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Prologue, current status of Supersymmetry

Putting stops aside, what are the bounds on first 2-
generation “light” squarks?

Bounds from ATLAS & CMS:
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See later: this bound is prejudiced, relaxing assumption may
open window to SUSY & non-trivial flavor info’.




Outline

@ Introduction, importance of uFCNC.

¢ Alignment & CP violation (CPV) in D mixing.

® New robust bound on standard model (SM) D mixing

absorptive CPV & dark photon/hidden valley models.

® Non-degenerate light (burried) squark @ the LHC.

€ Conclusions.




Effective Field Theory (EFT)
Model independent approach

microscopic dynamics above few x 100 GeV 1s unknown.

Can parameterize our 1ignorance by set of higher dim’
operators suppressed by the scale of new physics (NP).
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Almost any NP model can be described at low E by this set
of operators (above Op’ are most dangerous & yet clean).




AF = 2 status

Isidori, Nir & GP (10)

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(5py*dr)? | 9.8 x 102 1.6 x 10* 9.0 x 1077 3.4 x107° Amp; ek
(5rdr)(5rdgr)| 1.8 x 10* 3.2 x 10° 6.9 x 1072 2.6 x 1071} Amp; €
(v ur)? 1.2 x 103 2.9 x 103 56 x 1077 1.0x 1077 |Amp; |¢/p|, dp
(erur)(eLug)| 6.2 x 103 1.5 x 10* 57x107% 1.1 x107% |Amp; |¢/pl, D
(bpy*dr)? |5.1 x 102 9.3 x 102 3.3x107%  1.0x 1076 Amp,; SyKs
(brdr)(brdg)|1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077 Amp,; Syks
(bpy*sr)? 1.1 x 102 7.6 x 107° Amp,
(br s1)(brsR) 3.7 x 102 1.3 x 1075
(toy*ur)?

Probably bound already

exists due to LHCb, CMS
indep’ confirmation?




Adding Leptons?

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(spy*dp)? | 9.8 x 102 1.6 x 10% 9.0 x 107 3.4 x107Y Amg: €x
(5rd)(51dg)| 1.8 x 104 3.2 x 10° 6.9x 107 2.6 x 107! Amp; ek
(v up)? | 1.2 x 103 2.9 x 103 5.6 x 1077 1.0 x 1077 |Amp; |q/p|, ¢p
(crur)(crug)| 6.2 x 103 1.5 x 104 5.7x107% 1.1 x107% |Amp; |q/pl,¢p
(bpy*dr)? | 5.1 x 102 9.3 x 102 33x1076 1.0 x 1076 Amp,; Sy
(brdr)(brdr)| 1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077 Amp,; Syks
(bry*sr)? 1.1 x 102 7.6 x 1075 Amp,
(br s1)(brsR) 3.7 x 102 1.3 x 1075 Amp.
(tryHur)? same sign #’s
1.7 x 104 Br (u — ev)
Lio*epHF,, 3.3 x 102 Br (1 — )
2.6 x 102 Br (1 — ey)
(i Poe) (i, Pw)| 19 102 e,




Adding Leptons!?

Operator |Boupds on A in Te )|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(5pyHdyp)? /9.8 x 102 1.6 x 104 9.0 x 1077 3.4 x 107° Amp; ex
(5r dL)(ng% 1.8 x 10* 3.2 x 10° 6.9x107° 2.6 x 107! Amp; €k
(exy*ur)y |1.2 x 103 2.9 x 103 56 x 1077 1.0x 1077 |Amp; |q/p|, ¢p
(crur)(Crfr)| 6.2 x 10° 1.5 x 10% 57x 1078 1.1x10"% |Amp; |q/p|, D
(BmﬂdLL? 5.1 x 102 9.3 x 102 33x1076 1.0 x 1076 Amp,; Syks
(brdr)(brdgr)| 1.9 x 103 3.6 x 103 6x1077 1.7x10°7 Amp,; Syks
(ELWSL?? 1.1 x 102 7.6 x 1077 Amp
(br s1)(brkR) 3.7 x 102
(fLyur)y
\
1.7 x 10* Br(u — e)
Lio*epHF, 3.3 x 102 Br (1 — )
2.6 x 102 Br (1 — ev)
(i Pre) (7, Pru) | N\_ 19102 Y/ ol Tioe 1)




What do we conclude !

€ SM mechanism to induce flavor & CPV

The Nobel Prize in Physics

is successful.

© The Nobel Foundation Photo: U. © The Nobel Foundation Photo: U.
Montan Montan

Makoto Kobayashi Toshihide Maskawa

€ Hint for underlying structure of microscopic laws of nature.




Alternatively, assume 1TeV & bound coefficients

Zsd Zeu

LAF=2 = 1 TeV)Z(E%LSL)Q | (1TeV)2(§%LUL)2
25— 2
| a TZV)Q (drsr)(drsL) A (1T:{/')2 (urcr)(ugrer).

Im(zeq, 25y) S (3.4 %x1077,2.6 x 1071) (Anp/TeV)?,

Im(Zew, 7)) S (1.0 x 1077,1.1 x 107%) (Anp/TeV)?,

recent, will be
further improved

Flavor structure of TeV NP is highly non-generic!




What kind of NP survives?

@ Flavor blind/universal NP, for sure, but very restrictive.
(spoiled by RGE)

@ NP flavor structure is controlled by SM one, effective minimal

flavor violation (MFV) => more exciting than naively guessed

® Maybe NP is anarchic but aligned.  nirseerg 92




The importance of up-type FCNC

What if down/lepton alignment is at work ? M‘
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The importance of up-type FCNC

What if down/lepton alignment is at work ! M‘

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(5py*dp)? | 9.8 x 102 1.6 x 10* 9.0 x 1077 3.4 x107° Amp; ex
(5prdr)(5rdgr)| 1.8 x 104 3.2 x 10° 6.9x 107 2.6 x 10711 Amp; e
(ery*ur)? |1.2 x 103 2.9 x 103 56 x 1077 1.0x 10" |Amp; |q/p|, ¢D
(erur)(crugr)| 6.2 x 103 1.5 x 10* 5.7x107% 1.1 x107% |Amp; |q/pl,¢p
(bpy*dr)? | 5.1 x 10? 9.3 x 102 3.3x107% 1.0x107¢ Amp,; Sy
(brdr)(brdg)| 1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077 Amp,; Sy
(bpy*sr)? 1.1 x 102 7.6 x 1075 Amp,
(br sz)(brsr) 3.7 x 102 1.3 x 1075 Amp.
(tryHur)? same sign #’s
1.7 x 10* Br (n — ey)
Lioter;HF,, 3.3 x 102 Br (1 — )
2.6 x 102 Br (1 — e7)
(i7" Poe) (i, PLu)| 1.9 % 10° e,
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The importance of up-type FCNC

What if down/lepton alignment is at work ? m

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
sLY 0 RITK, €K
(erytur)? 20%x10°  [5.6x10°7 1.0 x 107
crur)(erur)| 6.2 x 103 1.5 x 104 5.7x107% 1.1 x10"% |Amp: |l¢/p|, oD
o . 9.3 x 102 3.3 x 106 0 > 100 p—

(i Pre) (i, Pru)

o(p—Ti—capture)
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The importance of up-type FCNC

What if down/lepton alignment is at work ? m

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im

Sy - ‘ X : = l - I, €K

6.9 x 1077

W TR Y
CRUL)(CLUR 10=%  |Amp; lg/pl, oD
UFCNC remove -

_ | _ |

Immunities

S

—ad

_ _ T~ ———e
(tryHur)? same sign ¢’s
1.7 x 104 Br (u — ey)
: ’ T — Wy
7 — )
(7 Pre) (wyu Pru)| 1.9 x 102 S T aapiurs




UFCNC data, a crucial test of NP structure

€ General: dominant NP constraints coming from extended strong
sector, need not “talk” to down & charged lepton sector:

@ Down & lepton flavor violation
maybe removed via alignment,

anarchic NP is diagonal in down/
. D
charged-lepton mass basis. AMi ex AMp, Ar

- t‘"ﬂ b
S
[Nir & Seiberg (93); / b ’ Pt o
Crappy: Fitzpatrick, GP & Randall (08); / \Z TV

Csaki, GP, Surujon, & Weiler (09)].

11



UFCNC data, a crucial test of NP structure

€ General: dominant NP constraints coming from extended strong
sector, need not “talk” to down & charged lepton sector:

@ Down & lepton flavor violation
maybe removed via alignment,

anarchic NP is diagonal in down/
charged-lepton mass basis.
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Aligning away NP & the power of the D system

4
The bounds from zg,4 ., are much more severe.

However, 25, C (1,8, 1, za C (8, 11)

Have singlet part which can be aligned with SM, Y/ Yy, Y Yo .

On the other hand assuming SU(2). ?sd,cu expected to
have a common origin, () .

Cannot align ZQ simultaneously with both Y V! & YpY, .

Nir (07); Blum, Grossman, Nir, GP (09)
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Combining K — K & D — D mixing
to constrain NP flavor structure

Two generation covariant description }

1 -
AT, (Qri(XQ)ij1uQrL;i)(QrLi(XqQ)iv"QLj),

Assuming SU(2)L :

Xo is 2x2 Hermitian matrix, can be described as a
vector in SU(2) 3D flavor space.

\fﬂz\/%tr(m), E-EE% tr(AB), Zxéz_%[A,B],
A-B tr(A )
cos(0 =
Oa) = 216~ Y

Space can be span via SM Yukawas (useful for CPV, see later):

A, = (Yqu)t/r Ag = (YdeT)t/r

13



Two generation covariance description, cont’

Au,d:Au’d7 j: AdXAu’ A) A
!Au,d\ \Ad X Au\

Ad (0'3)

. The contribution of Xy to K° — KO mixing, AmK, given by the solid blue line. In

the down mass basis, Ad corresponds to o3, J is o9 and Jd 1S o7. }
1 _
Assuming SU(2)r 1 12— (Qri(Xq)ij Q) (Qri(XQ)in" Qry),
NP

14



Special role of “CPV” direction

Notice that:
A 2-gen’ case, 3 adjoints yield CPV: J = Tr {X [YDYBYUYJ}}
j(ag)

Projection of Xg onto J is measuring the physical CPV phase.

_______________________

15



Adding constraints from CPV

(Sorry Ay g = Agu ga)

16



Finding the weakest robust bound, no CPV

Cft =L? [(XJ)2+ (XJd)z} :
= L

CP == [2(X7)7 4+ (X" + (x7)" + ((x74)° = (X%)°) cos(46c) + 2X X7 sin(46c) |

2

L=|Xq|=(X3-Xx})/2, aflavor diagonal quantity.

Aga

17



Finding the weakest robust bound, with CPV

—4
T < 3.4 x 10 o (1./\11?]};/)
(X7)? — (x7)" )

x 10~

weakest bound on L

Blum-Grossman-Nir-Perez (09)

0 0.2 0.4 0.6 0.8 1

XJ

The weakest upper bound on L coming from flavor and CPV in the K and D
systems, as a function of the CP violating parameter X J | assuming Axp = 1 TeV.~

18



SUSY implications, naively looks like alignment is dead!!

What is Xg in the SUSY case?”

Mg, — Mgy

mg, + Mg,

< <

(0.034 maximal phases

|0.27

vanishing phases

(squark doublets, 1TeV)

Blum-Grossman- Nir-Perez (09)

With phases, first 2 gen’ squark need to have
almost equal masses.
Looks like squark anarchy/alignment is dead!

However ...

19



How do successful alignment models look like!?

* The maximal phase case does not correspond to an
alignment model.
* Alignment makes both real and imaginary parts small.

j(02> j<02)

wrong correct

Imaginary part is universal => successful alignment models =>
Sma” PhYSica.I CP Phase! Gedalia, Kamenik, Ligeti & GP (12)

20



CP conserving constraints count => weaker degeneracy

Gedalia, Kamenik, Ligeti & GP (12)

ur aligned \ d, aligned
0.30

- N E
0.25 | '

0.20 L

= 0.15
0.10|
0.05 | | _
000 B

* No strong degeneracy required!
* Ex.:mg=1.3 TeV,ms =550 GeV,mg =950 GeV

21



(non) Degeneracy of Squarks

* No strong degeneracy required!
* Ex.: m3=1.3 TeV, my =550 GeV,m;,=950 GeV

* This can be generated by*: bine, Kegen & Samel (90); Nir & Res

Anarchy at the SUSY breaking mediation scale
SUSY renormalization group flow to the TeV scale
Can lead to modest level of degeneracy

(02).

22



Back to D — D mixing

. —
" .4
. ’ ;
- - - 4
- . -3
Foad .
- g 'S
: S -
},. ¢
»
™
i




Two questions on CPV in D mixing (3 slides)

@ So within successful alignment models can we say something

generic on CPV in D mixing? (& how to go beyond LO in §5)

Kadosh, Paradisi & GP, in progress.

@ Can we robustly bound the SM CPV in D mixing?

24



Alignment: upper bound on CPV in D mlxmg

Kadosh, Paradi & GP, in progress

& In complete alignment limit no CPV: [mg), Yde] = ()

€ Min’ alignment with Y, just to saturate €k, Amp: (switching to MIA)

d d
€ X S (5[,[,)12 R (5[,[,)12 , in alignment: (5%11)12 ~ R (5%L)12 = 0 ~ 1%

v

Im part of D — D o 2\¢ 5&22 (5%]4) ~ 2)\C (512 Oc

2
Amp x 4\ (65) (both for 2Ac62 > d.,.)

v

CPVin D —D: b, [2Xc 08 S 10% x (0.3/64)

LHCb soon (HCP?) will start testing alignment paradigm!
ATLAS+CMS implications discussed below.
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SM: upper bound on absorptive CPV in D mixing

Grossman, Kagan, Ligeti, GP & Petrov, in prep’.

= ) _
(D°|H|D°) = My + 3 NP |D1 o) [y p|D°) + q|DY).

N
_m1+m2 _P1+F2 @
= . I'= , Pl
2 2 2.
_ My —1y %
T = (?
.
w2

5F12 1 F12 Af ? r d r d — Fdd
Prp =1 ( )-—g . L =2 M| siny —= =2 + O\,
12 F?Q 2 1‘112 Af ¢12 | b | 8 F(1)2 Fsd ( b)
Lgq — T : _
|¢{2| = 0.008 X Yygq X |€g| , e = ddF - ¢ SU(3) breaking ¢} <1 Yoy = [Ty /T

Unitarity: Ysq <1 = (|65 <0.008 x [e]))

Y
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SM: upper bound on absorptive CPV in D mixing

Grossman, Kagan, Ligeti, GP & Petrov, in prep’.

— 1 —
(D°|H|D®) = My + =T15.  |Di3) = p|D°) +q|D").
2
<,
I+
e z = (0.63919) % 1072 y = (0.75 + 0.12) x 102 <.
L ; o FQQ—FR' lq/p| = 0.9170:13 ¢ =—0.18 £0.16. %

Iy = — (A2Dss +2AsAq Tsq + A3 Tqq) . where A, =V, V)

(neglecting b a sec’ a sec’)
['yy in the OPE picture

ST\ 1 [Ty [Af\° T T
¢1;2:I ( >——rg " L =2\ sin sd  sd dd+0)\2,
Lya — T . _
|¢{2| = 0.008 x Ysd X |€g’ , e = ddF—dd’ SU(3) breaking €}, <1 Yoy = ‘I’xy/ﬂ ,

Unitarity: Ysq <1 =P G&z\ S 0.008 % fﬁgD-
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D mixing absorptive CPV, measured!? affected by NP?

Grossman, Kagan, Ligeti, GP & Petrov, in prep’.

5
& ¢ & ¢io: quasi-universal CP phases, i_flated “& .
to final states without CP in decay, A—f| ~ 1 %
f (=
2 2
q| _2i¢ _ (212/y12) €912 — i —2i¢T Tl 2| Myl M
_ € - . —€ 12 y125i7 T12 = 12 , Q12 = arg (12>
p (T12/y12) €912 — i t " He
‘ MOdiﬁed mOdeI indep’ bound: Ligeti, Papucci & GP; Grossman, Nir & GP; Kagan-Sokoloff.
r
tan(¢ — ¢15) = —Anz/y Ap = (a/pl? = 1)/(a/pl? + 1)

LHCDb precisely measure x,y, ¢, A,, & test for presence of ¢1;2

¢ CPV light hidden sector that couples to D & decay to SM =>
quasi universal absorptive phase, can be observed as above.
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However is this consistence with the
LHC data??

Mahbubani, Papucci, GP, Ruderman & Weiler, to appear.

mg = 1.3 TeV, mg = 550 GeV, mg, = 950 GeV
1 2

Squark-gluino-neutralino model, m(i?) =0GeV

=
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2
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=
=
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£
Q
O

;2000 :ll,l [ II\I LI L | LI |III I_
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g \ Combined ]
% 1800 \ wmmm CL, observed 95% C.L. limit ]
© \¥--- CLg median expected limit ~ _|
E \ﬂ‘ ----- Expected limit 1o i
< 1600 [[}-ATLAS EPS 2011 —
> Ldt =471 1", \s=7 TeV ]
w GSUS;L_:'TTE ]
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What if the first 2 generation squark are
not degenerate!

Mahbubani, Papucci, GP, Ruderman & Weiler, to appear.

(?], )L
=—— 8 dof = (u,d)z, (6,3)L — ir
)
(@i, d)r, ig, dg, » » (¢ S)L
(¢,8)L, Cr, SR dr, 5g SR
=——— UR, CRr Cr
Everything degenerate Split, but MFV Anarchy!
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How do limits change?

Cross-sections vs. mass

_ 1
o(pp = URUR) < —;

(roughly)
RN
\ 6
300
NG
1F \ \ ™M |
A\
- \ /— NLO xsec (Prospino)
o
=0 1
b
0.01
0001 b N
200 300 400 500 600 700 800
Msquark[ GeV] (gluino decoupled)

Limits affected by:

. squark multiplicity

. signal efficiencies

- PDFs

8/m° =6/mb +2/mf8
(mL/mH) — (1/4)1/6 ~ (.8
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Efficiencies

Signal efficiency falls very rapidly with decreasing squark mass
Direct Decay:aaaqqx?x? BG'OW = 600 GeV €0 = 1

— 1000 [RRRRN RRRP 1 >
o [ ATLAS Preliminary o
0] 900:_0|epton20112jmeﬁ>1000Gev @
= C _1 71! 's=7 Te 9
% SOOE_det_1o4fb\ 7 TeV S ATI AS l/fb,
g 700 - o X 5
% e - 8 2jet Mesr>1TeV
C ©
500 tet ‘ ‘
B 2 3
400F- N " Q y
300F- 4 g 0e < g
200f— D)
- u g
100 | s
- ] ] o
IIII|IIII|III II|IIII|I '3 o
0O 100 200 300 400 500 600 700 800 9001000 10 8
squark mass [GeV] i
1y
=
.2
2
&=
[
meff IS the scalar sum of transverse momenta
of the leading N jets with EMISS,
1000
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In fact, all 4 flavor “sea” squarks can be rather light!

ess
- gess  Sea v. Valence
1200 s — e - -
. . _ -1
| A g5, L=498M07"
1100: E ] 0 [ Tlim
= 1000/
D) | -
o, | :
900f :
*~§ [ : e
= celirni0® B '
1l 800 ; 4
& [ - :
5 L il 5 _____}
[ Y AR
600?mg=f3TeV
mgR0GY ;

59900 600 700 800 900 1000 1100 1200

mCZ.R - ms[_R [GeV]
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Conclusions

¢ Minimalism: up flavor & CPV might hold the key.

¢ Alignment: non degeneracy is viable: testable at LHC(b).

® SM: new (preliminary) robust bound on absorptive D-D CPV;
sensitive to “dark photon / hidden valley” models.
(The holy grail being the dispersive remains unconstrained)

’ nght (non-”sups”) squarks maybe buried (regardless of alignment).

33



