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OO TeV

* For me, a Higgs factory + 100 TeV pp collider
15 the most exciting path for our freld.

* Exploration of the unknown, s the centfral

Physics case,

* More specific opporfunmities certainly exist,

see ¢.9. LianTao s talk.

* fHere, I'll focus on exp

and tts connection fo £

ortng the Higgs boson

lavor and CP,



Hicas at 100 TeV

* Precision Hi99s studies are often associated
with ete “Higgs Factories .

* Howaever, a 100 TeV machine produces many
more Higgs bosous.
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with ete “Higgs Factories .

* Howaever, a 100 TeV machine produces many

more Higgs bosous.
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CepC SppC
A Higgs “designer store A frue factory
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. » Dirtier,
IC ahg clean. but more productive.



IO? Hiaaes

(1T wb x T ab™") ~ 107 Higges!

What can we do with 107 Higges?
108 VBF Higgses?

But tn a messy hadronic environment...

Obviously:
Focus statistically limited channels.

Example: Higgs trilinear (see LianTao's talk)



Hiaas, Flavor, CP

* The Coupling of Higgs to Fermiouns has given us
the flavor and CP structure of the SM,

* SM: Higgs couplings conserve Flavor and CP.

L
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- y Z m, | ~
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* BSM: Not Necessarilyl NP can violate both.



£ Couplinas

* With NP we can add CP or Flavor Violation:
OEF\/Z p\,\;;ﬁ_l: 7£l. * yfjl" 7-Zl 7£l.
m, , -~

C’L)CP\/ = —h Fi(cosA + ( sinA 5’5)7£i

OF course, we could add both,



KVV Couplings

* NP — Higgs wnteractions can be more general:

CP Evaen CP odd

_ h 7z
E’[)Z,X Gy (ZW\% A 2,

Zl Zc =
+ A2 pr "+ AB an) M

5y 5 ~
+AZF,LA»FW+'A3FWFW
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My homework for this talk:

what are the best opportunities

For Higgs Flavor & CPV
at 100 TeV?

(Look for the statistically
dominated channels where we can

benefit from 107/ab™")



OQOutline

* Two parts:
O Opportunities with h— 42,

© Lepton Flavor violating Higgs decays



h—4 2

Chen, RH, Vega-Morales - 1404.1336 and 15038.XXxXxXX.



h—4 2

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

2+
%J 40— Data 2011+ 2012 ATLAS \‘
(,_2 [ SM Higgs Boson H77* 4]
2 r m,=124.3 GeV (fit) —LL p
S 351 B Gackground Z, 22 Vs=7TeV [Ldt=4.61fb < > 2
T [ g sakoroumazeesq  |S=8TeV Jldt=207 b 22 —\. &
30;_ 7+ Syst.Unc. \
- S
: | 1 23
1| *Very clean.
* Many things fo measure,
] ° LOW baCkg)’OMVld.

100 150 200 250

« Wil vemain statistic limited.



h—4 2

* The search was optimized for discovery via ZZ .

* h—42 is vot only ZT!

* [fs fime to optimize the search for new

discoveries.



Sianal and Backaround

~ _ _h
. (2md A7 2,2

Zl
+ A7 20 T + A3 T, T

+ A7 Fu F* + A3 F, Fr

+207 Z,, F™ =
2 Cuy F* +ZAZ3X Z,u)) F,uv)




<
IaNal and Backaround

~ _ _h 7z
(ZW% A 2, T

+ A7 Fu F* + A3 F, Fr

+245 Z V
2 Cuy F* +ZAZ3X Z,u)) ﬁ,uv)




<
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IaNal and Backaround

Signal + AXZX F/up FPo+ AXBXF ﬁl“”
s

+245 Z V
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Sianal and Backaround

* Amplitudes that contribute to h—42 1nclude-

h
- = (2m§ A " Background

e g
+ 2 ZH\) Zlu)) + 2 Zlh) Zluv

Lesson:

Signal + A7 FL l/\/.e.expec/' /'o‘fo.e most
.SQMSIILI\/Q.ILO the signal that
2N\ 7. 15 most 0((7575-QY~QMIL. frqm BG.
ree S Highest seusitivity
1s fo Zy and yy.




KVV: Measurementts

* There are many constraints on our signal

operators, manly from h—>yy and EDM [imits.

* [t (s worth emphasizing what we do not know:
O Don't kuow the sign of the hyy vertex.

© Don't kuow its phase w/o assumptions
(EDM constraint requires an assumption of < Yukawa).

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



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.

* A simple procedure:

O

Calculate the fully differential cross section
analytically™ for including tnterference.

ly Y¥ ¥¥

O A big function of (AZZZ,AZgZ,AZziAg,Az,Ag) & phase space.

O

O

lnclude dominant backgrounds.

Fit to the data. Extract A's directy.

* Keeps all operators sumultaneous(y.
No hypothesis testing, etc.

*Done tn a heroic effort by youngsters Chen and Vega-Morales. I



Distrirutions
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These are the current LHC cuts.

Distrirutions

ol el

[ts timportant to relax them fo

prck up more yy and Zy signal!
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Zelp

Go/ G

Distrirutions
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R_esults

* Estimate for HL-LHC (4000 h—%ell events):

l\>l-<c0 : >=m
__ " Golden channel fits (CMS - tight ) : ~ Golden channel fits (CMS - tight ) = Electric dipole moment
0.08_ | 9 0.015 | 9 P
_ ~— Golden channel fits (Relaxed -Y) — H- - ~—— Golden channel fits (Relaxed -Y) — H-
006_— - Golden channel fits (Relaxed -Y, Sonly ) % Standard model i - Golden channel fits (Relaxed - Y, S only) W Standard model
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-0.04— B
10.06- ' '
~ luteresting and complementary constraints!
-0.0i

luterference effects allow seusttivity fo CPV.
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How about 100 TeV?
The dominant effect (s an tncrease wn statistics.

What happens 1f we take HL-LHC x 57
(that's 20,000 42 events)

(different kinematic distributions and acceptance
may also make a difference. Future work)
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R_esults

* Five times LHC statistics:

Ly Yy

:

-0.03 -
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Big tmpact on Cy. Precision measurement of yy. I



Thoughts on Higgs
and Flavor @ 100 TeV

C’EF\/z i f; f; + Yijh ;: fi

How do we generate these interaction?

What are the constraints?
What are opportunities for SppC?



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.



Flavor Violating Higas
* Recipe: CPV/FV Higgs

L=1 HE £ +7\’7{\i2.,ct,ﬁ

R

1. Rip a page from a paper

that MAOO‘l.fl.QS Hfggs couP{[wgs. \/Z ,

| - me=(d +754 v
2. Sprinkle flavor tndices and /
phases all over the place.

\/Z /
Ye=1 +37\7}

3. Re-diagonalize mass
matrix. “RRE——




Flavor Violating Hiaas

* Recipe: CPV/FV Higgs
R

Longe il

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

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

3. Re-diagonalize mass

matrix.



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.

1/2

YI.J.S (1’\/\[ l’\/\‘j) [ § MQ{'M)’Q{.



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



RH, Kopp, Zupan 1209.1397

FV Hiaas constraints
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Higgs couPUhgs fo pe

Harnik Kopp Zupan 1209.1397

10! :
100 U2y Wwins,
B Wil be dominated
10 by uZe.
102
__107° :
R Probably oufside of
- EEEIrRR E LHC reach.
10 gqﬁzzz’y\ jl T.
10-6 ( p:'lo_]ectlorﬁ : :
| A Ny
I "
= o
& &

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



10—8 j‘ |
10-810-"10-610-510~*10~310~ 2101 10° 10!

Higgs couPlimgs fo pe

o

( projection )°

<

™o 1 ‘?

Harnik Kopp Zupan 1209.1397

| Yepl

(o4 )yd

p—>ey wins.
Will be dominated
by uZe.

Probably outside of
LHC reach.

A very clean channel!
can we gef here with

~10"° Higgs bosons?

(an open question)



Higgs couplings to T

CMS preliminary

Y

ut

19.7 fb", (s =8 TeV

LHC h—>tu gives

dominant bound.

CMS: A 2.55 excess.

right around
Yo ” (Bt'.UH)T/Z

Waiting for ATLAS...

RH, Kopp, Zupan 1209.1397
& CMS



mM—e asymmetry

* h—>tu s statistically [imited tn some channels.
How about after 107 Higges plus BG s?

* For the fufure:

A vovel techmque for reductng systematics n

the fully (eptonic channel: p-e asymmetry
O Backgrounds are symmetric under pore.

O h—>tp violates ths.

see Bressler, Dery, Efrati (1405.4545),



mM—e asymmetry

* Use this fo measure BG 1 a data driven way.
Expected to be statistic dominated For a long Fume.

o
w

?B' - BR(h—tu) = 2% {s=8TeV
< o BR(h—te) = 0 L-201b" o
2 " A promising approach for
> & .
0t s esamee a future hadron machine.
% %ﬁﬂ* —eu sample
i

. ﬁ%ﬁ%

St may be hard to beat
' HHH CepC/ILC/FCC-2p.

0 50 100 150 200 250 300
|VICoIIineaw (GeV)

see Bressler, Dery, Efrati (1405.4545).



Conclusion

* Massive Higgs production rate at 100 TV,
An opportunity for clean, low rate channels.

* Examples of statistically (imited searches:

© Double Higgs production.

O h— 42 for WV couplings and CP properties.
O (eptonic Flavor violating Higgs decays.

o0 Top FCNC's (e.9. top—hc).

o .7



Deleted Scenes



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))



KVV: Measurementts

* We already have some searches for our signal:

_h
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KVV: Measurementts

* We already have some searches for our signal:

h
7 == (2l A 2,7

Gv
A 44 4
L\_é q’Z ¥ -+ 'AB va Z,uv
scalar vs. fseuo(osca(ar
(Hypof asis test)

i ”5]:_"'“ fﬂg Scalar A good first step, but
i _cmff El oreferred this 15 not the way fo go
8 o u 111 @ 35 Forward with this search.

" i 'H (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:

~ _ b
‘(’\/(

+ A7 Fu PP + A3 F, Fr



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




Motivation

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

O Yes, but backgrounds are also smaller.
O [uterference = Seusttivity to CP violation,
O Many observables = discriminating power.

O |uterference also gives 44 a head start.
2.9., A s effect the rate like -

Zy: AxAz~smal(*
42: A1xAz ~ big* small

R —————




Setup



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.

* A simple procedure:

O Calculate the fully differential cross section
analytically*.

a2 Ty Cy ¥¥ ¥¥

, , ZZ
© A big function of (Az,A3A7,Az,A7,Az) & phase space.
O Fit to the data. Extract A's directly.

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

*Done tn a heroic effort by youngsters
Chen and VVega-Movrales.




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

K
22 <\\/) Eq

>\

23



hm&’mz

* Wae dopt the CMS/ATLAS convention for

prcking mi and mz:

O Same flavor pairs. AC“/Q 7" 5
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 —




Signal 212/’ Signal 4l
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Signal 212/’ Signal 4l
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Signal 212/’ Signal 4l
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Signal 212/’ Signal 4l
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Signal 212/’ Signal 4l
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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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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
* The cuts on mi1 and mz had ZZ (v mind.

* We can relax them!
/

(or P[ck ”wrowg Pair[wgsl o ,prose..)
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Optimization
* The cuts on mi1 and mz had ZZ (v mind.

* We can relax them!
/

(or Pick ”wromg Pal'rl'mgsl o PwPose..)
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Optimization

CMS 2011 Vs=7TeV L =5.3fb"

* (oing low th m1
and m2 s doable:

CMS search for
h—A A —=4u

* Success hinges on what happens when we
iclude non-Higgs background (in progress).

-k -k - -
< < < <
& h] N -

3
Events / (0.025 GeV/c x 0.025 GeV/c?)



Non-Hiaas Backaround

* We tnclude the leading backgrounds,
99 — V'V — &2 v our analytic framework

(including interference).

* ey 15 a good Higgs vs non-Higgs discriminant.
We smear the Higgs mep by 2 GeV.

* [uclude the Higgs to non-Higgs ratio as a

parameter n our fit.
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