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OUTLINE

e general introduction

e new physics searches and Higgs
couplings

e flavor violating Higgs decays
e CP violating Higgs decays
¢ Higgs couplings to light quarks
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THE DISCOVERY

e July 4™ 2012 a discovery announced at CERN
® a new particle with mass ~125 GeV

® a year after: to O(1) behaves as the SM Higgs boson
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THFE DUAL ROLE OF THE
HIGGS

e dual role of the Higgs in the SM
® breaks electroweak symmetry
® gives a mass to elementary particles
* a disclaimer: most of “our” mass comes from QCD energy

® Higgs thus has more to do with chemistry/nucl. structure than
with the mass of the ordinary matter

FNormal = mg COS(O)

Fdownhull = mQSIn(G) FApleed

! Feignt = Mg
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SM HIGGS?

e how closely does it resemble the SM
Higgs?

e EWSB: - does it couple to W,Z?

® fermion mass generation: does it
couple to fermions?
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TO RECAPITULATE

e the 125GeV state resembles the SM Higgs
at the ~O(few10%) level

e for many problems can now think of the
SM as a good low energy approximation

® i.e.can use EFT

e among the SM fields H stands out

e it forms one of only two dim2 gauge
invariant operators: H'H and By,
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SENSITIVITY TO NEW
PHYSICS

is a blessing and a curse

® naturally A H'H, where / is a scale of physics that
couples to the SM (e.g. Mp;)

® if A»vp,,= hierarchy problem

® one of the reasons for new physics at TeV
the flip side: H'H can couple to NP

e if NP contains scalars the interact. are dim-4
(unsuppressed in NDA), H'H gb+¢

® in general the lowest suppression

next best thing to producing these states on-shell in
colliders
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HIGGS - A WINDOW TO
NEW PHYSICS

e the 125GeV scalar resembles &
the SM Higgs at the =
~O(few10%) level for 10
measured couplings

e Higgs decay width small

10“%

® in the SM I'y=4.1 MeV o2
e this enhances sensitivity to 1’({ 200 300 500 1600
NP in decays S My [GeV]

e exotic decays, i.e., not present in the SM

e modified Br for the SM channels
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EXOTIC DECAYS

e the Higgs could decay to completely new sector
Falkowski, Ruderman, Volansky, JZ, 1002.2952

® many signatures, model dependent g ailﬁfffff‘:
® h—inv., 4b, 2b 27, ...

e an example: dark photon from kinetic mixing

Curtin, Essig, Gori, Shelton, 1412.0018 see also Falkowski, Vega-Morales, 1405.1095

e the final state is h—4I

e could use pseudo-observables for general searches
Gonzalez-Alonso, Greljo, Isidori, Marzocca, 1412.6038
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‘Shelton, talk at Unlocking the Higgs Portal, May 1, 2014

sector
rman, Volansky, JZ, 1002. 2952

Curtin et al, 1312.4992
+many refs.
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FOCUS OF THIS TALK

e focus on two-body rare decays of the Higgs
to SM particles

 many couplings very small or zero in the SM
® no flavor violating couplings to quarks

e couplings to the first two generation
quarks

® no CP violating couplings

e can be used to search for the NP
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CPV AND FV HIGGS
COUPLINGS TO SM FERMIONS

e if SM an EFT, the Yukawas get corrected by higher dim. ops

(Lo = — No(FLFDH +he]

J

(Aﬁv: 2 (fifR)H(H'H) + h.c. + - J

® decouples mass terms from yukawas

Ly = —mafi - Yoo+ bt |

® can

® can

lead to flavor violating Higgs decays
lead to CPV Higgs decays

o ditferent models lead to different patterns of flavor diagonal

and flavor violating Yukawas
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SUMMARY OF MODELS

e an example: higgs couplings to
2nd&3rd gen. charged leptons

adapted from Dery, Efrati, Hochberg, Nir,

1302.3229 and extended
~
Model firr (ﬂuu/ﬂff)/(mi/ma) fur [ Porr
SM 1 1 0
NFC (Vv /ve)? 1 0
MSSM (sin o/ cos 3)? 1 0
MFV 1 + 2av?/A? 1 — 4bm? /A? 0
FN 1+ O(v?/A?) 1+ O(v?/A?) O(|Uaz|?v*/A%)
GL - 9 _25/9 O/ Pirr)
RS (7) 1+ O(szg/m%{K) 1+ O(YQUQ/”’%K) O(Y?v? /m i) X/ My /™y,
RS (1) 1+0( !/ mi) 1+ 007 /mi) (V™0 mi
PGB (1 rep.) 1 —v?/f? 1
\_
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FLAVOR VIOLATING
HIGGS COUPLINGS



A GENERAL BENCHMARK

e what is a reasonable aim for precision on Y;;?

e if off-diagonals are large = spectrum in
general not hierarchical

® no tuning, if

( )
m,m
plhor
‘YTNY/“" 5 ’U2
L ) Cheng, Sher, 1987
® in concrete models it will be typically further
suppressed parametrically

see e.g, Dery, Efrati, Nir, Soreq, Susic, 1408.1371;
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e bounds from

=ty
® T3

h—Tu

Harnik, Kopp, JZ, 1209.1397

see also Blankenburg, Ellis, Isidori, 1202.5704
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Harik. Kopn. I7. 1209.1397

e bounds from (

o

® T3

® muon Q-2
® muon EDM
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allowed
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h—tu from CMS

CMS-HIG-14-005

e hint of a signal in h—Ttu?

CMS prellmmary 19.7 fb”, \s 8 TeV
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NEW PHYSICS
INTERPRETATION

Dosner et al, 1502.07784

e if real, what type of NP?

e if h—tu due to 1-loop correction yz
® extra charged particles necessary -

e t7—uy typically too large w

 h—tu possible to explain if extra scalar doublet

e 2HDM of type III

e slightly above Cheng-Sher naturalness
criterion

J. Zupan Rare Higgs Decays 19 Jetferson Lab, Mar 2 2015



QUARK COUPLINGS

e constraints from
e D, B, B, K oscillations

® boundson Y, Y, Y,
b . Y Y

® strong constraints

e 0(0.1)-O(0.01) of Cheng-Sher ansatz

Harnik, Kopp, JZ, 1209.1397

4 )
b thjPL + dePR d
_?__ e —
:
|
|
h i
:
|
|
|
— — o — —— —
d dePL + dePR b
\_ W,

e improvements on these couplings will come from

exp&theory improvements in meson mixing
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QUARK C

e constraints from
® D, B, B, K oscillations

® boundson Y, Y,., Yau,
b . Y Y

® strong constraints

® O(0.1)-0(0.01) of Cheng

e improvements on these couplings will come from

Technique

D° oscillations [48]

Bg oscillations [48]

Coupling
Vocl?, [Yeul?
I )/U(' )"’CU |

Yan|?, |Yaal®

Constraint

<50x107°

YarYod| <33x 1079

Yeb| %, [Yas|* <18x107°

B? oscillations [48] )
Y6 Ybs| <25%x 1077

K" oscillations [48]

single-top production [49)

t — hj [50]

DY oscillations 48]

neutron EDM [37]

Re(Y72), Re(Y2)

Im(Yf ), Im(Y?2

§ sd )

Re(Y],Ysd)

Im(Y},Y,a)

\//|Yr£l T |Yr~1|2
VIYal + [Yael?
V/|Y!?rl T |Y«-1|2
VIYial + | Yael?
|YaeYet|, |YeuYecl
|YeuYetl, [YueYeel
|Vt YeuYet Ve /2

[m ( Yut Y!u )

5.9...5.6] x 1010
9

..1.6] x 10~12

5.6...5.6] x 1011

[-1.4...2.8] x 10713

< 3.7

< 1.6

' <0.10

HIG-13-034
- <0.10

<T6x10°3

<22x10"3
<09x10°3

o

<44 x10°°

exp&theory improvements in meson mixing
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CPV HIGGS COUPLINGS

couplings of Higgs to other SM fields can be CPV

CPV for Higgs couplings to gauge bosons from on shell

Pr oduction F. Bishara, Y. Grossman, R. Harnik, D. Robinson, J. Shu, JZ, 1312.2955

® e.g.,, h—yy potentially from Bethe-Heitler photon

conversion, or from h—yy—4l (this also CPV in h—Z7)
Chen, Roni Harnik, Roberto Vega-Morales, 1404.1336

e CPV in h—gg¢ from h+2j production Anderson et al., 1309.4819
Delaunay, Perez, de Sandes, Skiba, 1308.4930

e CPV in h—WW from hW associated production
focus on CP violating Higgs couplings to fermions Brod, Haisch, JZ, 1310.1385

e the notation [

LD —y—\/fé (fifff+ikff’75f) h}

rd
can probe CPV couplings to 3 generation, so f=t,b,t
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HIGGS-TOP CPV COUPLING

e electron EDM: dominant contribution from
2-loop Barr-Zee type diagram 4 h

Brod, Haisch, JZ, 1310.1385,
updated to ACME 1310.7534

) .

~
Leg = —de % éJuV’VSeFMVJ

e depends on electron yukawa "

® setting y,=1 is then quite

constraining

N
[|I§t’ < 0.01
J

e the constraint vanis!

nes, if the Higgs does not couple to electrons

e if it only couples to the 3rd gen. still a constraint from neutron EDM

e relevant in the future (at a permit level), now ~O(1) allowed

J. Zupan Rare Higgs Decays
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NEUTRON AND MERCURY
E D M Brod, Haisch, JZ, 1310.1385

e neutron and Hg EDM i
also dominated by
Barr-Zee type diagrams g
(SM-like couplngs. of the
Higgs to light quarks) o

12

[E = —d, - qa’“’vsq F, —

e an important difference: at 2-loop also Weinberg operator
is generated

® is NONZETo ever, if CPV is only in the Higgs couplings
to the 3™ gen. quarks!
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CPV COUPLING TO TOP

Brod, Haisch, JZ, 1310.1385

e comparing with the LHC reach

e assuming that no CPV measurements at the LHC

e for 1st gen. Yukawas equal to the SM

~N
...... Kuge=l o Kwde=l
» Higgs prod. _
04 0.0004 } Higgs 3
‘ . LHC 3000 B ")
. neutr
’ Hg EDM . EDM
i 0.0002
02 " el. EDM
: neutr. EDM
li‘ 000" lg OQM(N)
~02! —0.0002}
0.4} ~0.0004/
10 —05 00 05 10 090 095 100 1.05 1.10
Ki Brod, Haisch, JZ, 1310.1385 K¢ )
25 Jetferson Lab, Mar 2 2015
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CPV COUPLING TO TOP

Brod, Haisch, JZ, 1310.1385

e comparing with the LHC reach
® assuming that no CPV measurements at the LHC

e ]st gen. Yukawas set to zero

\
........... Kude=" Kud,e=0
' 0.010F SR — — — ———
1.0- neutr. EDM [ mggs
: (LHIC 3000 fb {")
Z 0.005}
0-5f : neutr. EDM
0.0/ o 0.000}
05" :
I -0.005+}
-1.0} | |
7 -0010. . . ., b 1
-10 =05 00 05 1.0 0. 095 1.00 1.05 1.10
Ky Brod, Haisch, JZ, 1310.1385 K¢ )
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ON SHELL SEARCHES

Ellis, Hwang, Sakurai, Takeuchi, 1312.5736
Harnik, Martin, Okui, Primulando, 1308.1094

e CPV couplings htt and h7t can be
searched for on-shell

Galanti, Giammanco, Grossman, Kats, Stamou, ]JZ, to appear

e CPV hbb very hard to probe on shell

® in principles possible through A;
polarization in the jet

® however requires large statistics

e off-shell thus probably the only probe
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CPV COUPLING TO b QUARK

Brod, Haisch, JZ, 1310.1385
® now have an extra scale m,<m;,

® need to re-sum aglog(xyn) (here xpp=my*/my?)

g )
b b
U~my integrate out Oq = Gq bZ’VO b <:\'/
the Higgs
b b /I\\
i RGevolution ]
| } (partially 2-loop)
p~1p
integrate out :
the b
=
q q
> _/
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RESUMMATION

Brod, Haisch, JZ, 1310.1385

a ) \
‘ q __ _3 My = v
” e only one relevant entry of U5 = —3e@ 2 1710w
b anomalous dimension : 0f = —%7;’— qo"" T 59 Gy
h/ »Z 1\ not known previously, V5,11
,\E‘ s 07 — __fabC Ga Gb O'GC#“/
| d -~ u,d u,d ) ‘\ L 393 )
() ~ -4 2% 0 12, + (%) MLV 115, 4 orad)
5 \Hb) =~ ( ,”)2 q b/h 47r 48 b/h ° ~
s\ e vse 3 oo b i
Cg(/.l,b) o~ (E) ] 111 xb/ho(as)
1
’Yé 1)1 ’
; _ :
q q q . q
J
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CPV COUPLING TO b QUARK

e the EDM constraints on CPV Higgs coupling to b quark
are weaker than the LHC data Brod, Haisch, ]Z, 1310.1385

e this can change in the future

® EDMs scale linearly with &,

~N
Ku,d,e=1
0.04b ............................... .
| (LHC 3000 fb 1)
0.02F
e 0.00
-0.02}
-004t ..
085 090 095 1.00 1.05 1.10 115
Kp Kp
\ J




CPV COUPLING TO b QUARK

e the EDM constraints on CPV Higgs coupling to b quark
are weaker than the LHC data Brod, Haisch, Z, 1310.1385

e this can change in the future

® EDMs scale linearly with &,

4 )
...... Kude=0 o kuae=0
| 1.0}
5» !
' 0.5}
Higgs prod ‘
8 0H neutr. EDM OSM . w 0.0 = neutr. EDM
| —0.5/
c— —5.
_ -1.0
s o s -10 -05 00 05 1.0
Kp Kb




HIGGS COUPLINGS TO
LIGHT FERMIONS



BOUNDS ON LIGHT QUARK
YUKAWAS

Kagan, Perez, Petriello, Soreq, Stoyneyv, ]Z, 1406.1722

the higgs couplings to light quarks assumed to be negligible in the
global fits (as in the SM)

varying k, k; K,
e total width modified
e sublead.: g¢—h, h—yy modified, uii—h, dd—h, ss—h prod.

varying only one at the time (95%CL, and normalized to v, ¢,)
ko] <098, |kq| <093, |ks| <0.70

varying all of the higgs couplings
Kol < 1.3, |Rq| <14, |ks|<14

for FV Yukawas (varying only one at the time)

Rgqr| < 0.6 (1) for q,q" € u,d,s,c,b and q # ¢q’|

e from FCNCs stronger (model dep.) constr, e.g., [<ps| < 8-1072

Harnik, Kopp, JZ, 1209.1397; see also Blankenburg, Ellis, Isidori, 1202.5704; Goertz, 1406.0102
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PROBING LIGHT YUKAWAS?

e the problem with light quark Yukawas is that they
are very small

* in low energy processes this means that the Higgs
exchange is a subdominant contribution

e if no FV then Higgs decays are the only way

e statistics will always be a problem to reach the
SM

® a nontrivial challenge is even to find a channel
where measurement at least in principle is
possible
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HIGGS COUPLINGS TO LIGHT
QUARKS

Kagan, Perez, Petriello, Soreq, Stoyneyv, JZ, 1406.1722
e can one directly measure (bound) h-dd, h-uii, h-s5 couplings?

e the topic of this talk:

e potentially possible through exclusive higgs decays
h—MV (V=y,Z,W)

® direct and indirect amplitude

imilar i = Bodwin, Petriello, Stoynev, Velasco, 1306.5770
e similar idea as h—]/Wy for h-cc ocwin el e PRl

(" s )

\ >
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MODIFIED EFFECTIVE
LAGRANGIAN

* in principle sensitive to diagonal and off-diagonal couplings

e a (slight) change of notation: Yukawa coupl. normalized to y,

_ My, _ _ myp, _
Lef = — E Rq—, hqrqr — E /ﬁ:qq/?—)thqR + h.c.
q=u,d,s ’ qF#q’
h h
-+ K277L2Z —Z,, 4" + 2/{W'm%‘/—WNW“’
(V) U
ah
. L
+ hm,/A’y;;Fl F'/u/’ (1)
— %
= K

® assume CP conserv. E:qq/

® SMlimit: k., = Ky = 1{ Re = ms/mb e 0020|

Rd = ma/mp ~ 1.0 - 1073]

R, = My /My ~ 4.7 1074
Jetterson Lab, Mar 2 2015
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THE MODES

* many exclusive modes
e for diagonal couplings
e h— ¢y, h—py,h—=wy, h—OZ h—p Z, h—wZ, h —
n'Z, h =z I —>n 7
e for FV couplings
e h—=B yh—=B yh=Kyh—=D"yh—=K W,
h—=pW,h—=KW, h—n W,h—=B W h—B W,
h—=D W, h—D. W h—B W h—B W,
bW h—D W h—B Z h-—=B. Z h+D Z
h—B'Z h—B.Z, h—D"Z, h = K Z
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THE MODES

* many exclusive modes

* for diagonal couplings

‘, Py, h— py, —¢Z h—pZ h—>wZ h—

T AT v A )
e for FV couplings

e h—>B y,h—=B yh—=Kyh—>D"yh—=K W,
h—=pW,h—=KW,h—=n Wh—B W h—B, W,
h—=D W, h—D. W h—B W h—B W,
bW h—D W h—B Z h-—=B. Z h+D Z
h—B'Z h—B.Z, h—D"Z, h = K Z

J. Zupan Rare Higgs Decays 36 Jetferson Lab, Mar 2 2015



Kagan, Perez, Petriello, Soreq, Stoynev, JZ, 1406.1722

h%¢7

e fors Yukawa h — ¢y (where ¢~5s; ] : m¢=1.02GeV)

Yss — Rsmb/v'

Qs€o 4o fm
M, = = —e e* ssfl</ @)+ — 7A7¢ h

7
S

d1rect 1nd1rect

e hadronic matrlx elements are

/ from experiment, ¢p—e'e
® ¢ decay constant (¢|J5\(0)[0) = fegmgeeh|  Jhy = > Qrfy*f

e inverse moment of the leading twist chiral odd LCDA
1 o) _ B
from lattice OCD | (1 /u@)® = / Py | (u) (p(pse1)|5(x)0,,8(0)|0) =
~_| ~» o u(l—u)

1
PP iup-x | o ¢,
from lattice QCD o LfJ_ / due (g—l—llp‘/ o <C:—l-l’pll)(be_ (u)
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NONPERTURBATIVE
PARAMETERS

' ' ot Dimou, Lyon, Zwicky, 1212.2242
* in numerical predictions imou, Lyon, Zwicky

e [LCDA Gegenbauer polynomial expansion truncated at second
order

o0

¢ (u) = 6u(l —u) Z a-C3?(2u — 1)

n=>0

ay’® =1 a;* =0 ay® =0.14(7)

® decay constants
fo = 0.235(5) GeV f7 = 0.191(28) GeV

® improvable precision: lattice QCD, measurements

e higher Fock states negligible

J. Zupan Rare Higgs Decays 38 Jetferson Lab, Mar 2 2015



COUPLINGS TO LIGHT
QUARKS

Kagan, Perez, Petriello, Soreq, Stoyneyv, JZ, 1406.1722

e similar analysis for h — py, h = wy

Bri_gy  Ky|(3.0£0.13)ky — 0.78R| - 107°

BT, 0.57R2 ’

Brusy,  ky[(1.9£0.15)k, — 0.24%, — 0.127,] - 10~
Brioe 0.57F7 ’
Brise, ky[(1.6£0.17)k, — 0.59%, — 0.29%,] - 10~
 Briep 0.57%2 ’

e interference with the indirect term essential
=

e direct (SM) amplitude only = Br~O(10 )
e indirect bound (varying all k)

|Ru| < 1.29, |Rq| <142, |Rs| < 1.39

I T TTTITI I
e similar idea also for h-cc from he]/l[/y Bodwin, Petriello, Stoynev, Velasco, 1306.5770
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COUPLINGS TO LIGHT
QUARKS

Kagan, Perez, Petriello, Soreq, Stoynev, JZ, 1406.1722

BRh—)M/BRh—npy

e similar analysis for h — py,

|

Brigy  ky[(3.0£0.13)k, — 1.5
BTy, b 0.57k7 1.0
Bri_,y  ky[(1.9£0.15)k, — 05§
| BTy _pp 0. I 0-0§
| Briywy Ky [(1.6 £0.17)K, — —05

-10
® interference with the in |

e direct (SM) amplitude

e indirect bound (varying all

| |ku| < 1.29, |k4q| <1.42, |Rs| < 1.39

e similar idea also for h-cc from hel/llly Bodwin, Petriello, Stoynev, Velasco, 1306.5770
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FUTURE EXPERIMENTAL
PROSPECTS

e focusonh — (]5)/, use Pythia 8.1 Kagan, Perez, Petriello, Soreq, Stoyneyv, JZ, 1406.1722

e main decay modes: ¢ =K K (49%), K,K;(34%), et (15%)
e for pp—h — ¢y at 14TeV LHC in 70 to 75% cases the kaons/pions
and the prompt photon have Il <2.4

e within the minimal fiducial volume of the ATLAS and CMS
experiments

e adopt the geometrical acceptance factor Ag =0.75

® do not include other efficiency or trigger factors

§ * assume k, = 1, negligible background, 30 reach no ?y error

o

“ /s[TeV]  [Ldt[fb™']  # of events (SM) ks > (<) ke 2 > (<)
14 3000 770 0.39(-0.97)  0.27(—0.81)
33 3000 1380 0.36 (—0.94)  0.22(—0.75) |
100 3000 5920 0.34(—0.90)  0.13(-0.63)

b
6x SM strange Yukawa ; |

one detector

J. Zupan Rare Higgs Decays 40




T—>UTITT

reinterpreting Celis, Cirigliano, Passemar, 1309.3564;
e hadronic tau decays T%[JW‘FTC-,T%[/HTOWO see also Petrov, Zhuridov, 1308.6561

® sensitive to both Yw’m and
light quark yukawas Y

u,d,s

® Y, . poorly bounded ~O(Y,)

e forY , at their SM values then

Br(t = untr7) < 1.6 x 107, Br(t — pr’7°%) < 4.6 x 10712 25 R R oo
B’I“(T — 67'('—'_7'('_) < 2.3 X 10_10, B’I“(T — 67T07TO> < 6.9 x 10_11 ?0: -== Higgs mediated / ':'»-1?5(;0V

e for Y, , attheir present upper bounds

dr/dvs x 10"

Br(r — purtn7) < 3.0 x 1078, Br(t — pun’n%) < 1.5 x 1078 ]\
Br(ir wentn™) <4.3x 107", Br(t = ern") < 2.1 x 107" ; <\

—
Lol =t =2 T T

Vs [GeV)

® Br(t—um+n-) below present exp. limit, if discovered
would (among other things) imply upper limiton Y, ,

e similarly pseudoscalar Higgses can be bounded from t—umn(n,n’), t—en(n,n’)

® can saturate present experimental limits

J. Zupan Rare Higgs Decays 41 Jetferson Lab, Mar 2 2015



CONCLUSIONS

e Higgs is a unique probe of new physics
e have discussed modified Higgs couplings
® h1—1u, h—1e being probed at the LHC

® strong constraints on CPV couplings
from EDMs

® some potential to probe light quark
Yukawas
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