 < h33 h3P < —2.80
0.52 < |h3L ha?*| < 0.84 (i =1,2)

i 1.37%
[R5 hi7 | < 0.04




Numerical fit

only two non-vanishing couplings

Leptoquark 20 range for B — DWrp
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Inclusive tt cross section [pb]

Sept. 2018 | LHCTopWG Summary

Top quark at LHC

* fairly good agreements for cross section

see more in talk of A. Gritsan

* within theoretical uncertainties: scales of Ren. & Fact., PDF, ag

tt cross section (pb)

T T T | T T T | T T T | T T T | T
Tevatron combined 1.96 TeV (L s 1) ;
CMS dilepton,|+jets 5.02 TeV L=
ATLAS ep7 TeV (L=4.61")
CMSen7TeV(L=51fb")
ATLAS ep 8 TeV (L=20.2 fp
CMSen8TeV (L=19.7fb")
LHC comblned ep8TeV éL 5.3-20.3 fb™) LHCtopWG
ATLAS ep 13 TeV (L=3.
CMS ep 13 TeV (|_ 2.21b ‘)
CMS ep 13 TeV (L =35.6 o)
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single t cross section (pb)

- ATLAS+CMS Preliminary
L LHCtopWwG

™ Single top-quark production
| November 2018
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ATLAS t-channel
PRD90(2014) 112006, EPJC77 (2017)531,
JHEP 04 (2017)086

CMS t-channel
JHEP 12(2012) 035, JHEP 06 (2014) 090,
PLB 772(2017)752

ATLAS tW
PLB 716(2012) 142, JHEP 01(2016) 064,
JHEP 01(2018)063

PRL 110(2013) 022003, PRL 112(2014) 231802,
JHEP 10(2018) 117

LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756 (2016) 228

CMS s-channel
JHEP 09 (2016)027 95% CL
7+8 TeV combined fit 95% CL

NNLO PLB 736 (2014)58
scale uncertainty

= NLO +NNLL Prps3(2011)091503,

PRD82(2010)054018, PRD81(2010)054028
tW: tf contribution removed
scale ® PDF & a, uncertainty

NLO NPPs205 (2010) 10, CPC191(2015)74
BoS =M,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

W pj veto for ff removal =60 GeV and =65 GeV/

scale uncertainty

scale ® PDF @ a, uncertainty

my,= 172.5 GeV

(s [TeV]
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LHCTopWG Summary

Top quark at LHC

m, = 172.69 + 0.48 GeV

ATLAS+CMS Preliminary Miep SUMMary, Is =7-13 TeV  November 2018
LHCtopWG
------- World comb. (Mar 2014) [2]
stat total stat
total uncertainty _ m,, * total (stat + syst) Vs Ref.
LHC comb. (Sep 2013) LHctopwa 173.29 + 0.95 (0.35 + 0.88) 7TeV [1]
World comb. (Mar 2014) HH 173.34+ 0.76 (0.36 + 0.67) 1967 TeV [2]
ATLAS, l+jets H—-—H 172.33+ 1.27 (0.75+ 1.02) 7 TeV [3]
ATLAS, dilepton I—I--—|—| 178.79 £ 1.41 (0.54 + 1.30) 7 TeV [3]
ATLAS, all jets H———— 17512 1.8 (1.4 £ 1.2) 7TeV [4]
ATLAS, single top l—l—-—|—| 172.2+ 2.1 (0.7 £ 2.0) 8 TeV [5]
ATLAS, dilepton H--H 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets = 173.72+1.15 (0.55+ 1.01) 8TeV [7]
ATLAS, l+ets e 172.08 + 0.91 (0.39 + 0.82) 8 TeV (8]
| ATLAS comb. (Oct 2018) HeH: 172.69 + 0.48 (0.25 + 0.41) 7+8 TeV [8]
CMS, I+jets = 173.49 £ 1.06 (0.43 + 0.97) 7TeV [9]
CMS, dilepton = 172.50 + 1.52 (0.43 + 1.46) 7TeV [10]
CMS, all jets |—0—s—0—| 173.49 + 1.41 (0.69 + 1.23) 7 TeV [11]
CMS, l+jets HeH 172.35+ 0.51 (0.16 + 0.48) 8 TeV [12]
CMS, dilepton i 172.82+1.23 (0.19++ 1.22) 8 TeV [12]
CMS, all jets HeH 172.32 + 0.64 (0.25 + 0.59) 8 TeV [12]
CMS, single top H—etH 172.95+ 1.22 (0.77 £ 0.95) 8 TeV [13]
CMS comb. (Sep 2015) He 172,44+ 0.48 (0.13 + 0.47) 748 TeV [12]
CMS, I+jets — 172.25+ 0.63 (0.08 + 0.62) 13 TeV [14]
CMS, dilepton o 172.33+0.70 (0.14 £ 0.69) 13 TeV [15]
CMS, all jets I E . 172.34+0.79 13CTeV [16]
[1] ATLAS-CONF-2013-102 [13] EPJC 77 (2017) 354
[2] arXiv:1403.4427 [14] arXiv:1805.01428
{0 Eur Py t73 (2019) 158 {15 G A Top-17-008
: () Prys o7t (G018 550
oo b b b b oy
165 170 175 180 185
My, [GeV]

t—>Hc
t—>Hu
toyc
t>yu
t—gc
t—>gu
t—>Zc

t—>Zu

q=c
V={gZyH} ~ {1074,107%1073,1073}

q = u, slightly stronger limits, but same order

Br(t - qV)

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS

LHClopWG [1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035
September 2018 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7]1 JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions —SM 2HDM(FV) DZHDM(FC)

—0 Yy

[91

10 107"
Branching ratio
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LQ limits at LHC

* to set limits, specific LQ decay modes are assumed

Decays LQs Scalar LQ limits | Vector LQ limits Lin: / Ref.
Jj77 | S1, Ra, S5, U1, Us - - -

bbTT Ry, S3,Uy,Us 850 (550) GeV | 1550 (1290) GeV | 12.9 fb~! [52]
ttrT S1, Ro, S3,Us 900 (560) GeV | 1440 (1220) GeV | 35.9 fb~! [53]
Jj it | Si, Re, S3,Up,Us | 1530 (1275) GeV | 2110 (1860) GeV | 35.9 fb~! [54]
bb pufi Ry, Uy, Us 1400 (=) GeV | 1900 (1700) GeV | 36.1 fb~* [55]
tt S1, Ry, S5, Us 1420 (950) GeV | 1780 (1560) GeV | 36.1 fb~! [56,57]
Jjjvv Ry, S5,Uy,Us 980 (640) GeV | 1790 (1500) GeV | 35.9 fb~! [58]
bb v S1, Ro, S3,Us 1100 (800) GeV | 1810 (1540) GeV | 35.9 fb=! [58]
ttvw Ry, S5,U;,Us 1020 (820) GeV | 1780 (1530) GeV | 35.9 fb=! [58]

Angelescu et al, 1808.08179

currently, LQ mass bounds are 1 ~ 2 TeV, stronger for Vector LQ
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Tree

Top FCNC at tree-level, 3-body

giJL @iTQLjSl

t — crv y;

vector U,

hijL QWMLJ' U fL

12




1-loop

Top FCNC at one-loop, 2-body

* we only consider loop for scalar S5

* loop of vector U; needs UV-completion of my_generation

* SM-GIM-like mechanism needed to cancel divergence
 more complete flavor structure needed

scalar S,

t > cV

+ external leg diagrams

vector U;

A
U1

U1

13



Tree-level:

ngR

R, fit of

scalar Sy

Y

S1:Br(t = cr ) ~

Ui : Br(t — cvp) ~

3l 23
)‘ gnglR

Ft JSM (61447'('

B33 h2l* )
Ft SM (15367r3)‘ . |2 - 10 X

naturally implies BrFcN¢

t — cv. vector U,

(14~18 [=1,2
0.16 ~ 0.41 [ =3

(058 ~1.5 [ =1,2
17~19 [=3

14



Loop-level:

+ external leg corrections

My = ﬂ(pg) F“u(pl) Eu(k, )\)

I, = Y (PLf{r + Prf{'r) +i0" ky(PLf{ + PrffR),

Do, = 10" ky(PLfp + PrfTR)

[y = T"10" ky (PLf7r, + PrfTL) -

Given the coupling chirality we choose,
only left-handed part appears in dipole

g _ Y L
frr =Irr=Irr=0 .
g 1 m.g%%g%%z* 2y =
TL — 1671'298 T M2 -
: S1 .
1 lllllll L |
X E( 6 (222, 2¢ + 3x4 + 162, + 6) log 2, — 4974 —
[PV g
TL = qex2 7. MS
1 | |
1 1 lllllll

3 (6 (14xth + x4 —l— 92, + 3) + (x4 + 1) x, log a:T),

15




Loop-level:

formy =0(y,g9)

* we kept O(m}) in loop function expansions

* unlike b - sy, u — ey with my, m, being ignored
formy # 0 (Z)

 we keep the full expressions

+ external leg corrections

to>cy t->cg
1.00/ 1.00) __—
0.95¢ 0.95f
Approx. Approx.
_ — m¢=0 _ — m¢=0
Ful 990 ‘ Fur 090 ‘
0.85 T mC:O’ mt:o 085} — mc=0, mt=0
R ———— R ————————
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

Ms, (GeV) Ms. (GeV)

16



For Mg, = |1, 2] TeV Br(t - cy)~10~1Y
Br(t -» cg)~10"1!

Loop-level: EFT fitting | 933 97%
p suggestion 1,\5,2 =087 Br(t -» ¢Z)~10"11112]
decoupling g33g23* — 1 51
1LY1IR —
— 3 2% = 1- Solid: _ _ % = 0.87; Solid: Total; Dashed: SM
7197% = 1; Solid: Total; Dashed: SM S,
1094& o 1079 — V=y — V=<2

Br(t » c V)
I
Br(t » c V)

10—13

500 1000 2000 5000 1 500 1000 2000 5000
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S, collider prospects via tt production

(step-1) N~ @

T t — C’r_K;F

(step-2) N~

D Top pair

(step-3) N~ @




Cut-and-count analysis ; TR

e Selection 1: Exactly one lepton, at least three jets including exactly one b jet and

two 7 jets. :
243 {u,t} >2j3{1b,11}

e Selection 2: Exactly two leptons, at least one muon, at least 2 jets including exactly

one b jet and one T jet.

174, >2j3{1b}
e Selection 3: Exactly one lepton and more than two jets in the final state, where
one of the jet is b-tagged, the missing transverse energy Ei,riliss > 80 GeV.

VvV DY W+jet tt : t — crT

Selection 1 9559 108095 - 1189719 ) @ 3 ab~1 LHC-13
Selection 2| 5433 54047 - 839651 . one leptonic top

Selection 3 || 296814 | 594522 | 16530371 | 64764862

* simple cuts give signal/BG ~ 10 °
e advanced techniques needed

19




Multi-variate analysis of BDT method

* Machine learning techniques based on | e multiplicity of jets, b jet, ¢ jet and 7 jet
* kinematic variables of the final objects
* angle distances b.w. {leptons, MET}

e pr, BI85 of the leading lepton

e pr of the leading 7 jet

e Hp which includes jets, leptons and EMiss

e pr of leptons + Efl@iss, pr of leptons + 7 jet
o AR(T,0), Ap(L, EMSS) Ag(r, Emiss)

o AG(T + {, Emis)

e AR(Y, leading b jet)

20



Multi-variate analysis of BDT method

* Increase of signal significance by O(30%) after using shape of final

BDT distribution

* To further increase sensitivity
* much larger event samples
* more sophisticated statistical tools
to perform shape analysis

. (Normalized)

AU

n
&)

Delphes Sim at Vs =13 TeV

I Signal (training)

-08 -0.6 -04 -02 O

IIIIIIIIIIlIIIIIIIIII |
e Background (training)

— [ Signal (testing) Background (testing)

0.2 04 06 0.8
MVA score

21



Summary

* Anomalies in rare B decays have stimulated active discussions.

* LeptoQuark S§;, U; interpretations of R+ naturally imply top FCNC
* tree-level: ~10 Sy, : Br(t — CT_BZ_F) L1 Bl )

* loop-level: ~10 S1: Br(t — ¢y)

* Collider searches, tt events as an example
* challenging for simple cut-and-count method
* Multi-variate-analysis using BDT can improve the sensitivity



Thank you for listening
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RK(*) inrare B decays, lepton Non-universality

R0, < R ~2.50 deviation from SM

2
qu%z dq2#Br(B — K™ pup)

[4%,43]
R 1421 ___
KO 8 42 4 Br(B — K®ee)
2 44° g Br ee
¢* = (pi+ +p-)? SM~1

1,6 . .
Ric = Ry = 0.8467 0080018 (LHCD).

Rir = R =0.961045 £ 0.11 (Belle).

0.045,1.1 |
RGN — 0524036 1 0,05 (Belle)



