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» Standard Model and Feynman Diagrams

» Historical perspective
- W
- neutrino
- charm
- bottom
- top
- Z
- Higgs
» Recent highlights from the LHCb experiment
- CP violation in B°.2>J/w¢ and B°_>D_u*v
- Observation of B?_2>u+*u-
- Precision measurements on BO>K*u+u-
- Lepton flavour violation?
o Bt OK+utu-
e Bo>Dutv
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“Standard” Model ?
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“Standard”" Model? = i______]

» Enough unanswered questions that justify search for new phenomena...

— What is dark matter?

— What caused the matter - antimatter imbalance? : i

— Why does the strong interaction preserve CP symmetry? i 7 i
. . 1 1

— Why is the neutrino mass so small? | |

- Is lepton number conserved? : |




Feynman diagram

R.Feynman, Phys.Rev. 76 (1949) 769

BWITHOUT (Yitkawa) couplings,
J diagrams

”

Hideki Yukawa and Richard Feynman during Feynman'’s visit to Kyoto, Japan, in the summer
of 1954, Left to right: Mrs. Yukawa, Satio Hayakawa, Feynman, Yukawa, unknown, Minoru
Kobayasi. (Courtesy of Satio Hayakawa.)
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F1c. 1. The fundamental interaction Eq. (4). Exchange of one

quantum between two electrons.

In addition to their value as a mathematical tool, Feynman diagrams provide deep physical insight into the nature of particle
interactions. Particles interact in every way available; in fact, intermediate virtual particles are allowed to propagate faster than light.




Feynman diagram

« Higher order diagram

» “Virtual” particles
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High-precision measurements
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« Recent highlights from CERN
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Historical perspective: W

» Radioactive decay was “discovery” of weak interaction?
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» Radioactive decay was “discovery” of weak interaction?
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Historical perspective: V

» Radioactive decay was “discovery” of neutrino?
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Historical perspective: charm

Indirect

Kaon decay was “discovery” of charm quark?
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Historical perspective: bottom

« CP violation was “discovery” of 3 generation?
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Historical perspective: top

» Bottom mixing was “discovery” of top quark?
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Historical perspective: Z

» Neutral current interaction was “discovery” of Z?
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Historical perspective: Higgs

» Precision measurements at LEP were “discovery” of Higgs?
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Historical perspective: Higgs

» Precision measurements at LEP were “discovery” of Higgs?
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Precision measurements point to new phenomena

Quantum {fluctuations at Precision [freontier
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High-precision measurements

» Standard Model and Feynman Diagrams

» Historical perspective

» Recent highlights from LHCb
- CP violation in B°.2>J/we and B°.>D_u*v
- Observation of B >u+u-
- Precision measurements on BO2>K*u+u-

- Lepton flavour violation?
o BtOK*tutu-
e B>Du*v
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LHC and LHCDb

« First LHC run: big success

G R o
5 BN e
N kb = |
N |

Year 2010 - 2012 |2015 - 2018 2020 - 2030
Energy 7-8 TeV 13 TeV 13 TeV
Lumi 3 fbt 5 fb-! 50 fb-1
Nr(B) 1012 5x1012 5x1013

11,000,000,000,000 B-mMmeseohs pProcducad




+ Search for new matter - antimatter differences

B,°>J/we and B°>D sptv 4 @t) 0

+ Do new particles contribute to the asymmetry? s
» Is there more CP violation in the "box” ?




B.°>J/we and B,.°>D_u*v

Search for new matter - antimatter differences
Do new particles contribute to the asymmetry?

> Is there more CP violation in the "box” ?
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B.°>J/we and B,.°>D_u*v
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» Search for new matter — antimatter differences ;

» Do new particles contribute to the asymmetry? s
» Is there more CP violation in the "box” ?
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BO>uty-

» Similar rare decay as K92u+u-
» Very, very rare in the SM
» Sensitive to small effects beyond the SM
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+ Historical endeavour!
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B.Oou*y
» Challenge: huge amount of events with two muons!

- Background: BR(B = Xu*) = 101

- Signal: BR(B2utu) < 108
1012 B produced; probability of yuy decay 10-?; eff ~5%

Thesis S.0ggero (2013)

- Expect ~50 events
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BO>uty-

First evidence, 3.50
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B9yt

» First observation, 6.20

B, 2uty ?

» First evidence at 3.00

Weighted candidates per 40 MeV/c?
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CMS and LHCb (LHC run 1)
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B9yt

+ Historical endeavour!
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High-precision measurements

» Standard Model and Feynman Diagrams

» Historical perspective

» Recent highlights from LHCb
- CP violation in B%.2>J/we and B°.>D_u*v
- Observation of B >u+u-
- Precision measurements on B?>K*u+u-

- Lepton flavour violation?
o Bt*o>K+tutu-
e B2>Dutv




BdOQKO*IJ+”- d . . . . d
« Similar loop diagram! BO W K~

+ More observables

— Invariant mass of yu-pair
- Angles of K and p f

v/Z°
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B do >KO*utpr 2_ LHCb E
o _ 1 SM from DHMV—_

» Similar loop diagram! g :
. e -

« More observables : — ——
— Invariant mass of pp-pair F E

— Angles of K and p 2_ _

o s 0 s

q* [GeV?/ c4]

LHCb, arXiv:1512.04442
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B do >KO*utpr 2_ LHCb E
- _ i 340 SM from DHMYV

« Similar loop diagram! SR :
oF +_+_ ]

« More observables F —— e ——
— Invariant mass of pu-pair o~ B

— Angles of K and p 2_ _______ _

0 S

+ Debate on SM calculation q* [GeV?/ c4]

— Non-perturbative “charm loop” effects? LHCb, arXiv:1512.04442




BdO 9K0 *I_'+”-
» Similar loop diagram!

» More observables
— Invariant mass of pu-pair
— Angles of K and p

» Debate on SM calculation
— Non-perturbative “charm loop” effects?
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B+9K+y+”- u - . . - u

. Similar loop diagram! B_b 11,74 SK_
+ Measure ratio p/e
+ SM expectation: Ry=1 e
0
Ry (Bt Ktutu™) v/Z

— T(BT=KTete)

p/e
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» Measure ratio p/e lw \\\\\ + Sy
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» Lepton flavour “non-universal” ?

LHCb Coll.,Phys.Rev.Lett. 113 (2014) 151601
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Intermezzo:

» Effective coupling can be of various “kinds”
— Vector coupling: Cq
— Axial coupling: Cio
- Left-handed coupling (V-A): C4-Cyg
- Right-handed (to quarks): GCg’, Cip/, ...
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Theory: Model independent fits |, C9/

o
» CgN\P deviates from 0 by >40 ARe(Cy) = _104i025 ot
» Caveat: debate on non-pertirbative charm-loop effects

T Aitmannshorer & Suaub, arvIT505.06188 5[ Descotés-Ganon, Matias, Virto, arkiv 1510.04239
- : 1| Branching Ratibs
2’ o AnguIarOps‘érvabIes Py

O

ao | \
s o s
B |
: ‘.
_1 \\ II
I \\ /I
I ) ' Pullsy p-val _+ee -2/ Pulley, p-val
-9l SM (x¥/ndof=117/88) 2.1% 0.9% | I SM (x¥/ndof=110/96) 16%
! C,NP=-1.07 - 3.70 11.3% CoNP=-1.11 62%
L, C"=Cy""=-0.5{3.10 7.1% 3.9¢ _3b. . G"W=-Cy"=-0.7} 410 55% |
-3 =2 -1 0 1 2 N 0 1 2 3

Re(C5")

NP
CQ




0.332 £0.024 £ 0.018
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» Measure ratio T/p : 0.293 + 0,038 £ 0015
» SM expectation: R(D*)=0.252+0.003 LHCb
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> Lepton flavour “non-universal” ?
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» Lepton flavour “non-universal” ??
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Tensions...?
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New physics?

+ More involved Standard Model calculation?




New physics?

+ More involved Standard Model calculation?
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New physics?

+ More involved Standard Model calculation?

» Statistical fluctuations? k. o) 3
o, . 4
&

» Or first hints for new particles??
> Leptoquark ?
— Couples to quark and leptons

— Explaining many open questions
e g-2, B2>Kuu, B>D*uv, diphoton

Yo’
4
> Z—? 3 TeV S
- New symmetry, new boson (force) |o ZI
— Explaining many open questions 1
o B>Kuu, BD*uv e b |
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