Precision in the "near” future of BSM

Paolo Nasons Fest, Milano, September 15/16 2022
R. Barbieri (SNS, Pisa)

1. Introduction
My own “prejudices”

2. SM Effective Field Theory

Useful? How to use it?

3. How do precision measurements relate to BSM searches?
Current anomalies as examples

In inverse order of arrival:
My (9 —2), B — anomalies

4. Any “definite goal”?



_ Problems of (questions for) the SM Structural

0. Which rationale for matter quantum numbers?
|Qp _|_ Qe T Qn| < 10_216

2.Why 6<107107? 0G ., GH
Axions?
neutrino masses gravity?

Are the protons forever?

4. Lack of calculability

the hierarchy problem

the flavour problem et



Where could some light come from?

—— 1b Foundations (FT, QM)

la Not that one hasnt tried, sometimes with great ideas (GUT, susy, axion,...)

Fundamental questions. Related to the structure of the SM of PP?

3.An experimental deviation _—— 3a New parficles

C from the SM ——— 3b Precision

Focus on 3b, assuming (which requires) new physics in the MultiTeV,
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A difference in the two sectors of the SM?

1

Loy = —ZFSVF‘WV + U PU The “gauge sector”
HDMMQ + M2[6]° = No|* + A+ NijoW The "Higgs sector”
/' / \(where the Fermi scale originates)
the hierarchy the CC problem the flavour
problem problem

T

In EFT they look
much the same

NoO particle mass
alculable (15=17-2

To me: the relatively best motivation for BSM in the MultiTeV
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Standard Model EFT
L= Lsn+ Zi%0§d>4)
(V)

To be used with a grain of salt (about 2500 op.s at d=6 only)

One relevant subset: "Universal theories”

0. NO new light particle (general for SMEFT to be meaningful at all)

1. Quark-lepton and flavour universality as in SM
(Fermions involved in NP only via the SM currents)

2. NO CPV in new physics
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D=6 operators (16)

Ow = ZQ(HTa“D JH)D*"W¢,
Op = < (HI'D ,H)8"B,,,
Oww = g2|H[PWg, W
OWB — gg,HTO'aHW;}VB“V

OBB — g’z‘leB BH*Y

Oca = 92|HI*G},, G4
Qow = ——(D“ )
Osp = ——(8“3“,,)
Do = —= D“GA )

O3W — % abcwauwbpwcu
O 3q = gs fABC’G(iuGBpGCu
Or = 2(HJr D,UH)

O = L0,/ HP)?

= AlH[°
O, ~ |H|?(HgLY,ur + h.c.)

Oz, =~ (GrYuur)(urY, qr)

'‘Basis dependent”
Only the number fixed

pseudo-observables (16)

EGGM
S 92(EWB
A +3Ew + 1 EB)
T Er
W | LBy
Y N
Z | LEx
Ag{ _%EW
AR, 9°Ewp
/_\’y _94_2E3W
Ny | —% Esq
Aks | —Fg — %EH
Akp | —E, — 3FEq
ARy | —2En
feg | 4EGa
fany 2[2¢;Eww — 2s3EBB
—(c§ — s3)Ew B]
fvv | 4Eww + Epp — Ewp)
C2y FEry

Different subset of op.s for different subset of pseudo-ob.s

and different models!!

Wells, Zhang 2015

At LHC
My

pp — U, qq

pp — dibosons

Higgs couplings

5/27



D=6 operators (16)

Ow = 4 (HfaaD JH)D*W?2,
Op = i(HT D ,H)d"B,,
OWW — glePWﬁ’UWG“V
OWB — gg,HTO'aHWSVB“V

Opp = g"%|H|?B,, B
Oca = 9; |H\2GA GAnv
Oow = —5(DFWE,)?
Oz = ——(8“3,“,)

Do = (D“Gm/)
OBW — Qeabcwauwbpwcu
O 3q = gs fABCGAuGBpGCu
Or = 2(HT%MH)

O = L(9ulH )

= \H|

O, ~ |H|?(HgLY,ur + h.c.)

Oz, =~ (GrYuur)(urY, qr)

'‘Basis dependent”
Only the number fixed

pseudo-observables (16)

Z[ZCgEWW — ZSgEBB

—(c5 — s5)Ew B]
A(Eww + Epp — Ewp)

E,

Different subset of op.s for different subset of pseudo-ob.s

Wells, Zhang 2015

At LHC
My

pp — U, qq

pp — dibosons

Higgs couplings
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Three examples for the “best LEP” coefficients

1. On shell measurements

1 — 7y

S

1

0.

0 0.1 0.2

0.04 1

0.02 -1

Higgs (1o)

EWPT (1o) 0.3
—— global /LEP
/ _—fo02
y ﬁ) N
(_//// 0.0
e
- —0.1
—0.02 —0'.01 0.00 0.;)1 0.02
, =)
C oW B [T@V ] O W B

Falkowski, Straub 2019

Projection with 2 observables only

Oy~ = 2%

T

4

NN\

(On the same scale as the plot on the left)
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Three examples for the “best LEP” coefficients

2. Off shell measurements

pp — (v, [l

101 fb' (13 TeV) 101 fb' (13 TeV)
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- v I =1 s.d. ] - v P =1 sd. ]
- + 2 s.d. - - x2s.d. =
T = T =
- I - - —
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- ! . - : .
- - . - : .
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Three examples for the "best LEP” coefficients

2. Off shell measurements

%0 L=1SAS Q}/00€

/ 3/ab projection

. |
\\ \\ _
\\\ \\

05 Franceschini et al, 2018
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A definite goal: Precision in composite Higgs

What is the radius of Higgs compositeness, if any? lz =1/m.

s R
A two-parameter M = 9] il
“theorv” f f = scale of symmetry breaking
Y g My ) m, = scale of Higgs compositeness
- Higgs couplings cH ~ gi /m3

- flavour-less ElectroWeak observables

Pole observables: MmMw, Sin@éff cw ~ 1/m?
DiBoson production: Wh, Zh, W Z WW  cw ~ 1/m3
Drell-Yan [T]™, lvat high myy, m?; cow ~ 1/gims

- flavour observables gz /m2, g./m3,1/m? 9/27



flavour-less observables in composite Higgs

r _miﬁ-a 9:H g.o g.¥ gA X
EFT — T 9 . . , 3/27 ’ 3/2
g* -m* m* m* m* m* m* )
Glioti et al, 2022
[ CH
m Cyy w Cy _
m Coyy m Cy
mm Coyy
Current constraints 95% CL HL-LHC 95% CL _
L 6 8 6 ] 10
m, | TeV] m.. [TeV]

v O(1) -factors possible in either direction

A projected gain of about 2 TeV in m, for any value of g 10/27



Flavour in composite Higgs

Different flavour symmetries Jf.
of the strong sector

12

10

U(3)g x U(3)y x U(3)q X Fe (but no LFV)

Current constraints

(more later)

Glioti et al, 2022
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Example 1

m— Stat,uncertainty R |
—— Total uncertainty
LEP2 80376 £ 33 T —
DO I 80375 £ 23 PNS—
ATLAS 80370 =19 ——
LHCb 80354 x 32 ]
CDF 1I 80434 +£9 -
World Avg. (w/o CDF) 80370+ 12 —0—
____V_V_orld Avg. (w/ CDF) 80411 +38 -
SM 80361 + 7 Indirect w/o my,
SM electroweak fit 80354 =7 @
SM + ST fit 80378 £ 24
......... N T S
30100 80200 30300 30400 30500
my [MeV]

Bagnaschi et al, 2022

O My
My

(2 more op.s in universal theories)

— 0.77 — 0.4S

Slﬂgff 0

= —1.47)

‘ea:p — 10_3

5MW B 20 MeV

- —92.5-10"%
MW | b 80 GeV
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VectorLike Heavy top partners T Ubiquitous in
Composite Higgs

t

7 ; 3m; —3
_ _ Yyt qrin T (top) = 35-3,3 9.5 - 10

. 3Y7: m? . M?
1 YrHqrTR - T(T) ~ = MtQ lg —% A
w@M\/ e ( S,0g, smaller)
| ’ ~ 1 - 3Y2 m? = M?
YH L p— > T T ~ 5 t 1 T
t QL R Q (B) ( ) 87-‘-2 M% g m%
1 CDF II If §My <10 MeV |
M o L _
Singlet L x (1.8 +-2.2) TeV Mr > (2.8 +3.5) TeV S //
o T <o —j
Doublet L x (2.5 +3) TeV - > (4+5) TeV 1
Yy Y; |
2 1 o0 1 2 3
S x 10° 13/27
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BR(T — Ht)

0.2

LHC searches of heavy T

1" — Ht, Wb

Pair production Single production
ATLAS praliminary
ATLAS preliminary 1700 JE=13TeV, 130"  largest excluded mass (observed)
2| + 31 combination | > 2000
f=13Tev, 130w |l 1590 &
1500 E
1400 E 1800
' )
1300 E 1600
1200 ©
e
1100 g -1400
~1000 §
900 2 1200
=
goo °
_ 1000
04 06 08 0.5 0.6 0.7 0.8
BR(T — Wh) BR(T — Wh)

95% CL mass limit [GeV)
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Example 2

(9 — 2>u

Aa,|gyvp = 6845(40) - 1071 BNLg2 —+——@
Ady|wear = 153(1) - 10711 FNAL 92 +——®
Aay|prer = 92(18) - 107 { 420 > Ay lexp — aplen = 250(60) - 10~
O % O
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
aHX1O - 1165900
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SUSY as an "EASY" and MOTIVATED interpretation

1. Relevant (low energy) parameters:

< Ho >
< H{ >

Mlgg7 mﬁLﬁZ_ﬁL7 mﬁR:&};ﬁRv :quHQ? tanﬁ —

2. Size of the effect:

2
g1 o Mjputanp tanﬁ v My 200 GeV ,,200 GeV
A ~ ~ o
TyulsUsy 1672 * m2 m2 @ 10 )(1 TeV)(lOO GeV)( mj; A mg )

L R

ML KR
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4. Direct signals

Ik
TR [ =e, 1
L )7+ %8
T ————————
________ 0
X1
J
LHC o(pp — 1) ~1+10 fb
backgrounds: V'V, V +jets, V* = 1I, tt, t +V
DM

~0 ~
X17T

co-annihilation

Am =mz —mgo $ 15 GeV

M, <mz~L,mzR < M5 </L<M3

Cox et al, 2021

300

800

vvvvvvvvvvvvvvvvvvv

M,=1 TeV tanp=20

900

1000
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) [GeV]

1

~

m(x

pp - [} g G g, G — pX3, bino LSP March 2022 pp =} g A7 g, B = KX3, bino LSP March 2022

600"l""',l""l""I""I"" ;600ll|l,lll,|llll|ll||||||||||||
- ATLAS Preliminary ~ A'lmisaosw ct o - ATLAS Preliminary  A'mits at 95%GL
- 8-13TeV,20.3-139fp! ™= Observed O, . 8-13TeV,20.3-139 fb"" |
500 — arXiv:1403.5294, Run 1 2¢ —~ 900 — ATLAS excluded: CONF-2022-006
B arXiv:1911.12606, Run 2 soft 2¢ S\ — W 1403.5294, 1911.12606,, 1908.08215
B arXiv:1908.08215, Run 2 2£0J 1> o LEP [ig excluded
— mmm CONF-2022-006, Run 2 2¢, Am~m(W) = | a2;"+10=(25+0.6)x 10

400 [— (@np, p[TeV], M, [TeV))
— [ (60, 0.5, 0.5)
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— [E=4 (60, 1.0, 1.0)

400 — 1 LEP pgexcluded

as’S"+10=(25+0.6) x 10~

(tanB, u [TeV], M [TeV])
60, 0.5, 0.5)

\§

100 ﬁ N 100

300 == (o 55 10 300
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— E== (5 10,10
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o
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\
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Example 3:

B-anomalies in semi-leptonic decays

CMS . _ +0.44

BPH-21-006 (‘ > 3.83 Zg 41

LHCb : +0.48

PRL 128 (2022) 041801 " ' 3.09 7,4,

ATLAS+CMS+LHCDb ) +0.37

BPH-20-003 e 2.69 7,

CMS +0.72

JHEP 04 (2020) 188 - 2947,

ATLAS _ 0.8

JHEP 04 (2019) 098 - B 28"

SM Prediction

Beneke et al, JHEP 10 (2019) 232 ! T | 3.66 = 0.14
1 I | 1 | 1 I 1 | | 1 I 1 | | 1 I | | 1 | I | |

1 2 3 4 5

Standard Model Experimental data
- \ (th. err.) (exp. err.) —
Ry [1.1, 6] —| Wemesseey=——nuy —
R[\" [0()~5 1 1 &
) . .
>< P, [2.5,4 o
S
i " P 4,6 ‘
B(B! — outp~) [1,6 /
B(B) — utu)
BB = utu) - °
Charged Men 7 2= ——
™\ ( R
b . R(D)
>< R(D") .
¢ ) L R(J/¥), o
| | | | |
0 | 2 3 1 3
figure credit: Patrick Koppenburg Pull in o

- in many cases Oih << Oegp

B(B, — ) [107]
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- Anomalies only seen in semi-leptonic op.s

not In

T — UVV

Broad features

(11 1)

(qq U1
norin AF =2

(qq qq)

- Need left-handed ops.

(qLY.qr Z_L%JL) to interfere with the SM

- A larger effect in CC [SM tree-level]

b(3)c(2) — 7(3)v7(3)

- A smaller effect in NC [SM loop-level] b(3)c(2) — u(2)u(2)

A pattern similar to Yukawa couplings !?!7?

C V

A vector lepto-quark U (1 )2/3
b : b
>, = E DG

S

_with hierarchical couplings to different generations

L

+2/3
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What if B-anomalies confirmed and interpreted by U, ?

=3 3 “necessities” and 1 question

1. Ui/S C Q;‘ (S(4) Pati-Salam)
[gauged or p-like]

2. No direct coupling of /1,2 to g;‘ but only via mixing to vector-like £

— 1

sk
3. Approximate flavour-symmetry protection of low scale My ;" & |
1. Can the g/j‘ be related to Higgs compositeness? |p, ;] i ] ]
BECEECRS



My

gu

Range of mess = in 4 simplified SU(4) models

to account for the anomalies

0.2 : : |
Excl. CMS
— Models 1,2
——  Model 3
—  Model 4
Q0.1F -
A
LS
- B, Isidori, Cornella, 2022
0.0 |

22/27

TN eff TGV]



t-channel vector lepto-quark exchange

O

( pp — T, by weaker)

A T,T,» NO b-tag 138 fb™' (13 TeV)
8000 -_' ICMISI T 1.7 LI T T T ] A
% - Preliminary vt Bg. Jet—, i %

6000 -
(\5 B tt Others - (D
- - ~
9D 4000 ¢ Observed Bkg.unc. - &
qc) - g0 @31fb  bbp@1.0fb - QC>
> 2000 N (mo =1.2TeV) (mo =1.2TeV) _ >
L | VLQ, g =12 i L
Vol LMyt | v

1 1 l —

10 =

107k —

10° b = -—

=}  — | | M M

Q' : Ll 1 1 l [ Ll : d
L>LI< o~ —aat — bb —VLQ _ u>j
= : ¢ Observed Bkg. unc. : T~
7)) i i 7))
0 i * = 0
O 1 3 O

— | ] | ]

m?* (GeV)

300

200

100

107"
1072
107°
107*

T

7,7, b-tag 138 fb™' (13 TeV)

1 1 1 1 I 1 ' L L 1
- CMS .
| Preliminary tt Bkg. Jet—t, ]
__ tt Others ]
- + Observed Bkg. unc. :
; T 96 @ 3.1 b bbo @ 1.0f0 ]
s (mo =1.2TeV) (m0 =1.2TeV) -+
i VLQ, g, =1.2 i
(mUl= 1l 1l‘elV)l L L L |

1 L] Ll 1 I L] L] 1

=
®

= 1 I T L l T '] 1 -
| —go¢ —bbg —vLQ _
| @ Observed Bkg. unc. ' -
* * =
— | 1 | L

102

mt" (GeV)

138 fb™' (13 TeV)
CM S 95% CL Excluded:
. . [ 1Observed 68% expected
P r el’m’nary ---- Expected 95% expected
- 6_ — T AL S E— T
=2 - VLQ BM 1

95% CL preferred region

T S S T R S TR ST S R S T T
01 2 3 4 5

m,, (TeV)

my (TeV')
gu

~ (0.8 =1.9

meff —
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Flavour in composite Higgs
(but no LFV)

IF gu — G« Clnd muy — M Mmerr = 0.8 TeV
My
Meff = ——
192 e gu
7‘ — Meff — 1.5 TeV
10 .
95%CL
8 )
Universal
I+ 0 L] U(Q) X U(g)RC — o
- U(Q)QRC 1 Glioti et al, 2022
4 L] U(Z)LC —_
2 )
) 4 6 ] 10 19
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A projection of the future sensitivity
on some key observables from LHCb only

23 fb ! 300 fb— 1

Observable Current LHCb LHCb 2025 Upgrade 11
EW Penguins

Ry (1 < ¢ < 6GeVich 0.1 [4 0.025 0.007
Ry (1< q° <6GeVich 0.1 (5 0.031 0.008

b — cf v, LUV studies

R(D") 0.026 [15,16] 0.0072 0.002
R(J /) 0.24 [17] 0.071 0.02

Statistical uncertainty
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Flavour in composite Higgs

Different flavour symmetries Jf.
of the strong sector

U(3)g x U(3)y x U(3)q X Fe (but no LFV)

12

10

s Current constraints

b— sl
Improvable by a factor of 10

In rate

Glioti et al, 2022 26/27




Summary

1. To turn the SM into a ST still premature,
in spite of its empirical success
(in my view mostly because of its unpredicted 15 masses)

2. Precision offers an indirect discovery potential of NP
at MultiTeV, if any, before the next HE collider

3. Worth to establish a BSM Precision Programme in depth
and extension (Exp/QCD/EW/PDF/SMEFT/BSM)

4. The scale of Higgs compositeness explorable

well beyond the reach of direct searches at LHC
(with a key “unavoidable” role of flavour)
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Last but not least

None of this would have been and will be possible at all

without the fundamental contributions by people like
PAOLO
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Energy growth of diBoson differential cross sections

SM BSM
qr.rqL.r — ViVi(h) ~ 1 ~ E%/M?
qr. rqr.r — VaVi(h) | ~mw/E | ~ mwE/M?
qL.rqrr — VaiVe | ~m¥ /E? | ~ E?/M?
qr.rqL.r — ViVz ~ 1 ~ 1

0.05 '% Sy
. — 14 TeV 300/fb
[ — 14 TeV 3/ab

/7
/7
/7
/7
N\
N\
N\
N\
/7

0.2 05

/7
/7
/7
/7
N\
N\
N\
N\
7”7

\//

< |
N~ NN

2

a(g) _ 107

q MQ

41 g

3) _

45 =30

q(3) — 9

q M2

Franceschini et al 2018
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3. Main constraints on parameter space

@ No coloured partners below 1 =2 TeV

Msqgg, Mz 2 a few TeV

® No flavour violations p—r ey, T — [y, etc
Me, = My, = M3z, (and similarly for m;_ )
t
Due to mip(T) =m ptan B ~ (150 GeV)? mp_p s lightest s-lepton

10 TeV
(if not vacuum-unstable)

@® Cancellations needed

my = —2(mip, + |ul”)

18/30



Low energy observables

(influenced by Qf-exchanges at three level or in loops dominated by IR logs)

Class Observable Experiment /constraint Correlation SM prediction
Cinp = —Clonp —0.39 4+ 0.07 [29] — 0
I Rp 0.340 + 0.030 [30 p=—0.38 0.298 + 0.003 [30
Rp- 0.295 + 0.014 [30 0.252 + 0.005 [30
II (gr/Ge.pn) 1.0012 4 0.0012 [30] — 1
- T — 3 < 2.1 x 1078 [34] — 0
Kr — pFeT < 4.7 x 10712 [34] — 0
5(Amp.) 0.0+ 0.1 [*] - 0
IV Im(CYY) [GeV™?] (—0.03 4+ 0.46) x 10~1% [32,33] — 0
Im(CYF) [GeV™]  (0.06 & 0.09) x 10~ [32,33] — 0




Overall At

6
i SM
5l B DModels 1,2
]m[ CK] B 1\--"10(103. 3
A M Model 4 Ry, b — sl UM— exchange

TLFU = U, - exchange at one loop

T — 3 X, - exchange

Amp_,Im|Cpl|,Im|Ck| = gZ- exchange

Il 1l

Rpwy b—sll 7LFU 7 —3u Amp, Im[Cp|] Im[Ck]

B, Isidori, Cornella, 2022



Cox et al, 2021

550
-
= 300
500 -
)
>
=
L 450 250
2
EN
400
200
350
150
600 800 1000 1200 1400 1600 500 600 700 800 900 1000 1100 1200

p |GeV] p |GeV]

FIG. 1. Bino-stau coannihilation. M, has been adjusted to obtain the correct relic abundance, and we fix M, = 1 TeV. The green
(blue) region is consistent with a, at 16 (26). The black region is excluded by XENONIT [24]. The region to the right of the red line is

excluded by the ATLAS slepton search with 139 fb~! [22], and the red region is excluded by slepton searches at LEP [25]. The grey
region 1S excluded by vacuum instability. Left: tan f = 50. Right: tan f = 20.



q

)

A vector lepto-quark living inside Pati-Salam SU (4)

A recast of large-1"dijet and ¢t searches
at fixed go =~ gu = 3 where T'(G' — tt,bb) > 0.24m¢

005 1 1 -~ 1 I 1 1
RN I

J tt
A heavy gluon \04 .. -
t,b [
G' S o ]
S
ltl—) 0.2-

| I\G’ < I1G’—>jj + FG’—>tt—

A T '\':1.0”/' T\'4.5 5.0 Cornella et al 2021
MG/ [TGV]
with a significant dependence on the coupling to the light quarks
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Timelike —> Spacelike

pwd WY's T's

6 100 ¢
ee hadrohs
g4
|
T
| | 10 | MUonE
Hadrons A 2 -
| ! X
N
%) £
Crystal Ball \-g{ t Hadrons
& BES|| ST
2 -
. _ 0.1 |
OBES Il WDM2, BABAR & DHHM i Smooth integrand
" ‘;;v" a DASPII, CLEO, CUSB, MAC, CELLO,MARK J | I
I R 1 . |
% S% 4% 3% 0.5%. 0. 1% _ S5.4%  0.1%
;’: ' ' B ' s}st. errors 0.01 I 1 | 1 ! 1 | ]
0 2 4 6 8 10 12 01 02 03 04 05 06 07 08 09 1
E (GeV)
T
F. Jegerlehner, arXiv:1511.04473 Carloni Calame, MP, Trentadue, Venanzoni, PLB 2015

M Inclusive measurement
M Smooth integrand

M Direct interplay withdattice QCD>
22

M Passera Bologna 10.12.2021

If the needed precision can be reached 16/30



Direct production of vector lepto-quark

-
(U —» br) =~ 1/2
2

13 TeV
5.0 T < 4 —— |).

gUZ\/i)\

rreeprreeryrrerrypererrperrreprereryprerrryprerl

CMS

k=1

Obs. |(95°/o CL;
— LQ, LQ, +*LQ, ---L1Q,LQ,+tLQ,
— - LQ, LQ,
- TLQ,

-~ LQ, [T,

| | I | | 1
Exp. (95% CL)

137 b
—

Preferred by

B anomalies
(95% CL)

IIII|IIllllllllllllllIlllllllllllllllll

=N
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