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The strong CP problem: LHC and flavor physics

Plan: * learning from the Standard Model

* heavy axions @ colliders

* Nelson Barr and its challenges



Learning from the Standard Model |

2 phases in the SM . Jarlskog *85

~ _ T
g = 0, — arg detY, Y, J = arg det[Y, Y, YaY,]

J =Im(V,qVesV, Vi)

us ¥ ed

{ Yu,d — €iaYu,d

0y — 6p + 6 ~ A%)\0p ~ 1075y

Lessons: e there is a phase in the EW sector (3 generations)

* there is phase in the QCD sector (all quarks are massive)
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Learning from the Standard Model |

2 phases in the SM

J = arg det[Y, Y, Y, V]

J =Im(V,qVesV, Vi)

us ¥ ed

~ A*\n ~ 107"

experimentally




we care even more now...

anthropic arguments in the multiverse might explain the dimensionful hierarchies

Arkani-Hamed, Dimopoulos, Kachru ‘05

A
v

most of the universes do not have large structures Acc appears finetuned

A
v

most of the universes do not have complex nuclei U  appears fine-tuned

only moderate anthropic bounds can be derived for 1 ubatai 08



Learning from the Standard Model |l

the SM already has the 2 possible ingredients to solve the strong CP problem

Peccei Quinn-solution

00— 0+ «
if the up quark yukawa is zero » U(l)pq . .
u — ey
U(l)pg spontaneously broken by <UfL_L> ~ fg - 77/ is the pNGB
U(1)pg is anomalous: L,/ D 8—7T77 'GG - V(') =~ —m  f2 (f_ —0)* + O(1/N?)

Veneziano ’79, Witten 79, Witten ‘80

the strong CP phase is set to zero by the VEV of the pNGB of U (1) pg

CHALLENGE: U(1)pq of very high “quality” » AV = m,, f2 cos ;Z_




Learning from the Standard Model |l

the SM already has the 2 possible ingredients to solve the strong CP problem

Nelson Barr-solution

L
z

if @ = 0 inthe UV J in the SM

J = arg det[Y, Y[, Y, V] 12 6 h-loops

<
2
S5

wesd: "7 1 Yloop
0— 0
7 loops

Ellis Galliard 79

finite thresholds from heavy quarks more difficult to estimate systematically...

if the strong CP phase is set to zero in the UV is not generated within the SM

CHALLENGE: generate § — () + the CKM phase




Learning from the Standard Model

Summary

Peccei Quinn-solutiqn: spontaneously broken U(1) pg with QCD anomaly can set § = 0 dynamically

the U(1)pg should be an accidental symmetry with very good accuracy

Ne|§9n B}qrr_—soluﬁo_nﬂ: the flavor structure of the SM makes § = () radiatively stable

a UV mechanism should enforce this boundary condition + generate the CKM
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Where do we bet?

A lot of money on the Peccei-Quinn solution

()QS (l ~

GG
37 fo

anomaly matching » light axion @ low energy
1013, |
: _ a
10" | IR potential after confinement ... » Vqcp ~ m2 f? cos(f— —0)
10°- - ’
: O% : . A mﬂ'fﬂ'
7L _ a ~
10 %, fa
10° $ |
I Y
103 - )
1L i . a 0 )
10% | IR coupling to photons SO --”.-.i
o'y N ‘
1077 107" 107 10 107" 10’ 1L

m, [GeV]



The simplest model: the KSVZ axion

EKSVZ — ‘8(13‘2 — V((I)) + g*qu\IfR(I) + h.c.

fa

d = L& ¢ie/fa spontaneously broken U(1)pg

V2

| as Na _, ~ .
' below Gxfa one gets —*_Z@G( for N fermions -
* 8 o
] Qem Fa _ ~
| generically one also gets a UV coupling to photons —— — F'F
] 8T fq
(E/N=8/3 for GUT multiplets)
S e Astrophysical bounds force high scale PQ breaking...
]()1 = experimental bounds ,
107! | | | | | 5 y a a y
10" 107" 107 10~ 107" 10°
m, [GeV] Y\/irtua/ Y\/irtual Clom &Fﬁ’ . Qlorm %E) B

e, Ze B 87 Ja 81 fa



The large scale separation 9«fa > Aqcp requires more PQ “quality”

oA |
Explicitly in the KSVZ model  AVpg =Aa A +he Aa = |Aa e
UV

The accidental PQ symmetry is broken at the scale Ayv

by an operator of dim. A\

with generic phase N

PX™190p 8Ie ~ V9

with O(1) strength AA

solution of the strong CP upper bound on the decay constant

10-10 N /A a8
. . QCD
|)\A\tan5A A ( AUV )

(Na/f.) S 10710 - - faSAuy




Let’s give numbers...

In the best case scenario the PQ is only broken by 1/Mpl operators

Kamionkowski and March-Russell °92 etc...

13 > |

A =15 farSlOGeV 10 , TA
10117 CDT: |

A =06 f, <5 TeV | S |
°° y % 1077 % EU : |

= T O

0 |
= 10°F | :
10° - :
1()1 - experimental bounds \____ *

1071 -

10°"7 107"% 107 107 107" 10°
m, [GeV]
Can we have an axion with TeV decay constant?

This would make the PQ very similar to the SM baryon number



Above 1 GeV the axion bounds disappear...

Then the idea is to raise the axion mass without spoiling the strong CP

Y
1013 L % |
A 2 QCD’s +1axion
1011 | O _
, S alignment from mirror symmetry
CD |
109 - 9 : 7 (Rubakov ‘97, Berezhiani et al.’00,
- - @ Qo ] Hook ‘14 -’16, Yanagida et al '15. )
% 1077 % EU : .
- % G
[ I 2 . -
< 10’} ' - N QCD’s + N axions
103" alignment from UV instantons
i (Agrawal Howe ’17)
1()1 - experimental bounds \____ *
10715 | °

107 1072 10 10 107! 10°
m, [GeV]

| can tell more about these models if you want...



fa [TeV]

TESTING STRONG CP PROBLEM @ colliders

challenge of quality

\30\«.};%

- experimental bounds

1077 10713 107 10

m, [GeV]

1071 10°

The coupling to gluons is unavoidable
to address strong CP

and has drastic pheno consequences:

g

ZZ@& gluon fusion
g

g

a promptly decay
g My > 3,



How much can we test axions at colliders?

landscape in mass + couplings

the strong CP problem motivates low mass resonance searches

select a slice of coupling in the ALP landscape
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status above 10 GeV...

— =107
I c = 10
10:* i
- — 10_6 g v
3 can we lower the = diphotons: :‘;K)'"a """ %
’ *invariant mass reach? -
------------------- @
1 | =
: 1
: 107 &
03
* ) pp—a(yy) LHC8&13
0.1- pp—ja(jj) CMSI13 1
L .o B 10_
: LEP  Z-n()LEP comments:
003, | | ‘ A —— i
10 30 100 125

m, [GeV]  4+Bounds from LEP 1 BR(Z — av) - BR(a — jj) <107°

2
+Photon BR suppressed BR(a — 77) ~ (Oéem> ~5-10"*

8 \ g

+bounds based on EW couplings not relevant



Lowering the invariant mass reach?

Moy > AR \/ p%linp%n




The lowest invariant mass for diphoton trigger

Mo~y > AR \/ p%linp%in

below pT cuts ( pi: =40 Gev) above pT cuts
the background has a structure = — 0o the background is smooth
boosted @ T — e —— - at rest
Y oosted —eé : v
" E
- E
_® :
P P —:‘ g O

2o -

l Extra jets _‘f m \

(lSR) ........................ Y Y

100 200

the signal efficiency does not drop to zero below the pT cuts!




Final results

Mariotti, Tobioka, D.R., Sala ’17

30 |

MC from data 10}

MC from data 0.1 i

003

| =107’
C1,2,3 = 10 |
-== LHC14 300 fb! | a full shape analysis does

a factor of 5 better then
|.~"our cut and count bound.

“107°

— | HC current reach

In summary

LEII @ Inclusive xsec extends coverage to 10 GeV

@ MC uncertainties limit discovery potential




Modifying standard photon isolation

---------- -.  »» boosting the system against
_________ ' a hard jet
Vtest
2my
»—> AR~ the two photons get collimated

pT

Extra jets
(ISR)
AR<Riso AR<Rjso
ZPT,z’ < # ZPTZ/ET% o < #
i#')’test 17 Veest

CAN WE MODIFY THIS KEEPING JET-FAKES UNDER CONTROL®



Modifying standard photon isolation

......... : a hard jet (H>500 GeV)

’ytest

21, :
>+ AR~ ;Z the two photons get collimated
T

Extra jets
(ISR) AR<RiSO A}z<}2iso
Z pT,Z Z pTai/ETa’Ytest
i#')’test y Y1 17 Ytest V1

Rejecting the pions (jet activity) keeping the hard photon 71



Fake Rate [Nisoy/Njet]

Jet Fake rate for Photon using Multijet samples

00010~ + . |
r =~ Standard Isolation [ATLAS MC]
F - Standard Isolation [Delphes]
0.0008 - :
L - Modified Isolation [Delphes]
| AR®°=0 4, Ei°0<10GeV [Delphes]
0.0006 fast-sim with Delphes capture the fake rate
A\ normalization
0.0004 -
0.0002
0.0000 — '
0 100 200 300 400 500
E7, iet(GeV)
m,=40 GeV
our new ISO 08~ 7 — ]
> |
does as good as the standard one! g NeW ISO "
5 06|
E L
m }
e
© 04}
it keeps most of the signal! 2 | Old I
0.2/ SO
OO; 1 PR SR T SRR TR SN SR T SR TR ST SR [ SR S S S i

300 400 500 600 700
ET,yl +E T2 (GCV)
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Low, Mariotti, Tobioka, D.R., Sala to appear

KSVZ ALP
A AR RS A A ARy A R LMY LA LA IR ALY A M 21
- PRELIMINARY | a
[e124=10 yy-boosted HE-LHC AR ~ o
* iR HLALHG o/ P
10! e osted HLALHC 7 = v
: T T 107° — -
L - =
e A
T <
__________________________ > )
100' g —_
5 £ cg
107 &3
> «Q
o
-
107!
10~

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
m, [GeV]

boosted diphoton searches will probe 10 TeV decay constants down to 10 GeV masses
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0.03}

10721

what can we do below 10 GeV?

Mariotti, Tobioka, D.R., Sala to appear

| Ll T L L] | | ] T T T |

Ci123 = 10

1073

LHC pp-a(yy)

11074

~~a.
..

8ayy [GeV™']

T — va

>+ NEW bound from LHCb

)

[ Y

Entries / (14.50 MeV/c?
\®] BN N o0 8
- 8§ 8 8 8 §

- LHCb |
i (a) ]

) | L L | L | | L L L | L
5000 5500 6000
m(yy) [MeV/c’]

bound from real data published by LHCb

to motivate a diphoton trigger in the
Bs — 2+ range



summary of the strategies with photons

m, |GeV|]

20

1100 120

The 2 photon
showers are still
separated

The 2 photon
showers merge

Invariant mass
resolution

Ef
2my,

OMyy SAR

SE2
[ﬁ g

m’Y’Y boosted



very simple summary of all this effort...

1013 B
=4
1011 § ; i
, Sh-
DO
107 2 -
— , 2
> ] g |
é 10 7 q;;% O E
< 10° . :
10° :
1011 experimental bounds \ * _
107! \

1077 107 10 10 107! 10°
m, |GeV]

collider searches can probe PQ symmetries with the quality of baryon number



Where do we bet?

We will probe axion Dark Matter in the near future!
e/t
10-5 104 10-3 102 101 1/2

—

f2 (GeV)
1020 10'® 10'° 10 10" 1010 10°

=

z 4

< IAXO
ADMX
ABRA-Res
ABRA-Broad A
CASPEr-eDM A
CASPEr-wind A

Sikivie ‘83

1078 107° 1074 1072 10°
‘ | m, (eV) Farina, Pappadopulo, Rompineve, Tesi ‘16

the weak axion signal is enhanced by resonator with a huge Q factor

_ |4 B \’[/cC 9y \2 p f Q
Pa:m'o'n, = 1. 1 22 1 -
9107 W (136 L) (6.8 T) (0.4) (0.97) (0.45 GeV cm—3) (650 MHZ) (50,000




Where do we bet?

We will probe axion Dark Matter in the near future!
o/

10-5 104 10-3 102 101 1/2

—

f, (GeV)

1020 1018 1016 1014 1 12

o

‘T’\ 10-12
. >
Davoudiasl and Huber ‘05 3
< 107
S " 1AXO
10-16 ADMX
2 ABRA-Res
10718~ o AL ABRA-Broad -
P - CASPEr-EDM A
10-20 CASPEr-wind -
1078 1076 1074 1072 10°
m, (eV) Farina, Pappadopulo, Rompineve, Tesi ‘16

B,

oo () 7
N

conversion of solar axions in the Earth magnetic field




Where do we bet?

We will probe axion Dark Matter in the near future!
o/
105 104 10-3 1072 10-1 172

—

f, (GeV)

1020 1018 1016 1014 1 12 1010 108

o

7

-
.
-
.
-
-

Budker, Graham, Ledbetter, Rajendran ‘14 ADMX
ABRA-R
CASPER EDM ABRA-Broad |
CASPEr-EDM A
ii . 10° 100 10% 102 165
SQUID f f f Bext m, (eV) Farina, Pappadopulo, Rompineve, Tesi ‘16
pickup * * *
loop
A4 - The axion field induces an oscillating EDM




Where do we bet?

We will probe axion Dark Matter in the near future!
o/t
1075 104 10-3 1072 10-1 172

—

1 020

" IAXO
ADMX

ABRA-Broad A
CASPEr-EDM -

107° 104 1072 10°
m, (eV) Farina, Pappadopulo, Rompineve, Tesi ‘16

What if we don’t find the axion?



CPYV sector

CHALLENGE: generate § — () + the CKM phase

The prototype setup

Visible sector
AANANAN Yu,d
Vecchi, ‘12

CP is only spontaneously broken (all couplings are real)

CP-violation is mediated to the SM to generate CKM but screen




prototype model
b, e 3,

new pair of vector-like quarks

-~ N

/
ENB = [g:’b@N +:l720¢}‘\,] ’Lp’u,s —+ l,l,’lp'(bc — h,C, Bento, Branco, Parada ‘91, Dine, Draper ‘15

@] = [¥] = [1] = odd oD

/o5~ symmetry: { SM] = even \/

= (oo v, )

e

exact CP assumption discrete symm. @ work

tree

- g
Oocp = Arg(detM®) 4+ Arg(p - detoY™) =0



The prototype model
Bz'

A

N

‘CNB — [y;p(I)N -I—gZ'/)CP}‘V] ’('D’u,,(: —+ 'Ll,’(pwc — h.c. Bento, Branco, Parada ‘91, Dine, Draper ‘15

Integrating out the heavy mode we get

2w BI By
MY%M" ] ~ V2Y LY U it
[ i v ikt jk 2—I—|B|2

The matrix diagonalizing this matrix leads to the CKM phasel 5; ~

Te RGE’s are une cotrl: B;e3, J=Im (BT[YJYU, YJYdTYqu]B)

d _ anti-symmetric

£9 ~ J 4-loops !




The flavor structure can take care of the RGE

d _
dit —~

anti-symmetric

“f~J  J=Im (BT[Yqu, YijYqu]B)

New thresholds are always suppressed by (U/B)#

They decouple for B > v

CPV sector

2 THEORY CHALLENGES:

Can we make CP violation dynamical?

Visible sector

Yu,d

in progress...

Can we make the symmetry of the portal accidental?




WHERE DO WE BET for strong CP?

The PQ solution is highly testable

We saw that it is strong physics case for
light resonance searches at colliders

Nelson-Barr has interesting connection with
flavor but it might be difficult to test...

maybe an interesting bet for the future?



Rien ne va plus!




Xsec measurement

Backup Slides




Extend the bump searches using xsec. measurements

N | 1) conservative bound (no bkd knowledge)

Bin . dO‘
Yy

(14 2A)

0% (mg) - €5(mg) < m

dm.

| 2) sensitivity (bkd dominated by SM diphotons)

Bin . dO_
Yy

signz;ll

- 2A

as(ma) ceg(mg) < m

Myy dm.

A — €eIror on measure

Bin do

. — bin Si . m r
vy bin size easure

m
dmW

€ g = signal efficiency

3) rebinning (shrinking the bin S/B increases)

+4

SMyy




projection (V/S10w> Liow) — (\/ghigha Lhigh)

1
Ohigh | Liow  Ohigh €7V
Ohigh ehigh

Lhigh Olow

conservative bound

7 TeV reach 100 {
’ from 8 TeV data

projected at 8 TeV

low mass reach 10}

9.4 GeV
13.9 GeV
14.2 GeV

rebinning
with ECAL resolution

Tppsa X BRasyy [pb]

’ SE GeV /2
| = LHCS8 reach — =10% - (—)
0.10 | E, E,
| —— LHCS8 reach from MC7
- - -- LHCS reach w/o rebinning
001 | [ | L1 | | L1 | L | L | | | | |
20 40 60 80 10 120

my [GeV]

N . B An unbinned shape analysis still
does ~5 better!



X BRa—>yy [Pb]

7 TeV
pp—a

/ TeV data

I T T T I T T T I T T T I T T T I

Nsignal < Ngaa(1+24) E

—— ATLAS7 reach

+ ——- ATLAS7 reach w/o rebinning

0.10}
| —— CMS7 reach

--- CMS7 reach w/o rebinning

0.01""""""I||||I||.|
20 40 60 80 100 120

m, |GeV]




X BR,-,, [pb]

14 TeV
pp—a

14 TeV projections

[ I I T T T T T T T T T
100 i —== LHC14 300 fb
| —== LHC14 300 fb
y LHC14 3 ab~!
\
10F\ 3, -=ee- LHC14 3 ab™!
'-“\:%‘\‘
LR\
“ ‘
1L \ “.“
f “‘\‘.“ = 5\4,‘ ll\ .‘\\I ,\\\
‘:“ \~—I‘\ ./‘
on?"e N YV 4
..-":“ . -x ','~.;\I
0.10} A
| Seoos
] CMS HIG-17-013, 13 & 13+8 *ernmnnd
0.01""""'1111111111111
20 40 60 80 100 120

m, [GeV]



Did we dig carefully enough in old data”

Experiment Process Lumi NG low mass reach| ref.
LEPI ete™ = Z = vya— vjj 12 pb~* Z-pole 10 GeV [25]
LEPI ete” = Z — ya — yyy 78 pb~! Z-pole 3 GeV 26
LEPII |ete™ — Z*,4* = va — ~vjj [9.7,10.1,47.7 pb~* 161,172,183 GeV 60 GeV 27]
LEPII |ete™ — Z*,4* = va — yyy [9.7,10.1,47.7 pb~ ' 161,172,183 GeV 60 GeV (27, 28]
LEPII |ete™ — Z*,~* = Za — jjvv|9.7,10.1,47.7 pb~ ' 161,172,183 GeV 60 GeV 27]

D0/CDF PP — a — Yy 7/8.2 fb~! 1.96 TeV 100 GeV 29]
ATLAS pp — a — Yy 20.3 fb~* 8 TeV 65 GeV 30)]
CMS PP — a — Yy 19.7 b1 8 TeV 80 GeV 31]
CMS pp — a — Yy 19.7 fb~1 8 TeV 150 GeV 32)]
CMS pp — @ — Yy 35.9 fb~! 13 TeV 70 GeV 33]
UA2 PP — a — Yy 13.2 pb™* 0.63 TeV 17.9 GeV 34]
DO PP — a — Yy 4.2 fb~! 1.96 TeV 8.2 GeV 35
CDF PP — a — Yy 5.36 fb~? 1.96 TeV 6.4 GeV 36)]
ATLAS pp — a — Yy 4.9 fb~! 7 TeV 9.4 GeV 8]
ATLAS pp — a — Yy 20.2 fb~? 8 TeV 13.9 GeV 9]
CMS pp — a —> Yy 5.0 fb~! 7 TeV 14.2 GeV [10]

UA2? looked only at almost back to back photons

m%v = 2p7, pr, (cosh An — cos Agp) > (18 GeV)?
—_— ———
> (9 GeV)? > 1.7



Tevatron? It is comparable with LHC now!

Bin do

0% (my) - €5(my) < m..

(14 2A
dm. (1+ )

1.

. preliminar o e CDF

[0 o, this work LHC |

05+

0.3-

fa (TeV)

02

0.15,

0.1 20 40 60 80 100 120

m, (GeV)

however this is an artifact of our conservative bound

systematics went down by a factor ~3-4 depending on the mass

LHC has better sensitivity! EXTRA REASON TO DO THIS!



~

7TeV
Tppsyy [P

diphoton backgrounds

we validated only the one from real photons

1000 ¢
500|
— SM yy ATLAS7
100 —— SM yy MadGraph
501

> 10'F T T T T T T T T T T
S ATLAS +Data 3
@ 10° s=8TeV, 202" [Jyy E
[ - . . o ]
g.) 102 D'Yj +IY +ll ?-
LU =

: Blee .
10E 3
10" ’ -
| . | M N | N Y A ) | M ]
0 500 1000 1500
120 My [GeV]

photon+jet is ~ 30% of the background but it does not modify the shape

signiticantly

jet+jet is irrelevant



the challenge of background modelling

T LA B R R
s =8 TeV, 20.2 b’
-¢- Data + stat. unc.
e Total exp. uncertainty
2yNNLO (NNLO)
*“...—{— SHERPA 2.2.1 (ME+PS at NLO)
L)

ATLAS

—
2 2

2

do/dm., [fb / GeV]

<

(]

a

~

> : B

(@) E N

® 05F -

c b 1 s llll 1 1 ' 1 1 Llll

= 102 10°
m,, [GeV]

modeling of the calorimeter isolation variable in simulated samples. Predicted cross sections from fixed-
order QCD calculations implemented in DipHox and ResBos at next-to-leading order, and in 2yNNLO at
next-to-next-to-leading order, are about 36%, 28% and 16% lower than the data, respectively. The relative
errors associated to the predictions from DipHox (2yNNLO) are 10-15% (5-10%).



LHCb
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S T T ] & 2500F ' ' —632000;'
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background feature not present in CV categories

2 009 . wossmuson | bin migration from 2x2 cluster cells
0.08- C

0.07; 1.0 ©
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0.05f o oo
0.04F 2 o
0.03f L :
0.02 = . —. 0.4

0.01F- N R i

éb: . N M ., S I 021

. s e o T %

]l Ill ] I[I w
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00 3500 4000 4500 5000 5500 6000 6500 7000
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- boosted searches
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Heavy Axion models
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Mirror Axions



UV instantons



NB models

Backup Slides




Can we make CP violation dynamical?

in progress with G. Perez and A. Shalit

o — — o -

CPYV sector Visible sector

AANANAN Yu,d

Breaking CP from the dynamics of a confining sector

We need a gauge theory which has a CP-breaking vacuum Gaiotio, komargodski, seiberg ‘18

—m 3 X@X@ + Y, [Aag+ Aag”| X@Kea
L: D) a=1,2 a=1,2

— my ) + [yﬁ”cp + ?)21’90*] Y,



Can we make the symmetry of the portal accidental?

in progress

gduging U(3)QL ® U(S)UR ® U(3)DR Grinstein, Redi, Villadoro ‘10

SUB)e, SUB)vz SUB)p, SUB). SUEQ)r UQ)y
QL 3 1 1 3 2 1/6
Ur 1 3 1 3 1 2/3
Dr 1 1 3 3 1 -1/3
UuR 3 1 1 3 1 2/3
V4R 3 1 1 3 1 -1/3
v, 1 3 1 3 1 2/3
U, 1 1 3 3 1 -1/3
Y, 3 3 1 1 1 0
Y, 3 1 3 1 1 0
H 1 1 1 1 2 1/2

we get the NB structure!

)\u @LE[\IJ'U,R + )\,,u EuYu\IjuR + Mu T'u,UvR

generate the Yukawas & the phases from the vacuum structure



