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The SM and... the LHC data so far

March 2017 CMS Preliminary Standard Model Production Cross Section Measurements Status: July 2018
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The SM and... the LHC data so far
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Standard Model Production Cross Section Measurements

Status: July 2018
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The SM and... the LHC data so far

[and we, HEP practitioners, are all entitled for some royalties!]

CMS Preliminary |

Standard Model Production Cross Section Measurements

Status: July 2018
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The SM and... the reft of the Universe
2 ot enough J

[and we all have to return our royalties!]
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The SM and... the rest of the Universe

[and we all have to return our royalties!]

© Neutrino masses
© Matter-antimatter asymmetry
© Dark Matter

© Dark Energy

© Quantum gravity
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The SM and... the reft of the Universe

[and we all have to return our royalties!]

© Neutrino masses
© Matter-antimatter asymmetry Ve
With Higgs boson, SM is self-consistent
but doesn’t provide a complete description of matter
Where and how does the SM break down!?
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Baryon number violation(s)

Why are we expecting B violation(s)?

1) Global symmetry are not consistent with quantum gravity
2) Need to generate matter-antimatter imbalance

3) Why not? Neutral meson oscillations, neutral lepton oscillations (very likely), why not neutral baryon oscillations?

Christophe GGrojean nn and bar }/038’78\5"5 49 Nordita, Dec.. 14, 201$



Baryon number violation(s)

Why are we expecting B violation(s)?

1) Global symmetry are not consistent with quantum gravity
2) Need to generate matter-antimatter imbalance

3) Why not? Neutral meson oscillations, neutral lepton oscillations (very likely), why not neutral baryon oscillations?

Selection rule

conservation of angular momentum = spin of nucleon should be transferred to another fermion

) AB=AL (nucleon — antilepton)
2) AB=-AL (nucleon — lepton)
3) AL=%2 (0vBp)

4) AB=%2 (nn oscillations)

Christophe GGrojean nn and bar yo\ﬁeneél‘é 49 Nordita, Dec.. 14, 201$



EW Baryogenesis?

Strong bounds on proton decay — BNV at high scale!?
EWV baryogenesis requires first order EW phase transition implying large deviation of Higgs self-coupling
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EW Baryogenesis?

Strong bounds on proton decay — BNV at high scale!?
EWV baryogenesis requires first order EW phase transition implying large deviation of Higgs self-coupling

bounds on 6k, from EFT global fit
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LIS S S S L, S, L, S L LSS L S S
e 68%,95%CL bounds, lepton collider only
- 68%,95%CL bounds, combined with HL-LHC
X% XX 88% G bounds (combined with HL-LHC)
w- - -« 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

HL-LHC _?' 128114 TeV(3/ab), rates & distributions

CEPC

1 1240GeV/(5/ab) only (CEPC)
+*0.761240GeV(5/ab)+350GeV/(200/fb)

+1.59

FCC-ee|?¥ 1 4e1240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

+40 FCC-ee with zero aTGCs

+1.131250GeV/(2/ab) only

+4.94

ILC

S. Di Vita+ ‘17

| 11082 | 250GeV/(2/ab)+350GeV(200/fb)

+1.85

+*0241 above + 500GeV/(4/ab)

+0.47

*0.201 above + 1TeV(2/ab)

+0.42

+0331350GeV/(500/b)+1.4TeV(1.5/ab)+3TeV(2/ab)

+1.56

CLIC |77

*0324 , Zhhat 1.4 TeV

+1.48

*0281hinned My, in vvhh (4 bins)

+1.05

2 3

Christophe GGrojean nn and 5dfy038h85/5 5 Nordita, Dec. 14, 2015



EW Baryogenesis?

Strong bounds on proton decay — BNV at high scale!?
EWV baryogenesis requires first order EW phase transition implying large deviation of Higgs self-coupling

bounds on 6k, from EFT global fit
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(Flavourfull) EW Baryogenesis?

Electroweak baryogenesis requires:
@ A strong first order phase transition

@ Sufficient CP violation

@ The Higgs mass is too large

@ Quark masses are too small

Christophe GGrojean nn and 562fy038h85/5 @ Nordita, Dec. 14, 2015



(Flavourfull) EW Baryogenesis?

Electroweak baryogenesis requires:
@ A strong first order phase transition J

@ Sufficient CP violation

@ The Higgs mass is too large

@ Quark masses are too small

These negative results are tied to the fact that
Yukawa couplings during EWV phase transition are identical the ones afterwards
What if they were larger!?

E.g. flavor structure emerges during the EVV transition
Berkooz, Nir, Volansky ‘04 Baldes, Konstandin, Servant 16

= ] N X qH 195 —q: = j
vis fLH Iy = Yij (M) JiH %
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http://arxiv.org/abs/1604.04526

(Flavourfull) EW Baryogenesis?

Electroweak baryogenesis requires:
@ The Higgs mass is too large
@ Quark masses are too small

These negative results are tied to the fact that

@ A strong first order phase transition

@ Sufficient CP violation

Yukawa couplings during EWV phase transition are identical the ones afterwards
What if they were larger!?

E.g. flavor structure emerges during the EVV transition
Berkooz, Nir, Volansky ‘04 Baldes, Konstandin, Servant 16

= ] N X qH 195 —q: = j
vis fLH Iy ~ Yij (M) JrH %

traditionally, M » v and x is frozen during EVVSB

lowering M and allowing x to vary leads to totally different phenomenology

Christophe GGrojean nn and Adfyogeﬂ&fﬁf @ Nordita, Dec. 14, 2015


http://arxiv.org/abs/1604.04526

Veir(¢)x107% [GeV*]

The evolution of the effective potential with temperature in the SM (left) and with varying Yukawas (right)
The varying Yukawa calculation includes all SM fermions with y1=1, n=1 and their respective y0, chosen to
return the observed fermion masses today (the neutrinos are assumed to have a Dirac m=0.05eV).

In the varying Yukawa case, there is a first-order phase transition with ¢.=230GeV and Tc=128GeV

Chris Z‘op/?e érq /'ean

EW scale flavons for EW baryogenesis

Baldes, Konstandin, Servant ’16

y(¢) =" (1_{%}n)+yf} for ¢ <w,

Yo

SM only (constant Yukawas) T =213 GeV
T = 188 GeV 4
T =163 GeV -

T = 138 GeV

50 100 150 200 250 300
¢ [GeV]

Veir(¢)x107% [GeV?]

for ¢ > w.

y1=1 n=1 All SM fermions (m, = 0.05eV)

T =153 GeV

T =128 GOV\-/
\ F
T =103 GeVJ

0 50 100 150 200 250 300

¢ [GeV]

(vs. second order transition at Tc=163GeV for the constant Yukawa case).

| st order phase transition + enhanced source of CP

nn and Aaryogeneé IS 7
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http://arxiv.org/abs/1604.04526

Composite Higgs EW baryogenesis

Bruggisser, von Harling, Matsedonskyi, Servant ’18

VPR = a’sin? <%> BY sin? <;>

exp. data:

v f ouning a,= (v°/ ), w2/ 2 <0.1

NEW:We promote f to a dynamical field X (the dilaton);

<X>=f today

Non-trivial Higgs-dilaton interplay

C/?f/‘SZ(o/D/?e érq /'ean n; dna/ éary03ene5/5

To be probed at Energy Frontier

(LHC, ILC, FCC...)

Nordita, Dec. 14, 2015


http://arxiv.org/abs/1804.07314

Composite Higgs EW baryogenesis

h h Bruggisser, von Harling, Matsedonskyi, Servant '18
VPR = a’sin? <?> BY sin? (;)

. 2 2 exp. data: 800 .
(V) —t X —
< f uning:  (x, (U /f )60 U2/f2 5 0.1 | | (h)
, X1 =xsln | —
600 | X
NEW:We promote f to a dynamical field X (the dilaton); o | L
<y>=f tod s | X2:XCOS(§>
x>t today =. 400 |
< ~—
| | — tunneling
200 ] .
, | = rolling
0
0 100 200 300 400 500
x1[GeV]
To be probed at Energy Frontier
Non-trivial Higgs-dilaton interplay (LHC, ILC,FCC...)
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http://arxiv.org/abs/1804.07314

Chris Z‘op/?e érq /'ean

CP violation for EW baryogenesis

To be searched for at Energy Frontier

(LHGC, ILC,FCC...)

In addition to out-of-equilibrium dynamics, extra sources of

CP-violation beyond CKM are needed, e.g.

- Charginos/neutralinos/sfermions (MSSM)
Cline et al,
Carena et al,
Chung et al...

- Varying phase in effective Top quark Yukawa:

SM+singlet (Fromme-Huber)
Composite Higgs (Espinosa, Gripaios, Konstandin, Riva,)
2-Higgs doublet model (Konstandin et al, Cline et al)

- Two recent alternatives:

strong CP QCD axion (Servant '15)
CP in DM sector (e.g. Cline’1?)

nn and Aaryogeneé IS 9
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High Scale Baryogenesis?

In high-scale baryogenesis scenarios, B-L is likely to be broken
Otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons

Christophe GGrojean nn and bar }/038’78\5"5 % Nordita, Dec.. 14, 201$



High Scale Baryogenesis?

In high-scale baryogenesis scenarios, B-L is likely to be broken
Otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons

Partial mean life
Mode (1030 years) Confidence level
Antilepton + meson
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1 p— et K*(892) > 84 90% IR . T79 pn — invisible >2.1x107° 90%
T N — vK*(892) > 78 (n), > 51 (p) 90% 1 p— oK > 245 90% Tgo PP — invisible >5x 1070 90%
Antilepton + mesons
T3 p— etata~ > 82 90%
7 p— et a0 oo AB=-AL=1 decay bounds AB=2/AL=0 d b ds*
o5 n— eta 70 > 52 90% - - ecay oun s
e P — ,u"' T~ > 133 90%
To7 P — ,u"' 70x0 > 101 90%
Tog N — ptwT 70 > 74 90%
o9 n— et KOr~ > 18 90%

AB=AL=1 decay bounds

Christophe GGrojean nn and 562*}/038/?85/5 10 Nordita, Dec. 14, 2015



High Scale Baryogenesis?

In high-scale baryogenesis scenarios, B-L is likely to be broken
Otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons

Partial mean life
Mode (1030 years) Confidence level

Antilepton + meson

mn N— efr > 2000 (n), > 8200 (p) 90%

™ N—= pta > 1000 (n), > 6600 (p) 90%

T3 N— vr > 1100 (n), > 390 (p) 90%

7w p— ety > 4200 90%

5 p— uty > 1300 90%

T6 n— vn > 158 90% } } Pargigl mean life .

iy N e*p S 217 (n), > 710 (p) 00% Mode E’fggglyr;e"asr; life Confidence level Mode (10°* years) Confidence level

5 N— ptp > 228 (n), > 160 (p) 90% N

9 N— vp > 19 (n), > 162 (p) 90% . Lepton + meson Te6 PP — Fi i >72.2 90%

o p— etw > 320 90% T30 N — e_7r+ > 65 90% Ty PN — 7r+ 7r_ > 170 90%

1 p— ptw > 780 90% 731 h— u_ 71'+ > 49 90% Teg hn — 7T0 7r0 >0.7 90%

T, N — vw > 108 20% T3 N — e_p+ > 62 90% Teg Nn— @ +7T N > 404 90%

13 N — etk > 17 (n), > 1000 (p) 90% T33 N — W p >7 90% 70 pp— K™K > 170 90%

o b et KO T34 n— e~ K: > 32 90% ™  pp— ei ei >58 90%

e b ot K‘? T35 n— pu~ K > 57 90% :72 pp : €+M+ ii? 223

e N— ptK > 26 (n), > 1600 (p) 90% Lepton + mesons T;Z ZZ - Z+§ ~ 260 900/:

17 p— ntKS 6 P € ”I 77:; > 30 90% 75 pn— utow > 200 90%

T18 p— ;1,"" K% T37 N — e_7r+7r+ > 29 90% T76 PN — 7_-1-§T < 29 90%

9 N — vK , > 86 (n), > 5900 (p) 90% :38 ﬁ; : me ;TJF ;o i; zg:f’ T NN = Vel >14 90%

T20 n— vKY > 260 90% 39 = o I T nn— v,7, > 1.4 90%

™ p— et K*(892)° > 84 90% Ta0 P e_7r+ " > 1 90% T79  pn — invisible >2.1x107° 90%

T N — vK*(892) > 78 (n), > 51 (p) 90% 1 p— oK > 245 90% Tgo PP — invisible >5x 1070 90%
Antilepton + mesons

T3 p— etata~ > 82 90%

s P etalnd s AB=-AL=1 decay bounds AB=2/AL=0 d b ds*

o5 n— eta 70 > 52 90% - - ecay oun s

e P — ,u"' T~ > 133 90%

To7 P — ,u"' 70x0 > 101 90%

Tog Nh— u+7r77r0 > 74 90%
o9 n— et KOr~ > 18 90%

*For flavour universal models, nn gives the

AB=AL=1 decay bounds strongest constraints. For other flavour setups
(e.g. MFV-RPV susy), dinucleon decays might win
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High Scale Baryogenesis?

In high-scale baryogenesis scenarios, B-L is likely to be broken
Otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons

(05 yerm) - Contdence eve No opportunities, new signatures
Antilepton -+ meson Colliders are not necessarily the best probes anymore

mn N— efr > 2000 (n), > 8200 (p) 90%
™ N—= pta > 1000 (n), > 6600 (p) 90%
T3 N— vr > 1100 (n), > 390 (p) 90%
7w p— ety > 4200 90%
s p— uTy > 1300 90%
Partial mean life
Te n— vn > 158 90% . . !
Partial mean life Mod (1030 years) Confidence level
=+ ode years O ence leve
7 N — e+p > 217 (n), > 710 (p) 90% Mode (1030 years) Confidence level
T3 N— purp > 228 (n), > 160 (p) 90%
+ ot
9 N— vp > 19 (n), > 162 (p) 90% - Lepton + meson 6 PP T T > 722 90%
0 p— etw > 320 90% T30 nN— € T > 65 90% Tey PN — @' T > 170 90%
1 p— putw > 780 90% 31 n— powT > 49 90% Teg NN — mrw >0.7 90%
My N — vw > 108 00% T30 n— e~ p':_ > 62 90% Teg NN — 7r0+770 N > 404 90%
_ 0 0
3 N— etk > 17 (n), > 1000 (p) 90% T33 N — WP >7 90% 70 pp— K™K > 170 90%
T34 n— e KT > 32 90% T — etet > 5.8 90%
- o et KO 34 71 PP
14 p n Kg T35 n— pu- KT > 57 90% T pp— etput > 3.6 90%
T15 p— € L T + 7t o,
73 PP — WU > 1.7 90%
6 N— ptK > 26 (n), > 1600 (p) 90% Lepton + mesons Ta pn— et T < 260 00%
7 p— ptKY T P e it > 30 90% 5 pn— utw > 200 90%
T18 p— ;1,"" K% T37 N — e 7r':7r(l > 29 90% T76 PN — 7_-1-§T > 29 90%
9 N— vK > 86 (n), > 5900 (p) 90% T8 P pmT > 17 90% Tr7 NN — Vele > 1.4 90%
0 0 T39 N — [ at 70 > 34 90% =
0 n— vKg > 260 90% T7g nn— v,V > 1.4 90%
+ o 0 a9 p— e mTKT > 75 90% agn
1 p— et K*(892) > 84 90% gt s 007, T79 pn — invisible >2.1x107° 90%
T N — vK*(892) > 78 (n), > 51 (p) 90% 741 P wom > ’ Tgo PP — invisible >5x 1070 90%
Antilepton + mesons
T3 p— etata~ > 82 90%
P etnlnd AB=-AL=1 decay bounds AB=2/AL=0 decay bounds*
o5 n— eta 70 > 52 90% - - y
e P — ,u"' T~ > 133 90%
To7 P — ,u"' 70x0 > 101 90%

Tog N — ptwT 70 > 74 90%
o9 n— et KOr~ > 18 90%

*For flavour universal models, nn gives the

AB=AL=1 decay bounds strongest constraints. For other flavour setups
(e.g. MFV-RPV susy), dinucleon decays might win

Christophe GGrojean nn and 562*}/038’?85/5 10 Nordita, Dec. 14, 2015



A. Kobach ‘16

L = fsm + dim-5 + dim-6 + dim-7 + dim-8 + dim-9 + ...

allowed (0, 0),
Ovpp decay proton decays
‘U - ‘u
n'd: dip
d | u
RV e
~f———
s N u
n.d: - dp
WU, > u,

Slide stolen to Z. Zhang @ Pascos’18

Christ 0/9/78 érq ean

(0, 2),
(1, -1) (1,1) / ©,2), (1, 3)

(O/ O)/ (2/ 0)/ (1/ '1)/

neutron-antineutron oscillation

nn and éaryogene\s IS Il

Pattern of B violation in SM(EFT)
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Pattern of B violation in SM(EFT)

A. Kobach ‘16

L = fsm + dim-5 + dim-6 + dim-7 + dim-8 + dim-9 + ... Width of bands:

current lattice calculation uncertainty

auowed (O/ O)/ (O/ 2)/ (O/ O)/ (2/ 0)/ (1/ '1)/

(0, 0) 0, 2) (including syst. effects of excited states)
Ovpp decay proton decays neutron-antineutron oscillation A, | GeV
us - u 3x10° 1x10°
nd— dp P BX106 T
T, e . :
A" ; i
n u' = T p |W 1
| 1x10°} = I W oc
Slide stolen to Z. Zhang @ Pascos’18 > ~ : m
O !
— P B c3
12 operators (of the type ‘uudddd’) < " " o
3x10° W C56
_1 . —_ }
Tk = | (A Hesn)| :
SuperK/ESS, DUNE is/will probe scales 105-106 GeV v A
107 108 10° 10 10 10%2

NA~T-1/5:] order of magnitude improvement on T <> mere |.5 improvement on A s
Grojean, Shakya, Wells, Zhang ‘18
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nn Oscillations and Baryogenesis

Grojean, Shakya, Wells, Zhang ‘18

Origin of dim-9 BNV oper?tor? Mediator X

u

S

X decays cannot generate a baryon asymmetry
at leading order in the B violating coupling
(Nanopoulos-Weinberg theorem ‘1979)

2—2 scattering doesn’t work either
( Mux—dqa = Max—da)

d d
X=Majorana fermion, e.g. RPV bino
(here SM neutral)
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nn Oscillations and Baryogenesis

Grojean, Shakya, Wells, Zhang ‘18

Origin of dim-9 BNV oper?tor? Mediator X

u

S

X decays cannot generate a baryon asymmetry
at leading order in the B violating coupling
(Nanopoulos-Weinberg theorem ‘1979)

2—2 scattering doesn’t work either
( Mux—dqa = Max—da)

d d
X=Majorana fermion, e.g. RPV bino Two mediators X1, X2 (Mx1<Mx2)
(here SM neutral) e.g. RPV bino & gluino
d i ! g
. X

i . 2 B-violati t e e d — -
L > nx, €75 Prd;)(d5 PrX: ) VRS BPEE >< > < d

+ X, Ewk(ﬂfPRdj)(szPRXg) 2’2 d d il
: _ 1 u 1 1 1

+ e (Z_LZPLXl)(XQPR’LLZ') + h.c. c1 = — 4
1 B-conserving operator >-< (AR)”  Mxdk,  MxAs,
’nX1| EA%?? ‘T]XQ‘ EA)_(zv |770‘ EAC_2 X9 u
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B a‘ ryo g e n e s I s Grojean, Shakya, Wells, Zhang ‘18

Single scale: either too strong (insufficient departure from eq.) or too weak (insuffisant CP violation)

Late decay scenario Early decay scenario
AX2 ~ AC >> AXl AXl >> AXQ Z AC

X2 interacts very weakly
=> freezes out then decays

/

Small departures from equilibrium
just due to Hubble expansion

Yp Yp
X1-mediated washout
is suppressed =>
efficient baryogenesis
1 1 1 » 1 1 »
T~My, T~My, H~Ty, T~My, T~My,
nn oscillations dominated by X, exchange nn oscillations dominated by X; exchange
X2 has weaker interactions & freezes-out with larger abundance X3 is short-lived and its abundance is close to eq.
X3 is long-lived and decays after washout Washout dominated by X; becomes inefficient below Mxa
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Single scale: either too strong (insufficient departure from eq.) or too weak (insuffisant CP violation)

Late decay scenario Early decay scenario

AX2 ~ AC >> AXl

107 107}

3x10°} 3x10°}
> >
o o}
O O
~ ~
< )
< 10°F < 100t
3x10° 3%10°

Explicit realisation of late decay scenario: RPV SUSY with late decays of the bino in presence of a wino/gluino
[F.Rompineve, 1310.0840] [Y.Cui, 1309.2952] [G.Arcadi, L.Covi, M.Nardecchia, 1507.05584]
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Conclusions

The discovery of the Higgs boson and the absence of new physics at the TeV scale (so far)
are leaving many important questions answers,
starting with puzzling fact that matter took over antimatter.

The answer might come from the observation of susy/composite Higgs at FCC in 2060...
But Nature might have also chosen a different path.
And the matter imbalance might not be related to EW symmetry breaking.

Looking for the neutron oscillations might give answer that powerful colliders would miss.
The exploration of the Intensity Frontier can also teach us about the Energy Frontier.
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