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Motivation: Test of LFU in charged currents
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Motivation: Test of LFU in charged currents

r : 1
B(B — D®r~1,)
R(DW) = —— T -

( ) B(B—)D(*)E_Dg) T %
] SN s S L

abar, , 2
@ Belle, PRD92,072014(2015) Ay~ = 1.0 contours W/ (
R 045 ‘ *

IS the excess compatible

"t with the high pT LHC
EH searches? This talk

* 3.90 excess over the SM prediction
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Prologue: Violation of LFU in B = D ™ 1 v decays

In the SM ol

o [ree-level process
e Only mild CKM suppression
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Prologue: Violation of LFU in B = D ™ 1 v decays

In the SM il

« Tree-level process : o |
. Only mild (F%KI\/I suppression o Large NP contribution required

| _eading effects expected from dim-6 operators
(Presumably tree-level generated):
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SM EFT consideration . Implications for high-p, LHC

Complete dim-6 operator basis:  Leys. () = Lsm(z) + —Le(x) + ...
\Warsaw basis, 1008.4884]
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SM EFT consideration . Implications for high-pT LHC

Complete dim-6 operator basis:  Lers.(r) = Lonm(x) + P[ﬁ( ) +
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SM EFT consideration . Implications for high-pT LHC

Complete dim-6 operator basis:  Lers.(r) = Lonm(x) + P£6( ) +
\Warsaw basis, 1008.4884]
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Single mediator models (8 options)
~_+ Color: 0or3

e Spin: 0,1, ...

\ u-channel |

Weak doublet scalar or triplet vector . Weak singlet, doublet or triplet



[Faroughy, AG, F. Kamenik]
Phys.Lett. B764 (2017) 126-134

Recast of 77— resonance searches at the LHC

« Correlated high-pt events ATLAS @ E=BTeV 105 M — 2t
. . . B — Z§(1250)— 77
have peculiar kinematics ; — Dm0y

100 |

e Full simulation pipeline:

Events

+ Validated against the SM bkg, & 4
and the Sequential SM Z° ;

e Set limits on a model’s -
parameter space by fitting the | a— -

total transverse mass variable; % 400 500 600 700 800 9001000

M (Thads Thad, E7*%) [GeV]

mt = \/m2(r, ) + mE(Br,n) + m3(Fr,m2).
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: : [Faroughy, AG, F. Kamenik]
Warm—up exercise: EFT Phys.Lett. B764 (2017) 126-134
LN 5 ngm(@i%ga@j)(Em”%Lz)

(1) Dominant couplings with the third generation

1kl
gQLL — CQQLL5z35335k3513

(2) Flavor alignment with down quarks and charged
leptons (to avoid FCNC in the down sector)

Qi = (V*uL,d") and L; = (U517, 4;)"
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: : [Faroughy, AG, F. Kamenik]
Warm—up exercise: EFT Phys.Lett. B764 (2017) 126-134
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(2) Flavor alignment with down quarks and charged
leptons (to avoid FCNC in the down sector)

Q; = (V*uL,d") and L; = (Ufiyj,éz)T
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: : [Faroughy, AG, F. Kamenik]
Warm—up exercise: EFT Phys.Lett. B764 (2017) 126-134

LMo ngLL (Qinuo Q) (Liy"oaLy) :

(1) Dominant couplings with the third generation

zgkl

(QVCbELfyMbL%Lf)/MVL + EL’YN’bLT'L%LTL)
QQLL — CQQLL5z35335k3513 e —— |

(2) Flavor alignment with down quarks and charged
leptons (to avoid FCNC in the down sector)

Q; = (V*uL,d") and L; = (Ufiyj,éz)T

Recast of 717 ATLAS search:
coorr] < 2.8 TeV~% at 95% CL

4 Fit to R(D*) anomaly:
NP=1, QCD=0, QED=0 CQQLL ~ (2 1 -+ 05) Tev—Q

*Similar conclusions for cig e (dxQ;)(Lilk)
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Single mediator models - LHC limits

Vector LQ
- Scalar LQ
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Vector Triplet Model -W’

* Introduce a heavy spin-1 weak triplet

L 1 lapv /a |
Ly = 4VV W, >

Jir = AL Qﬂugan + )\g ﬂ“aal}j .
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Vector Triplet Model -W’

Introduce a heavy spin-1 weak triplet

1
£W’ — __W/a,uVW/clz/ I

4

Jir = AL Qﬂ“cf“QJ + )\g ﬂ“aa’Lj .

4) b—=s ACY
5) T = wyu(e) ART—>,u/e
6) T — 3y A2

----------------ﬁ

0.0040 & 0.0032
(0.04+4.1) x 107? [GeV 2]
(0.0 £ 5.6) x 10~ [GeV 2]
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Vector Triplet Model -W’
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Vector Triplet Model: LHC phenomenology

Low-energy flavour physics
—gbgr /M2, ~ —(2.1 £0.5) TeV ™2

-
(1) Dominant decays to third

generation SM fermions
(2) Production from the heavy
quark flavour

J

Electroweak precision:
Small mass splitting in the multiplet
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Vector Triplet Model: LHC phenomenology

O-pp—>V+ (pb)( ppHVO (pb))
Low-energy flavour physics TR e
—gvgr /M2, ~ —(2.1 £0.5) TeV > s ) |

(1) Dominant decays to third
generation SM fermions
(2) Production from the heavy

quark flavour

Electroweak precision: 200 400 600 800 1000 1200 1400
Small mass splitting in the multiplet my (GeV)

$ look for %
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Vector Triplet Model -W’

Z’ production at NLO QCD

using aMC@NLO

1000 wwwwwwwwwwwwwwwwwwwwwwwwwww ]
LHC@13TeV |
100

NNPDF30(NLO, a;=0.118, n;=6)

05 10 15 20 25 30 |
M[TeV] p.d.f. uncertainties

Figure 3: Next-to-leading order QCD corrections for a narrow
Z' production via bottom-bottom fusion.

21 [Faroughy, AG, F. Kamenik]
Phys.Lett. B764 (2017) 126-134



ol do /dm,, (GeV™]

LHC phenomenology: Vector Triplet Model

rt r~ invariant mass

500 1000 1500 2000 2500 3000
mer (GeV)

* |mportant to optimise searches
for the broad resonances

o Careful extraction of the bounds
IS In order (recast)

[Faroughy, AG, F. Kamenik]
Phys.Lett. B764 (2017) 126-134

Set a limit on \gbgr\
as a function of the 2’
mass and the total width
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Vector triplet model: 8 & 13 TeV recast bounds

I7 /M7 %]

Igbgrl X VZ/MZ

Wl
-

(O
-

10}

ATLAS 8 TeV 19 3) fb

D06
D0

0-06
0-05
003 '-
0 .02 /% 7' <Tzpb 1 77

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

0608101214161820
My (TeV)

lgsg-| x vV’ /M2,

=

ATLAS 13 TeV, 3.2fb™" §

0608101214161820
My (TeV)

* Recast of the ATLAS 17 searches at 8 TeV, 19.5 fb-1 (left) and
13 TeV, 3.2 fb-! (right)
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[Faroughy, AG, F. Kamenik]
Phys.Lett. B764 (2017) 126-134



Vector triplet model: 8 & 13 TeV recast bounds

lgbg .| xV’ M2,

ATLAS 13 TeV, 13. 2fb1

0!
02 03 04 05 06 0.7
MZ'(T€V)

 Need for improvements in the low mass
region!

[Faroughy, AG, F. Kamenik]
24 Phys.Lett. B764 (2017) 126-134



Two Higgs doublet model

H' ~ (H*,(H° 41iA%)/v/?2)
Ly =|DVH'|> — M7, |H'|* = A\ |H'|* — 6V (H', H)
— Y,Q3H'br — Yo.Q3H'cgr — Y. LsH' 1R + h.c.,

Fit to R(D*) anomaly
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[Faroughy, AG, F. Kamenik]
25 Phys.Lett. B764 (2017) 126-134



[Faroughy, AG, F. Kamenik]
Vector Leptoquark: (3,1,2/3) Phys.Lett. B764 (2017) 126-134

Ly D

Ty

1
—§U,1VUW +mg U U* + (JLU, + h.c.),

[Barbieri, Isidori, Pattori, Senia]

qu ﬁz’j Qz”VMLj . Eur.Phys.J. C76 (2016) no.2, 67

Integrating out the LQ

Ly D === [Va(epy"br) (Fryuve) + (b oL ) (Fovute)]

Vector LQ exclusion




[Faroughy, AG, F. Kamenik]
Phys.Lett. B764 (2017) 126-134

Scalar Leptoquark: (3,2,1/6)

*with the right-nanded neutrino

LA D YEJJ/L(ZO-QA*)TLJ -+ YéVQiAVR + h.c. .

Scalar LQ exclusion
TTATIAS e 13 Tev. 3201/
Fit to R(D*) anomaly 6 F ATLAS 17: 8 TeV, 195
(Yfgy YI{)T*) (@y =1.240.3 3
Ja MAa . 4
i 3
2t 13 TeV, 300 fb~
1t
O b
0.5 1.0 1.5 2.0
MA (TCV)

Y27 is pushed to non-perturbative values
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Other signatures at the LHC

LQ1(ej) x2
LQ1(ej)+LQ1(vj) B=0.5
LQ2(uj) x2
LQ2(uj)+LQ2(vj) B=0.5
LQ3(tb) x2

LQ3(vb) x2

LQ3(tt) x2

Leptoquarks

LQ3(vt) x2
Single LQ1 (A=1) ]
Single LQ2 (A=1)

0 1 2 3 4 TeV
[CMS-exo-limits_ICHEP_2016]

* QCD induced LQ pair production is large
 Limits are getting stronger (>1 TeV)
* Focus is on the third generation LQ searches
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Summary: Models subject to T+1- search limits

No

Operator Iierz identity |Allowed Current 0Lint

Ov, | (@yuPrb) (77" Prv) (1,3)0 (90Gr™"qr + gelrmy" )W, - YES
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Os, (ePLb) (T PLv) />(1, 2)1,2 (Aa@Ld ¢ + AuGruriTed + Aelrend) *—«YES

O (:(_:u’“' PLh) ('l_n wn PL 1/)

, 5 Oy TTH
v, | Twlob) (e Prv)  «— Oy, < \(3’ 3)2/3 AGLTYu U

K| (FYuPrb) (e Prv) +—  —20sg, />(3, 1)z/s (AGevulr + Adrvuen)U* G YES

Of«jR ("T’PRb:’ (@PLV) — —é(’)vn

Os,, (TPLb) (ePrv) > —50s, — 07| (3,2)7/6 (\arfr + Aqrimer)R NOt @ good fit

OIT (;‘T—'U‘LVPLb) (Eo';,u;pl,l/) +—> _6OSL + %O_l

OF, | (FruPrc) (b°+"*Prr) «— —0Oy,,

0% | (FruPrc®) B4 Pov) +—  —20s, (3,2)s6 Adavebs + AGieen)V* d—— YES
éu (,; PR“C) (I_J( PL U) — %OVL \ (3a 3)1/'3 AQ],?,TZ‘TELS M YES
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Conclusions

» R(D™) excess implies signal in the Tau-Tau searches at high p+
» Do not miss wide (or light) resonances, nor tails

Final talk’s optimism

* Maybe BSM in the interplay of flavour and collider
bhysics in years to come...




Backup slides
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Fitting the anomaly

Selected fit results

) , (lg)(@qD)
e S NN U
4
PN
10'- 10" - ;,/_'_‘." .................................................. 30
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~< I ~<
IE L e Lo
| Cv,,Cv,,Cs,,Cs,,Cr A=1TeV | | A=1TeV Cs,,.C7,C5,,Cr
R . 1 2 | T SR
C,‘ Ci
r 3
CSR v CSL . . .
T e Coellicient(s) = Best fil value(s) (A =1 1eV)
o Cv, 0.18 =0.04, —2.88+0.04
y Cr 0.52 =0.02, -0.07+0.02
_)‘"5‘3‘,‘ —0.46 1 0.09
L (Cr, CL) (1.25,—-1.02), (—2.84,3.08)
© 0 (C{,-R, ) (—0.01,0.18), (0.01,—2.88)
| AN (C4_,C4 ) (0.35,-0.03), (0.96,2.41),
—2 (=H.74,0.03), (—6.31,—2.39)
A= 1Tev TABLE III. Best-fit operator coeflicients with acceptable
8 -6 -4 -2 0 2 4 g° spectra and x2., < b.
Csy L J

[Freytsis, Ligeti, Ruderman]
32 Phys.Rev. D92 (2015) no.5, 054018
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LHC phenomenology: Vector Triplet Model

Production cross sections:

T 100 ,,"10 1/ / 3-5;' 100
’, , l/,,' ,",,’ | ”’,r "’_ 3-0 :_ . -_
1 | , L ) .

25k 10

0.50(/ ., 2.0F| 1".'

50 SR 10”1 1072 10
1.9k | | 1

0.10 1000 o) o

[ : : 10 10—

N 05_ . X . 7
0.05¢ 005 \/__8TeV
200 400 600 800 1000 1200 1400 100 200 300 400 500 600 700

my (GeV) my (Gel)

eft: single V production (bb— ¥, b ¢ = V*)

e Right: pair production
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VIM: Low-energy flavour physics

SU(2), triplet current:
JZ — gq)‘gj (CTJL%LT&QJL) -+ 96)‘53‘ ( ZL’V/LTC%]L)

() |
ALy = o J\JM

quark x lepton  2c = 255 [vanua (Fhudh) (Bwed) +he] |

my,
T 9q9¢ 7t / —q ' oa —a
Aﬁ%C)NC — _4:’1%/ )‘be [Agj (dL/V,UJdi) - (VXJVT)U (ULVMU‘},)} (EL’VLLK% — VL’V/L”%)
2
T g — N\ 2 L N\ 2
quark x quark — ALar = g [(AZ,-)? (ddy)” + VATV, (umui)] ,
2
T ) 0a e
|ept0n X |e|3t0ﬂ A££F)\/ - _S#AgbAﬁd(gL”Yue%)@Lwe%)7
v
ALD. = I Cop A 4 AN (Bl ) (P
LFU — Sm%/ ab”\cd adNeb)\C LVt L)\VL VL) -
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VTM: Combined fit to low-energy data

e [t parameters:

e 2 flavour universal

_______

e 3 flavour dependent

* Data:

Obs. O; Exp. bound (u; £ ;) Def. O;(xq)
Ro(D*) 0.14 = 0.04 €r€q

hb=ctv p D) 0.19 £+ 0.09 €r€q

2) b= cvp(e) ARMS 0.00 + 0.01 26060\

3)Bomix  ARAF=2 0.0+ 0.1 2N 2 (Vi Vas |2 Rend) ™

4)b—s ACH —0.53+0.18 — (7 tem) AL €06 AL/ Vi Vis)

5) T = wi(e) AR,/ 0.0040 £ 0.0032 2¢; (AL, — 312517

6) T — 3u A;2 | (0.0£4.1) x 1077 [GeV™?] (Gr/V2)EN,, N,

7) D mix A2 (0.0 £ 5.6) x 10~ [GeV 2]
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X2(CUSM) — X2(ZCBF) =18.6



1.5

e 00

—15"

The fit Is driven by
Ro(D™) = eeq

- 68%CL
- 95%CL

1.0+

05

-0.5

-1.0-

L e s e e e i |

e e e e e o e o e o o o o - o - - - — — — — — — —

VTM: Combined fit to low-energy data

- Some tension with
ACH = —ACH = —0.53 +£0.18

s WeSL
0.10

Ay 0.05
o0}l
~0.05

00 -0 0 10 2
AL [x107°]
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