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Motivation:
Experimental hints on LFU violation in B decays

| HC signatures:
General discussion (focus on tau searches)

Model examples:

e [Real vector triplet model
e PHDM

e \ector & scalar leptoquark models

Conclusions




(Main) Motivation: Test of LFU in charged currents
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» ~ 40 excess over the SM prediction
 Good agreement by three (very) different experiments

e Consistent with ~15% universal enhancement in tree
level by = ¢; 1; v; amplitude (left-handed currents)
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(Keep-in-mind) Motivation: Test of LFU in neutral currents

e L/e universality in b = s transitions

B(B = Kp" i Jexp
B(B = Kete™ )exp

Ry =
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e B - Kuyangular distribution: Ps'

 Combined fit (3.90)
 New physics contribution

to muonic left-left operator
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Nowadays, experimental
anomalies tend to go away,
more data Is needed...

Disclaimer Disclaimer

In meantime, what would:

* The nature of New Physics be giving such LFU violation?
e The “physics case” for high pt LHC?




Prologue: Violation of LFU in B = D ™ 1 v decays

e Tree level charged current process in the SM
* Relatively large NP effect required (iree level effect)
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EFT approach: Fitting the signal

Some operator bases

Simplified models
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EFT approach:

Fitting the signal
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SMEFT & Implications for high-p, LHC
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SMEFT & Implications for high-p, LHC

e L eading effects expected at dim-6: Lcrr. () = Lsm(x) + Pﬁﬁ(a:) + ...
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Tau searches at high-p;

Recast of T+1— searches at L HC

e Simulation pipeline:

Feynrules>MadGraph>Pythia>
Delphes

Hadronic T candidates

* Validated against SM v
bkg, and SSM Z'. o
* kit to the total transverse
mass variable m-ot
M = \fm (11, 72) + m3(r, 1) + M (Br, 72).

© ATLAS @ V5 =8 TeV, 19.5 fb ! — Zhon
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SMEFT: Warm up exercise

LM S 0 Qi Q) (L oo Ly)

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

void cle 1/Vep enhanced
Qi = (Vjiug,di)" and L = (Ujd,¢,)"

pure third generation
neutral currents w.r.t.

* Dominant couplings with the third generation
j Kl
CgQLL = CQQLL5i85j35k3513 b—c
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SMEFT: Warm up exercise

LTS B (Qiuo Q) (Liy*oaLy)

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

o 1/Veop enhanced
Q; = (V*uL,d") and L, = (U;-;;VJ,EZL)T

pure third generation
neutral currents w.r.t.

e Dominant couplings with the third generation

1kl
gQLL — CQQLL5235335k35l3 b—c

] Recast of 8 TeV 1+1—

ATLAS search:

Fit to R(D*) anomaly:

4
diagram 1 NP=1, QCD=0, QED=0
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Real vector
triplet model




See for example:

Vector triplet model (VTM) and A Waizen JHIEP 1408 (2014) 0BG

* Introduce heavy spin-1 triplet

£ - L p v pyris s T peyna o ve e B g + v
V——Z [MVV] V | 2 VMV _l_gHV/,L(HTZD,LLH)—I_V,LLJ/,L
| integrate out heavy vector |

'} and match to the SMEFT |
[rd=6 _ _ 1 Jo e _ gl%l (HTT%B H)(H]LT%B
oft 2mi, H R 2mi, : :
* Low-energy * Tiny shift in the e Non-universal
flavour physics Higgs couplings contribution to Z

and W pole obs.
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VIM: Low-energy flavor physics

SU(2), triplet current: | |
Tt = g (@t a)) + 9eXy (0o d))

1
ALY = JeJ

_ By "*integrate out £ D p*J®
Qm%/ g

U
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VIM: Low-energy flavor physics

SU(2), triplet current:
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VIM: Low-energy flavor physics

SU(2), triplet current: |
JZ — gq)‘gj (CYZL%LT&QJL) -+ gﬁ)‘fj ( ?L’V,uTag]L)
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VTM: Combined fit to low-energy data

e [t parameters:

e 2 flavour universal

_______

e 3 flavour dependent

e 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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VTM: Combined fit to low-energy data

» The fit 1s driven by
Ry (D") = eeq
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VIM: Bounds from LEP-I

e Non-universal contribution to Z
and W pole obs.

€EX = ngW/gmv
67 “““““““““““““
4.
)
T
x 0
=
—20
_4.
W 68%CL
—6; 95%CL
—10 - —05 - ‘O‘.O‘ - ‘0‘5‘ - ‘1‘0
€q
Using the fit results from:

A. Efrati, A. Falkowski and Y. Soreq,

arxXiv:1503.07872 >

EWPO:

(1) Small mass splitting
(2) Stringent limits on g,

r

&

Vector triplet dominantly

decays to third generation

SM fermions

ﬂ

-

- Low-energy
flavor physics



VIM: LHC phenomenology

» Determined by: ALy ;= V22 = ¢l firh fiV,

Decay modes:

- Neutral vector: » Charged vector:
TT * TV
vV - tb
- bb
tt T
V:l: FVO 1 9 9
N —— N —— 3
my+  myo 48w (92 +39,)

Production modes:

1) Single production (b b = V? b ¢ = V)
2) Pair production
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VIM: LHC phenomenology

Production modes:

O-pp—,\V+ (pb) ( p—)VO (pb)) JppﬁV'ﬁ V- (pb) (O-pp—>Vi 0 (pb))
S 1()()";,"”1(; | i/ - / | 3-55" ;1(')0' ' """ '''''' """" "
1 i /,’ x L

25k 10

0.50} 2.0 1".'

50 50 SR 107! 1072 10
1.9k | | 1
0.10 1.0y o) 0
[ : : 10 10—
N 0.5._ . 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: LHC phenomenology

Z’ production @ NLO QCD

using aMC@NLO

1000 [ 4
E LHC@13TeV
100 |

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

05 10 15 20 25 310 pdf uncertainties
M[TeV]

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

Exclusion limits:

ATLAS CMS
B -rr)=0.10

O 10 L L' -rr)=0.01 |

R,€68%CL & g,,8,<3.5

0.05! Bl R.e68%CL & g, =g
! Ry€95%CL & g4 =g,

200 400 600 3800 1000 1200 1400
mVo (G@V)

* T T resonance searches can be reconciled by having a broad resonance
(either VY mass is ~ few TeV or new BSM decay channels)
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VIM: LHC phenomenology

Exclusion limits:

ATLAS CMS
B(Z'-rr)=0.10

0 107 BZ'-7r)=0.01 |

R,€68%CL & g4,8,<3.5

0.05¢ Bl Re68%CL& g =g, |
R()€95%CL& gq =gy

200 400 600 800 1000 1200 1400
my (GelV) E g4

¥ 7~ invariant mass

L e Important to optimize searches
‘2510-4 for broad resonances

S .

310 i « Careful extraction of the present
5 0| — os . bounds is in order (recast)

500 1000 1500 2000 2500 3000 .



Vector triplet model: 8 & 13 TeV recast bounds

Sy
e
o
)

lgsg - x VM3,

Igbgrl x v /MZ

50 | ATLAS 8 TeV
40¢
S
; 30¢ 0.08
N - 0.0
E 20:- /A0
3 :/ /005
S o4
10 O 03
P O 02— -
e e 0 L=
0608101214161820 06 08 1.0 1.2 14 1.6 1.8 2.0
Mz (TeV) Mz (TeV)

* Recast of the ATLAS 17 searches at 8 TeV, 19.5 fb-! (left) and
13 TeV, 3.2 fb1 (right)
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Vector triplet model: 8 & 13 TeV recast bounds

la o | 32 IAL2

0.6

* Need for improvements in the low mass

region!

02 03 04 05 06 0.7
MZ‘ (TeV)
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Two Higgs doublet
model (2HDM)




Two Higgs doublet model

H' ~ (H*,(H 4 iA%)/V2)

Ly =|D'H'|? — M7, |H'|? = A\ |H'|* = 0V(H',H
— Y,Q3H'br — Yo.Q3H'cgr — Y. LsH' 1R + h.c.,

FFit to R(D*) anomaly j
LY;,YT* xv?/ Mz = (2.9i0.8)4

HATLAS 13 TV, 3.2 - B {aTias 13 Tev, 3210 [N ]
S
. 3(): 0-08
= 50l
R § 0-06
G
10} 0-04
0 7 S ' 0 [ e 0-02.
0.20 0.25 0.30 0.35 0.40 0.45 0.5 0608101214161.820
My (TeV) M (TeV)
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Leptoquark
models



Vector Leptoquark: (3,1,2/3)

1
—§U;[VUW +mgULU* + (JEU, + hee),

le} = gu 5@7 Qﬂ“Lj -

where (33 = 1. Integrating out (U,) at tree level,

1
E?jﬁ D) —m—2J5TJ5 —|—hC .
U

m(ta—1,ta+1)

Y'YY]’YYYYIYT‘V]Y‘YYIY"Y]YVY

1

2 E
‘a -
2 ]
- P’L\IU |
: A
o ’L/L\LHK]I
lo 6 | e 1 1 AL L A A A 'S J A A 'S ' l A 'S ' A 1 s A '
0 250 500 750 1000 1250 1500
mi)
- 2 E-02 |p) 3 ?lEiﬂi
svts ssoo00
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Vector Leptoguark Model: bb = T T recastat 8 & 13 TeV

Vector LQ exclusion

Figure 4: 8 TeV (13 TeV) ATLAS 77 search exclusion limits

are shown in red (black) and R(D™)) preferred region in green
for the vector LQ model. Projected 13 TeV limits for 300 fb~*
are shown in grey.

[Faroughy, AG, F. Kamenik]
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Scalar Leptoquark: (3,2,1/6)

LA D YﬁjCZZ(ZJQA*)TLJ -+ Y]:%VQiAVR + h.c. .

Scalar LQ exclusion Fit to R(D*) anomaly

TATIAS (n 13 Tev, 32101 /7 Y& YPN [ My )2

6 F ATLAS 1r: 8 TeV, 19.5fb™ : 2 TN =1.24+0.3

)
4 - |
= 35 YR'is pushed to non-perturbative
T y values

X! 13 TeV, 300 fb

1y

O e

0.5 1.0 1.5 2.0

* QCD LQ pair production limits are getting stronger (~1 TeV)
* Third generation LQ searches very important
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Conclusions

e LFU is not a fundamental symmetry. Important to
test it

Anomaly in B = D) Tv decays interplays with
high-p+ LHC physics

e Jau-tau searches provide stringent limits

e (Other signatures involving third generation

fermions important
e [Do not miss wide or light resonances, nor tails
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