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Outline

Higgs & origin of fermion masses at the FCCee. (reWw: S8 )

Probing relaxion physics at the FCCee atdipwle & via precision Higgs

Summary.



Fermion masses & the [3avor puzzle

(1) How are elementary matter masses generated
(1) What sets their hierarchy ?
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Flavor physics at the 21st century:
can we directly probe the Yukawas ?

() Is the Higgs mechanism behind the origin of fermion masses?

(i) Does it follow the SM prediction (hierO masses = hierO Yukawas)?



Discovery of origin of the top & tau massesc, 2016)

!prodl BR(h" Xx)

ISM BRSM(h " x)

Signal strength: My = (SM predicts py = 1)

ATLAS+CMS ofbcial (tau)
&unofbcial (top) combinations: IJI 1 1.1+ 024, ZOi 04 ! 511

2016: The Higgs mechanism is behind the tau and top masses!



However, what about lighter fermion (quark) masses ?

Hpb ! 0.1 25, 0.6% 0.25. s

Very weak/non-existing bounds on lighter fermions!



The Ravor puzzle, the origin of mass hierar
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Down-quark hierarchy
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Testing for the Higgs mechanism of light quark mass

I Higgs decay to light quarksg) (hard to predict;i() have large background:

Up-quark hierarchy
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Down sector? lighter quarks?

Down-quark hierarchy
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Origin of ultra light (matter constituents) quark masses

l AsMy ds < ! ocp their entity/3avor is inaccessible in perturbation the

Fermion masses
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| Different approach: Higgs decay to exclusive statés ! (sg)"
(i) reduced backgroundsi)(theoretical control via low energy datagono.

Bodwin, Petriello, Stoynev & Velasco (13)
Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14);

ATLAS (16).




Future: exclusive program, constraining light quark Yuk

Il FCCee: 107 Higgses can yield O(4t)! !" events, will give brst di
bound on up/down Yukawa, however very weak one.

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14);

I FCChh: large 3ux of Higgsses, however, new strategy to clean QCD
background is required.

GP, Soreq, Stamou & Tobioka #2 (15);
ATLAS (16).

I Indirect probes, via differential distributions can further shed li

Soreq, Xing Zhu & Zupan; Bishara, Haisch, Monni & Re (2016 ); Brivio, Goertz & Isidori (15);
Yu; Carpenter, Han, Hendricks, Qian & Zhou (16).
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FCCee: alternative brute-force approac
observing the strange Yukawa

jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )



Strange Yukawa at FCCee

I Already applied t.

Measurement of the strange quark forward backward asymmetry around the Z0 peak
DELPHI Collaboration, Eur.Phys.J. C14 (2000)

Light quark fragmentation in polarized Z0 decays

SLD Collaboration, Nucl.Phys.Proc.Suppl. 96 (2001)

I BR(h! sg" 0.02% : more than 2000 events witlHigpses.

| _SS!”_! 1.0,2.8. (107 Higgses)

jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations



Strategy for digging out higgs to strange decay

I Looking for 2 leading Kaons that are (i) hard; (ii) prompt.

jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )

For ex: Soleylmaniniatlal. 3 |
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Kaons from Higgs decay are harder (no PID)
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Promptness of charge Kaons
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jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )



Adding bound on impact parameter and PID

SignibPcance (Impact < 13 mm) BG decomposition

ssbar |

3ol - = 5% mis-id. prob. | 10° — Qg |
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I Leading charm background can be dealt \w dedicated cuts.

v

SM strange Yukawa is within the reach of FCCee !




Probing relaxion physics at the FCCe

Flacke, Frugiuele, Fuchs, Gupta & GP (16)
Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )



RelaxionOs physics

Graham, Kaplan & Rajendran (15)

I A dynamical solution/amelioration of the Higgs Pne-tuning problen
ue(!)

( A
(i) Add a scalar (relaxion) Higgs dependent mass: ¢g°! 2 H H

(i) ! roles till p* changes sign * H#$0 ! stops rolling.
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Relaxion mechanism

Graham, Kaplan & Rajendran (15)

I A dynamical solution/amelioration of the Higgs Pne-tuning problen
ue(!)

( A
(i) Add a scalar (relaxion) Higgs dependent mass: ¢g°! 2 H H

(i) ! roles till p? Bips sign!" H#$0 ! backreaction stops! .

V()

A

\




RelaxionOs physics
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RelaxionOs physics

Graham, Kaplan & Rajendran (15)

I A dynamical solution/amelioration of the Higgs Pne-tuning problen
ue(!)

( A
(i) Add a scalar (relaxion) Higgs dependent mass: ¢g°! 2 H H

(i) ! roles till p* changes sign * H#$0 ! stops rolling.

V()

A

N




RelaxionOs physics

Graham, Kaplan & Rajendran (15)

I A dynamical solution/amelioration of the Higgs Pne-tuning problen
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Relaxion phenoO

Focus shifts from Higgs dynamics to relaxion one:
different phenoO, no partners (stops/tO, gaugind&KK)

Consider 2 OgenericO properties:
(1) Higgs-relaxion mixing; (ii) coupling to EW gaugi;eeyv,Z)u! (W, Z1 -

2

. . . o M 2v . Vi 1 TeV
The relaxion Higgs mixings issin! | 1 10 1" " .
J9 J m2f 100 GeV f
Flacke, Frugiuele, Fuchs, Gupta & GP (16)
MV M 1TeV m32
: ic- m, | | 10 GeV" " . Dsint" b
The relaxion mass is: m : 100 GeV : T

Flacke, Frugiuele, Fuchs, Gupta & GP (16)
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How to search for a relaxion?
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Current-near-future constraints
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Flacke, Frugiuele, Fuchs, Gupta & GP (16)
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Current-near-future constraints
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Relaxion phenoO & Highfdctories

Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )

Rescaling LEP to FCCee \w O(18iggses) & O(1E Zs).

Higgs prodO: simple models: triple couplings only function:of
potentially exclude/discover heavy relaxion region above 10

3-body decay of off-shel, very strong bound on mixing angles.

I Also, can constrain direct the scéleia ]!c—(W,Z)u! (W,Z/+)*  coupling

robust operator, as in particle production mixing \w Higgs & digamma is sm

Hook & Marques-Tavares (16

29



Bounds from Higgs untagged decay

—

| Rescaling LEP to FCCee \w Of€1ldiggses) => improvement of 2 orders of
magnitude In the constrain on the mixXiaggle!

Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )

Bound from H ! inv

Collider S Lt [0 1] | BR(H ! untagged)

LHC 7%8TeV 22 0.2

LHC 7& 14 TeV 300 0.089

HL-LHC | 7& 14TeV 3000 0.05

ILC 250 GeV 250 9410 3

FCCee 240 GeV 10t 1.9410 3

FCCee 240 GeV 4.3410° 9410 4 . | arxiv:1310.83612
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Relaxion phenoO & Higgs factories
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Bounds on sirf ! and m, from the upper limit on the untagged
branching ratio of the Higgs boson, hereH ! "™ . Current (solid, blue
area) and projected (blue, dash-dotted) exclusion from the LHC. Pro-
jection for the ILC with s =250GeV, Ly =250fb' * and the FCCee
with 4P, §=240GeV and L =10ab' !, 43ab *.

Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations
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Relaxion phenoO frafmfactory

I Probing on shell decay taZ*( f f )+relaxion.

Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations
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preliminary
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Conclusions

Is the Higgs-mechanism behind the light quark masses?

FCCee: direct probe oéll2nd generation origin of (3avor!

Relaxion, new approach to hierarchy problem, with potentie
connection to ORaovor/mass dependentO light mediator.

FCCee may strongly probe regions of relaxion-models.
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RelaxionOs basic structure

I QFT consistent constructions are of the form:

Choi, Kim & Yun (2014) Choi & Im; Kaplan & Rattazzi; Gupta, Komargodski, GP & Ubaldi (15)
(GKR: g! M/f )
~— _
V(I ,H)=H H[! 2! M?cos(/f )]+ r!?M?cos(/f )+ H HNM?cosn! /f ).

Ve, v)=0 " rl4sin(t«/f )# venM?sin(n!«/f ) " /1. is generic. M ! 1)

I It implies that generically:

(1) CP violation is spontaneously induggebblemati¢ for axion-relaxion modejs)

(1) Higgs-relaxion mixingls induced:

nvMv 2 r4
st /F) " HEpnys # ——sin( /)" HY prys

Vmix !

34
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The big picture (prelim)

=100TeV

Batell, M. Pospelov, and A. Ritz (09); Clarke, Foot & Volkas (13); Essig
(13); Piazza & Pospelov (10); Dolan, Kahlhoefer, McCabe, Schmidt-Hc
(14); Krnjaic (15); Dolan et al, (14); Alekhiet al. SHIP (15)E

Zooming on region \w low cutoff:
simple construction;

lots of progress can be made;
and, relevant to intensity frontier.

5th force exp. (orange), EBL (blue), cosmological entropy injection (pink), supernova (red), CHARM (dark blue), rar
K-decays (light blue), LHCb (turquoise), LEP (green). The vertical gray band indicates exclusion duweNB M. The
light gray, dotted lines correspond tb = Mp,with # =5 TeV (upper), # = 100TeV (lower). The dashed, gray lines show
the classical- vs.-quantum condition for # = TD€V (upper), # = 18 TeV. The thin, black lines indicad, from 161>GeV

(uppermost) to 1 GeV (lowest) with a spacing factor &f. 10 o



Relaxion beams, relaxion [3avor

sin?
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10°°

Flacke, Frugiuele, Fuchs, Gupta & GP (16).

E787E949
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Relaxion beams, relaxion [3avor

sin

Flacke, Frugiuele, Fuchs, Gupta & GP (16).
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Final result foBRh" " )

direct " indirect
"

1 1 T .
!h" "o 8_0/0m_|Mss|2’ h

The resulting sensitivity ~ Buas = Yofys" . Bogs ! (0.51,20)" 10 °)

BRy '+ 3.0+ 0.3) " 0.78g &10°
BRn g 0.57¢ ’

BRy s )# (1.9% 0.15)) 4 # 0.24)y, # 0.12) 410"

Similar holds BR," g 0_5% ’

for 1st generation: "’ $ 6
BRp oo )# (1.6 0.17)) » # 0.594, # 0.29 410
BRy g 0.57% ’

39 Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)



On King non-linearities, Algebraic intuition

mi"b = Ko+ FFIr2 . + HiAA',
| czont!
mi" (A = K;i+ FFr?(A)+ HiAA",
#
N ol . . H#
(ml ’) = Fl,z(!'_!r ) + H1,2A, with prime $ m

The condition for m!" 2 to be linearly dependent is that
the Wronskian of (m!" 12)' vanishes:

Wi $ W[m!" 29T =(m!" Y (m!" )" %(m!" 9)'(m!" )"
= (FIr2)"[HiFy %HF1] = %(F1r2") HoF4[1% FoyH o)

The Wronskian vanishes iH;(n;, l;, n:,I}) & Fi(n;, l;,n;, 1))
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Ex:ch" 1" Indirect contribution

( - ~ . . -
( Indirect ? \

Two paths to geth" I I

N

tﬁ*’" y vector meson, !/.. f E /- from experiment, ! " e‘e
__-->--'.i:'j:/‘ X M ' —m (f+ = 0.235(5) Gav
.._lvv\"vb !’u
/
| | n f" | 4llm ﬁ
M . =" _1,A
SS indir #I\#
mll l #V
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Ex.ch" 1"  direct contribution

Two paths to geth " !"

~

. I rom experiment, ! " e‘e
I bsmb f !.’" /‘ f p t,
;__+__-<g X - Y (f, =0.191(2}

\ (OlocalO structure sz, s ! F“)/

Bauer, Pirjol, Stewart (01); Bauer et al. (02) ; I | bS | I | b
Beneke, Chapovsky, Diehl, Feldmann (02) ; . |

Ball, Braun (1996); Ball et al. (2006, 2007); SS dlr
Arthur et al. (10) 42 V




Future experiments

¥ only a few events expected ateé' colliders !

¥ ILC, ILC with luminosity upgrade, CLIC !

¥ probably too small for observation of h! #$!
¥ " 30 events expected at FCC-ee (TLEP)

¥ too small to probe a deviation from the SM
prediction !

¥ h! #$ measurementsunique to future hadron
machines

43



Experimental sensitivity

two detectors

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

¥ focusonh! I"

HSHYOH 15%)&

S = |BRhg 1 %BREY. |/ ( BRhg = ), the kaons/pions

where ( BRps 1 > =BR s« /((nLAg) + (' BRM, ., )2
( BRpg " ) e [ ((hLAg) + ( hit " ) Sl

¥ adopt the g
¥ do not include other efbciency or trigg

¥ assume(. = 1, negligible background, 3) reach

no theory error

=

Vs([TeV]  [Ldt[fb™']  # of events (SM) ks > (<) ke 2t > (<)

14 3000 770 66(" 1.2)  0.27(" 0.81)
33 3000 1380 ®4(" 1.2)  0.22(" 0.75)
100 3000 5920 B4(" 1.2)  0.13(" 0.63)

one detector

J. Zupan An Exclusive Window onto Higgs E 15

~ 5x SM strange Yukawa

44



Thoughts about perimental strategy
¥ for h" 1" decay most promising ! " K"K#

¥ near collinearity of the photon and the ! -jet in the
transverse plane

¥ jet sub-structure information
¥ two close high-p; tracks in a narrow cone
¥ di-track invariant mass distribution assuming kaons
¥ 1.5% (better than 15 MeV)resolution (CMS)
¥ can probably be used to signibcantly cut on the background
¥ on jet+" QCD backgrounds
¥onh" I'" +nlj, #(OZ" neutr.)"

¥ dedicated trigger probably regquired to enhance the reach



Thoughts about perimental strategy

¥ h" $i" mode

¥ Br($i" !'"!#$~100%

¥ relatively clean mode, similarto ! " K"K#decay
¥ h" %" mode

¥ Br(%' !"1#;)~89%

¥ harder to trigger on

¥ hard-to-identify !j smears the observable
guantities

¥ a detailed experimental study required

46



An Exclusive Window onto Higgs Yukawa
Couplings to light quarks

Bodwin, Petriello, Stoynev & Velasco (13)
Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

s sg "
a8 dd . ™3
dg ug / H

a7



Exclusive path towards Higgs-light quark couplir

: Mp ' Mp
bq—hq_ OR "’ bqq! Thq_qﬁ + h.c.
g=u,d,s g# g

Use the eff. Lagrangiany, ="

h h , h_ .
+zmg SZuZ 420 wmyy CW W !A!g—VF“ Fur

Notice that: By = YyqlYy g'\" ,  (sorry different notation)

Kl

= ms/mp =~ 0.020

d = md/mb ’Z 1.0-10-3

Koy = My/mp ~ 4.7 - 1074

In the SM:

&

Ry = Ry = 1

48



Exclusive path towards Higgs-light quark couplir

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)
I I

Use the eff. Lagrangiany, =" = 5, hg®" b Chgd + hc
g=u,d,s v g# g v
h_ .
+ ' zm% SZHZ“ + 2 Wm\z,\, SWHW“ + ' A (_VFH FIJ" ,

Notice that: By = yaly oM |

where generically: |k, <0.98, |kq| < 0.93, [&g| < 0.70
varying only one at the time (95%CL)!

Ryl < 1.3, |Rql <14, |k <14

varying all couplings (95%CL)
Roqr| < 0.6(1)] for ¢q,¢" € u,d,s,c,band g # ¢

same for the Ravor violating case

( FCNC non-robust bound: &ps| < 8- 10-2 Harnik, Kopp & Zupan; Blankenburg, Ellis, Isidori, (12 ))

49



The main idea

hl MV

vector meson 1 "W ~Z
work in progress

Bodwin, Petriello,

Stoynev, Velascd QI J/ 1" Ve
1306.5770
!ll yS
el o
$|| y §

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

Adding off-diagonal : h" BY", h" B%' h" K& h" DO

50 Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)



Ex.h" I"

1 1 "
! mn 1] : — — M 2 ’
h" % 8% my, Mss|

direct

Two paths to geth " !"

]

Indirect

-——*--

h

S

Dl

Let us understand them one by one.
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Ex:ch" 1" Indirect contribution

indirect §

|
"
Two paths to geth" I e -
h

s

N \ )

N

tﬁ*’" y vector meson, !/.. f E /- from experiment, ! " e‘e
__-->--'.i:'j:/‘ X M ' —m (f+ = 0.235(5) Gav
.._lvv\"vb !’u
/
| | n f" | 4llm ﬁ
M . =" _1,A
SS indir #I\#
mll l #V
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Ex.ch" 1"  direct contribution

Two paths to geth " !"

/ | | | \ rom experiment, ! " e‘e
| bsmb f " — f p t, !
el X - V. My (1 = 019103
\ | (OlocalO structure sz, s ! Fuz)/

53 SS dir V



RelaxionOs basic structure

I QFT consistent constructions are of the form:

Choi, Kim & Yun (2014) Choi & Im; Kaplan & Rattazzi; Gupta, Komargodski, GP & Ubaldi (15)
(GKR: g! M/f )
~— _
V(I ,H)=H H[! 2! M?cos(/f )]+ r!?M?cos(/f )+ H HNM?cosn! /f ).

Ve, v)=0 " rl4sin(t«/f )# venM?sin(n!«/f ) " /1. is generic. M ! 1)

I It implies that generically:

(1) CP violation is spontaneously induggebblemati¢ for axion-relaxion modejs)

(1) Higgs-relaxion mixingls induced:

nvMv 2 r4
st /F) " HEpnys # ——sin( /)" HY prys

Vmix !
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The Ravor puzzle, the origin of mass hierar

Fermion masses

4? R N N
‘/. LN A ® .(t]%%fk ...........

Known point-like charged 7L A R
particle masses span 5 orders ol

. @ charm
of magnitude.
4L 'muon .........................................
strange
quark
N SO (OO
®in
g up quark
e
1st 2nd 3rd

generation | generation | generation
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