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Motivation (a): Violation of LFU in charged currents
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Motivation (b): Violation of LFU in neutral currents

/e universality ratios B — K uu angular distribution
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GGood!

What to expect at the
high-p+ LHC?

This talk




Part 1

R(D) & R(D*)

e General remarks:
SU(2), prediction, SM EFT,
Flavour constraints

* Single mediator models
» Collider study:
Di-tau searches




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

In the SM ol

* [ree-level process
 Mild CKM suppression



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

In the SM ol

* [ree-level process
 Mild CKM suppression

e« | arge NP contribution required

Mediator mass: In the

< several TeV (ofitthe excess) == ballpark of
> LEP limits (charged particle in the blob) high'pT LHC




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

* [eading effects - dim-6 operators
(Presumably tree-level generated)

Lepr(x) =Lsm(x) + 5Le(x) + ...
* Only the four-fermion operators
(go*il%:f o) (l,7Iy"1,) —» corrections to W decays
(goTiBj ©0) (g, v*q,) ——» no LFU violation



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

* [eading effects - dim-6 operators
(Presumably tree-level generated)

,Ceff.(ilj) = Lsm(x) + _H£6(.CB> + ...

* Only the four-fermion operators
(go*iaf o) (l,7Iy"1,) —» corrections to W decays
(go*z’Bj ©0) (g, v*q,) ——» no LFU violation

- List of the relevant operators: Phygliaeft?_ugggﬁ A(—géf-?)%ﬂg%kj
(QiYuo" Q) Ly oqaly)

sa (d Q) (L)

05 (Qiu)io? (Lith)

Or (Qawu{z)iaz(ia““”ﬁlR)




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

* | eading effects - dim-6 operators

(Presumably tree-level !SU(Z)I_ prediction; Neutral currents
Lo

* Only the four-fer
(¢'iD! o) (T, 717"
<>
("D, @) (G "

(QiV/LUa Q;
Os, (d5Q ;) (Lith
Os,] (Qiup)io™(

| (Qawu{z)i

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

10



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

* | eading effects - dim-6 operators

(Presumably ree-level g j(2), prediction: Neutral currents

* Only the four-fer
(¢'iD! o) (T, 717"
<>
("D, @) (G "

b

- List of the releve
Ovy (QinUan
Osr (di Q) (Lil}
05 (Qiul)io(

(9T1 (QO’MVU{Q)I

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

LM S ey (Qivno® Q) (Lo Ly)

(1) Dominant couplings with the third generation
'kl
7égchL ~ CQQLLO30730k3013

(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

Consistent with the U(2) flavour symmetry

12

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



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

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

1) Dominant couplings with the third generation o _ - _
(1) gkt piing g (2Vepery"brTryuve + by o Toyutr)

QQLL — CQQLL5z35335k3513 /f' \\
(2) Flavor alignment with down quarks and charged 1/ \;ﬁib enhanced FMT‘Q
leptons (to avoid FCNC in the down sector) Fhird SQM@‘&ROM

* ) L — * 0,0 pr T
Qi = (V uL’d ) and L; (UJ’LV ’KL) \‘ neutral currents ‘/

Consistent with the U(2) flavour symmetry
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Single mediator models (8 options)
Vo Uit Ve o » Color: 1 or3

a |
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SU( )weak 1 20r3
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Single mediator models (8 options)

e Spin: 0,1, ...

_» Color: 1 or3

|

.

See Table 3 in

- [Dorsner, Fajfer, AG,
Ry = (3,2,7/6) " gnik F Kamenik]

S3 = (3,3,1/3) Phys.Rept. 641 (2016)
1-68
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Matching UV to the SM EFT

Os, 105, €«—H =(1,2,1/2)

*not a good fit

1
OSL -+ ZOT

]

Oy, «—W'=(1,3,0)

(Qi)/,uo'a Qj)(l_fk)/'uo'alal)
(dhQ ) (Lith)

L (Qiud)io? (Lith)

(Qoul)ioc? (Lo eh)

Ry =(3,2,7/6)
Sg — (§,3, 1/3 |
S =(3,1,1/3)~7
Vo = (3,2,5/6) —Pp
Y1 — (37172/3)
Ov,
OVL OSR




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

Recast of 77— resonance searches at the LHC

- ATLAS @ v5 =8 TeV, 19.5 fb ! — Zfy o
B — Zé‘SM(750)_> T

e Predicted high-pt events

have a peculiar kinematics j — Tl
. _ . . 100
e Full simulation pipeline: -
FeynRules>MadGraph>Pythia>Delphes £
)
>
» Validated against the SM B
bckg, and the sequential Z’ _
* Set limits by fitting the total 1 L pr— So—
transverse mass variable: G5 S et e Se o

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

mt = \/m2(r, ) + mE(Br,n) + m3(Fr,m2).
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Single mediator models subject to T+1- search limits
- With V. suppressioninbc — TV
Not a good fit YES

YES «—H' =(1,2,1/2)

YES «— W =(1,3,0)

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




Example Vector Triplet Model (W’)

|AG, Isidori, Marzocca] JHEP 1507 (2015) 142
W' = (1,3,0)

Jith = N,Qin" 0" Qs + MLy o L,
)\Q( )
(¥}

I&gAxVMF

ATLAS 13 TeV, 3.2 fo-' |

— gb(T) 5@3 5]3

Fit to R(D*) anomaly
|8p8<| x v¥/M%, = (0.13 £ 0.03)

Look for

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

We set a limit on \gbgT\ M, (TeV)
as a function of the /Z’ [Faroughy, AG, F. Kamenik]
Mass and the ,[O,[al Wldth Phys.Lett. B764 (2017) 126-134
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Vector Leptoquark (3,1,2/3)

Example Lo

Ty

« Integrating out the LQ: Bi; =~ guds:93;

g |2
Mg

Lo -

Look for

D

1
~5Uk

gu 5@7 Qﬂ“Lj :

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

UlU" +mgUIU* + (JLEU, + h.c.),

[Barbieri, Isidori, Pattori, Senia]
Eur.Phys.J. C76 (2016) no.2, 67

Ve (€y"br) (Tryuve) + (boy"or)(Toyute)]

Vector LQO exclusion

<




Part 2

R(K) & R(K*)

e (General remarks:
SM EFT, Simplified models

» Collider signatures:
Resonances
Di-lepton tails

21



Prologue: New physics inb = s u u

In the SM

 Loop, CKM, and GIM
suppression

22 22



Prologue: New phys/cs nb—suu

In the SI\/I Nevv Physics

Left-hanaed currents :
' AC) = —ACy=—0.61+£0.12 :

Sa

. N 14
+ Loop, CKM, and GIM - AJge = 3273 TeV
suppression :

. Tree-level, unsuppressed (g*~1)| Loop-generated (g* = 1/4m) :

~ 30 TeV ~ 2.5 TeV
Tree-level, MFV (g*¢ = V) | oop-generated, MFV
~ 6 TeV ~ 0.5 TeV

—=—18 New physics within or beyond the LHC
threshold production
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Single mediator models

Need to generate one of the operators at the EW scale:
(Qinu@;) (Liy" L) and/or (Qiyu0oQ ) (Lyy oqly)

- b— s uuattree level

—Rr—=37277/6)-
L= ) = S3:(§7371/3)
—ST=(8 1 1/3)
Vor—(3:2-5/6)
W’'=(1,3,0) Ui = (3,1,2/3)
US — (37372/3)
7' = (1,1,0)

<

* Coherent picture of B-anomalies is emerging”

|Buttazzo, AG, Isidori, Marzocca] to appear soon
24



Evenis

Data / Bkg

vald / BKg
(past-fit)

Di-lepton searches at high pr

- ATLAS Preliminary ¢ Dala e Peak hunt
o’k {s =13 TeV, 36.1 fb™ Iz L , .
. Dimuon Search Selection [l Top Quarks o D@Vlatlon 1N the tall
10° [_] Diboson
10* T 2B TeV) dor (pp > W* ) [do (pp = €€, 59 = (13 TeVy
_Z’L(4TeV) 1.37\ L B ]
10°} —— 7', (5 TeV) : 4 TeV) (0,702 Lyl ~

10° ]
0 . v L1 (4 TeV) 2037 03)(Layala)
) ) i
1 | - ]
M S
1 3
10 ‘__ 0.9+~ ;
107 Y ?
0.8 5 ~(30 TeV) (0,7 0 Q1) (Laya0 L))

1.4F =

1.2 ¢ = 0.77\\\\\\\‘\‘\\\\‘\\\\‘\\‘\‘\\\\\\\‘\‘\f
1 = 500 1000 1500 2000 2500 3000 3500 4000

0.8 =

0.6 — m p+ - [GGV]

2 l [AG, and D. Marzocca]

08 " .:f 11— 1704.09015

100 200 300 1000 2000
Dimuon Invariant Mass [GeV]
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Resonance searches

o Gauged U(1)g x U(1)u-1

* [wo Z bosons _
 Mass mixing Two dimuon “peaks”

100;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\:
2 — E z
oM= = MZqMZee 8 _ ATLAS 13TeV, 133~ |
..................... 107" -- Future sensitivity, 300 fo™' -
20:' Cé“‘“ +ARBS p 0.1 - +§: \ utu Itivity, E
3 0
_ 15 « {1072
< 10} M
< _ x 1073
> | N .
° N ”
: CH +RNTP T 10_4;
b e e o e - 2 .
O 05 10 15 20 S . .."
—5\\\\\\\\\\\\\\\\\-\'\\q\\\,\'\:\.‘\?#g\\o-
9qAv/Mz, 107 05 10 15 20 25 30 35
MZ1,2 [TeV]
[Crivellin, Fuentes-Martin, AG, and Isidori]
Example Phys.Lett. B766 (2017) 77-85

20



Drell-Yan tails

 High-energy talls in the dimuon spectrum
Strong limits on the flavour-conserving operators (no flat

directions) cU o
L > (] ) (ALY ) + —5— (dpyud]) (ALY pe)

V

Complementary info on the NP flavour structure

MFV case. Singlet: Cy,=Cp,, U(2)g case. Cp,=Cy,=0

102§ -1E
i 13TeV ATLAS 36.1 fb! E

Jil - 1 13Tev ATLAS 36.1 o' A1
pp-ut i B !

i | =11
10L

—003 -0.02 —001 0.00 001 0.02
Chu

[AG, and D. Marzocca]
27 1704.09015




[AG, and D. M ]
Example MFV Z’ boson 7 1700.0015

95% CL limits on MFV Z!' from p p - /1 I’

4F ATLAS 13 TeV, 36.1 tb™!

2000 4000 \ 6000 8000 10000

M,
1 0 0
(Zqq);;~ |1 0 1 Vg Resonance search
0 Vi, 1

[imit stops here
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[AG, and D. Marzocca]
Example IVIFV Z, boson 1704.09015

95% CL limits on MFV Z' frompp » u* u~

1.4F AITLIAS 13 Te\lf, 36.1 fb~!
1.2F
1.0F
1 Correct limit
1 from the tail

*,
L)
L)
LS
L J
*
L 4
L 4
L 4
L 4
L 4
L d
L 4
L 4
L 4
L d
L d
L 4
L 4
L 4
L d
L d
L d
L 4
L 4
L 4
L d
'4
L 4

2000 4000 6000 8000 10000

M 7' [GGV]

*
ts
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Conclusions
+ R(D™): Di-Tau signal at the high-p+!

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

* R(K™): Even if the NP scale is beyond the LHC collision energies,

deviation in the high-pr dilepton tail might still be observed.
[AG, and D. Marzocca] 1704.09015
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Conclusions
+ R(D™): Di-Tau signal at the high-p+!

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

* R(K™): Even if the NP scale is beyond the LHC collision energies,

deviation in the high-p dilepton tail might still be observed.
[AG, and D. Marzocca] 1704.09015

Stay tuned...

... for the interplay of flavour and collider physics in years
to come...




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

LM S 0 Qi Q) (L oo Ly)

(1) Dominant couplings with the third generation |

ikl
gQLL =~ CQQLL5i35j35k3513

(2) Flavor alignment with down quarks and charged bsvv & RID') -

leptons (to avoid FCNC in the down sector)
Q; = (V*uL,d") and L; = (U;-i,;uj,éiL)T

Consistent with the U(2) flavour symmetry

6»3 (in units of V)
=
o

*Unpubllshed

.DGIOarture > from this |
| OIC’[L re: \

2 - 3 mixing
down quarks

*Tree level (stronger)
*One Ioop (S|m|Iar)

33 ‘




: ST [Faroughy, AG, F. Kamenik]
COlllder ||m|t8' SM EFT Phys.Lett. B764 (2017) 126-134
e 11kl S a T
L5 chQLL(Qz'%U Q) (Liy"oaLli)

(1) Dominant couplings with the third generation

ikl
ZCgQLL =~ CQQLL5i35j35k3513

(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

Fit to R(D*) anomaly:
COQLL =~ —(2.1 £ 0.5) TeV ™~ ?

*Similar conclusions for: [0g, (dk Q])(Lkz )
34
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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
1.9r | | 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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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.

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



Vector triplet model: 13 TeV recast bounds

lgpg | x vV IMZ

ATLAS 13 TeV, 13. 2fb1

0!
02 03 04 05 06 0.7
MZ'(TGV)

* Improvements needed in the low mass
region!

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



Iwo Higgs doublet model

H ~ (HT,(H® +iA%)/v/2)
Ly = |D'H'|> — M7 |H'|? — A/ |H'|* —=6V(H',H) | ¥ |%?
_ . _ — 30¢ 0.08
— }/ngHle — YCQgHICR — YTLgH/TR + h.c. §
1 = 20f 0-06
~
10¢ 0.04
‘ e — 0.02
% 2 2 0.608101214161.82.0
QSR VpY7 /My Os, Ye¥o /My Mjp (TeV)

|Y, Y, | x v/ M?,
H

* Both non-zero to fit the anomaly

ATLAS 13 TeV, 3.2 fb™"

Vo, suppressioninbc = 1v

Fit to R(D*) anomaly
VoY xv® /M7 = (2.940.8)

(())20 0.25 0.30 0.35 0.40 0.45 0.50
[Faroughy, AG, F. Kamenik] M (TeV)

Phys.Lett. B764 (2017) 126-134 38



: [Faroughy, AG, F. Kamenik]
Sca/ar Le,Dquuark. (3’2’ 1 /6) Phys.Lett. B764 (2017) 126-134

e With the right-handed neutrino

Fit to R(D*) anomaly

sz/ Ybr* M 2
( £ L )<—W> =1.2+0.3
Yw

LA D YiJCZZ(ZO-QA*)TL] + YéVQiAVR + h.c. .

Scalar LQ exclusion

| ATLAS t1: 13 TeV, 3.2 b
L ATLAS 172 8 TeV, 19.5 fo~ !

L

"
—_— N W B~ U N

13 TeV, 300 fb~

MA (TGV)

* QCD induced third generation LQ searches provide additional limits
39



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

40



Limits from Drell-Yan tails

ATLAS 36.1 fb~!

3000 fb—!

0

Cug MR

UR

)

HR

[-5.73, 14.2] x10~4
[-7.11,2.84] x10~*
[-0.84, 1.61] <1073
[-0.52, 1.36] x1073
[-0.82, 1.27] x1073
[-2.13, 1.61] x1073
[-2.31, 1.34] x1073
[-8.84, 7.35] x1073
[-9.75, 5.56] x1073
[-7.53, 8.67] x1073
[-1.04,0.93] x10~2
[-1.09,0.87] x10~2
[-1.33, 1.52] x1072
[-1.21, 1.62] x1072
[-2.61, 2.07] x1072
[-2.28, 2.42] x10~2
[-2.41,2.29] x10~2

[-2.47,2.23] x1072

[-1.30, 1.51] x10~*
[-5.25,5.25] x107
[-2.00, 2.66] x10~*
[-1.04, 1.08] x10~*
[-2.25, 4.10] x10~*
[-8.98, 5.11] x10~*
[-4.89, 3.33] x10~*
[-3.83,2.39] x1073
[-1.43, 1.15] x1073
[-2.58, 3.73] x1073
[-4.42,3.33] x107?
[-4.67,2.73] x1073
[-4.58, 6.54] 1073
[-3.48, 6.32] x1073
[-11.1, 6.33] x1073
[-8.53, 10.0] x107?
[-9.90, 8.68] <1073
[-10.5, 7.97] x1073
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ATLAS 36.1 fb!

3000 fb!

URER

CQI

€R

(n
Cl?

6222

€R

SRER

CRLI

c
CRER
CbLLl
CbLeR
CbRLl
CbReR

[-0.0, 1.75] x1073
[-8.92, -0.54] x10~*
[-0.19, 1.92] x1073
[0.15, 2.06] <1073

[-0.40, 1.37] x1073
[-2.1, 1.04] <1073

[-2.55, 0.46] x1073
[-6.62, 4.36] x1073
[-8.24, 2.05] x1073
[-4.67, 6.34] x1073
[-7.4,5.9] x1073

[-8.17, 5.06] x1073
[-0.83, 1.13] x10~2
[-0.67, 1.27] x10~2
[-1.93,1.19] x10~2
[-1.47, 1.67] x107?2
[-1.65, 1.49] x10~?2
[-1.73, 1.40] x10~?2

[-1.01, 1.13] <1074
[-3.99, 3.93] x107°
[-1.56, 1.92] x10~*
[-7.89, 8.23] x107
[-1.8, 2.85] x10~*
[-7.59, 4.23] x10~*
[-3.37,2.59] x10~*
[-3.31, 1.92] x1073
[-8.87,7.90] x10~*
[-2.11, 3.30] x1073
[-3.96,2.8] x1073
[-3.82,2.13] x1073
[-3.74,5.77] x1073
[-2.59, 4.17] x1073
[-8.62, 4.82] x1073
[-7.29, 8.99] x10~?
[-8.86, 7.48] <1073
[-9.38, 6.63] 1073

[AG, and D. Marzocca]
1704.09015



VTM: Low-energy flavour 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

42

d
L

) .

)



VIM: 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
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The fit Is driven by
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VIM: Combined fit to low-energy data

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