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Motivation: Test of LFU in charged currents
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p
.‘ * 3.90 excess over the SM prediction
 Good agreement by three (very) different experiments




More experimental effort needed to be conclusive
(Theorist getting overly excited is not welcome)

However, we could still be helpful by doing
consistency checks.

For example, Is the excess compatible with the
high pr LHC searches?

This talk




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

In the SM ol

o [ree-level process
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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):

v (Qivuo®Q )Ly odl) 05 (Qiud)io?(Lith)
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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( ) +

\Warsaw basis, 1008.4884]
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SU(2). prediction: Neutral currents

(3)
Q&I ) Ql’eolq b T

\p

Qiedq (Ley) (dsq)) Qa) ('5)

Qgqu (@ )ejn(qedy) equ ) Q(’eju E T
QU | (@Tu,)es(TETAdy)

QU T Wees(du) 1T Q% =P (TT2) k(7 ) 1057 ) T C ] 1(@2™) CLY)

Quors | (Bowen)ein(@E o™ u)] | Qau g (@) Cufl] [(ul)" Cey]




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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Single mediator models - LHC limits
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Real Vector Triplet Model

* Introduce heavy spin-1 triplet

1 lauy /a |
£W/:—ZW MW | 2 L v

Jir = AL QW’LJGQJ + )\K LivFo®L; .
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Real Vector Triplet Model

Introduce heavy spin-1 triplet

1
£W’ — __W/a,uVW/clz/ I

4

Jir = AL QZ”}/MJQQJ + )\g LivFo®L; .
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E- Obs. O; Exp. bound (u; £ ;) Def. O;(xq)

E Ro(D*) 0.14 £ 0.04 €r€q

)b=eTve piD) 0.19 + 0.09 crcq

2) b cvule) AR, 0.00 £ 0.01 26060\

13) Bsmix  ARSF=? 0.0+0.1 e ML (Vi Vis Ryt ) ™

L 4) b—s U 1 ACH —0.53 £0.18 — (7 Ctem ) AL €06 AL/ Vi Vis)
L 5) T = wi(e) AR,/ 0.0040 =+ 0.0032 2¢; (AL, — 3IM5, %)

' 6) T — 31 A2 (0.0 £4.1) x 1079 [GeV~2] (Gr/V2)eIN, N,

 7) D mix A,,;C? (0.0 £ 5.6) x 10~ [GeV 2] (Gr/V2)e |V Vi |?



Real Vector Triplet Model

Flavour fit: Conclusions

LMD 301 Qo Q) Ly oo Ly)

(1)

(2)

16



Real Vector Triplet Model

Flavour fit: Conclusions
LTS e (Qivuo®Q;) (L oo Ly)

(1) Dominant couplings with the third generation

ikl
gQLL ~ cQQLL0i30430k3013

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

Q; = (V*uL,dZ) and L; = (U;iuj,ﬁ"j;)T
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Real Vector Triplet Model

Flavour fit: Conclusions

LM S e 1 (Qivuo® Q) (L™ oali)

(1) Dominant couplings with the third generation (2Veper oL 7o vuve + by oL TLyuTL)

kel
gQLL ~ cQQLL0i30430k3013

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

Q; = (V*uL,dZ) and L; = (U;Z-Vj,ﬁ"j;)T
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LHC phenomenology: Vector Triplet Model

Low-energy flavour physics

—gpgr /M3, ~ —(2.1 £ 0.5) TeV 2
W

-
(1) Decays to third

generation SM fermions
L Jd

r
(2) Production from the

heavy quark flavour
L Jd

19



LHC phenomenology: Vector Triplet Model

Low-energy flavour physics Electroweak precision:

—Gugr /M2, =~ —(2.1 4 0.5) TeV 2 Small mass splitting in the multiplet
B . 1

(1) Decays to third B/lw, ~ Mz]

generation SM fermions
L J

r
(2) Production from the

heavy quark flavour
L Jd
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LHC phenomenology: Vector Triplet Model

Low-energy flavour physics Electroweak precision:

—Gugr /M2, =~ —(2.1 4 0.5) TeV 2 Small mass splitting in the multiplet
B . 1

(1) Decays to third B/lw, ~ Mz]

generation SM fermions
L J

r
(2) Production from the

heavy quark flavour
L Jd

[Faroughy, AG, F. Kamenik]
Phys.Lett. B764 (2017) 126-134
Set a limit on \gbgr|
as a function of the /Z’
mass and total width

21



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]
23 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
VoY xv? /M7 = (2.940.8)

i R — O i
; § ATLAS 13 TeV, 3.2 fb™’ ]
N 3()} 0/6 N of2
— 30¢ 1 — 30¢ 0.08
§ | 02 ] § ;
=201 /o4 '. = 20¢ 0:06
~ | | : ~
10¢ ; 10} 0-04
3 01 | [ ;
O Ff el A A R TP wr P ] 0 e —— 0-02.1
0.20 0.25 0.30 0.35 0.40 0.45 0.5 060810121416 1.8 2.0
My (TeV) My (TeV)

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



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

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 LQ

s |Ves(eoy"bL) (Tryuve) + (b br)(Toyue)]

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

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 leijzz(’LO'QA*)TLJ -+ YéVQiAVR + h.c. .

Scalar LQ exclusion
7 L ATLAS 13 TeV, 32671/
Fit to R(D*) anomaly 6 ATLAS tr: 8 TeV, 1957
v T % 2 :
(Yfg s ) (—MW> =12+0.3 |
i Ma . 4}
- 3
2t 13 TeV, 300 b~
It
O e
0.5 1.0 1.5 2.0
MA (TGV)

Y57 is pushed to non-perturbative values

 QCD LQ pair production limits are getting stronger (1 TeV)
* Third generation LQ searches - Important
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Summary: Models subject to T+1- search limits

Operator Fierz identity |Allowed Current O Lint

Ov, | (evuPrb) (77" PLv) (1,3) (9edr™"qr + gelumy )W, 44— YES

OVR l:(_:")'p PRb) I:'f"{*" Pr l/)

Osp (CPrb) (TPrv) \ - ) o i |

OSL ((_.'PLb) I:’f'PL,ll) />(1,2)1/'9_ (.’\qudHé'*')\uQLUR_ZTQér +)\2€LCH¢) *'_‘YES

O (:(_:u‘“' PLh) ('l_n wn PL 1/)

' 7 r ¢ e - , ]
O’VL [‘I—"r’“PLb} (C—I')’N'PLV) o (’)VL < (3, 3)2/3 Aqu‘r’)wZLU *—-—-ua YES
\ \ = N A T R

7 {"R ('F—‘/p.[)!?b:l (é”{"’PfI/) e _20."33 />(31 1)2/’3 (A qL’Y“eL 4 A dR")/“eR)[J *—.—w YES

O%, (7Prb) (€PLv) —  —loy,

O, (TPLb) (c¢PLv) — —30s, — zO07 (3,2)7,6 (AarfL + Aqrizer)R NOt A good fit

Or | (Fo" PLb) (CopunlLv) +— —60s, + 504

Oy, | (FruPrc”) (W~ Prr) «— — Oy,

O”’R (‘F‘Yﬂ.pjfccj (EC’Y“'PI_,V) +— —QOSn (3, 2)5/ 6 (A J‘ﬁ,),‘ut‘b + /\CTL‘T,.CH) ‘/u 4‘_‘.“ YES
éﬂ (7 Prc”) (I_f Prv) < %OVL { (3,3)1/3 AGriTeTlL S M YES
e, (FPy1c) (b PLv) — —10s, + 1Oy >(3a 1)1/3 (Agremaby + Auger)S L S
T |(T0" Pret) (0w PLv) +— —60s, — 07 NO
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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

Alternative conclusions

- Something is wrong either with the low or high p; Taus
- Let’s hope it’s the high pr ones

28



Backup slides
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Fitting the anomaly

Selected fit results

) , (lg)(@qD)
e S NN U
4
PN
10'- 10" - ;,/_'_‘." .................................................. 30
N N A o]
~< 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]
30 Phys.Rev. D92 (2015) no.5, 054018



: : [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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VIM: Low-energy flavor physics

SU(2), triplet current:

I
Act = L jaje
2

/ 2ms, ;M
quark x lepton  ac® -
Aﬁ(Fjch —

quark x quark — ALii

lepton x lepton  acl,
ALipy =

9N (@ ar) + geNy; (7,7 67)

_ Y9q9¢
Qm%/
9q9v
4m%/

Y
Sm%/

8my,

9
2
8my,

2
90
>

{(V)‘q)z’j)‘gb (aiLVudi) (zaL’Yqu) "‘h-C-} ;

)‘be [Agj (J?:L/V,ud%) - (VXJVT)ij (ﬂi%ﬂb‘i)} (ECLL’VLLK% — E%’Vu”%

00 () + V1 (ai)]

)‘beAﬁd(ZaL”Yug%)(z%’Yue%) 3
(=25 A5 + 4>\gd)\£b)(57%%5%)(927ﬂ
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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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(Gr/V2)eg| ViV

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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VTM: LHC phenomenology

Production cross sections:

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

25k 10

0.50} 2.0 1".'

50 50 SR 107! 1072 10
.ot | | e
0.10 1op oo
[ : : 10 10—
) 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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. [Faroughy, AG, F. Kamenik]
VTM . LHC phenomenOIOgy Phys.Lett. B764 (2017) 126-134

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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