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Higgs - a new toy!
* We have discovered a Higgs! New particle!

* We're excited ltke kids
that gof a new fouy.

How fast does it go?
Does it have wif?
can | take (t apayrt?
what else did Yyou gef me?
Lets take it for a ridel
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that gof a new fouy.

Can we have another? P(Q.aaase. !

Ave its couplings SM-like?
Does iF couple fo DM?

TL\(S Does it have flavory

. Doaes it Violate CP?

workshof: Lots take it for a ride!
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OQutline:

* Hl'ggs CouP“mg fo Gauge Bosous:
© h—> 48, (not h—7Z!)
O Can tf probe hyy? hyl?
* fliggs Couplings to Fermions: Flavor!
O figgs FV Theory
O Limits

o Colin's talk (h—>tu).



Higgs Couplings to
Gauge Bosous:

Opportunities in h— 42,



h—4 2

* The decay h = 42 was vitally important
discovering the Higgs. Determining its mass.
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* Very clean.

*Many things to measure.
m;l[Glest » What else can it do for use
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* The search was optimized for discovery via ZZ .
* h—42 is vot only ZT!

* [ m advocating: tnclude ¥y and Zy.




Sianal and rackaround

Our mindsef in 2012:
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Sianal and rackaround
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Sianal and rackaround

| | 207
Our mindset n 20327 * and éQ.BOI»:O(:

lntuition:

Stgnall

2N We expect to be most sensitive
* to the signal that is most

L e— different from BG.




Motivation

* Why look For Zy and yy tn four [eptons?
[su t 1t clear we will [oose to direct searches?

O Yes, but tnterference = Seusttivity to CPV and sigus.
O Many observables = discriminating power.

O |uterference gives 44 a head start.
2.9., 7 of fect the rate like

Zy: AxAz~small
&2 A1xAz ~ big* small




Y. Chen, N. Tran, and R. Vega-Morales, 1211.1959

Y. Chen and R. Vega-Morales, 1310.2893

Earlier MEM work by Ian Low et al.
. . }"0/14 /.14 /\//’ /
* A simple procedure: wi
O Calculate the fully differential cross section

analytically*.

ly Y¥ ¥¥

O A big function of (AZZZ,AZgZ,AZziAg,Az,Ag) & phase space.
O Fit to the data. Extract A's directly.

* Keeps all operators simultaneously, No
hypothesis testing, efc.

*Done tn a heroic effort by youngsters
Chen and VVega-Movrales.
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We will be
able to see
hyy at the SM

value using

h— 42 !

Even Ly s not
foo far!
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Part |: Sunmmary

h—42 15 powerful!
Can do much more than discover the Higgs!

Probe CPV and sign of hyy.

Oungoing: we are optimizing the mi-mz cuts.
Preliminary: hZy couplings are within reach!



lntermission:

My son, —
Testing both flavor and Fime
reversal properties of QFT.




£ Couplinas

* SM: the Higgs ts the only source of mass.
It defines the fermion mass bass.

— Yukawa COMP“MQS are ﬁavor a(l'agoma(.

* New physics can mean new sources of mass.
[n the presence of such NP we can have-

OL){:\/Z mifi Fi + Yijh 72—« fi
s

not-diagonal.



Flavor Violating Higas
* Recipe: CPV/FV Higgs

1. Rip a page from a paper
that modifies Higgs couplings.

2. Sprinkle Flavor tndices and
phases all over the place.

3. Re-diagomnalize mass

matrix.
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Flavor Violating Higas
* Recipe: CPV/FV Higgs
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Flavor Violating Higas
* Recipe: CPV/FV Higgs

O[.) _ A[J'H{l.é‘} , a;ﬂ;%(%‘j

LR

1. Rip a page from a paper

that modifies Higgs couplings.
. . “";‘—(2 + z2 )‘/
2. Sprinkle flavor tndices and /

phases all over the place. ya
Ye=A .-1-3-/'\73-.
3. Re-diagonalize mass W W

matrix. R ——

y7c:,/:-‘-"—v"f and not diagonal.
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Leptonic Flavor Violation

Ly D =Y. eppurh — Y eiirerh — YerepTrh — YocTrerh — Y, iy Trh — Yo, Trpurh + hec. .

Which experiments coustrain the Y s?



RH, Kopp, Zupan 1209.1397

FV Hiaas constraints

nu To e GaMnnNa Q wwufo Je (&rland 2—\00P>:

€

po——

g
e ———————————
F_-———'
Mu To e o~
F\/ \,553 C\eoa‘j: O £ convergion (wnill inprove 4 orclergjj \Ma\ﬁhl‘fucle, .
7£l M YiePL+Y,,Py / )
h I S
h : n
fi
N T N




Higgs couPUhgs fo pe

Harnik Kopp Zupan 1209.1397

10
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105 usey =
10-6 MUZ'C\”ﬁ 3 l . .
(pr°~‘°°u°n)l | 3. Will be dominated
Y - by u2e & COMET
& 8

10-810-"10-610-510~*10~310~ 2101 10° 10!
| Ye,l



Higgs couplings

P - — - - e
=t

Our LHC limit -
-(ATLAS T TeV, 4.7 fb )

T R
Y |

1071

fo pt

LHC wins!

(see an update in

the next talk!l)

Theorist s ame re-
interpretation of
h—>tt beafs t—>py!

{4 V74
nafural models
are wWithin reach.

RH, Kopp, Zupan 1209.1397



'Hl.995 couP“mgs o te

* 1o 15 stmilar fo tyu, but without CMS bound and...
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'Hl.995 couP“mgs o te

* 1o 15 stmilar fo tyu, but without CMS bound and...
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Flavor and CP Prores:

—F{GVOY VlO{aILlO“: v=sensitive at the level of Yj; S ”zmj
Leptons | Probe [|d-quarks| Probe ||u-quarks| Probe
u-e muons s-d K-K C-1 D-D Vv
T-e eEDM* || b-d B-B t-u nEDM™
- LHC || b-s Bs-Bs ,|| ¢ |LHC/D-D,
*LHC, (f CP 15 conserved.
CP violation:
g Multiple proeres! h
Phase Probe Phase Probe . |
Many experiments!
e e-EDM t EDMs
u, d nEDM T Higglg_sl_lfgcéory Alnost .8|‘| channels
are sensltive at well
y eEDM Wiz LHC N motivated levels! N




Conclusion

* The Higgs 15 a new foy! Lets Explore (t!

* Flavor conservation can t be taken for granted.

Should be tested without theoretical prejudice.

* lr\—ét,u 15 a Promi:[wg oPPorfumify for LHC.

* h—40 15 more exciting than an (Phone!
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"Wrong Pair”

* These cuts were opfimized to discover the
Higgs. Motivated by ZZ*.

* But accidentally, they have good efficiency for
Y*¥* 1 the %e and 4u channel! :-)
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"Wrong Pair”

* These cuts were opfimized to discover the
Higgs. Motivated by ZZ*.

* But accidentally, they have good efficiency for
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For completeness:



Meson Mixina

Yo Pr + YaPr

3

. . / 7 Yo P+ YuPr
* Meson mixing s powerful: d
Technique Coupling Constraint 12112 j Vv
. Yiel?, | Yeul? < 5.0x107? a
DP oscillations [48] -
Ve You| < 7.5 x10710 o>XIO
Yaul?, |Yaal? <23 x1078
BY oscillations [48] 3O
‘dede| <3.3x 107
. ) Yapl?, [Yis|? < 1.8 x 1076
B oscillations |48 -L
YoVl <25% 107 ™O
Re(Y2), Re(Y2) [-5.9...5.6] x 10~1°
Im(Y2), Im(Y2) [-2.9...1.6] x 10712
KV oscillations [48] | | x|
Re(Y} Ysq) —5.6...5.6] x 101
Im(Y} Ysq) —1.4...2.8] x 10713

{4 J/ .
Natural models are constrained!



FV Couplings with top

* A variety of techniques:

Technique Coupling Constraint MW j / \/2‘
VIVl + Y < 0.34 3403
t— hj
[Craig et al. 1207.6794] VIYVE]+ [V < 0.34 IKO™>
Yutht ) ‘Ytu}ftc’ < 7.6 X 10—3
-t
DY oscillations YiuYer|, 1Yt Yiel <929 %103 2xIO
YurYeuYer Yie| /2 <0.9x1073
neutron EDM Im(Yy:Yin) < 4.4x1078 WO*-




FV Couplings with top

* A variety of techniques:

Technique Coupling Constraint 121\2 j / \/2'
VIV Y <034 303
t— hj
Graigeeial 1207.6794] VIYE]+ Y| < 0.34 WIO™*
Yot Yerl, [YiuYiel <7.6x1073
DY oscillations YiuYer|, |Yut Yiel <292%103 2O
YurYeuYer Yie| /2 <0.9x1073
\ neutron EDM Im (Yt Yiu) < 4.4 x 1078 IKO*
\-.\

¥ Improvements:

t+(h=> YY) Y <O
(ATLAS-CONF-2013-081)
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FV Couplings with top

* A variety of techniques:

Technique Coupling Constraint 121\2 )-/ \/2'
— VI Ve < 0.34 3403
t— hj
Graigat al. 1207.6794] \/‘Yt% + [Yae|? < 0.34 WIO™*
‘Yut}/ct ) |YtuY;SC| < 7.6 X 10—3
DY oscillations Vi Yer|, |Vt Yiel <292%103 2O

12 <09x1073

neutron EDM

WO+
< \
, A%
¥ Improvements: e EDMh
t+(h->yy): M<OIT (N U &: [ u
(ATLAS-CONF-2013-081) *J*Tl
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Higgs couplings to T

CMS preliminary

Y

Y

ut

19.7 fb", (s =8 TeV

LHC h—>tu gives

dominant bound.

CMS: A Z2.55 excess.

right around
Yop ~ @t'ﬁu)m

Waiting for ATLAS...

RH, Kopp, Zupan 1209.1397
& CMS



KVV: Measurementts

* We already have some searches for our signal:

_ L\ Zl
~ » (ZW\% A 2,
+ A7 20 T+ AT T, T
+ A7 F F* + A3 F, Frv

+Z ZZX me FH)) +Z‘AZ3X Z,uv ﬁw))
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KVV: Measurementts

* We already have some searches for our signal:

S = (i 77

Gv
scalar vs. fseuo(osca(ar
(Hypof esis Fest)

e
2 0 fﬂé Scalar
ézooog — cus data ,ll 111 o
§ i Y preferred This 15 not the way fo go

[ ljl“‘a @ 3¢ Forward with this search!

(CMS already started this change)




KVV: Measurementts

/
* We have some measurements of A s:

_ L\ Zl
~ » (ZW\% A 2,
+ A7 20 T+ AT T, T
+ A7 F F* + A3 F, Frv

+Z ZZX me FH)) +Z‘AZ3X Z,uv ﬁp\v)



KVV: Measurementts

* W
2 hav
2 Some measurements of A's:
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KVV: Measurementts

/
* We have some measurements of A s:

’75 Hl.995 COMPLQS AZ S5 Ag
to electron - EDMI

McKeen, Pospelov, Ritz

~ hE'F

+ A7 Fu P2+ AT Py PP
L'HC l/\‘eb’x rafe (assuming standard production):
|A7[% + [Az]2 ~ SM value




KVV: Measurementts

* The SM-litke rate to 44 + "scalar evidence.
imply that the Higgs (s SM-[ike.

* [t (s worth emphasizing what we do not know:
O Don't know the sign of the hyy vertex.
O Dou t know its phase w/o assumptions.

O Coustraints on Zy and ZZ high-dim operators are very
poor, and will rematn so for a while.

Can the golden channel shed (ight on the
small dim-5 operators? which ones?



Phase Space

* The relevant phase space for h—> 42 can be
written as:

O  fwo tnvariant masses of [epton pairs, mT and mZ,
O fwo opening angles.

O a relative azimuthal angle.

* All other variables are the boost to the Higgs

rest frame, and overall votation. 4
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M aNd My

* For now, we adopt the CMS convention for
prcking mi and mz:

O Same flavor pairs.
O  Always pick mi>mz

O For 4e and Gp: pick m1 to be closest to the Z mass.

* We also employ CMS-[ike cuts:

e pry > 20,10,7,7 GeV for lepton pr ordering,
e |ny| < 2.4 for the lepton rapidity,

o 40 GeV S M1 and 12 GeV S MQ.

R —




Lesson from Shapes

* Not surprisingly: the yy shapes are most different
from background (recall: BG= Aq).

* Zy 15 next.

* |uteresting pair selection effects wn xy Ge/%p.
There (s room for optimization! (more (ater)



Optimization



Optimization

* The cuts on m1 and mz had ZZ° tv mind.

* We can relax them!
V4

(or Pick ”wrowg Pal'rl'wgsl on PMYPOSQ..)

Signal 212" Signal 4l
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Optimization

* The cuts on m1 and mz had ZZ° tv mind.

* We can relax them!
V4

(or Pick ”wrowg Pal'rl'wgs’ on PMYPOSQ..)

Signal 2121 Signal 4l
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* Preliminary resulfs: m, [GeV/c?]

0 Wae can reach SM values of hyy by the end of run? |

0 Wae can reach SM values for Zy |
Perhaps compete with on-shell h—2y....

* Everything hinges on what happens when we
include non-Higgs background.



What about CP violation?

C’L)CP\/ = h\;\; h -7Z{(COSA + 1 SihA b’5)7‘i

/ . .
For ts, the phase A s un-consfrained!

How can LHC probe CPV tn h—>¢c?
RH, Martin, Okut, Primulando, Yu 1308.109¢%



Polarizers

RH, Marti, Okui, Primulando, Yu 1308.109¢%



Polarizers

* h—re @ y (1) , \‘ @
counter .\ \ ’ 'H \G&S col\l,(r\'telr‘.
T final SlLan(l'lQ{lCl/'_'j bas:s) / Linear Po(arlzers

+7A —ZA
(721 - -)) 8) = cHiO14) + ey

RH, Marti, Okui, Primulando, Yu 1308.109¢%



Polarizers

* h— @

0 > | 7]
counter y/.f’ Hiaas T / | '
tt final state(helicity basis): / e PO}),W;ZQ”.
A P AN < : .
(F81+4) + e = ) 8) = H1) 4 ei9))

Counts vs relative polarization angle, :

(H+ (1) @7+ + (=) (e +4) +e72 - )

1

e

RH, Marti, Okui, Primulando, Yu 1308.109¢%



Polarizers

* h—tr: @ 4

counter /

\ ]
\ J

| | . Linear PoTar[zers:
<6+1A| - > | 6_7’A‘ L _>) ‘¢> _ €+i¢‘_|_> 1 6_i¢‘—>

tt Final state(helicity basis):

Counts vs relative polarization ang

(++ (1) @ (e (+] + e

1

RH, Marti, Okui, Primulando, Yu 1308.109¢%



Summary

* [ts fume fo probe the Higgs beyond rates.
Today s examples:

© Flavor violating Higgs decay. 2.5 5 excess in h—>tp.
O CP violation tn h—>tr. Polarization measurements.
O CP properties of hyy. Golden channel!

h

* The decay h— 42 can be a complementary
probe of the hly coupling. }



Deleted Scenes



R.eal \World

* Unfortunately we don t have polarizers for T s.
But they decay!

-y (A 4
7 ,<)<:7TO pron-plane  correlated
P m with t polarization.

% An optimized  polarizer (using v knowledge):

™mp 1

s = 1) By = (0 + 1) Bros

d+ = Prt — Pro0*

. 2Q+ - pr+ g+ Dr+
with Yt = = —

2 2
ms + mg Do+t "Dr+

m%—élmfr
r=— 5 ~ 0.14 .
m7 +ms;




R.eal \World

* Unfortunately we don t have polarizers for T s.

But they decay!

v /)
.y "o
T WO} pron-plane corm.{ahaa(
”0\)<:7Ti with t polarization.
0.10 Truth level ®
. . '/ A A A
* An opfimized polar W s
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LHC

US[wg collinear aPProx[maHom, W< forw\ an LHC

observable:

0.10 Truth level ® and © from the collinear approximation for A = 0

— truth
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LHC

USl.Mg collinear aPProxiw\aHow, W< forw\ an LHC

observable:

[

Truth level ® and ® from the collinear approximation for A =0

0.10 ——

=
o
X

0.04

Normalized yield
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T Promising aCeuUracy:

— truth
coll.

71, efficiency 50% 7T0%
0

30 L =550 fb~! L =300 fb!

50 L = 1500 fp—! L =700 fp—1
Accuracy(L = 3 ab™1) 11.5° 8.0°
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Hiaas Factory

* [ua Higgs factory we can reconstruct the
whole event (up to a two-fold ambiguity).

Octe— —hZ 0.30 pb
Br(h — 7777) 6.1%
Br(r~ — 7 %) 26%
Br(Z — visibles) 80%
Nevents 990
Accuracy 4.4°

008!

Normalized yield

0.02+

Reconstructed ® at the ILC
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TABLE I: Cross section, branching fractions, expected num-

ber of signal events, and accuracy for measuring A for the
ILC with y/s = 250 GeV and 1 ab™! integrated luminosity.



