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HEPAP Question:
“What couplings should be measured
and to what precision?”

To uncover new physics




1. How badly (likely) we need BSM
new physics?

2. Direct search for Higgs’
companions.

3. Indirect searches under the
Higgs lamp post.
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Currently Indications from the LHC:
1. No light companions observed (yet):

g

f g [{::,U1 I{_,Lfi:._{]“‘

2. M, =126 GeV needs large SUSY split,
so the stoIQIseems to be heav

Not-So atural ﬁ’iggs

I
If the§§g£g)t directly observed at the LHC, the

probe to the high scale new physics associated with
the EWSB relies on detecting the deviations from the

SM-like Higgs couplings.




Yukawa coupling: =

R
EWSB e igmyw (1+ Aw)gur
(more Higgs W
bosons) Lz,
£ 18 cnslﬂw mz (1+ ﬂz)gﬁ?
LL’ZH
Color/charge = WA
particles in > _____ H .gg: . <
loops: T 3 e

—i7f (1+ Ay)




Current accuracies:

( Central values and errors on couplings )
Assuming SM;:
"Qf{fr L=4.6-5.1(7 TeV)+5.1-5.9(8 TeV) fb™', 68% CL: ATLAS + CMS
®= SMexp. g, = QEM (1+A,) e SM provides good overall
¥ data description
1} data (+A,) -

e Two parameter fit with
Ay = Aw = Az and
Ar=Ap = Ar = Ay
gives improvement to
x?*/d.o.f. =29.0/52

= e Five parameter fit does not

give further improvement:
x*/d.o.f. = 27.7/49




Integrating out the heavy states at the scale M = 1
TeV,
we expect the tree-level corrections:

canEy i |
A,ﬂ == ATE 1 O(E /J[ ) ~ 3 feW OA)

We lllustrate the possible
effects
In a few specific models.

For each model, we aim at the mass scale M
which Is not easily accessible by
14 TeV LHC with 300 fb.
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EXampie 1. eXtended niggs

Sector:

hO, HO A H

Current LHC bounds:
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The decoupling limit in MSSM: H. Haber, hep-ph/9501320.
Avyg ~OMz/M3), Aprg ~ O(Mz/M3).

(Similar decoupling limit also exists in 2ZHDM)

A°% H° H* may be out of LHC detection:

| ' | | |
CMS, 310" pb!

| S
|‘| | ILEF‘ II| /s =200 G|a‘u’ . o
200 400 8OO 800 1000

my (GeV)
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Corrections in the MSSM decoupling limit:

Carena, Haber et al.,

/aTALS)

LUV 4
Ah,VV Ah,tt Ahbb,h?”?’
m% tan? g3 s, bane g Trvey
15 -5 10 2,400 GeV4 | _ 10n-3 10 27400 GeV\2 400 GeV 2
5 10 (13.-':1112 ,d) ( ™M A ) 10 ( tan?2 ,B) ( m A ) 10%( m a )

Corrections in the 2HDM decoupling limits:

£208 [ -
i LT e 40 s 1
SM ': Hnl_n'—.;.'l"l * # .
t . sIMmEES Cors
~20% [ -
Im o = b I W £ H-

J.Brau et al.,
arXiv:1210.0202
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SeCample 2: Top quark partner

The top quark partners are most wanted to cancel
the quadratic sensitivity to the guantum corrections
of M,,.

Ahgg &h»}u};
SUSY ¢t 1.4%( _TE'?V)Q —0.4%( l;ﬂzv)z

Little Higgs T’ —10%(1ﬂ};\f')2 _6%(1£:f)2

Peskin, arXiv:1208.5152;
TH, Logan, McElrath, Wang, 2004
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SeEtaiple 3. Composite

The Hilg_lglgggson as a pseudo-Goldstone boson.
The Higgs boson couplings may receive
corrections

from the other; heavy stdtes

Anvow AVNT,

Minimal Composite Higgs | —3%(+ TF?V)E — (3 — 9)%( 1 TeV y:

f

SILH: similar corrections 1o

above ) 1 TeV

f()r Xy S LN 6% ( % )*)
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%?griﬁ%ﬁ’e 4. Missing MSSM at LHC

For an illustration:

Peskin et al., 2012, to

Waosede i P el - tan 0 =9 <71} 2P960 GeV :

MsSM Apvy | Apbb, hrr
Tree-level 104 3%
Ahgg Ah’:ﬁ’}f
Loop induced | —2.7% 0.2%

Carena, Heinemeyer, Wagner, Weiglein,

999

SUSY is a weakly cotpledtheory, " "~

thus with modest corrections.
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SeEtample 5. Higgs self-

~niinlina:
i !" .IF-" — 1 T jd [| . _I' ) o
= l.' .-‘L_“C:I"" &2, Elﬂ"'{q! PP and O 3 (R,

_II'__" - ilni' l g El:[_l 1':& _IHH EE:HE?I_.HE-I':H ?_}2
o 2y [ E'+ 3 mi’ m3, agzz.filig
B _m'f_r o Jage’, - da. H*8 Ho*H }
Lo ==t (@ -+ 2 ) o fi o O A
Barger, TH, Langacker, Zerwas, 2003.
1 TeV 1 TeV TR
A, =~ 0.06 2 N 129003 SN
2 f?( A ) 1 fl( A ) (Tn%)
. o F=—id ]' ol i (] EH H
Lo = (MWW E.‘L‘f:}fﬁ.-.ﬁ ) [Iil T ) =+ (1- EI]F)
FFan L 3 4 1 L5 :
Ving) = 5 M i T Aviy + i}.r;l_.l-. Baur, Plehn, Rainwater,

2003
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To go beyond the LHC direct search,

1. Precision Higgs physics at a few %:
A, for composite dynamics;
Ao for decoupling H®, A°;
A for color/charge loops.

ggH, yyH

2. Reach 10% for H = nvisible.

3. Determine I, to 10%.
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A Word of Expectations

1. LHC rf?,mlf
Oobs X |
° measurédfat 10% level.
. Tobs/OsM sensitive to 20%

oS NT IV,
fevel XX )

| I.AT3
« No model-independent measure for

2. e*e Higgs factory: -
; E’,

 model-independent S

for g, at 1.5% level . "z.-_z
 Extractionforr,,=1,,/BR,,
3. YTy Higgs factory:
* Direct measurement orf by
scanning. g

H

16



INUL UV (O ASTIRAVIFGIRY ! IIHHO
Secfygecision measurements may
be

(surprisingly) rewarding !
Most general V*VVH coupling:

TUY  — a; guv +
. ) [l L T L
2 (§1-92 8 q19;) +
R 15 1o
i3 & 10920

The a; = a;(g1, g2 ) are scalar form factors

H—Z7"— u"u e'e

Test Higgs spin-parity property, S
search for CP violation .
(may not be larger than 10-3).

17




Not-So  “Standard”™  Higgs
Sector
Most generalz s coupling:
Ht(a + ibys)t

gq, qq — ttH, with H — bb, 77, ~v

It will be very challenging
to study the F ¢+ coupling at the LHC:
20%7?
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Not-So  “Standard”™  Higgs
Sector
FCNC decays? # —pu* 77

: TH, Marfatia, hep-ph/0008141.
Maybe sizeable:

* maximal v ,-v, mixing

; \/ My, Mt
* large coupling AT
B?ﬁ om
(”T) £ Qh,:#q_ L
Br(re m.
A recent study: Harnik, Kopp, Jupan, arXiv:1209.1397

H%f;rf}_
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Summary:

"Naturally speaking™:

- H should not be a lonely particle; has
an “interactive friend circle”yy+ z

and partners; i+ 7 g+o
- If we do not see them at the LHC, they
may reveal their existence from Higgs
coupling deviations from the SM values
at a few percentage level.

HEPAP Question:
“What couplings should be measured
and to what precision?”



Discussion Notes



Backup slides



couplings & total width

Assuming I, , < (I'\,z)°™, one can derive
bounds on [, based on the LHC data

Do hnhH D

r.'l.l'T.'l =

Ll

GEte (L —

G95% (. ——
-1

—
h

e

— e,

F




Future LHC sensitivities:

g(nAA)/g(hAA)|su-1 LHC

03 |

2 -

01

01

[ ]

- W Z b g v T ¢ t inv

14 TeV LHC with 300 fb™L.

Peskin, arXiv:1207.2516;
arXiv:1208.5152. *




( SFitter analysis of Higgs couplings at LHC

)

e Parameterize deviations from SM couplings

gi=g" (1+4)

e Five free parametersi=W, Z, t, b, T
plus generation universality
¢ Loop-induced couplings change from
modifying contributing tree-level couplings
¢ Ay: common parameter modifying
all (tree-level) couplings

e Assume no add. contribution to total width

e Background expectations, exp. errors, etc.
from published analyses
e cross-checked with exclusion and

signal-strength plots

25

List of input channels for 2011 data

ATLAS CMS

24 Y

27 — 4¢ YY di-jet
WW O-jet 27 — 4¢

WW 1-jet WW O-jet

WW 2-jet WW 1-jet

TT 0-jet WW 2-jet

4518 1-jet T 0/1-jet
T VBF 1512 Boosted
ar VH TE VBF

bb WH bb WH

bb Z(— £OH || bb Z(— £OH
bb Z(— vv)H || bb Z(— vv)H

plus inclusion of 2012 data (ICHEP)



LHC @ high L

AWVY  Ahll Ahbh
Mixesd-in Singlet i Gt Gk
Composite Higes B tensof % tens of %
Minimal Supersymmetry < 1% 3 10%", 100%
LHC 14TeV, 3ab B 10% 15%

TABLE [: Summary of the physics-based targets bor Higes

boson ocouplmgs o vector bosons, topr guacks, and bodtaan
quarks. he targ=t = based on soenanos where no other exotac
elesctrowenk symrmetry breaking state (eg., new Higes bosons
or p particle) is found at the LHC except one: the ~ 135 GeY
53-like Higgs boson. For the Abbb values of supersyminetry,
superscript @ refers to the case of high tan 2 > 20 and no

superpartners are found at the LHC, and supenscript & refers

to all ather cases, with the maximmam 1009%: valus reschad for

the special case of tan 3 = 5. The last row |.'-|:I|:|url.:-: ok pcipaband

ler LHC semnsitivities at 14 TeV with 3ab™" of accumalsated
luminosnty EI

Gupta, Rzehak, Wells,
arxiv.1206.3560



A at High energies

(1) The Triviality Bound

For MnH= 126 GeV, the SM Higgs boson is light enough,
- The SM can be a consistent perturbative theory up to My

600

(2) Vacuum Stability:
E~ 1078 GeV

A meta-stable vacuum should not
be a concerm

0

~ EW

Triviality

Precision

115=13-215
log,, A [GeV]

No pressing need for BSM new

R 27
nNnhy/eci1~rcc?)



- Ldrge nierarcny

problem?”
(fine-tune/naturalness)

—> TeV scale new physics.
90% fine-tune = A<3TeV, A, <9 TeV

Pressing need for BSM new
ITyou giyedipdhis beliet, you are
subscribing

the "anthropic principle”.*

Weinberg

28
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I ne 1act that i, = 126 GevV
has already provides non-trivial test to some
models.

SM (valid up to M) I

mMssM M% = M2 cos® 28 + Az oy

' 3 m2 M=

: : N T2 ) e &
Composite Higgs . Mz = b
1 o 1 )‘ ~

1 _ .

GeV

50 100 150 200

Both suffer from some degree of fine-tune (already).

For a given model, there Is different degree
of “Little Hierarchy problem”
— flavor scale, EW scale

29



Other hints ?
Direct searches on WIMP dark

L 1 L

I L L
Z medlaﬂﬁﬁmm (2012
(S0 CL)
Expected limit of this run:
N £ 1 g expected
+ 2 o expected

=
5

[ =1
]
=
i

=
=

=
B

WIMP-Nucleon Cross Section [cm?]
=
i
IIII| | IIIIIII| | IIIIII1 | IIIIIIII | IIIIIIII 1 I,I.-I'H'|I|

__ Hmediatior
20 0 40 50 100
WIMP Mass [GeV/c’]

- Xenon100, 2012

12/20/2012
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"Most troublesome™: flavor physics

1&13

Particle mass,.
hierarchy:  ©®

10%
108

106
10°
104
103

Masses (eV)

What controls the o
mixing structure: 1“?

“Minimal Flavor
Violation™? =3
et
1079

107 |

10°

Mpy : xlolf’T

t wz h°(125)

Uy

3



Higgs as the pivot

< HY > 2
;\J}w

m, ~

The Higgs may serve as a probe |
to heavy neutrino sector.

WatchoutH > NN | | | -

In an extended Higgs sector
(doubly charged Higgs in a triplet model),
there may be predicted correlations between
neutrino oscillation and LHC signatures.

32
12/20/2012



A, a new force?

1

ATh
V() = :’A W2H? + \H® + TH*

The (rather) light, weakly coupled
boson;

At the vEYye- ot GR¥oveériny™d 'déeper

theory?

- A determined by gauge couplings?
In SUSY, A =(g,°+g,%)/8
- or dynamically generated by a new strong force?

Hints for BSM new physics, or
wishful thinking?

33



A Nat“é%&'z'r'@%reso%cgt&?ﬁgat e

= QUS‘Y & Ston:

CMS preliminary

m(mother)—r

n(LSP) =200 GeV

m(LSP)=0 GeV

T1l: §—qq¥°

gluino

Tlbbbb: §—bby"

gluino

T1tttt: §—tex”

gluino

T2: E—}qi“

squark

T2bb: b—by"

shottom

——

ﬁEtt E —}fi‘_’u Stﬂp

T3lh: goq9(3s =" 1 %) | gluino

T3w: g—gq(x* »Wx"X") | gluino

-
—

T5Inu: x* =1* %" | gluino

T5zz: §—=qq(x3 = 2%") | aluin

e

. =0+ =0 =1 . .
=P X2 X~ —llvX" X" | chargino/neutralino

. =4 =0 =0 =0
L X X2 WEX X

7 TeV, < 4.98 fb '

Current bounds
n the “most wanted
are still loose.

;

LHC will push stop
to the extreme.

LHC may be limitec
to cover gauginos
and Higgsinos.

600
Mass scales [GeV]

200

800

34
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2. T"in the Little Higgs Model|

qq, gg — TT -t A’AX b71 72 be v AYA° X - c.c.
The current ATLAS limit: M, > 480 GeV, for M, < 100 GeV.

Future projection:
o

FEEMIINIC TOP PARTHER

At 14 TeV, 100 fb .

reaching to
M;~ 1.1 TeV at 50

IIIII

TH, Mahbubani,
Walker, Wang, 2008. e

3. Light H+ A0, HO nggs bosons
4. Electroweak
adauainos/Hiaasinos.



ole e — HX) [Ib]

—k
=

2

|l_l|l_l|l-lll_l|1_ilnlﬁl

Saprm = Basasrmurd
~E = il SR S st
] = U

] ~is kg A

130 135 140
M 'GeV

e

-

120

125

F. Simon, arXiv:1211.7242.
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Couplings

g ¢ Full ILC Program t
-E] - 250fb™ @ 250GeV H
% . 500fb" @ 500GeV
3 1000fb™ @ 1000GeV
r.:-‘lD"_
E' _ J.Brau et al.,
102} :
- arXiv:1210.0202
(v
10 = m
:.. P i el L il . WEET
10° 1 10 10°

Mass [GeV]

Fip = T{H = WW"/ BAH — WW") @ 5%

37



LHC/ILC Comparison:

g(hAA)/g(hAA)|s-1 LHC/HLC/ILC/ILCTeV

o} [Iu o *[11 Ik [ 111 111
wf W Z |b “g vy T C 't inv .

Figure 2(: Estimate of the sensitivity of the ILC experiments to Higes boson couplings in
a model-independent analvsis, The four sets of errors for each Higes coupling represent the
results for LHC, the threshold ILC Higes program st 250 GeV, the full ILC program up to
300 GeV, and the extension of the ILC program to 1 TeV. The methodology leading to this

figure is explained in 43|,
38 Peskin, arXiv:1207.251€



2. Signal Characteristics:
(a). Gluon fusion: The leading production

channel

g 00000
H 0(125 GeV@ 8 TeV) = 20 pb
o 0(125 GeV@14 TeV) = 40 pb
& G6000°
* Need clean decay modes: yy, WW, ZZ
* Effects from radiative corrections very large!s
* Sensitive to new colored particles in the loop:
gg -> H sensitive to new colored states: Q
H -> yy sensitive to new charged states: Q, L
H->Z7Z -> 4 |leptons
best to study the Higgs
CP properties:

8 L. Reina, TASI lectures, 2011.
39



(b). The Vector Boson Fusion:

o(14 TeV) =4 pb

* Need clean decay modes: 11, WW, ZZ, vy

* Effects from radiative corrections very small!
-> color singlet exchange, low jet activities.

* Sensitive to HWW, HZZ couplings

* Good for H -> 11, VY

* A bit lower rate, but unique kinematics

40



(c). VH Assoclate production:

q Z.W
LW

0(14 TeV) = 2.2 pb
g S0

* W/Z leptonic decays serve as good trigger.

* Effects from radiative corrections very modest.

* Sensitive to HWW, HZZ couplings

°* Do not need clean decay modes: chance for b
bbar !
Boosted Higgs helps for the signal ID!

41



a). 10p gualrk  pailr assoclatle
production:

q t.b gl 3
o>
¥ __H Fﬁ?&“ i ==H
0601 gﬁm‘
g 99 g
= 9 3
g th > th

o(14 TeV) = 0.6 pb

7 = t.b & t.b
& 00T 5= & }% & e
~.H 2 ~~H
o
; et S et
g 0001 : t,.b g : t.b

* Top leptonic decays serve as good trigger.

* Effects from radiative corrections can be large.

* Directly sensitive to Htt coupling

* Do not need clean decay modes: chance for b

bbar !
* Combinatorics of the 4 b’s are difficult to handle...

42



4. Higgs Boson Production at LHC

Recall that the Higgs couples preferably to heavier

particles.

associated production with W/Z :
vector boson fusion :

gluon — gluon fusion :

associated production with heavy quarks :

g "00000)

43

gqg —V + H
Qi %V ol S =i

gg — H
99,47 — QQ + H




FITOoUuutCL LUl CiIUoo SCULIUI IO al 11Ul Ul |
colliders:

5 SM Higgs production
ID |_ ................. g - _l I I I I =
| LHC | o(pp =+ H + X [pb]
(4] ['[.h-l i aq — J;f 'ﬁrl'lll': = ] .gh TH-III-

MRST /NLO
my = 178 GeV

'.llnf—'.r”(]rlr i
0 = ZH-ves

i|_|_ H-—.l|||||' 5-r||'rll_|r_r "--.-..,1_.‘“'. "'-....-.-__.,.- =

LI
Lot
mey

i :_ nm — it

Ny E .
[ HHH Y

I ..-.-"".--.h:_“_““-h._a - — — | I

T s . qq = Zh ™~ —

| PeW4LHC Higgs working group e : __qq"_‘-——hh___[‘l_.lll']l | 1 1

........... 1 1 | e | - Ll Ll Ll 2(M)

100 200 300 400 500 My [GeV]
m, [GeV]

EXxercise 9: List three leading processes for SM

Higgs pair production and comment on their relative
Sizes.

8 L. Reina, TASI lectures, 2011.

A. Djouadi, hep-ph/0503172.
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As the results for a SM Higgs:
The branching fractions and total width

goxE

| ; )
(001
100 130 LG 20 i alil) T Lih JRALA L) L 2000 all T LM

My [GeV] My [GeV]
For my = 125 GeV, [ (total) =4 MeV
BR(bb) = 60% BR(1T) ~ 8%
BR(WW) = 21% BR(ZZ) = 2%
BR(gg) = 9% BR(yy) = 0.22%

45



Thus the Higgs mass
corrections:

XN ¢ A /M
AM; = i?rg (mfe m%)lﬂg( ) | Smflﬂg( )}

my
*n SUSY I|m|t the correction vanishes.
* In soft SUSY breaking case, ms ~ O(1 TeV).

predict TeV scale new physics:
light Higgs bosons, SUSY partners...

imply a (possible) grand desert in
Msuysy — Maur, and unification

radiative EWSB:

2 2 2

5 _ My ™, tan< g 5
/2= tan? -1 L5

* SUSY dark matter with R-parity conservation

46




A Natural RH1ggs Sector

95% exclusion limits for T — t 3 ; m(g,g)>>m(f)

1.

| | E‘ l T I E T T | T T | T :
S u p e rSyI I l I I Ietry L = % CMS preliminary -g_r:@m("ﬁ'} (Prospino) -
" t o . YOS ST i, 1 NSRRI S _
Top-partner: & 1o e
b4 - - razor ]
R ; X, ~0 B i ---razor (expected) ]
the most wanted!” "X —rmob
] C 1 g.... ..___raz{}r-l-btexpected}. ............. _...g
E - — razor multijet =
7 ————— 72 é i raz?{:r multijet {expe@cted]
: g 10'F
i & -
3 -
T, production: T, b+, 7 w“’qj‘ (BR=1,m, <200 GeV); T, t+%, (BR=1, m. >200 GeV) d 102k |
— _| T T ‘ T 177 | T T T 1 ‘ T T T 1 T |‘ I. I ISUéY | T _ |_)| |, \mzl_) I ('|}+~0 Irnw \( I T i I |: é
@ 200 ATLAS Preliminary O g 5 [7TeV,4.98 10"
I_c,. - 180 :_ Ldt=4.7 fb-1 {s=7 TeV ---- Expected limits (nominal) H '-leptons + b_?ms (m.. =106 GeV) (0)] B "{{Lsp]=50 GeV 5
= L Status: ICHEP 2012 All'limits at 95% CL, 1Z-teptons + brjets (m, = 2 my) 1 1 -3 | ] L L e L
= 160 ;_ o - "'ngjgtznz”" Gev) _; 9 0 200 400 600 800
140 — S .\ e - S stop mass [GeV]
- = @ | T Oy CMS preliminary |
1 20 ;: m.. = 106 GeV) S _: g 1 T TEV', 498 fb'1
L% _‘-_______7; _____ (7)) razor
100 — ) — 7 5001~ . N
= - - — razor+
80 A7) — = I ’
] 22 = c5 4001 -
'Imx.l<106(36}r‘/ - _l
40+ ya — i i
20 / - 300~ -
O (- I I-':;.fl |/ | | | 1 .-f? | ‘ il:l | | | I.: { I | | [ || | L1 1 Ei | I | | Ii - =1
150 200 250 300 350 400 450 500 550
The current bounds still loose. T )
[ 1 | I | I | | | | I | I | I [

200 250 300 350 400 450 500 550 600

T stop mass [GeV]



Fitting the SM Higgs @ u-Collider

[y =4.21 MeV|Lstep (fb71) 0T, (MeV)| 6B |dmn(MeV)
Case A 0.005 | 1.5 13%| 051
R=001% [~0025 | 085 [6.1% 0.32
0.2 0.34  [22%| 0.13
Case B 0.01 0.61 8.3% 0.40
R =0.003% | 0.05 0.30  [3.8%| 0.13—
0.2 0.17  [2.0%| 0.10

TABLE II: Fitting accuracies for one standard deviation
range of 0I'y, 0B and 0my of the SM Higgs with the scan-
ning scheme as specified in Eq. (7) for three representative
luminosities per step.



ualiwdiil LUITTLUULNIo LU UITC T11YyYyo

tree loops
t '
. . , J N h.
> W
h b e % R S 1 —
t* h h h h j _
m
(a) (b) (c) h ™ [
(200 Ge*».f]
3 1 1
miy =m%o - =7 A2 g 1 ﬁﬂgyzﬁz + AZAZ top| ¢ .

1672 |

If A2 > m%, then unnaturally large cancellations must occur.

i
(200 GeV)? = mf, + [—(2 TeV)? + (700 GeV)? + (500 GeV)?] ( for )

10 TeV
If believing A — Mpy, then the cancellation IS ... I 777

“Naturalness requirement” : less than 909% cancellation on mfr_f

A =g TeN oA <O TeN ShGrsS 1 2 e
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« SUSY:
Symmetry between different spin-states (opposite statistics’

)2 A

2 A 72 P f .
&”f“i ay (wl[H.er,} — 41[1(_‘-1"11!) ; 6_2 |” (1[ ) .
10OT J ."‘;!r.."‘*lﬁr

Weak scale SUSY is natural if Mgpgy ~ O(1 TeV).

e

Relevant states to Higgs:/ (), w*, z, H+"°

» Composite Higgs (or dual of extra dimension theory):
The Higgs boson as a pseudo-Goldstone boson

(from a larger global symmetry breaking)

The Little Higgs idea — Strongly interacting dynamics:
An alternative way to keep H light (naturally).
Again, predicting new states:
W+, Z,B Wi, Zy, By, t—T, H—®,
(Cancellation among same spin states!)

| elther case, needs new symmetry and new partners
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