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The Higgs Boson has been discovered, with very good agreement of Higgs
Data and Experiment. The agreement of Higgs data with SM predictions is
quite good and no compelling signal of new physics is present in 8 TeV data.

ATLAS Prelim. |—o(stat)  Total uncertainty
my=12536GeV | _ (i) | tloonp
Phys. Rev. D 90, 112015 (2014)
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Are we done ?

Many questions remain unanswered. Just to list some important ones :

Why is gravity so weak or, equivalently, why is the Planck scale so high
to the weak scale 7 (hierarchy problem)

What is the origin of the matter-antimatter asymmetry
What is the origin of Dark Matter ?

Are neutrinos their own antiparticle ?

Why are there three generations of fermions ?

What is the origin of the hierarchy of fermion masses ?
Do forces unify ? Is the proton (ordinary matter) stable ?

What about Dark Energy ?



Some weak scale anomalies

Signals which are two to three standard deviations away from the expected SM predictions.
LEP 100 GeV Higgs signal excess. Rate about one tenth of the corresponding SM Higgs one.

DAMA/LIBRA annual modulation signal, direct DM detection searches (sodium iodide Nal
scintillation crystal).

Anomalous magnetic moment of the muon.

Forward-backward asymmetry of the bottom quark at LEP.
Forward-backward asymmetry of the top quark at the Tevatron.

Apparent anomalous neutrino results, in MiniBoone, LSND and reactor fluxes.
Anomalies observed in B—> K*u transitions and B —>D*tv

Apparent 214 MeV muon pair resonance in the decay > — p ,u+,u_

Higgs decay to tu, Excess in Dibosons, Anomalous events with bottoms and leptons.

Proton radius difference measured in electron or muon hydrogen atoms ?



SUSY and Experimental Anomalies



SUSY and (not very significant) Experimental Anomalies



Muon Anomalous Magnetic Moment

Present status: Discrepancy between Theory and ‘*"g“éé‘fs‘;’7“‘e*‘e“*";¥d‘>‘ R G5
Experiment at more than three Standard Deviation level Nos (e'e)
E)1a5\/7iir5%t al. 09/1 (t-based) A
Aay, = a5 — a$™ = 287 (63)(49) x 10711 e,
Davier et al. 09/2 (e'e” w/ BABAR)
3.60 Discrepancy HLIINT 10 (e’e” w/ BABAR)
DYEAZ30 (s nowes) —a—i
New Physics at the Weak scale can fix this DHMZ 10 (e'e newest) o | |
discrepancy. Relevant example : Supersymmetry BNL_E821 (word average) 1

vl v b b v v v b e b Ly i L
-700 -600 -500 -400 -300 -200 -100 0
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N o m N 10 /100 GeV\?
5au_mm—gtanﬂ_l5x 10 (T) tanﬁ

Grifols, Mendez’85, T. Moroi’95,
Giudice, Carena, C.W.95, Martin and Wells’00 ....

Here m represents the weakly interacting supersymmetric particle masses.
For tan 8 ~ 10 (50), values of m ~ 230 (510) GeV would be preferred.

Masses of the order of the weak scale lead to a natural
explanation of the observed anomaly !



Summary of LHC Experimental Anomalies

B. Hooberman’l5

Dilepton mass edge

WW cross section

WW cross section

32+E,Miss electroweak SUSY

40+E,M'ss electroweak SUSY (see backup)
Higgs—ut (lepton flavor violation)

18t generation leptoquarks (evjj channel)

ttH with same-sign muons
Dijet resonance search
32+E,Miss electroweak SUSY
Soft 20+EMss strong SUSY
WW cross section

WW cross section

Monojet search
H—h(bb)h(yY)

CMS 8 TeV
CMS 7 TeV
CMS 8 TeV
CMS 8 TeV
CMS 8 TeV
CMS 8 TeV
CMS 8 TeV
CMS 8 TeV
CMS 8 TeV
ATLAS 8 TeV
ATLAS 8 TeV
ATLAS 7 TeV
ATLAS 8 TeV
ATLAS 8 TeV
ATLAS 8 TeV

2.60
1.00
1.70
~20
~30
2.50
2.60

Hyn = 8.5

~20
2.20
2.30
1.40
2.00
1.70
240

-2.7

CMS-PAS-SUS-12-019
EPJC 73 2610 (2013)
PLB 721 (2013)

EPJC 74 (2014) 3036
PRD 90, 032006 (2014)
CMS-PAS-HIG-14-005
CMS-PAS-EXO-12-041
arXiv:1408.1682v1 [hep-ex]
arXiv:1501.04198 [hep-ex]
PRD 90, 052001 (2014)
ATLAS-CONF-2013-062
PRD 87, 112001 (2013)
ATLAS-CONF-2014-033
arXiv:1502.01518 [hep-x]
arXiv:1406.5053 [hep-ex]



« CMS search for x*x°—WZ+Emss
— Search in WZ—302 and WZ—(jj)(22) channels

no excess here

Trilepton Excess !
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Edge in the invariant mass distribution of leptons

2 e/p leptons with p; > 20 GeV and Inl < 1.4
(Nieis =2 AND E;™ss > 150 GeV) OR
(Nieis = 3 AND E;™ss > 100 GeV)

ee+| search region eM control region

20 CMS Preliminary 19417 (8 TeV) , CMS Preliminary 1940 (8 TeV)
1801 ¢ Data - 180l ¢ Data -
160} —Fit E 160; —Fit
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~ meo >~ 340GeV
b—bxy —=bete x! -
mgo ™ 260GeV

P. Huang, C.W., arXiv:1410.4998 7




Two Possible Scenarios
P. Huang, C.WV., arXiv:1410.4998

B scenario A
b /
b jet
Y
~ 0
X2 AN
7 \
~l0 N
X1
Jm;gm%xm%méw
my - = 2
my
~ scenario B
b, / \
! b jet
~ 0
X23 \
Z*
X’ - 1
edge .
0o T MY g9 — Mo

parameter scenario A [scenario B
m;, (GeV) 390 330
mgo (GeV) 260 212
msy (GeV) 340 288
mso (GeV) ~ 500 290
m; (GeV) 297 500
tan 8 25 o0
o(pp — biby) (pb)|  0.42 1.14
BF(b; — bx?) 0.93 0.56
BF(by — bx9) 0.07 0.25
BF(b; — bx3) 0 019

Aay, 2.0x107Y |2.7 x107?
Qh? 0.11 0.11



Constraints from ATLAS :
|) Sbottom Searches in events with bottoms and Missing Energy
2) Searches for a similar edge in the invariant mass distribution of leptons
No excess found !

Sbottom pair production, 5, —b i? - - o
600 —l LI I UL | LI I LI o susy > CrT T 1 1 r T 7 |. T .I L 1 T T T _]
- ATLAS === Obeorved imk (t10,,) 8 oo ATLAS Preliminary - E
N, : 1 7 s | Expected limit (1 ngp) 1C—> E \S = 8 TeV, 203 fb-1 % Standard Model E
500 __J‘ Ldt =20.1 fb , 1s=8 TeV - ; 500 - SR_Ioose ee/l“u’l’ \:| Fla.vourSymmelric =
C B coF2es’ - = - < . I 7ets .
” Alllimits at 95% CL [ ] D052 b i Lﬁ - : : ] Other Backgrounds n
400 (— ) ‘ — 400— i : & 2-step, m@, 7770 19, %) ]
i — ATLAS2.05fb", 1s=7 TeV - I~ 44 L LEL LT (465,385,345,305) GeV n
] ] = = = = = (545,465,425,385) GeV ]
300 i LT ~ ] 300— — = (665,465,365,265) GeV |
N = ‘\ ] - .
N ] 200/~ =
200 - } - E ]
B E E 100—
- ‘ E . T | LLammess
100 A - oL i
A\ ] = S A S
l | l 5 ; - % e ”f’/@?"ﬂ»‘/’/‘z’//‘//‘/ﬂ,’//‘/w/’/ /W/%////m
O 11 L 111 L1111 L1111 L 1 L1 11 D 05 . o I I .......... T I
100 200 300 400 500 600 700 800 00 £0 700 150 500 555 300
ms‘ [GeV] m” [GeV]
|| Dilepton edge
ATLAS No excess 3.00
CMS 2.60 No excess

The ATLAS and CMS edge selections are the same (by
design) but the Z+MET are different, only ~30% of our
events enter the CMS selection



Same Flavor, Opposite Sign lepton Excess
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ttH. . H — WW

CMS-Higl3-020

Most relevant channels : 2 bottom-quarks and equal sign leptons/trileptons

uu ee eu 3¢ 40
ttH, H — WW 20+£03 09+01 27+04 32+06  028+0.05
ttH, H — ZZ 01400 00400 0.140.0 02400  0.0940.02 s=8TeV, L=196fb"
ttH, H — 17 0601 03+00 09=+0.1 1.0+£02  015+0.02 CMS Preliminary m,, = 125.7 GeV
ttW 82+15 34+06 13.0+22 92+1.9 -
ttZ/v* 25405 1.6+03 42409 79+17  1.25+0.88 B combined u = 3-7:1 f
ttWW 02400 01400 0340.1 04401  0.0440.02 '
tty - 13403 19+05 29408 - four-lepton |
WZ 08+£09 05+05 12413 42+09 - Do g | ———
77 01401 00+00 01401 04+01  0.45+0.09 s |
rare SM bkg. 11400 04400 1540.0 08+0.0  0.01+0.00 trilepton
non-prompt 108+48 89+45 212+81 332+123 0.53+0.32 w=27"22 ™
Charge ﬂlp - 1.9+0.6 24+0.8 - - dielectron B
all signals 27+04 12+02 37406 44408 052+0.09 h=2.870 =
all backgrounds ~ 237452 180447 459486 589+127  2.28+0.94 _ TE
dimuon
data 41 19 51 68 1 @ = 8473 ——
=27
Work correlating these signals in progress : elsirﬁfgggon L
-23 N e L [ T

A.lsmail, P. Huang, |.L W/
small, uang, l.Low, C.W/15 6-4-202 4.6 81012

act f“‘ o — IT/{T



ATLAS and CMS results

— ot | ATLAS Preliminary |
—  stat, Vs =8TeV,20.3fb!
fot. (stat) four-lepton |
efet . — 3839 | b= 4204
trilepton
efuT e — 3028 (2 - w=27"22
dielectron
P o — 26732 (38 - u=2-8f:jf
dimuon
20074 combined | [— e — 287 (1) - M=8-4TZ_':
electron-rglsjon
+2.
S T e s s e

best fit u(ttH) = o/oqy for my = 125 GeV

What is here called tth, with h decaying to WW
is really a search for 2b + 4W, leading to

2b + 2| + MET
2b + 31 + MET

Vs=8TeV, L=19.6fb"
CMS Preliminary my =125.7 GeV

+1.6

combined p = 3. 7

N T

|||||||||||||||||||||||l| P TR B

-6 -4 -2 0 4681012
Bestfltu 0/0

Appears in many
new physics searches




Sbottom Searches

Small excess observed in 2 bottoms plus
equal sign leptons or tripleptons

~ o~

, b, production, b.— ;. m@;) = 60 GeV - -~ ,
; 800__11Il]lrrl]1lll[rlll]l!lrlllllllrllllllr- b,b1pr0dUCtiOn,b1—)ti;,ma1)=2m(i1)

8 : ATLAS :E; 400_lllllllllllllllllllIlllllllll]lllllllll-—
e I . 188 | ATLAS 12
g 700 JLdt: 20.3b", \s=8 TeV 4% S C 1 18

_ 12 9~ 350 JLdt=2o.3fb’, =8 TeV =
- 2 same-charge leptons/3 leptons + jets - § E”.< i 1Swolie ] g
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- 18 250 |~ Allimits at 95% CL £
- 18 . 18
400 [~ N o — g N 2 1E
- N . 18 200 - «- -
: il iE : 18
300 [ 1z : 12
W "\\l ' ’l -1 - N o 17 € -
: i (\'\»k\ ?G " - : g 150 : @ ‘:_ s_‘\‘ : z
ool 1% : ot (R 13
: 29 ] :" 16 :23 100:_' 8':~ : —: g
100'-11111111111111"’1‘1 |:"‘:‘||||"||||11|11|1|1111- : 7 - ; r 8 :' : Ez

300 350 400 450 500 550 600 650 700 [ S RS A L S T W R
m [GeV] 300 350 400 450 500 550 600 650 700
‘ m; [GeV]

2b+4W + Missing ET



Similar results at CMS, showing the dependence on
the mass splitting of charginos and neutralinos

250

200

150

100

50

CMS Preliminary, 19.5 fb™', s =8 TeV

pp—>b/b;, b, tW5. NLO+NLL exclusion
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T T L L
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Interpretation of results easier in a stop scenario

One of our benchmarks has the following spectrum:

7

m; = 550 GeV

M- = 340 GeV
m>~<0 = 260 GeV

i/ e = 1.8
Utot = 2.8



Interpretation in terms of Stop scenario is easier due to
larger branching ratios and brings new interesting signals

Stop mainly right-handed and second lightest neutralino mainly Bino

/_ m; = 550 GeV
v

t
Mmyo = 340 GeV
W= m,+ = 260 GeV
Similar to the sbottom case, ,ug/,utth = 1.8

but with two signs of W’s

Uiot = 2.8



Stop Signatures

Similar equal sign dilepton signal as in the sbottom case.

We estimated that for a stop describing the tth excess, 40 inverse fb
at 13 TeV will lead to a discovery signal. Observe that for this search
tth is a background, so we assume it to be SM-like !

In addition, there are suddenly equal sign trileptons apart from equal
sign dileptons

The signal is lower, since demands three W’s decaying leptonically
and with equal signs (about |/15 of the equal sign dileptons signal)

The background is small, coming mainly from ttbar and ttV. To see 5
events one needs about 40 inverse fb, so you could discover the
stops and differentiate it from sbottoms at the same time



The properties of the recently discovered Higgs boson are close to the SM ones

Variations of Higgs couplings are still possible

ATLAS Prelim. —°2§‘;;';3,c. Total uncertainty
_ — G\theory
my = 125.5 GeV — o(theory) +1conp
Ho vy oz 1
= 15798 % 1
B=1.97 8|21 i 1
H- ZZ* - 41 o A
_ +0.40 | 013
;1_1.44&35 | e
H— WW* - Wiy 1
_ +0.32 |01
n=1.00 020|218 1 1 AL 1
Combined ——
“"‘fy’zzrw_wAl 35‘0_2‘ ol —t—
H=1.99 0l i | =
W,Z H—> bb wlll '
L =027 0.4 it
' 06 [<01 i 1 ]
H — 11t (8 TeV data only) 23 —r
=1.495| % 1
u=1 04|03 i =T
Comlélned o
H—bb, 1t 038 | 031
H= 1.09 0.32 . i | A |
Combined T
—1.3008 0" L
H "TT0.47 | oce i | )
\s=7TeV |Ldt=4.6-481b" -05 0 05 1 15 2

\s=8TeV [Ldt=2031b"

Signal strength (u)

Combined
1.00+0.13

H = bb (VH tag)

H — bb (ttH tag)

H — vy (untagged)
H— yy (VBF tag)
H— vy (VH tag)
H— yy (ttH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H— 1 (0/1 jet)

H — t (VBF tag)
H — 1t (VH tag)

H — 1t (ttH tag)
H— ZZ (0/1 jet)
H— ZZ (2 jets)
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19.7 o' (8 TeV) + 5.1 fb' (7 TeV)

CM S m, = 125 GeV
Preliminar
=
R E—
]
1 1 1 I 1 1 1 I L 1 1 1 1 I 1 1 1
-2 0

As these measurements become more precise, they constrain possible
extensions of the SM, and they could lead to the evidence of new physics.

2 4 6
Best fit o'/o'SM

It is worth studying what kind of effects one could obtain in well motivated
extensions of the Standard Model, like SUSY.

(for an extensive review, see Christensen, Han and Su’l 3)



Low Energy Supersymmetry : Type Il Higgs doublet models

In Type Il models, the Higgs HI would couple to down-quarks and charge leptons,
while the Higgs H2 couples to up quarks and neutrinos. Therefore,

diag . diag
dd,ll __ Mdd,ll (—sina) gdd,ll - Mdd,ll COS &
hif v cosB '’ Hff v cosf3
Mdiag (cos ) s Mdiag gin o

uu _ J—
Intf = 7y sinf3 ’ JHTS v sinf

If the mixing is such that
sin v = — cos 3, sin(f —a) ~ 1
cos o = sin 3 (cos(B —a) = 0)
then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like. This

limit is called decoupling limit. Is it possible to obtain similar relations for lower values
of the CP-odd Higgs mass ? We shall call this situation ALIGNMENT

Observe that close to the decoupling limit, the lightest Higgs couplings are SM-like,
while the heavy Higgs couplings to down quarks and up quarks are enhanced
(suppressed) by a tan 3 factor. We shall concentrate on this case.

It is important to stress that the coupling of the CP-odd Higgs boson

dd uu
dd,ll Mdiag ¢ uu diag
anf3,  ga ff=

Jarr = vtan




Deviations from Alignment

The couplings of down fermions are not only the
ones that dominate the Higgs width but also tend
to be the ones which differ at most from the SM ones

~ (1 1t_2 2 ~ -1
ghwv ~ —§ﬁ77 gv govv ~lg 1 gv ,
Ghda = (1 —mn)gs Grdd ~ (1 + %277)91“

At moderate or large values of tan (3, it is clear that the only relevant deviations
will be in the bottom coupling



Down Couplings in the MSSM for low values of u

Q In this regime, Xé.7 ~ 0, and

2 2 2
v + M7
)\12_>\3:91492: =
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M2 4 MSUSY
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50 : ;
[ i |
30t 105 i
= |
g i i
200]15] L e=0 |
1.1 E E
10} / ! |
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Carena, Low, Shah, CW’13
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o (- i)
1———t
MSUSY 12‘7\4SUSY

Toen XBrth—»WW ZZ yy) suppression for SM—like Higgs
in MSSM relative to SM at s/ = 7 TeV

1.0
[ [— no mixing, tan3=9
+ |- no mixing, tan8=50
3 0.8_ max mixing, tan8=9
g | [~ max mixing, tan8=50
2 L
<= 0.6r
= L
.o F
2 I
L 04t
a, L
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“ 02t 1

056300 250 300 350 400 430 500
my (GeV)
All vector boson branching
ratios suppressed by enhancement
of the bottom decay width
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Carena, Haber, Low, Shah, CW’ |4
M. Carena, |. Low, N. Shah, CW/13

Higgs Decay into Gauge Bosons
Mostly determined by the change of width
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CP-odd Higgs masses of order 200 GeV and tanfs = 10 OK in the alignment case
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Non-Standard Higgs Searches
50 ATLAS-HIGG-2013-31
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Complementarity between different search channels

50
40

301

Carena, Haber, Low, Shah, C.W’ 14
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Limits coming from measurements of A couplings
become weaker for larger values of p

— Y4-a.n0(bbg;+2g¢;) X BR(¢i » 7 7) (8 TeV)
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Limits coming from direct searches of H, A — 77
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become stronger for larger values of p

| Bounds on m4 are therefore dependent on the scenario
““500 and at present become weaker for larger p

With a modest improvement of direct search limit one would

be able to close the wedge, below top pair decay threshold



Carena, Haber, Low, Shah, C.W/ 15

Naturalness and Alignment in the NMSSM

see also Kang, Li, Li,Liu, Shu’ 3, Agashe,Cui,Franceschini’ | 3

It is well known that in the NMSSM there are new contributions to the lightest CP-
even Higgs mass,

W = ASH, H, + gsi”

2
2 v

mi ~ A2 —sin® 28 + M2 cos? 23 + A;

It is perhaps less known that it leads to sizable corrections to the mixing between
the MSSM like CP-even states. In the Higgs basis,

1
tan

Mz(1,2) ~ (mj, — M cos28 — N0 sin? 3 + 07)
The last term is the one appearing in the MSSM, that are small for moderate mixing
and small values of tan

So, alighment leads to a determination of lambda,

The values of lambda end up in a very narrow range, between 0.65 and 0.7 for
allvalues of tanbeta, that are the values that lead to naturalness with perturbativity
up to the GUT scale

m32 — M2 cos 203

A\ =
v2sin? 8




Alignment in the NMSSM (heavy or aligned singlets)

tan 8

8hdd / 8hddgy

Carena, Low, Shah, C.W/I3
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Stop Contribution at alignment

Carena, Haber, Low, Shah, C.W!15
Interesting, after some simple algebra, one can show that

A; = — cos 2/5’(777% — M%)
Aalta mh=125 GeV
250()?\ .5 e B e L L B A S

2000

1500

M; (GeV)

1000

500

1.0 15 20 25 30
tan 3 1.0 1.5 2.0 2.5 3.0
tan S

For moderate mixing, It is clear that low values of tan /5 < 3
lead to lower corrections to the Higgs mass parameter at the alignment values



Aligning the singlets
Carena, Haber, Low, Shah, CW!I5

The previous formulae assumed implicitly that the singlets are either decoupled,
or not significantly mixed with the MSSM CP-even states

The mixing mass matrix element between the singlets and the SM-like Higgs is
approximately given by

MZ(1,3) ~ 2 \vu <1 -

m4 sin®2f  ksin2p
4142 2\

If one assumes alighment, the expression inside the bracket must cancel

If one assumes tan 8 < 3 and lambda of order 0.65, and in addition one asks for
kappa in the perturbative regime, one inmediately conclude that in order to get
small mixing in the Higgs sector, the CP-odd Higgs is correlated in mass with the
parameter mu, namely

Since both of them small is a measure of naturalness, we see again that alignment
and naturalness come together in a beautiful way in the NMSSM

Moreover, this ensures also that all parameters are small and the CP-even and
CP-odd singlets (and singlino) become self consistently light



Values of the Singlet, Higgsino and Singlino Masses
Carena, Haber, Low, Shah, CW/15

Alignment
al (GeV), &= Ag/2, my=125 GeV Msinglet(GeV), 15=2 m; =125 GeV
e e n —
500
25 400 -
N > 300
5 20 S
| s 200
1.5 =
7 140 ] 100 -
1.0/1'60/2-00 f |
150 200 250 300 350 Al
150 200 250 300 350 400 450 500

my (GeV) GeV)
myu €

In this limit, the singlino mass is equal to the Higgsino mass.
K

So, the whole Higgs and Higgsino spectrum remains light, as anticipated



Resulting Higgs Masses

Carena, Haber, Low, Shah, C.W/I5
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The whole Higgs spectrum is light, with heavy Higgs bosons

with masses of the order of a few hundred GeV and the

lighter ones below the weak scale



Searches for decays into Higgs plus Z bosons

Carena, Haber, Low, Shah, CW! 15
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The production cross section is of the order of a few pb,
so this produces a visible signature at 8 and 13 TeV runs,
with the lighter Higgs not being identified with the SM one.

Interesting excess at CMS at heavy Higgs mass close to 285 GeV and
lighter Higgs mass of order 95 GeV may be explained by these models
(and also the LEP anomaly)

CMS analysis :arXiv:1504.04710



Stops and Dark Matter

Light Higgsinos and light stops are naturally present in the theory.

Gaugino masses are not fixed in this scenario, but if light, of the order of
the Higgsino mass scale, the correct relic density may be obtained

Direct Dark Matter detection signatures increase in such a case, but
regions of parameters space, blind spots, exist, where Direct Dark
Matter detection is reduced, (much) below the present bounds.

Winos could be heavier, so Higgsino production should be considered,
with a rich number of decays into lighter electroweakinos and Higgs
bosons

Stops are naturally close to the current bounds and present a rich
patern of decays into neutralinos and charginos
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Blind Spots for Gaugino--Higgsino Mixed Dark Matter

1 1
2 (mx+u81n25)—2 ~ — I anﬁ—
M, My



Precision Electroweak Data
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. 7 . [Haber, Logan "99]
Modlfy ZbRbR coupllng [Choudhufy,Tait,Wagner '01]
1 1,
g _ gy = —= + =s;, =~ —0.43
LD —Zub(ngPL -1- gRbPR)b | 2 3
Cw Jrb = gsfu ~ 0.0771
Goal: shift A% and R
App = 390 = 9he 91n =91 p __ DZ=W)  git 9
493 4 9%, 97, + 9% ['(Z — hadrons) Zq[g%q + g%q]

Z-pole data allows 4 solutions in (6grs, 0gry ), off-peak
data for A% eliminate 2 possible solutions

Data prefers a bigger shift in 0grp, smaller shift in 0grs



Best-fit region:
0.004 ]
5g1p ~ 0.001 & 0.001 0.002 f
Sgmp ~ 0.015 +0.005 < |
0.000 - Y |
~0.002 ]
Batell, Gori,Wang’ 12

7000 001 002 003

(They consider Rb anomaly which was due
. . : OgRp

to incorrect theoretical analysis by

other authors. Slight shift in right- and left-

handed coupling)

[Choudhury, Tait, Wagner "01]
See also: [Kumar, Shepard, Tait,Vega-Morales ’ | 0]



Beautiful Mirrors  ichoudhuryTait, Wagner 011

Basic idea: Mix new vector-like quark with bottom quark

.Y M1 Mo bs
Lo— (@, B ( M e ) ( ) +he
Diagonalize mass matrix via rotations of bz-( L.R),With angles 01, r

Z boson interactions: LD ﬁZM E biy"* (Li; Pr, + Rij Pr)b;
Cw —
(¥}

Shifts in Zbb couplings:

1
0grp = <t3L + 2) 3%7 0GRy = tSRS%%a

Singles out 3 vector-like representations:

Uy g~ (3,2,1/6),(3,2,-5/6),(3,3,2/3)



B
Focus on ¥ ~ (3,2,-5/6) ~ ( pe ) Qx = —4/3

1
tap = % I:> 0GRy = 53%{ = 0.015 I:> sp~ 0.17

(small mixing)

Minimal model:

—L D y1QHbR—FyQ\TfLHTbR—I—M\TJL\IfR—I—h.C. :
_ (% Yl 0 ﬁ Y1 0 bR ':yiv
_(bLBL)[(Y2 M)+v(Y2 O)](BR>’ Y, =

. Y
shifts:  dgprp ~ IV = > Yo~ 0.17M

N

e Small oblique parameters S, T’ [Peskin, Takeuchi '90, 92]
e Light Higgs, heavy mirror quarks preferred by EWV data



Extension of the minimal model: [Choudhury, Tait, Wagner *01]

* One can further improve the EWV fit by adding an SU(2)
singlet quark B ~ (3,1,—1/3) that mixes with the bottom

e This causes a shift 0gr; ~ 0.001

e Mass matrix:

Yy O Y5
Mp=1_Ys My Yi_|, SqLp
0 Y5 M,

O9Rb \

Higgs properties

e large Yy, Y5 can alter Higgs rates, but also cause large
custodial symmetry breaking; |:> custodial extension



Y Y

Non-universal Zbb shifts: — danpy =
0gLb M2 9Rb e

Recall 59Rb ~ 0.015, 5ng ~ 0.001,

|:{> Y, ~ +0.04 M, Ys~ +0.17 M,

Y2 Y2 ) | VoYY

mp — Y1 (1 — 2 _ _
b- quark mass & 2M3  2M7P) MM,
. 3Y2 3}’32) . 3Y2Y3Y5]

- 2MZ2  2M?2

h—b—b5b COUP“ng Yhbo = % !Yl (1 MM,

2
Y:
Ty = ( Jhbd ) ~ 1+ 8v/69rs0g R0 —>

mp /v mp

Large corrections to h — bb possible only if Y5 large



Choudhury, Tait,Wagner’0O|

Best Fit values for the 0 Mass

M, (GeV)

\\\\‘\\\\‘\\\\;\\\\‘\\\\‘\\\\‘\\\‘\\\\

100 150 200 250 300 350 400 450 500
M, (GeV)

Mixing angles small unless particles heavy. Somewhat heavier particles preferred,
inducing T-parameter corrections that improve lepton asymmetries and W mass fit



Weak Eigenstates
Particle Content

Ts Y
1/2 1/6
~1/2 1/6
0 2/3

0 ~1/3

1/2 ~5/6

~1/2 ~5/6

1/2 ~5/6

~1/2 ~5/6
0 ~1/3

0 ~1/3
1/2 1/2
~1/2 1/2

H. Song, CW/15

Q=13+Y
2/3
-1/3
2/3
—1/3
-1/3
—4/3
-1/3
—4/3
-1/3
—1/3



Decay Rates of &-particle

07 & H. Song, CW!I5
BR(E—t W)

BR(E —Z b)
BR(E—H b)

No w — ¢ Mixing (Y4 =Y5=0)
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Decays of the w-particle

H. Song, CW!I5

vr{(w —Z b)

/ BR(w—H b)

Decay Branching Ratios of Omega (SU(2) doublet) Particle (Y4 =Y5 :O)
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BR(B — Hb)

ATLAS Search Channels
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CMS Search Channels

CMS Preliminary 19.8 fb™, (s =8 TeV CMS Preliminary
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ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: March 2015 [Ldt=(1.0-203) bt V5=7,8TeV
Model t,y Jets EI™ [rdt™] Mass limit Reference
T T LI ) I T T T T T T LI ) I T T T T T T LI ) I T T T T
ADD Gk + g/q9 - >1j Yes 20.3 n=2 1502.01518
ADD non-resonant £¢ 2e,u - - 20.3 n=3HLZ 1407.2410
ADD QBH — (q 1eu 1j - 20.3 n==6 1311.2006
ADD QBH - 2j - 20.3 n==6 1407.1376
ADD BH high Ny« 21 (SS) - - 20.3 n=6, Mp = 3 TeV, non-rot BH 1308.4075
ADD BH high }, p1 >lepu >2j - 20.3 n =6, Mp = 3 TeV, non-rot BH 1405.4254
ADD BH high multijet - >2j - 20.3 n =6, Mp = 3 TeV, non-rot BH Preliminary
RS1 Gyk — €€ 2e,u - - 20.3 k/Mp; = 0.1 1405.4123
RS1 Gkk — yy 2y - - 20.3 k/Mp = 0.1 Preliminary
Bulk RS Gkx — ZZ — qqtt 2e,u 2j/14 - 20.3 k/Mp; = 1.0 1409.6190
Bulk RS Gkx —» WW — qqtv 1eu 2j/1J  Yes 20.3 k/Mp; = 1.0 1503.04677
Bulk RS Gy — HH — bbbb - 4b - 19.5 | Gkk mass 590-710 GevV [l k/Mp; = 1.0 ATLAS-CONF-2014-005
Bulk RS gxx — tt 1e,u >21b,>1J/2j Yes 203 BR = 0.925 ATLAS-CONF-2015-009
2UED / RPP 2e,u(SS) 21b,>21j Yes 20.3 Preliminary
o SSM Z' - (¢t 2e,u - - 20.3 1405.4123
8 SSM Z' - 17 27 - - 19.5 1502.07177
2 SSM W’ — ¢v leu - Yes 20.3 1407.7494
Q EGM W’ — WZ — tv ('t 3eu - Yes 20.3 1406.4456
Q EGM W’ — WZ - qqtt 2epu 2j/1J - 20.3 1409.6190
a HVT W’ — WH — {vbb lenu 2b Yes 20.3 gv=1 Preliminary
S LRSM W[, — tb lepn 2b,0-1j Yes 203 1410.4103
LRSM W}'? — tb Oe,u >1b,1J - 20.3 1408.0886
Cl qqqq - 2j - 17.3 Preliminary
. Cl qqtt 2e,pu - - 20.3 e =-1 1407.2410
Cl uutt 2e,u(SS) 21b,>1j Yes 20.3 ICul=1 Preliminary
= EFT D5 operator (Dirac) Oe,u >1j Yes 20.3 at 90% CL for m(y) < 100 GeV 1502.01518
Q EFT D9 operator (Dirac) Oe,u 14,<1j Yes 20.3 at 90% CL for m(xy) < 100 GeV 1309.4017
Scalar LQ 15t gen 2e >2j - 1.0 Bp=1 1112.4828
. Scalar LQ 2" gen 2u >2j - 1.0 B=1 1203.3172
Scalar LQ 3 gen leu 1t 1b1j - 47 B=1 1303.0526
VLQTT — Ht+ X, Wb+ X lepu 21b2>23j Yes 203 isospin singlet ATLAS-CONF-2015-012
i‘% VLQTT - Zt+ X 2/>3e,u  >2/>1b - 20.3 T in (T,B) doublet 1409.5500
g g VLQ BB —» Zb+ X 2/>83e,u  >2/>1b - 20.3 Bin (B,Y) doublet 1409.5500
LS viaBB— Wt + X 1eu >1b,>5j Yes 20.3 isospin singlet Preliminary
Ts;3 = Wt leu =21b>25] Yes 20.3 Preliminary

Searches for Beautiful Mirrors lead to limits of about
750 GeV, independently of decay channels which
are close to the preferred values for their masses



Diboson Signals
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Hisano et al’15
Simple Explanations
Charged W’ boson mixing with the SMW

w+ [ cosC  sing W » -
(W”r) - (— sin ¢ COSC) (W/+> F(W/—I— N W+Z) ~ (g S1I C W

25

20

15 L

10 +

¢ [x1074

Jud

Strong constraints from dijet resonance, precision measurements
and Wh searches



Hisano et al’15

Leptophobic Z’

Similar constraints as in the charged W’ case, although larger cross
section may be accommodated

Ling = 92/72’,(Q}LPL + Q. Pr)f

I(Z' = qq)

2 2
g7 Nc { 2 2 / 12 My q
Mz Qg + @, — (Qy, — @ )—} - —
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How to define the scales? Can the Higgs play the role of the Flavon?

Effective Yukawa coupling:

2\ M
eff Vv .
YI _<2A2> YI

Suppression factor:
€ = V2/2A2 =mp/my > A (5—6)v

Flavor Scale is fixed by electroweak scale




Bauer, Carena, Gemmler’|5

Two Higgs Doublet Flavor Model

o ((H Hg\ %% H, Hy\ %%,
L:Yuk zyfy ( A2 d) Qz'HuuRj + yz‘; ( A2 )

After rotation to mass eigenstates, we obtain the flavor structure from fixing the
flavor charges

(Vexkm)i2 ~ €, (Vexkm)13 = (Vokm)2s ~ €’

Ca My, my,

= (), [§ ) 09 35 (), - (), ]

v v

Ud)ij 8ij {—z—j —am, f(a,ﬂ)] + f(e, B) |Q§§ (%) - (T%);'Dij

Similar functions for 1) for the Heavy CP-even Higgs replacing ca =2 sa & -sa =2 ca
2) for the CP-odd Higgs by subsequently multiplying by i and replacing ca = sf3 & sa = cf
3) Charged Higgs boson couplings are independent of flavor charges; Same as in Type II




Lightest Higgs Global Fit to ATLAS and CMS data

v Decay Mode

Production Channels

Ogg—h; Oti—h

Production Channels
OVBF; OVH

Experiment

| h > ww*

pw = 1024533 [17]
pw =~ 0.75 £ 0.35 [18]

pw = 1.277553 [17]
pw =~ 0.7 £ 0.85 [18]

ATLAS
CMS

| h = z2*

| b=y

pz = 17555 [19

pz = 0.87553 [20]
By = 1.32£0.38 [21]
By = 1137037 [22]

pz = 03753 [19]
pz = 17757 [20]
py = 0.8 £0.7 [21]
py = 1167083 [22]

ATLAS
CMS

ATLAS
CMS

| h—bb

wp = 1.5+ 1.1 [23]
p = 0.67+1:33 [25]

pp = 0.52 & 0.32 +0.24 [24]
pp = 1.0 0.5 [26]

ATLAS
CMS

|h—>T7’

pr = 2.0+ 08732 +£0.3 [27]
pr =~ 0.5798 [28)

pr = 124755 7535 £ 0.08 [27)
Br = 1'1:8% (28]

ATLAS
CMS

Global Fit:
Higgs - b-quark couplings
with k2, ~ or < 1 are preferred

We assumed 1, ~K,

SM
Ph, tot

Fh

__ Oprod Fhox
HX = SM_ TSM
prod - h—X




Most promising LHC Discovery channels for Aand H

0(gg — A)xBr(A — hZ) xBr(h — bb)

Ma = My = 600 GeV, My = (400, 600) GeV

Exclusion bound from ATLAS data for
M = 600 GeV in the narrow width
approximation- and after considering finite
width effects (with and without splitting)

o(pp = H+ X) x Br(H = VV)/(o(pp = H+ X) XBr(H = VV))s,

M = (500,600) GeV

M = Ma= My = Mg+

Increasing relevance of VBF channels due
to strong gluon fusion suppression
in relevant regions of parameter space
~ Very small kH ~




Conclusions

® Although there are good reasons to expect new physics at

the LHC, guidance from experiments is essential at this
point

® | tried to discuss some theoretically wwell motivated ideas
as well as some motivated by data (or both)

® Looking forward to the results of the current run and to
the new physics signatures associated with it.



Backup



nggs Ph)’SiCS see also Wagner, Morrissey '03
Main effects in Higgs production and decay:

1. Rotations shift in the hbb vertex: L, ~ —C%%hgb
v

|:> Partial width h — bb suppressed by ch

2. Heavy quark B contributes to h — gg and h — v

can be characterized _ T'(h—1)
in terms of ratios To,Tg: Ty, T4

o F(h oy ’i)SM

But, mixing angle and Yukawas are small in the minimal model

I:> Higgs boson is SM-like (10% shifts at most)



SUPERSYMMETRY

M L™ Mo
u c¢c t
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o , % HIQQasing
) Quarks @ Levtons @ rorce particies Squarks Q) stepions P SUSY force

Standard particles SUSY particles

Particles and Sparticles share the same couplings to the Higgs. Two superpartners
of the two quarks (one for each chirality) couple strongly to the Higgs with a
Yukawa coupling of order one (same as the top-quark Yukawa coupling)

Two Higgs doublets necessary — tan 8 = z_i



Splitting the Two Stop Masses
Soft supersymmetry Breaking Parameters

M. Carena, S. Gori, N. Shah, C.Wagner, arXiv: | 1 12.336, +L.T.Wang, arXiv:1205.5842

A, and m; for 124 GeV < mj, < 126 GeV and Tan g =10 A, and m; for 124 GeV < m;, < 126 GeV and Tan g = 60

m,, (GeV)

500 A (GeV)

== mi(GeV) , m ;
500 1000 1500 2000 2500
mo, (GeV)

0]
500 CAGVI N Ll NN T —A(GeY) TRty
—=mAGeV) N R ’

500 1000

Large stop sector mixing _
A: > 1 TeV Intermediate values of tan beta lead to

the largest values of mn for the same values

No lower bound on the lightest stop of stop mass parameters



Light stop coupling to the Higgs

2
, 2 2 2 O
mg > my; m; = my + mjy —mé

Lightest stop coupling to the Higgs approximately
vanishes for X; ~ mg

Higgs mass pushes us in that direction
Modification of the gluon fusion rate milder

due to this reason.



Stop Searches

Provided the lightest neutralino (DM) is heavier than about 250 GeV, there
are no limits on stops. Even for lighter neutralinos, there are big holes.

1, production, -+ b7, /t» c ¥, A+ Wb¥ /i»t%  Status: ICHEP 2014
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Flavor Violating Leptonic Higgs Decays
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Possible in generic 2 Higgs doublet models



