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Heavy flavour

Whole SM flavour theory described by 10 parameters

« 6 Yukawa couplings/quark masses
« 3 CKM angles
« 1 CP phase

« Updates (NOT inclusive):

« CP-violation: interesting highlights, see pre. Loic
 Rare decays

* Flavour Changing Neutral currents (FCNC)

* Lepton Flavour Universality Violation

* Lepton Flavour Violation

 An observation constitutes directly new physics

« Hadron spectroscopy



Rare decays in a nutshell

« SM flavour theory well-established
« At tree level generally well
understood

 SM loop corrections calculable
* New physics can impose p

deviations beyond LHC (or Belle Il)

scale
 Heavy BSM/SUSY particles may enter
the loop
* New physics may enter at Tree level:
* Leptoquarks, Z’
» Deviations of helicity/Cabibo
suppressed decays

DESY. | Moriond QCD 2019 highlights | Merijn van de Klundert

Page 5



FCNC and LFUV

Flavour changing Neutral currents:
* In decays, deviations from SM observed
* In various channels (B+->k+mumu, B¢- > phi mumu)
» predictions consistently overestimate data!
Lepton Flavour Universality Violations
+ Ratio Ry~ defined as: B*->k*mumu/B*->k*ee
deviation w.r.t. SM (Run 1). Predictions overestimate data as well!
« Ratio Rp- defined as: B->D tautau/B->D"'mumu
deviation w.r.t. SM. Predictions underestimate data

-> |[CHEP 2018: leptoquarks “kind of trending topic”
-> Review updates and new analyses!

/-o

e - o+ o=
[ £
Y.z &/
W Mg, rs"'xs v
SSSTN\M f"_L + &
% _ W™t W
b s hLcou % 5 b . ;35”1._('. 5 .5

B° k° B° K

DESY. | Moriond QCD 2019 highlights | Merijn van de Klundert Page 6



FCNC

o 1-8: L I L L L R
:i 1.6 ;_ SM prediction _;
+ LHCb Update: two new 2018 analyses: £ 1‘2‘: - bu 3
« TOP: JHEP 09 (2018) 145. Update, for 7 ”:; 1— —
and 8 TeV p+p data B 08 . E
Differential branching fraction and angular T 22 :T - :
analysis of AOb—Ap+p- decays $ 02 R + LHCb -
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LFUV

 LHCb update:

Adds 2 fb~! of Run2 data ( 13 TeV 2015-2016) to
3 fb~! of Run1 data (7/8TeV 2011/2012)

Improved reconstruction and reoptimized analysis strategy
Double the statistics of previous measurement

Measure double ratio:
_ BBt-ktutup) B(Bt-Ktete™)
K= BB+=)/p(utu)kt) ! BB+-)/P(=ete )KT)

Uncertainty in result decreased by

~30%

Deviation remains unchanged at
2.5 sigma ®

* Full Run Il analysis will double
statistics

« CMS: stay tuned for summer LHCC
update
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LFUV

Update on Rp-

* Pre-Moriond: deviation 3.8 sigma

« Belle experiment updated before
Moriond EW:

Rp~ deviation decreased to 3.1 sigma
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Other new LHCDb results on FCNC % >;,

» First observation Lambda,->lambda+ gamma W
|R)
« Expect small right-handed component . W

« SM: expect 10*-5 > Branching > 10*-7. ( i

', / s,d
. Result LHCb 2016 data: arXiv:1808.00264 b e

B(Ay = Ay) = (71+£1.5+0.7+£0.6) x 107°

« Consistent with SM prediction

0‘%25:_ fffgfﬁ,i'-nam " LHCb Ptellmlnary_

+ Further result LHCb 2016 data: = | oo 85213
arXiv:1808.00264 o2 ]

[ - i

« CP violation in BO%->phi+gamma ﬁwJ[ HI |Jd| | H—
B 1o TR L AL

« Consistent with SM prediction S| | ﬁHT T
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ATLAS Run Il result on rare decays

“Study of the rare decays of BOs and B0 into muon pairs from data
collected during 2015 and 2016 with the ATLAS detector”

Decay heavily helicity surpressed

» SUSY predicts large deviations
* Leptoquarks and Z' predict deviations
Already observed by LHCb and

combi LHCb-CMS

New ATLAS result arXiv:
1812.03017. Based on 2015+2016

data:

Deviation smaller, compatible with

SM at 2.4 sigma

=> Altogether, observed
deviations inconclusive
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CMS Run Il result on LFV

Observation would directly imply new physics!

4 Oata
140

— Signal (B(z-3u)=10")

120 e Background-only fit -

S/(S+B)-weighted events/0.01 GeV

CMS-PAS-BPH-17-004) . .
80

Tau->mu+mu+mu ;

B(Tau->mu+mu+mu)<8.8-10-8 with w E

33fb-1 . 3

Comparable performance to BaBar- O st T b

Belle . @oV)

Good Prospects, particularly

Belle II! BR(7T — 3u) Ref. Comments
(90% CL limit)
3.8 x 107" ATLAS [429] Actual limit (Run 1)
4.6 x 107 LHCb [428] Actual limit (Run 1)
3.3x10°° BaBar [417] Actual limit
21x 107" Belle [423] Actual limit
3.7x10° CMS HF-channel at HL-LHC ~ Expected limit (3000 fb )
6x 107 ATLAS W-channel at HL-LHC  Expected limit (3000 fb ")
2.3 x 107" ATLAS HF-channel at HL-LHC  Expected limit (3000 fb ")
O(107) LHCb at HL-LHC Expected limit (300 fb™ )
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Explaining the flavour anomalies

Electron
channel

S.
SM-like

Lepton
Flavour
Universality
Violation
(LFUV)
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Explaining the flavour anomalies

 The Pati-Salam Leptoquark is tailor made to explain the flavour anomalies

« Explanation of R(D) and R(D*) requires a generic
flavour structure:

« Explaining R(D) and R(D*) with the Pati-Salam
leptoquark give the right loop effects in b—sll

» Good solution, but difficult UV completion
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Hadron spectroscopy

New pentaquark news from LHCb

» First observation: two charged
states: one narrow dubbed P.(4450)
and one broader dubbed P.(4380),

decaying into J/yp

« Tightly bound or molecular?

« Update by LHCb using full Run-2 R D’ Y
statistics s b ?
, _ % | —data ! LHCb
* X9 increase w.r.t. the Run-1 analysis 8, 000F. " total fit preliminary
g - —background
« The previously found P,(4450) 2 aool-
reveals a finer structure with two g

j Jiild
close peaks, and a new peak is : "o ‘ O
found at 4312 MeV sool#f
1 i, PJ4440)" (| P (4457)
- P,(4312)
063256730 235024002450 250045502500
my;.,, [MeV]
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New results on Higgs and Top Physics

From observations to precision measurements

* Interesting year behind us, with
major results ATLAS-CMS:

« Higgs-tt observation established

» Left: first CMS H+tt candidate
event in 4l final state

» Higgs decay to b-quarks discovered

 VH channel observed

« Hunt for rare decays ongoing

 Other channels: transistion to
precision measurements
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ATLAS Updates:

g E. A_ TLAS VH, H—bb, V—leptons cross-sections: E
For 80 fb—1, arXiv:1903.04618 s el T e
. . . g X E V=W i V=27 ;
From observation to Simplifield Template =2 ol L .
1 1 = 1 —
Cross sections (STXS): x CE - —1 =
« Split in production mode and kinematics 10 3 _Tﬁ: [ T =
regions phase space s = =
= | — -
+ Benefits (non-exclusive): reduce model 2 T T | ¢ - + ]
dependecne, enhance sensitivity 2 (; + =~ i R

o = s

7

 facilitates combinations decay channels

Analysis:

» Splitin WH and ZH
« 8 BDT's in 8 separate signal regions

« Extract pT spectrum, heavily optimised to
sensitivity

« Constrain effective Lagrangian models
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ATLAS Updates: % ATEAS oot

/s=13 TeV, 36.1 fb™ —9;%%
H-> WW in VH channel *

2 ® SM

« Strategy:

e WH->Inulnulnu

e ZH->I1 Illnulnu

N
nof
3y

e Results, reported with respect to SM predictions:

pwia = 2.3%(stat.)*(33(theo syst.)*(3e(exp syst.) = 2.3%] 3
pzu = 2.9*1(stat)*0%8(theo syst.) "0 34(exp syst.) = 2.9°19

uvyg = 2.5 _0:7(stat.) (theo syst. )+8 2g(exp syst.) = 2.5f8:

e Compatible with the SM
e within 1.30 of SM for WH and 1.5¢ for ZH

e Observed (expected) VH significance: 4.1¢ (1.90)
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CMS Updates:

« First measurement in ttH topology Backgrounds

« 36 fb oL tt(1L), Z->vv and ttZ(->vv)
«  RESULT: B (h-> Inv)< 0.46 (exp. 1L tt(2L), W+jets and ttZ(->vv)
0.48) 2L tt(2L), ttZ(->vv) and DY/VV
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CMS Updates:

« Experimentally opportune: almost

background free!

« SM prediction small & uncertain

« BSM enhancement (new amplitudes)?

« Obtained limits. Well in agreement

with SM:

observed expected
BH — J/y]/p) x 10° 1.8 L8
B(H — YY) x 103 1.4 1.44+0.1
B(Z — J/y]/¢) x 10° hi5) 285
B(Z — YY) x 10° 1.5 1.54+0.1
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Higgs combined measurements

« Coupling modifiers, STXS stage 1, On 80 fb-"
- CMS:

 H->gamma+gamma

 H->tautau
« ATLAS

 H->(gamma+gamma, ZZ, WW, tau+tau, b+b)
* Fiducial Xsec, STXS stage 1.1

. 137 fb'CMS
.« H->ZZ

« Generally, precision inclusive quantities improved by ~10%

 More complete Runll results in preparation!
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ATLAS results on tt+bb

ATLAS, arXiv:1811.12113
36.1 fb-1

ATLAS
lepton+jets ( = 3b)

n
V5 =13TeV,36.1 b1 l.

|| [ |
i . ) lepton+jets (= 4b) _i =
« Both fiducial cross sections i
1
. . u Data- tiX(X=H,V) @ u
and differential extracted eu(=3b) | ':_+ S uncar +_ _—I-
_ o Sherpa 2.2 tibb (4FS). - |
° [ Powheg+Pythia8 ttbb (4FS) M [ |
Expenrpental precision exceeds o 20 __=_l et i e, —a
theoretical knowledge. n PowHel+Pythia8 tfbb (4FS) M u
101 102 103 0.5 1.0 _1.5
« Predictions lower than fiducial Tfia [fb] Pred./(Data - ttX)
measurements but compatible.
Z
8 g t
b 000000 b
b, ~p
g voooooo———— /
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CMS preliminary ttZ results @ 13 TeV

Absolute differential cos(6*Z) distribution
CMS Preliminary 7751 (13 TeV)
U B B B I U IR B B

 Results: [ B ; -
_ 300 -
- Differential {fZ cross-section w.rt = [ { Z
pT(Z) and cos(6*Z) (angle 5 i l ]
between Z and negatively charged < 200 7. Y :
lepton from the Z decay in the Z- _§ i ]
rest frame) B 100k ]
© - i
. I # Data

. — Interpreted_ within EFT and : — AMC@NLO
anomaloustthoupIings: © ) o s o o o e e e e
© 1.25F 3
« Analysis reached better precision 2 . F y 3 J
than NLO calculations B orsET z Cec

o U I Y I ]

PP IS P T T
-1 -08-06-04-02 0 02 04 06 08 1

cos(6%)
0eiz = 1.00 F00¢ (stat) 2397 (syst) pb

Note: ATLAS and CMS released also first analyses on 4 top production!
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Wealth of new top physics results published

Further tt+X, top mass, cross sections, properties, and theory updates:

see Moriond slides!

SUMMARY

Color flow in W decays
Eur. Phys. |. C 78 (2018) 847

Spin correlations
arXiv:1903.07570

Underlying Event <>MPLCR cM5,
- gg’ . CMS-TOP-PAS-18-006
;/Z EurPhys.JC 79019123 /-~ A
: / - Top Yukawa coupling
\ cMs
N\ Y cmm— :?, CIMS-PAS-TOP-17-004
.-..‘ ST O A .'.."‘ "::__‘_"// "
e / Jet substructure
A -
e selelele) P — o) :
IS § — Alkﬁé arXiv:1903.02942
R e e A
/// ................ -‘:—:{ .
‘Cy/x_ Effective field theory ) ”’&.“ ..... tt+Z/W cross section
A differential x-sec and charge asymmetries ? arXiv:1901.03584
EXPERIMENT
JHEP 02 (2019) 149 Chns
dedicated EFT search in dilepton events gl TEPATOR

CMS-TOP-PAS-17-020
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Electroweak measurements

- M, sensitive to My and M, via b
radiative corrections H
« The global EW fit yields My with an " -
uncertainty NN
w
Ai-?”z{{/’f"”"“' =8 MeV < Am ¥ = 15 MeV
* Only M, measurement at LHC so far! § 6% and 05% CL comious. | "‘:"’,1”(,, L
- 8051 Fit wio M, and m, measurements - o = 0.46 GaV - —
from ATLAS = E FitwioM,, m and M, measurements fj{ = " 046 ©0.50,,, 64V ]
s - I Direct M, and m measurements E
* My =80370 + 7 (stat.) + 11 (exp.
syst.) £ 14 (mod. syst.) MeV m: = —
8035 [ b o % ovs ey -
* Precision 0.02%, dominating :
uncertainty from theory: QCD, PDF 03 E
80.25 |- S Y fitter]..): -
« ATLAS measurement alone DA A L .-
. 140 150 160 170 180 190
competes with Tevatron i m, [GeV]
combination
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EW measurements

o /Z->4{ differential measurement

« Provide unfolded m4¢, pT

4¢f, y4t and a matrix element S Farlas
QT fs-13Tev, 361 " E
e discriminant. s T
« Use these measurements to make ° E
reinterpretations. ool _:
. ugg4t=1.3%0.5 o o eno e §
 Constraint off-shell Higgs §10 ?—IMatrix:xed-orlderNNch N
boson signal strength. § ‘51 | I
S Ty B e R
» Modified Higgs coupling S o5 ?_'u'_' T
S% 80 100 200 300 400 500 1000
m,, [GeV]
Measurement By_4/107°
ATLAS, /s =7 TeV and 8 TeV [8] 4.3140.34(stat)+0.17(syst)
CMS, /s = 13 TeV [6] 4.83 1035 (stat) T058 (syst)20.08(theo)=40.12(lumi)
ATLAS, /s = 13 TeV 4.70 £ 0.32(stat) £ 0.21(syst) £ 0.14(lumi)
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Electroweak measurements
CMS new result on VBS VVjj->€vJjj or €2Jjj. CMS-PAS SMP-18-006

« CMS using 36 fb-1 of data (2015-
2016)

« Analysis not sensitive to SM
coupling.

 Set limit on aQGC.

« Sensitive to exotic charged Higgs

scenario.
CMS Prliminary 35917 (13 TeV) CMS Preliminary 35.9fb" (13 TeV)
— T T T T T T T T T T T — T T T T T T T T T T T T T
é 10° ' —'0— bserved ﬁ 10° —e— Observed i
& B 0000 e Median expected E —~ E e Median expected J
‘% [ 68% expected E % [ 68% expected ]
T [ ] 95% expected - % [ ]95%expected |
= — T 102 = _
% N
) - T
X i E
— X —
& 10 w 10 . -
E E H W Zoqqlv b§ - H"->W"W —qqlv
¥ i
e
1 oo e 2000 1000 1500 2000
m(H") [GeV] m(H™) [GeV]
DESI- I IVIVIIVIIU (UL £V 1D Illyllllullla | IvICIH |J|| vaill U< n\iuliuci L Page 27



General observations

« Limits on new physics, anomalous gauge couplings etc.
have improved

« Anomalous gauge couplings higher sensitivity than LEP or
Tevatron

« Obtained sensitivity to NNLO QCD
« No strong hints of BSM physics
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QCD

S‘ 10 T T T
* Prompt photon: colour-neutral probe g i ?g%?ev 32
‘ .
«Da
for scale event vg, wsipirn o
i ] g W W% (ME.PS@NLO OCD)
» Isolated-photon plus jet production i - S -
cross section at ps = 13 TeV B 10° | =
L b
10° . ;
« Measurement for several pp— Y +Et+X e
observables 10*) E7> 125 GeV
. & T
« All measurements are in agreement .8
with the LO and NLO pQCD >

predictions
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CMS: DPS in same sign WW production at 13
TeV SMP-18-015

First evidence for DPS in this channel!
 For 13 TeV data (2016+2017) o

Hypothesis: iml A

Dps _ " UAUB

OAB — _ . L\,\/ <
2 Oeff v -_,,rii v . e
* Longitudinal and transversal parton . -, J
correlations? N < ‘*-\\_v\c-\\ﬁjw{ )
« Same sign WW experimentally E R 3“
¢  / , A
advantageous channel E‘*-\lff A .
- ™~ — N
 Measurement:
 1.41 0.28 (stat) 0.28 (sys) pb
* First evidence! Py
«  Well situated between Pythia8 and W=
factorised predictions W=

* Observation expected

DESY. | Moriond QCD 2019 highlights | Merijn van de Klundert Pl



CMS: very forward jets with CASTOR in p+Pb

First jet measurement with CASTOR calorimeter!
p+Pb |5 =502TeV 3.1 nb"

p+PD |5,=5.02TeV 3.1 nb"

Q

do/dE [mb/GeV]
-

* 102
1 L | L1 1 10—‘
= — = .
10 L4 §10°
10%fp . N 1 1072
1000 1500 2000 2500
E [GeVl
Measurement highly sensitive to * Hijing describes data well
saturation « EPOS and QGSJet too soft
No saturation model decsribes data

* Ratio p+Pb/Pb+p: no model

Summary CASTOR jet study in CERN courier, in describes all data!
March/April issue
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Summary

Great overview of experimental and theoretical progress

» Excellent presentations from world experts

Regrettably, no clear signs of new physics

* In particular, LHCb hints have not become stronger with added data

Perturbative QCD and higher order calculations generally describe new LHC
measurements well

Again, many results not covered here (mu-2-g, cosmic rays, NA(62), LHC
and Belle Il status, theory, ...)

 Excellent Moriond summaries online!
... Stay tuned for full LHC Run Il

Friendly, informal setting. Great place for great discussions!

Great place to ski (and you should ;-)
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QCD

« Prompt photon: colour-neutral probe
for scale event

« CMS: inclusive isolated-photon+jet
cross sections at 13 TeV

* photon+jet cross sections measured
as a function of E; in different yrhoton

and yiet bins

« Allows to test gluon PDF in different
x and Q? values

« All measurements are in agreement
with the NLO pQCD predictions
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Theory / Data

2 T T T T

1.5— | NLO JETPHOX scale unc.

CMS 2261 (13TeV)
ly'l <0.8
——+—— Data stat. uncertainty

------------

\\\\\\\\\\\\ Data total unc.

NLO JETPHOX total unc.
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Contact

DESY. Deutsches Merijn van de Klundert

Elektronen-Synchrotron DESY fellow, CMS
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